


Abstract 

Functionalization of Carbon Materials with Metals 

by 

Kourtney Dawn Wright 

The functionalization of carbon nanotubes (CNTs) with metals has been shown to 

produce materials with interesting and useful properties which are different from the 

isolated constituents. Although metal atoms and particles have been attached to CNTs in 

a variety of different ways, there is a need for the development of novel approaches in 

many cases. In this work, SWNTs and other conjugated carbon materials were deposited 

with copper and Group 6 metals.  

In attempting to functionalize SWNTs with Group 6 metal atoms for electronics 

applications, we found that the formation of such species is very sensitive to oxidation by 

adsorbed/bound oxygen and by oxidized residual catalyst material. Annealing and acid 

treating the SWNTs allowed for the addition of some zero valent metals, while the use of 

very high purity SWNTs and graphene allowed for the deposition of primarily zero valent 

Group 6 metals.  

As a result of these oxidation issues with SWNTs and because of the limited 

characterization methods available for SWNTs, we used C60 fullerene to study complexes 

of conjugated carbon systems with copper(I) and chromium(0). Although the synthesis of 

an η6-C60-Cr(0) complex was unsuccessful, 1H NMR experiments did suggest the 

formation of an η2-C60-Cu(I) complex. These results suggest that similar complexes with 

SWNTs would also be stable.  



 

 

 

This work also describes the uniform deposition of copper(0) seed particles with a 

narrow size distribution on pyridine functionalized SWNTs, which may be used as 

precursor for the development of more consistent Cu-CNT composites. The use of 

pyridine functional groups was found to be crucial in the formation of the desired copper 

seeds, and bonding between the seeds and the pyridine groups was verified using 1H 

NMR and UV-visible spectroscopic experiments.  

 



 

 

 

 

 

 

 

 

 

 

 “I am a great believer in luck. The harder I work, the more of it I seem to have.”  

           – Coleman Cox 
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Introduction 

Since their discovery in 1991,1 single-walled carbon nanotubes (SWNTs) have 

become a popular research topic as a result of their unique properties. Conceptually, 

SWNTs can be thought of as ribbons of graphene which are rolled into cylinders and then 

capped with a segment of a fullerene.2 Depending on how the graphene segment is 

folded, three different chiralities of SWNTs exist: armchair, zigzag and chiral.2 SWNTs 

with armchair chirality are metallic, whereas SWNTs with chiral or zigzag chiralities 

may be semiconducting or metallic depending on their diameter.2 Metallic SWNTs 

(mSWNTs) have been shown to have a resistivity of 4 kΩ/µm and a mean-free path of 

1.6 µm.3 Semiconducting SWNTs (sSWNTs) have a resistivity of 20 kΩ/µm and a mean-

free path length of 300 nm.4 At lengths shorter than the mean-free path, SWNTs are 

ballistic conductors.5 Thus, electrons do not lose momentum as they travel through the 

SWNT, and the contacts are the only source of resistance in the system.5  According to 

theory, ballistic conductivity may be possible at 10 µm or more if the SWNTs are of very 

high quality with few defects.5 In comparison, the mean-free path of copper, one of the 

most prevalent conductors used today, is a short 40 nm.5 Additionally, carbon nanotubes 

(CNTs, implying an unknown mixture of SWNTs and multi walled carbon nanotubes, 

MWNTs) have very high current carrying capability with a theoretical limit of 109 

A/cm2.6 This is much higher than Cu, which has an ampacity of 106 A/cm2.6 SWNTs also 

have remarkable mechanical properties with theoretical and experimental Young’s 

moduli of 1.5 TPa7 and 1.002 TPa,8 respectively, and an experimental tensile strength of 

30 GPa.8 For comparison, steel has a Young’s modulus of 200 GPa9 and a tensile strength 

0.8 GPa.10 Further, SWNTs show thermal conductivities as high as 6,600 W/(m K),11 
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whereas diamond, previously the best thermal conductor known, shows 2,200 W/(m K).12 

These and other useful properties are the reason SWNTs have been studied for a number 

of applications ranging from field effect transistors13 to tissue engineering.14  

Perhaps the largest area of SWNT research is dedicated to SWNT 

functionalization, with the majority of these reports being focused on adding organic 

functional groups.15 On the other hand, there are relatively few reports on the 

functionalization of SWNTs with metals. Although organic functionalization has been 

very useful for dispersing SWNTs in different mediums16–18 and for SWNT 

purification,18,19 functionalization of SWNTs (as well as MWNTs) with metals has shown 

promise towards many interesting applications including catalysis, energy storage, 

sensing and others.15 Here, we review some of the methods that have been used to 

functionalize CNTs with metals. These have been organized according to the flow chart 

shown in Figure 0.1.  

 

Figure 0.1. Discussion of metal functionalized CNTs is organized according to this chart.  
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Indirect metal particle and film functionalized CNTs. Of the methods that 

have been reported for functionalizing CNTs with metals, some of the most common 

methods involve attaching ex situ-synthesized metal particles to CNTs by way of an 

organic functional group. The main advantage of synthesizing particles before 

incorporating them onto CNTs is the improved control over the size and shape of the 

particles than would be had if they were synthesized directly on CNTs.15 Typically, 

CNTs are treated with an oxidizing acid, such as nitric or sulfuric acid, to add carboxylic 

acid, ketone and alcohol groups to the SWNT ends and sidewalls.20–22 These CNTs can 

then be used as is or can be functionalized further with other groups to accommodate 

metal binding. Multiple groups have reported the attachment of pre-synthesized metal 

oxide nanoparticles such as TiO2,
23 MnO2

24 and MgO25 directly to acid-treated CNTs 

using solution-based methods. In the case of TiO2, this method produced well dispersed 

particles,23 which have been shown to interact strongly with the CNTs as a result of 

esterification between carboxylic acids on the CNTs and alcohols on the metal oxide 

particles.26 Although the authors of the MnO2
24,27 and MgO25 papers did not comment on 

the adhesion of their particles, it is likely that other metal oxides form ester linkages to 

CNTs as well.   

For binding unoxidized and oxidized metal particles, others have used the CNT 

carboxylic acid groups as a basis for the synthesis of thiols, phosphonic acids and other 

functional groups. For instance, Banerjee used ethylenediamine to functionalize acid-

treated CNTs with amine groups, which were then reacted with acid terminated, 

mercaptobenzoic acid-capped CdSe quantum dots.16 Azamian reacted acid-treated CNTs 

with 2-aminoethanethiol to produce thiol-terminated CNTs, which have a very strong 
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interaction with gold nanoparticles.28 Sainsbury used 2-aminoethylphosporic acid to add 

phosphoric acid-terminated groups to the CNTs, allowing them to bind to TiO2 

particles.29 Acid-treated CNTs have also been functionalized with charged polymers, 

thereby forming a charged coating which is dense and well dispersed on the tube’s 

surface. These functionalized CNTs support a layer of charged metal particles interacting 

through strong ionic bonds. An example of this method can be found in a report by Jiang 

in which acid-treated CNTs were functionalized with poly(diallyldimethylammonium) 

chloride, PDDA.30 The positively charged tubes were then decorated with negatively 

charged gold nanoparticles.30      

 For applications that would suffer from incomplete conjugation of the CNTs, 

other methods that do not modify the structure of the tubes have been developed. The 

first of these methods involves wrapping pristine CNTs with charged surfactants, which 

then form ionic bonds with charged metal nanoparticles. For example, Hrapovic 

dispersed pristine CNTs in Nafion, a negatively charged perfluorosulfonated polymer, 

which then allowed for the attachment of platinum nanoparticles.31 Another method of 

this type utilizes π-π interactions between the CNTs and an aromatic linker to 

functionalize the tubes with metal particles. For instance, CNTs have been coated with 

carboxylic acid-modified pyrene molecules, which then serve as an anchor (through the 

carboxylic acid group) for oleic acid-capped Co, Co/Pt and iron oxide nanoparticles 

(Figure 0.2).32 This method generated stable solutions of metal-functionalized CNTs in 

toluene and chloroform for 3 weeks.32 This acts as testament to the stability of these 

modified CNTs, since neither the CNTs alone nor the pyrene-modified CNTs were 

soluble.32 A similar method used triphenylphosphine to link Pt particles to CNTs.33     
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Figure 0.2. The functionalization of CNTs with oleic acid-capped nanoparticles through 

carboxylic acid-modified pyrene molecules. Reprinted with permission from V. 

Georgakilas, V. Tzitzios, D. Gournis and D. Petridis, Chem. Mater., 2005, 17, 1613–

1617. Copyright 2005 American Chemical Society. 

Although the ex situ synthesis of metal nanoparticles allows for better control of 

particle sizes and shapes, it also limits the type of composites that can be made. For 
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instance, obtaining a complete, uniform film of metal on the CNT surface using an ex situ 

method is impossible. Thus, for some applications, it is necessary to attach the metal 

using in situ synthesis methods. Although synthesizing metals particles directly on CNTs 

does not allow as much control over particle morphology, it does allow for the formation 

of more diverse metal structures using a broader range of methods. For instance, all of the 

methods discussed up to this point have been solution-based methods. Such methods are 

useful for adding particles to all of the reactive CNT surfaces, but, in most cases, they are 

not ideal for adding particles to aligned CNT films. In these circumstances, gas phase 

deposition is optimal, since it does not disturb the position of the CNTs. Further, these 

methods allow for the controlled addition of metal layers to obtain the desired 

thickness.15 This is especially true for atomic layer deposition (ALD), which, as the name 

suggests, allows for the addition of individual atomic layers.15 Although very slow, this 

method works well for the addition of uniform and pinhole-free films.15 As an example, 

acid-treated CNTs were subjected to TiCl4 gas to form a monolayer of –OTiCl3 groups.34 

These were then hydrolyzed to generate –OTi(OH)3 groups.34 This process was repeated 

until an 8-10 nm layer of titanium hydroxide was formed.34 These were then heated to 

700 ˚C to generate a uniform TiO2 layer on the CNTs.34 Another common gas deposition 

method is chemical vapor deposition (CVD), which is commonly used in the 

semiconductor industry because of its scalability and the high purity of resulting films or 

particles.15 These films/particles are easily produced by introducing a reactive metallic 

gas into the CVD chamber and then decomposing or reacting the gas on the sample 

surface to produce a solid.15 For instance, a uniform distribution of 3-15 nm SnO2 

particles have been deposited by decomposing SnH4 at 550 ˚C on acid-treated CNTs.35 
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The authors found that the size of the nanoparticles could be increased by increasing the 

deposition time (Figure 0.3) or precursor flow rate (Figure 0.4).35 

 

Figure 0.3. SEM images and cooresponding histograms of particle size distrubutions of 

SnO2 particles deposited on acid-treated CNTs by CVD after (a, a’) 0.5 min, (b, b’) 1 

min, (c, c’) 2 min and (d, d’) 3 min of deposition time. Reprinted with permission from 

Q. Kuang, S.-F. Li, Z.-X. Xie, S.-C. Lin, X.-H. Zhang, S.-Y. Xie, R.-B. Huang and L.-S. 

Zheng, Carbon, 2006, 44, 1166–1172.      
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Figure 0.4. SEM of acid-treated CNTs coated with SnO2 particles by CVD after 0.5 min 

of deposition time with (a) 20 sccm and (b) 30 sccm SnH4/N2 flow rates. Reprinted with 

permission from Q. Kuang, S.-F. Li, Z.-X. Xie, S.-C. Lin, X.-H. Zhang, S.-Y. Xie, R.-B. 

Huang and L.-S. Zheng, Carbon, 2006, 44, 1166–1172. 

 For applications where the orientation of the CNTs does not matter, solution-

based methods may be used to deposit metal particles on the tubes. One of the most 

commonly used solution-based methods is electroplating, which involves the deposition 

of metals on the CNT surface using an applied voltage.15 This method is advantageous, 

because the number of particles and particle sizes can be tuned by adjusting the applied 

potential, deposition time and the metal salt concentration.36,37 For example, this method 

has been used to deposit Pt from a K2PtCl4 solution onto CNTs which underwent 

electrochemical activation in Na2SO4 to add oxygen functional groups to the tubes defect 

sites and ends.38 The authors report that the resulting Pt particles preferentially grow on 

carboxylic acid functional groups to form strong composites which survive sonication.38 

A similar method was used to deposit Pt/Ru particles from a H2PtCl6 and RuCl3 

solution.39 However, as a result of decreasing current through the length of a CNT film, 

the density of metal nanoparticles formed on the tubes tends to decrease moving away 

from the contact, see Figure 0.5.37 Thus, electroplating is not ideal for generating uniform 

densities of particles across large films of overlapping CNTs.   
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Figure 0.5. SEM images of a CNT film that was functionalized with Pt particles using 

electrodeposition at a potential of -0.4 V for 30 s, showing a deacrease in particle density 

as the distance from the electrode increases (a). Particles are densly packed (b), become 

differentiable (c) and eventually become very disperse (c) moving away from the 

electrode. Reprinted with permission from T. M. Day, P. R. Unwin, N. R. Wilson and J. 

V. Macpherson, J. Am. Chem. Soc., 2005, 127, 10639–10647. Copywrite 2005 American 

Chemical Society.   

 A solution-based method that is similar to electroplating uses chemical reduction 

rather than an applied voltage to deposit metals on CNTs. An advantage to using 

chemical reduction over electroplating is the elimination of the particle density gradient 

seen in Figure 0.5. Thus, particles deposited by chemical reduction tend to be more 

evenly dispersed on the CNTs. However, this method does not work well for pre-aligned 

CNT films because the deposition solution must be stirred in order to maintain a 

homogenous solution. This process has been used to deposit gold nanoparticles on thiol-

functionalized CNTs by reducing HAuCl4 with citric acid.40 The gold particles were well 
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dispersed on the CNTs and had an average size of 1.7 nm with a narrow size 

distribution.40 A similar experiment conducted with pristine CNTs resulted in the 

formation of few gold particles on the tubes with sizes between 10 and 100 nm.40 Thus, 

the thiol functional groups act as seed locations for particle growth and adhesion. Copper 

nanoparticles have also been deposited on acid-treated CNTs from CuSO4·5H2O using 

formaldehyde as the reducing agent in basic solution.41 The authors also reported that 

deposition on pristine CNTs resulted in growth of few particles with large sizes,41 

confirming the importance of functional groups for particle size and distribution control. 

Further, particle size and distribution could be controlled by changing the concentration 

of the reducing agent or copper precursor.41 However, if the reaction proceeded too fast 

(by using high concentrations), large particles formed sporadically on the tubes.41 

Another group reported the formation of CNT/CdS core-shell nanowires by reducing 

sulfur with KBH4 and reacting the resulting S2- with Cd2+ in the presence of oxidized 

CNTs.42 This method has also been used to indirectly functionalize CNTs with metal 

particles using non-covalent methods. Li accomplished this by functionalizing CNTs with 

1-aminopyrene through π-π interactions, which then acted as a seeding location for the 

formation of Pt and CdS particles by chemical reduction.43 Similar methods were used by 

Wu to deposit Cu particles on CNTs functionalized with polyethylenimine or 

poly(sodium 4-styrenesulfonate).44  

Still, another common method for functionalizing CNTs is by the sol-gel process, 

which is commonly used to form ceramics and glasses.15,45 In this process, a colloidal 

suspension of solid particles in a liquid, called a sol, undergoes condensation or 

hydrolysis to form polymeric units, which further react to generate a continuous solid 
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network surrounded by a liquid phase that together make up the gel.45 The gel is then 

dried under various conditions to make the desired porous or dense ceramic.45 For 

example, Eder used the sol-gel method to coat CNTs with TiO2.
46 Specifically, pristine 

CNTs were dispersed in solution with benzyl alcohol, which acted as a surfactant.46 Then, 

tetrabutyl-orthotitanate (TBOT) was added dropwise to the solution and hydrolyzed to 

form a TiO2 layer indirectly attached to the CNTs via the benzyl alcohol surfactant.46 

After drying at 80 ˚C, the CNTs were completely coated with a smooth TiO2 layer with 

few particles (Figure 0.6b).46 However, quickly drying the composites in this way 

resulted in stress cracking of the coating (Figure 0.6c).46 On the contrary, slowly drying 

the composites in air prevented cracking, but also resulted in the formation of a thicker 

TiO2 coating (Figure 0.6e).46 When this method was attempted without the surfactant, the 

resulting TiO2 layer was not uniform and formed aggregated particles (Figure 0.6a).46 

This illustrates the importance of the surfactant-sol interaction in making uniform layers 

on the CNTs. However, the downside to using sol-gel methods is their inability to 

generate crystalline materials.15,46 This is evident by the electron diffraction pattern 

shown in Figure 0.6d, which only shows a pattern for the CNTs.46 Further, it has been 

shown that this method works best in-situ; when the sol was synthesized prior to addition 

of the CNTs in the previously mentioned example, the nanotubes were inefficiently 

covered with TiO2 (Figure 0.6f).46 The sol-gel process has also been used to add metal 

particles (RuO2, for example)47 to oxidized SWNTs. However, due to the uncertainty of 

location and degree of oxygen functionality on acid-treated CNTs, it has been reported 

that use of these in the sol-gel process sometimes result in non-uniform coatings.15       
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Indirect metal atom functionalized CNTs. Although there are fewer examples 

of indirect complexation of metal atoms to CNTs compared to metal particles, the 

complexes that have been formed are generally more novel. For example, Banerjee has 

functionalized oxidized CNTs with Vaska’s compound (trans-IrCl(CO)(PPh3)2)
48 as well 

as with Wilkinson’s catalyst (RhCl(PPh3)3),
49 both of which coordinate with the oxygen 

functional groups on the CNTs.16 Utilizing π-π interactions, Bassiouk and Rahman 

functionalized pristine CNTs with Ni, Co, Fe50 and Zn51 porphyrins (Figure 0.7).  

 

Figure 0.6. SEM images of TiO2 grown on CNTs using a sol-gel process (a) without 

benzyl alcohol, (b) with benzyl alcohol and heated drying, (e) with benzyl alcohol and air 

drying and (f) using an ex-situ sol-gel process. A TEM image of the benzyl alcohol and 

heat dried sample is shown in (c), along with the electron diffraction pattern from that 

image showing a typical pattern from CNTs (d). Reprinted with permission from D. Eder 

and A. H. Windle, J. Mater. Chem., 2008, 18, 2036–2043. 
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Figure 0.7. Functionalization of CNTs with porphyrin molecules through π-π 

interactions. Reprinted with permission from G. M. A. Rahman, D. M. Guldi, S. 

Campidelli and M. Prato, J. Mater. Chem., 2006, 16, 62–65. 

Although the authors did not give an explanation for this behavior, it is interesting to note 

that the Co porphyrin was found to have the strongest interaction with the CNTs, forming 

helical structures of molecules around individual tubes.50 The Ni and Fe porphyrins, 

however, were unable to debundle the CNTs and only interacted with the surface of CNT 

ropes.50 In another example, CNTs were functionalized with a zinc phthalocyanine 

derivative by way of a pyrene linker (“ZnPc-py” in Figure 0.8).52 Pyrene was specifically 

chosen because of its strong π-π interaction with CNTs (mentioned in the previous 

section).32,52 

 Direct metal particle and film functionalized CNTs. Due to the relative ease of 

generating metal particles directly on CNTs, there are many examples of this type of 

method. Probably the simplest examples are the deposition of metal particles from the gas  
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Figure 0.8. The synthesis of a pyrene derivative of zinc phthalocyanine. Reprinted with 

permission from J. Bartelmess, B. Ballesteros, G. de la Torre, D. Kiessling, S. 

Campidelli, M. Prato, T. Torres and D. M. Guldi, J. Am. Chem. Soc., 2010, 132, 16202–

16211. Copyright 2010 American Chemical Society.   

phase by evaporation, sputtering, CVD and ALD. As was previously mentioned, these 

methods are very useful for generating uniform films or particles on CNTs without 

disrupting structure of films or vertically aligned tubes.15 In one particularly interesting 

report, the authors grew CNTs directly on transmission electron microscopy (TEM) grids 

and then deposited Ti, Ni, Pd, Au, Al and Fe on the CNTs using electron-beam 

deposition (Figure 0.9).53 They found that Ti formed a continuous film on the CNTs, 

while Pd and Ni formed very small, well-dispersed particles.53 But, Au, Al and Fe formed 

large islands of metal particles on the CNTs, which the authors reported were larger than 

the thickness of metal deposited.53 These results give some information about the 

interactions of different metals with CNTs. Au, Al and Fe have a weak interaction, 

especially in the case of gold, as evidenced by their aggregation on the CNT surface.53 

Ni, Pd and Ti show strong interactions with CNTs, made obvious by their dispersion on 

the tubes.53 In general, the interaction of the metal with CNTs is stronger with fewer 
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filled d orbitals, with the exception of Fe.53 We speculate that empty d orbitals allow the 

metal to interact with the filled π orbitals of the CNTs.   

 

Figure 0.9. The deposition of different metals onto CNTs using an electron beam. 

Reprinted with permission from Y. Zhang, N. W. Franklin, R. J. Chen and H. Dai, Chem. 

Phys. Lett., 2000, 331, 35–41.   
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Another useful method for depositing metals on CNTs from the gas phase is by 

CVD. For example, a TiC layer was produced on CNTs by flowing acetylene gas over 

Ti-coated CNTs heated to 700 ˚C.54 By using this method, the authors were able to make 

a high aspect ratio TiC structure (for field emission), which would be very challenging 

using other methods.54 However, the authors also found that some CNTs were 

incompletely covered depending on their location in the film.54  

Other groups have used sputtering to deposit metal particles on CNTs. This 

method is especially useful for the deposition of high melting temperature materials such 

as metal oxides. For example, Ru was sputtered in an O2/Ar atmosphere to deposit RuO2 

on vertically aligned CNTs.55 But, as this report exemplified, the disadvantage to using 

sputtering is the “shadowing” effect; the CNT tips were covered with 50 nm of RuO2, 

which gradually decreased in thickness to expose bare nanotubes at the base of the 

sample.55 Similar structures were reported when ZnO was sputtered on vertically aligned 

CNTs.56 For films of CNTs, however, sputtering results in uniform deposition. For 

instance, individual CNTs were coated with a uniform film of ZrOx, HfOx, AlOx, and 

ZnOx by sputtering high purity metal pellets with a Nd:YAG (yttrium aluminum garnet) 

laser (in the presence of oxygen for the oxide materials).57 Using the same method for the 

deposition of Au resulted in the formation of crystalline gold nanoparticles as a result of 

Au’s mobility on the CNT surface.57 On the contrary, the metal oxides were primarily 

amorphous due to their lack of mobility on CNTs.57  

There are also many reports of metal particle deposition on CNTs using solution-

based synthesis. A common method is electrodeposition, which has been used to deposit 

a variety of metals including Pt from H2PtCl6 or K2PtCl4,
36,37,58 Au from HAuCl4,

36 Ag 
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from AgNO3,
37 Pd from (NH4)2PdCl4,

36 TiO2 from TiCl3,
59 and NiO2/CoOx from 

Ni(NO3)2 and Co(NO3)2.
60 Despite the fact that Pt, Au and Pd only adhere to the CNTs 

via van der Waals interactions, when deposited by electrodeposition, these metals remain 

adhered to the CNTs even after rinsing with water and blowing dry with nitrogen.36 This 

method allows for control of particle size and distribution by adjusting the applied 

potential, deposition time and the metal salt concentration.36,37 It also works well for 

selective metal deposition on CNT films that are on a non-conductive substrate.37  

Chemical reduction has also been used to deposit metal nanoparticles directly on 

CNTs. As an example, CNTs have been functionalized with Pt nanoparticles by 

suspending them and a Pt precursor in supercritical CO2, then reducing the precursor with 

H2.
61 The resulting particles were reported to be between 5 and 10 nm and were dispersed 

fairly uniformly on the CNTs (Figure 0.10).61 Additionally, this synthesis has the benefit 

of being very fast; the authors report a 15 minute reduction time.61 Using a similar 

reduction with H2, Takashi deposited Pt nanorods (with some rods being longer than 1 

µm) inside CNTs by reducing a Pt precursor in CNTs grown in an aluminum oxide 

template with 30 nm channels (Figure 0.11).62 And, using the same template, the authors 

were also able to completely fill the CNTs with Pt by reducing the Pt precursor with 

NaBH4 (Figure 0.12).62 Although the rods did not completely fill the CNTs, they were 

found to be highly crystalline, while the completely filled CNTs contained small Pt 

crystallites with various orientations.62  

A particularly interesting solution-based method is hydrothermal deposition. 

Known for making very large single crystals of quartz, this method uses high pressures 

and temperatures to solubilize precursors in solution so that they may be recrystallized in 
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Figure 0.10. TEM image of Pt nanoparticles deposited on CNTs using H2 reduction of a 

precursor in supercritical CO2. Reprinted with permission from Y. Lin, X. Cui, C. Yen 

and C. M. Wai, J. Phys. Chem. B, 2005, 109, 14410–14415. Copyright 2005 American 

Chemical Society.  

a variety of different ways (interested readers see reference 63).63 This method has been 

used to deposit crystalline ZnO nanowires on vertically aligned CNTs (with a thin ZnO 

seeding layer grown using sputtering techniques) in an autoclave at 100 ˚C.56 Use of this 

method allowed for the preparation of unique brush-like composites with uniform ZnO 

nanowires along the length of the CNTs.56  

 Using a unique solution-based strategy, Sun was able to add ZnO nanoparticles to 

bare CNTs.64 To accomplish this, the CNTs were dispersed using sodium 

dodecylbenzenesulfonate (NaDDBS) in an aqueous solution.64 The CNT solution was 
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Figure 0.11. TEM images of (a) Pt nanorods deposited inside CNTs using an H2 

reduction method and (c) the electron diffraction pattern aquired from (b) the TEM 

image. Reprinted with permission from T. Kyotani, L. Tsai and A. Tomita, Chem. 

Commun., 1997, 701–702. 

 

Figure 0.12. TEM images of (a) Pt particles deposited inside CNTs using an NaBH4 

reduction method and (c) the electron diffraction pattern aquired from (b) the TEM 

image. Reprinted with permission from T. Kyotani, L. Tsai and A. Tomita, Chem. 

Commun., 1997, 701–702. 
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then added dropwise to a cyclohexane solution containing Triton X-114, generating small 

water droplets surrounded by Triton X and NaDDBS on the CNTs.64 Zn(O2CMe)2 was 

then added to the solution.64 Upon addition of a base, the Zn ions within the water 

droplets formed hollow Zn(OH)2 particles (Figure 0.13).64 These underwent calcination 

to form 5 nm solid ZnO particles on bare CNTs.64 The authors reported similar results 

using Mg(O2CMe)2.
64  

 

Figure 0.13. TEM image of hollow Zn(OH)2 particles on CNTs. Reprinted with 

permission from J. Sun, L. Gao and M. Iwasa, Chem. Commun., 2004, 832–833. 

Direct metal atom functionalized CNTs. Comparing methods for 

functionalizing CNTs with metals, it is clear that direct functionalization of CNTs with 

metal atoms is the least common. To our knowledge, only two groups have reported such 

methods in the literature. The first report, published by Banerjee in 2002, directly 

functionalized CNTs with Vaska’s complex (trans-IrCl(CO)(PPh3)2) by simply refluxing 

it with the raw CNTs in dimethylformamide (DMF).48 They report that the Ir metal center 
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forms a dihapto (η2) complex with the CNT without losing any preexisting ligands 

(Figure 0.14).48 The second set of complexes found in the literature are hexahapto (η6) 

metal complexes of CNTs reported by the Haddon group starting in 2011. By refluxing 

(C6H6)Cr(CO)3 and Cr(CO)6 with CNTs in tetrahydrofuran (THF), they reported the 

synthesis of (C6H6)Cr(CNT) and (CNT)Cr(CO)3, respectively.65,66 They also reported 

formation of (CNT)Cr(CNT), (CNT)Mo(CNT) and (CNT)W(CNT) complexes by 

evaporating the respective metals on CNT films or by decomposing (C6H6)Cr(CO)3 and 

Cr(CO)6 under ultraviolet (UV) light in the presence of CNTs.66,67 Because the Group 6 

metals are mobile on the CNT surface, the authors reported that the metals migrate across 

the tubes until they come to a CNT-CNT junction, where they form two sets of hexahapto 

bonds between the tubes (Figure 0.15).66 They also used this method to make similar bis-

hexahapto lanthanum, neodymium, samarium, europium and gadolinium complexes of 

CNTs, which are stable under high vacuum up to 400 K.68 

 

Figure 0.14. Functionalization of CNTs with Vaska’s complex via a dihapto bond. 
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Figure 0.15. Upon evaporation of Group 6 metals on CNTs, the metals migrate to a 

CNT-CNT junction to form a (CNT)M(CNT) complex (M = Cr, Mo or W). Reprinted 

with permission from I. Kalinina, E. Bekyarova, S. Sarkar, F. Wang, M. E. Itkis, X. Tian, 

S. Niyogi, N. Jha and R. C. Haddon, Macromol. Chem. Phys., 2012, 213, 1001–1019.   

Conclusions 

 The functionalization of CNTs with metals has been investigated using a wide 

range of methods, the most common of which is the deposition of metal particles and 

films both directly and indirectly on the CNTs. On the contrary, there are far fewer 

reports on the functionalization of CNTs with individual atoms. We speculate that the 

reasoning for this lies in the relative ease of depositing metal particles and films by 

sputtering, evaporation, chemical reduction, etc. where the CNTs are essentially treated 

as a surface to be coated. The addition of metal atoms is more challenging because the 

CNTs must be treated as molecules. Because the chemistry of CNTs is still not fully 

understood, adding metal atoms in a predictable manner is difficult. This is made even 

harder by the fact that CNTs are insoluble in most solvents, are difficult to purify, and are 
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not easily characterized by conventional methods used for organometallics. Thus, further 

investigation into the organometallic chemistry of CNTs is called for. 

 Because the entire field of direct metal atom functionalization of CNTs is 

dominated by the work of one research group, we became interested in expanding it. But, 

after finding inconsistencies in the Haddon Group’s work, we primarily focused our 

efforts on further investigating the functionalization of pristine SWNTs with Group 6 

metals. This work is discussed in Chapter 1. Besides these efforts, we were also 

interested in directly functionalizing pristine SWNTs with Cu(I), since it is known to 

complex to a variety of olefins.69 But, after experiencing oxidation issues in our Group 6 

metal endeavor as a result of residual catalyst materials and adsorbed oxygen, we decided 

to use C60 fullerene as a rough model for CNTs. Not only would this theoretically 

simplify the synthesis, but it would also simplify the characterization; C60 is easily 

characterized by nuclear magnetic resonance spectroscopy (NMR). In the case of Group 

6 metal functionalization, we were unable to form hexahapto chromium complexes with 

C60. Based on previous work, we concluded that this was a result of C60’s high degree of 

curvature.70,71 However, in the case of copper functionalization, our results did suggest 

the complexation of C60 to Cu(I), which also suggests Cu(I)’s ability to complex to very 

pure CNTs. A full discussion of the C60 work can be found in Chapter 2.          

Lastly, we were also interested in functionalizing CNTs with zero-valent copper 

particles because of the recent success these composites have shown in improving CNT 

conductivity and ampacity.6 To accomplish this, we chose to use chemical reduction to 

deposit copper particles on pyridine functionalized CNTs because of this methods 

tunability and capacity to generate well-dispersed particles. To our knowledge, pyridine 



 24 

 

 

has not been used to anchor copper particles to CNTs before. We found that the Cu(II) 

precursor is absorbed by pyridine functionalized CNTs, suggesting that these groups act 

as seeding locations for the growth of the observed copper particles, and that these 

particles coordinate to the pyridine groups. This work is discussed in detail in Chapter 3.      
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Chapter 1 

Are Hexahapto-Metal Complexes of Group 6 Metals 

Formed on Single-Walled Carbon Nanotubes? 

Introduction 

The bis-hexahapto sandwich complex, bis(benzene)chromium, is a well-studied 

molecule in the literature. It has been shown through density functional theory that 

bis(benzene)chromium has a dissociation energy 30 times higher than 

(benzene)chromium.1 This stability can be attributed to the fact that each benzene ring 

contributes 6 π electrons to the d5s1 metal, making a very stable 18 electron system.1 

Similarly, the benzenoid rings in a SWNT should also contribute 6 electrons to chromium 

or any of the other Group 6 metals (molybdenum and tungsten) to make a stable complex. 

Hexahapto functionalization of SWNTs is desirable, because it does not break the sp2 

hybridization of the tubes or significantly alter the electronic structure. This is imperative 

for the use of SWNTs in electronics applications, since it has been shown that a decrease 

in the delocalization through the formation of sp3 hybridized carbons results in higher 

resistance.2 Further, theoretical calculations have shown that there is no potential barrier 

between a semiconducting SWNT and a molybdenum contact, indicating that electrons 

flow freely between the two.3 Thus, the formation of Group 6 metal-SWNT sandwich 

complexes may allow for the formation of interesting composites without disrupting the 

tubes inherent conductivity. Additionally, these sandwich complexes have the potential to 

act as an electronic bridge between the resistive metallic SWNT and semiconducting 

SWNT (mSWNT-sSWNT) junctions present in bundles of tubes.4,5 
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The Haddon group at University of California, Riverside has published multiple 

papers on this subject. In 2011, they reported the synthesis of (C6H6)Cr(SWNT) by 

reacting electric arc SWNTs with (C6H6)Cr(CO)3.
6 In 2012, they reported the formation 

of (SWNT)Cr(CO)3 and Cr(SWNT)2 by reacting SWNTs with Cr(CO)6 and by 

evaporating chromium on SWNTs, respectively.5 For films of their Cr(SWNT)2 sandwich 

complex, they reported an increase in conductivity of over 100%, supporting the 

hypotheses made in the previous paragraph.4 They also reported conductivity increases 

for tungsten and molybdenum sandwich complexes synthesized by the same method.5  

We were very interest in this work, and sought to expand it by determining how 

the Group 6 metal concentration on the SWNTs affects their conductivity. However, we 

found that we could not synthesize the reported complexes using the Haddon Group’s 

solution-based reactions; all of our SWNTs were functionalized with chromium oxides. 

Upon further investigation into the Haddon Group’s work, we found several gaps in their 

characterization that justified a study of the system. For instance, they used X-ray 

photoelectron spectroscopy (XPS) to determine the oxidation state of their chromium-

functionalized SWNTs, stating that the binding energy of the Cr 2p3/2 and 2p1/2 signals 

were 576.9 eV and 586.5 eV, respectively (Figure 1.1).5 This corresponds to a spin-orbit 

splitting of 9.7 eV.5 They also reported a full width half max (FWHM) of 2.3-2.7 eV for 

these signals.5 The literature reports that the Cr 2p3/2 peak of (C6H6)Cr(CO)3 occurs at 

576.1 eV and the corresponding peak for (C6H6)Cr(C6H6) occurs at 575.2 eV.7 Thus, the 

reported value of 576.9 eV is too high for a (SWNT)Cr(CO)3 or (SWNT)Cr(C6H6) 

complex, which the authors reported at the same binding energy. But, this alone is not 

enough to argue that their assignment is incorrect. To this end, the literature also reports a  
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Figure 1.1. The Cr 2p XPS of (SWNT)Cr(C6H6) (blue) and (SWNT)Cr(CO)3 (red). 

Reprinted with permission from I. Kalinina, E. Bekyarova, S. Sarkar, F. Wang, M. E. 

Itkis, X. Tian, S. Niyogi, N. Jha and R. C. Haddon, Macromol. Chem. Phys., 2012, 213, 

1001–1019. 

multi-peak structure for the Cr 2p spectra of Cr(CO)6 and (C6H6)Cr(CO)3 from shake-up-

shake-off processes, which are indicated by arrows in Figure 1.2a and b, respectively.7 

The Haddon Group’s Cr 2p spectra of the product they reported as (SWNT)Cr(CO)3 does 

not have these shake up peaks despite having the same local structure as (C6H6)Cr(CO)3. 

Further, another report indicated that the FWHM of the 2p3/2 peak for zero-valent 

chromium is between 1.8 and 2.3 eV and the distance between the 2p3/2 and the 2p1/2 

peaks is between 8.7 and 9.2 eV.8 For Cr2O3, these values are 3.0 eV and 9.7 eV, 

respectively.8 Looking again at the values Haddon reports (2.3-2.7 eV and 9.7 eV, 

respectively), it is arguable that these peaks are indicative of Cr2O3, especially given its 

Cr 2p3/2 binding energy of 576.8 eV at the most intense point of the signal.8 Finally, the 

infrared (IR) spectroscopy of the species assigned (SWNT)Cr(CO)3 is reported to show a  
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Figure 1.2. The Cr 2p XPS spectra of (a) Cr(CO)6, (b) (C6H6)Cr(CO)3, and (c) 

(C6H6)Cr(C6H6). Reprinted with permission from S. Pignataro, A. Foffani and G. 

Distefano, Chem. Phys. Lett., 1973, 20, 350–355.    
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single signal for the carbonyls at 1971 cm-1.5 The local environment of (SWNT)Cr(CO)3 

corresponds to a (C6H6)Cr(CO)3 structure, which has a C3v symmetry.9 With this 

symmetry, the A1 and E vibration modes are IR-active; therefore, two bands are seen in 

the (C6H6)Cr(CO)3 spectra.9 Because Haddon’s IR only shows a single band in the 

carbonyl region, the assignment of (SWNT)Cr(CO)3 is not supported. Indeed, the 

observation of a single peak is more in line with the presence of unreacted Cr(CO)6 

starting material, which shows a single signal at 2000 cm-1.5 Although the Haddon 

Group’s signal is shifted to lower wavenumbers, the literature shows that physisorption 

of this molecule can lead to shifts in its vibrational frequency.10,11 However, we do 

acknowledge that these spectra were obtained using an attenuated total reflectance (ATR) 

setup, and that the resulting decrease in resolution may make the observation of two 

peaks more difficult.     

In trying to repeat the Haddon Group’s work, we found that the reported Group 6 

metal-SWNT complexes are very sensitive to oxidation during synthesis. Even after 

using freshly distilled solvents and inert atmosphere techniques, our efforts resulted in 

metal oxides. After further investigation, we found that acid-treating and annealing the 

SWNTs reduced the amount of Group 6 metal oxides formed and allowed for the 

synthesis of zero-valent metals. Because annealing and treating with acid have been 

shown to reduce oxygen functional groups and residual growth catalyst on SWNTs,12–14 

we conclude that the removal of any reactive oxygen is necessary for the success of this 

reaction.      

Although the elimination of reactive oxygen functional groups from the SWNTs 

is fairly obvious, the removal of residual growth catalyst is not. However, a literature 
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search revealed that other research has been complicated by the residual catalyst material 

as well. In trying to determine their toxicity in the body, multiple groups have found that 

exposure to SWNTs results in oxidative stress, indicated by the formation of free radicals 

and buildup of peroxidative products.15,16 Eventually, the antioxidants that normally keep 

these reactive oxygen species in check become depleted, and the cell dies.15,16 In these 

studies, however, the CNT preparation contained a large concentration of iron and nickel 

growth catalysts.15,16 It was found that these catalyst materials are key players in causing 

the oxidative stress in biological systems as a result of their ability to redox-cycle.15,16 

Although the study of nanotubes in biological systems is very different from the 

comparatively simple system under investigation here, this example illustrates the 

significance of the residual catalyst materials and exemplifies the need for further 

investigation into their effects on chemical systems. Indeed, the only examples we found 

regarding unexpected outcomes as a result of residual catalyst materials were in toxicity 

reports.     

Results and Discussion 

 Synthesis of Group 6 metal complexes. In an effort to maximize the metal 

concentrations on the SWNTs, (MeCN)3M(CO)3 and (C7H8)M(CO)3 (M = Cr, W) were 

synthesized. This is due to the more labile nature of the ligands as compared to CO in 

M(CO)6. The syntheses were carried out by a modification of the literature procedures.17  

 The acetonitrile complexes are made by refluxing the appropriate hexa-carbonyl 

complex, M(CO)6, in acetonitrile for multiple days, producing a mixture of very air-

sensitive, yellow products (Figure 1.3). The IR spectra of the crude products are in 

agreement with the literature and are shown in Figure 1.4 and Figure 1.5.18 In the case of  
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Figure 1.3. The reaction scheme for the synthesis of (CH3CN)2M(CO)4 and 

(CH3CN)3M(CO)3 (M = Cr or W).  

 

 

Figure 1.4. The solution IR spectrum in the carbonyl region of the crude product of the 

reaction between Cr(CO)6 and acetonitrile analyzed after 2, 3 and 4 days of reaction. 

Peaks are assigned as (a) Cr(CO)6, (b) (MeCN)Cr(CO)5, (c) (MeCN)2Cr(CO)4, and (d) 

(MeCN)3Cr(CO)3. 
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the Cr derivative, it was found that longer reaction times result in a notable reduction of 

the mono-substituted product, as well as the starting material, based on the decreasing 

intensities of their peaks relative to other species, see Figure 1.4. However, it was also 

found that longer reaction times do not substantially reduce the di-substituted product, 

(CH3CN)2Cr(CO)4. The residual mono-substituted product is easily separated from the 

mixture by extraction with hexane. The di- and tri-substituted products, on the other 

hand, are very difficult to separate, especially in the case of W; the tri-substituted product 

decomposes readily despite being kept under an inert atmosphere, making crystallization 

a challenge.19 Because of this and the fact that using the di- and tri-substituted mixture 

did not appear to negatively affect later syntheses, the product mixture was used as is 

immediately after it was produced. 

 

Figure 1.5. The solution IR spectrum in the carbonyl region of the crude product of the 

reaction of W(CO)6 with acetonitrile after 4 days of reflux. Peaks are assigned as (a) 

(MeCN)2W(CO)4 and (b) (MeCN)3W(CO)3.  

The cycloheptatriene derivatives (C7H8)M(CO)3 (M = Cr, W) are easily 

synthesized by adding cycloheptatriene to the as prepared MeCN product and refluxing in 



 38 

 

 

hexane to produce a dark red solution (Figure 1.6). The air stable (C7H8)M(CO)3 product 

can then be easily purified by sublimation. These products were characterized by IR 

spectroscopy, showing three C=O stretches in agreement with the literature (Figure 

1.7).20,21 

 

Figure 1.6. The reaction scheme for the synthesis of (C7H8)M(CO)3. 

Reaction of Group 6 complexes with raw SWNTs. Functionalization of 

SWNTs using various Cr and W complexes was attempted, but proved to be very 

challenging. Part of the challenge lies in the difficulty of characterizing the SWNT 

products. Unfortunately, the features in IR spectra suffer from low intensities as a result 

of the SWNTs dynamic dipole moment.22 This issue is exacerbated by the similar 

refractive indexes of SWNTs and the ATR diamond window that was available. X-ray 

photoelectron spectroscopy (XPS), a technique commonly used to characterize metal 

species (and in particular changes in oxidation state), is challenging in and of itself due to 

the variety of ways that signals can be interpreted using curve fitting. XPS is especially 

challenging in this case, because many chromium and tungsten species have complex 

satellite peaks that are difficult to fit. Additionally, the identity and concentration of the 

oxygen species present on the SWNT walls vary widely. Therefore, characterization 

using the oxygen signals gives inconsistent results that are difficult to interpret. 
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Furthermore, the HiPco SWNTs used in this study contain residual catalyst present as 

iron oxides, which have overlapping oxygen signals with the Group 6 metal oxides that 

may form during functionalization. Despite these issues, XPS is still the best method in 

this case, and it was used cautiously to characterizing Group 6 metal-functionalized 

SWNTs.   

 

Figure 1.7. The IR spectra of the carbonyl region for (a) (C7H8)Cr(CO)3 and (b) 

(C7H8)W(CO)3. The peak indicated by * is due to unreacted W(CO)6.  
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 SWNTs were reacted with Cr(CO)6, W(CO)6, (C7H8)Cr(CO)3, (C7H8)W(CO)3, 

and (C6H6)Cr(CO)3 (Figure 1.8) with the goal being to maximizing the amount of zero-

valent Group 6 metals deposited on the SWNTs. However, all of the reactions resulted in 

the formation of Group 6 metal oxides, as indicated by the binding energies of the XPS 

signals shown in Table 1.1. A comparison of these values for the chromium reactions to 

those found in the literature for various chromium species in Table 1.2 shows that the 

binding energies of the obtained chromium products are too high to be zero-valent 

complexes and fall in the range of Cr2O3. These results suggest that the reaction of any of 

the Cr carbonyls with the HiPco SWNTs results in a Cr(III) species. However, the XPS 

analysis also shows a curve around 576.1 eV for all three Cr products, which may be 

indicative of the formation of (SWNT)Cr(CO)3. The FWHM of all three of these peaks is 

1.45 eV, which is nearly within the range reported for zero-valent chromium (1.8 to 2.3 

eV).8 But, as this example illustrates, benzenoid chromium tricarbonyl species overlap   

 

Figure 1.8. The reaction scheme for the functionalization of SWNTs with Group 6 

metals (M = Cr or W). 
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Table 1.1. Observed XPS Cr 2p3/2 and W 4d5/2 binding energies and atomic percentages 

for reactions of SWNTs with various reagents.  

Reagent Cr 2p3/2 (eV) W 4d5/2 (eV) M% 

(C6H6)Cr(CO)3 576.2, 577.4, 578.9  1.70 

Cr(CO)6 576.0, 577.3, 578.9  3.5 

(C7H8)Cr(CO)3 576.1, 577.3, 578.9  5.01 

W(CO)6
a  247.8 1.01 

W(CO)6
b  247.5 2.51 

(C7H8)W(CO)3  247.7 4.54 

aLarge scale reaction. bSmall scale reaction. 

Table 1.2. The literature values of the XPS Cr 2p3/2 and W 4d5/2 binding energies for 

various chromium and tungsten species of interest. 

Cr Complex Cr 2p3/2 (eV) W Complex W 4d5/2 (eV) 

Cr0 (metal) 574.223 W0 (metal) 244.224 

(C6H6)Cr(C6H6) 575.27 W(CO)6 247.825 

(C6H6)Cr(CO)3 576.17 WO3 24826 

Cr(CO)6 576.87   

Cr2O3
a 575.7-578.98   

CrO3 579.68   

aThe binding energy of the most intense portion of the peak without curve fitting is 

576.8.8 

with chromium(III) oxide (Table 1.2), making XPS identification especially difficult. 

This is further complicated by the fact that chromium(III) species have multiplet splitting 

in XPS, which makes curve fitting to determine oxidation states very challenging.23 In a 

similar manner, the W 4d5/2 binding energies from all analogous reactions (Table 1.1) 

appear to be more similar to that of WO3 rather than W0 or (SWNT)W(CO)3 (Table 1.2), 
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assuming that the binding energy of benzenoid tungsten tricarbonyls would decrease 

from the W(CO)6 binding energy similarly to the chromium analogues.24,26 This is 

consistent with complete oxidation of any adsorbed W containing species. Despite the 

oxidation of the products, it is interesting to note that the metal concentration on the 

SWNTs is the highest for the reactions with (C7H8)M(CO)3 (M = Cr, W), rather than the 

reactions with M(CO)6 or (C6H6)Cr(CO)3. This suggests that the cycloheptatriene 

derivatives are indeed more reactive than the other starting materials,27,28 making them 

the best choice for maximizing SWNT functionalization. 

As was previously discussed, the Haddon Group reported a Cr 2p3/2 binding 

energy for (SWNT)Cr(CO)3 to be 576.9 eV as being consistent with Cr(0) η6-complexes;5 

however, the accepted value for (C6H6)Cr(CO)3 is 576.1 eV.7 We note that they also 

reported the binding energy for Cr2O3 to be 575.5 eV, which does not fall within the 

accepted literature values of 575.7-578.9 eV.23 In the prior work5, SEM images were used 

to suggest the formation of increased bundle size as an indicator of interconnects, while 

TEM images showed surface particles of ca. 1 nm despite the chromium atom having a 

diameter closer to 0.424 nm.29 TEM of our samples show similar particulates (Figure 

1.9), but these are difficult to differentiate from the residual catalyst materials on raw 

HiPco SWNTs (Figure 1.10). Given these discrepancies and those discussed in the 

introduction to this chapter, we are interested in determining if Cr(η6-SWNT)2 or (η6-

SWNT)Cr(CO)3 are actually formed under these conditions.  

The presence of oxidized products could be put down to the reaction with 

adventitious oxygen; however, since careful air-free techniques (including the use of 

degassed THF distilled over sodium/benzophenone) were used in the reactions, it was 
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Figure 1.9. TEM image of the product from the reaction of (a) W(CO)6 and (b) 

(C6H6)Cr(CO)3 with raw HiPco SWNTs.  
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Figure 1.10. TEM image of (a) raw HiPco SWNTs and (b) the product from the reaction 

of (C6H6)Cr(CO)3 with raw HiPco SWNTs. 
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hypothesized that the Group 6 metal oxidation was occurring with the oxygen impurities 

that are present on the outside of the SWNTs.30 To prevent this, the oxygen was removed 

from the SWNTs by annealing them at 550 °C in an inert atmosphere.13,14 This did not 

solve the oxidation problem. As noted in the introduction, we have been concerned with 

issues associated with the presence of residual catalyst particles in SWNTs with regard to 

any meaningful investigation of their reactivity. Based upon prior work, we suggested 

that the presence of oxidized Cr and W species is due to reaction with the iron oxide 

catalyst residue that is commonly present.15,16 Consideration of the standard reduction 

potentials (Table 1.3) show that iron is larger than chromium, indicating that iron oxides 

could be causing the oxidation of zero valent chromium.31,32 Prediction of the redox 

chemistry between iron and tungsten based on the standard reduction potentials (Table 

1.3) is not possible. The potentials for elemental tungsten cannot be obtained  

Table 1.3. Selected standard reduction potentials. 

Reaction E0 (V) 

Fe3+ + e-  Fe2+ +0.7731 

Fe3+ + 3e-  Fe -0.0431 

Fe2+ + 2e-  Fe -0.4431 

Cr3+ + e-  Cr2+ -0.4231 

Cr3+ + 3e-  Cr -0.7431 

Cr2+ + 2e-  Cr -0.9031 

WO4
2- + 4H2O + 6e- W(s) + 8OH-* -1.07433 

WO3(s) + 6H+ + 6e- W(s) + 3H2O(l)ǂ -0.09033 

* Reduction performed in alkali solution, ǂ reduction performed in acidic solution.  
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experimentally due to the formation of a conductive tungsten intermediate on the 

cathode, which is difficult to fully reduce and also acts as a catalyst for hydrogen 

evolution.33 

To test this theory, Cr(CO)6 was heated in freshly distilled THF in the presence of 

mixed iron oxide powder. After filtration of the soluble Cr(CO)6, the resulting red 

powder was analyzed by XPS. The high resolution Fe 2p3/2 signals in Figure 1.11 show 

the presence of Fe(III) and Fe(II) in both the starting material and the product; however, 

there is a distinct shift in the relative speciation. Analyzing the peak areas shows an 

increase in Fe(II) from 58% to 63% after heating with Cr(CO)6. Additionally, the XPS Cr 

2p3/2 signal (Figure 1.12) shows that no zero-valent chromium is in the sample. Assuming 

that no Cr(CO)6 survived washing and being placed under vacuum, the peak is consistent 

with a mixture of Cr2O3 and CrO3.
23 The lack of zero-valent chromium, coupled with the 

observed increase in Fe(II), shows that iron oxides do oxidize Cr(CO)6. This observed 

oxidation is not attributed to accidental contamination with air or water because of the 

increase in Fe(II) content. The fact that the Fe(II) increase is small is expected, because 

most of the Cr(CO)6 was recovered after the reaction. These results are significant, 

because TGA indicates that raw HiPco SWNTs contain 20-40 w/w% oxidized iron 

catalyst after combustion of the SWNTs in air (Figure 1.13).  

XPS analysis of SWNT purification. The realization that the reaction of the 

residual catalyst appears to be masking any potential reactions with Cr and W carbonyl 

species led to an investigation into SWNT purification, beginning with an analysis of 

how well annealing removes bound and absorbed oxygen as well as how it effects the 

presence and oxidation state of the iron catalyst residue.  
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Figure 1.11. The Fe 2p3/2 XPS signals for (a) mixed iron oxide powder and (b) the 

product of the reaction between iron oxide powder and Cr(CO)6.   

 

Figure 1.12. The Cr 2p3/2 XPS signal for the product of the reaction between Fe2O3 and 

Cr(CO)6. Cr2O3 is fit with two curves to account for its complex multiplet splitting.23 
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Figure 1.13. TGA of two samples from the same batch of raw HiPco SWNTs.  

Analysis of the high resolution O 1s XPS peak of the as received tubes (Figure 

1.14) shows the presence of iron oxides as indicated by the peak at 530.3 eV in addition  

to a range of oxygen moieties associated with the side wall of the SWNTs. Prior studies 

suggest these are due to the single and double bonds oxygen makes to carbon in 

carboxylic acid, ketone and alcohol groups.34 Annealing the tubes in Ar or under vacuum 

reduces the oxygen on the SWNTs relative to the Fe oxide peak (Table 1.4). However, it 

is not clear whether or not the iron oxide peak is reducing simultaneously.  

To determine this, the Fe 2p3/2 signals can be analyzed (Figure 1.15 and Table 

1.4). It can be seen that the majority (ca. 65%) of the Fe present in the raw SWNT sample 

is due to zero-valent Fe, indicated by the peak at 706.6 eV (Figure 1.15a).23,35 The 

remainder is a mixture of Fe(II) and Fe(III).23,35 Annealing at 550 °C under Ar 

atmosphere has no obvious effect on the relative iron oxide concentration (Figure 1.15b 

and Table 1.4). By contrast, annealing under vacuum greatly increased the iron oxides, 

leaving only 9% zero-valent iron (Figure 1.15c and Table 1.4). Because the system was  
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Figure 1.14. The XPS O 1s signals for (a) as received raw HiPco SWNTs and after 

annealing at 550 °C under (b) Ar atmosphere and (c) vacuum.  
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under vacuum, the oxidation of iron is assumed to be a result of the oxygen bound and 

absorbed on the tubes. 

Table 1.4. O 1s and Fe 2p assignment and composition for raw SWNTs and after thermal 

annealing at 550 °C in Ar or vacuum. 

Peak 

(eV) 

Assignment Raw-

HiPco 

(%) 

Ar 

annealed 

(%) 

Vacuum 

annealed 

(%) 

Microwave/HCl/vacuum 

annealed (%) 

533.334 C-O 37.47 22.68 21.74 45.40 

531.534 C=O 24.16 32.42 26.64 8.42 

530.0 Fe oxides  38.37 44.90 51.62 46.18 

706.623,35 Fe(0) 64.86 64.08 9.17 51.59 

709.535 Fe(II) 11.76 13.63 43.11 28.92 

711.035 Fe(III) 23.38 22.29 47.73 19.49 

 

 Based upon the forgoing, annealing under vacuum is the most effective way to 

remove oxygen from the SWNTs. Although, it does not remove all of the oxygen, and it 

also increases the amount of iron oxides. Annealing under argon does not change the 

concentration of iron oxides, but it is not as effective at removing oxygen from the 

SWNTs. Both are problematic for Group 6 metal functionalization. Ineffective removal 

of oxygen from the SWNT surface along with the presence of iron oxides can result in 

oxidation of the Group 6 metals, especially given the low metal concentration being 

added. Thus, it is imperative that the iron catalyst be removed from the SWNTs prior to 

reaction with Cr(CO)6, etc.   
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Figure 1.15. The Fe 2p XPS signals (a) as received HiPco SWNTs and after annealing at 

550 °C under (b) Ar atmosphere and (b) vacuum. For simplicity the Fe(III) signal and its 

complex satellites are fit with a single peak. 
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In many instances, oxidative treatment of CNTs with HNO3, piranha, H2SO4, and 

others have been shown to remove a substantial amount of the residual catalyst 

materials.36 However, these treatments add oxygen functional groups34, which are 

possibly detrimental to the chemistry of interest. Gomez, et al., have found that 

microwaving SWNTs in air causes carbon-encapsulated iron to break out of its carbon 

shell and be oxidized, facilitating its chemical removal with acid or chlorine.37 This 

destruction of the encapsulation is critical for SWNT purification in general since the 

encapsulated catalyst residue is not removed by non-oxidative purification processes that 

don’t also functionalize SWNT ends and sidewalls.37  

 In an attempt to remove the residual iron catalyst without altering the SWNTs, the 

tubes were microwaved using the procedure defined by Gomez, et al., then refluxed in 

concentrated hydrochloric acid to dissolve away the iron oxides. Finally, the SWNTs 

were annealed to remove oxygen functional groups, adsorbed oxygen, amorphous carbon, 

and any remaining hydrochloric acid. The XPS analysis of the resulting “cleaned” 

SWNTs shows a decrease in the amount of C=O groups on the SWNTs (Figure 1.16), as 

well as an overall decrease in oxygen species as indicated by the lower signal intensity. In 

addition, a decrease in zero-valent iron is observed (Figure 1.17 and Table 1.4) relative to 

untreated SWNTs (Table 1.4). But, because iron and iron oxides were not eliminated 

from the sample, it is suggestive that some of the residual catalyst remains encased in 

carbon. The TGA analysis of the sample (Figure 1.18) shows a residue of 21.8% (15.2% 

w/w Fe). 

Reaction of Cr(CO)6 with purified SWNTs. Despite the incomplete removal of 

catalyst materials from the cleaned SWNTs, the microwave/HCl/annealed SWNTs were  
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Figure 1.16. The XPS O 1s signal for microwaved, acid-treated and Ar annealed 

SWNTs.  

 

Figure 1.17. The XPS Fe 2p3/2 signal for microwaved, acid-treated and Ar annealed 

SWNTs. 

reacted with Cr(CO)6 and the products characterized using XPS. Figure 1.19 shows the 

Cr 2p3/2 peak, which indicates the presence of chromium oxides as a result of the curves 

high binding energies. Considering the incomplete removal of the iron catalyst from the 

SWNTs and the redox chemistry between iron oxides and zero-valent chromium shown 
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in the previous experiment, this is expected; however, what is important is that the 

chromium signal also has an 18.5% contribution from a zero-valent chromium peak at 

574.0 eV. It is also important to note that this peak is in line with that expected for Cr 

metal.23 However, as was previously discussed, the binding energy of (SWNT)Cr(CO)3 

overlaps with that of chromium(III) oxide. Thus, there is a possibility that 

(SWNT)Cr(CO)3 is also present in this sample, but it is very difficult to confirm. 

Additionally, the iron signal in Figure 1.20 shows a shift in intensity toward lower 

binding energies compared to the iron signal for the cleaned SWNTs (Figure 1.17), 

indicating that the iron is being reduced (as a consequence of the oxidation of the Cr).  

 

Figure 1.18. TGA of microwaved, acid-treated and Ar annealed SWNTs. 

The presence of Cr(0) is confirmed in the current study after the removal of some 

of the iron catalyst, and the prior report5 appears to be more consistent with the oxidation 

of the Cr by the catalyst residue (4.2 wt%) or from oxygen functional groups (since there 

is no mention of annealing). Although this study did not confirm “Cr(CO)n” complexes of 

SWNTs, it does suggest that such complexes may indeed be prepared on SWNTs; 
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however, only upon removal of sufficient catalyst residue and oxygen bound to the 

SWNTs. This illustrates the importance of catalyst removal during SWNT purification.   

 

Figure 1.19. The XPS Cr 2p3/2 signal for chromium-functionalized cleaned SWNTs. 

Cr2O3 is fit with two curves to account for its complex multiplet splitting.23  

 

Figure 1.20. The XPS Fe 2p3/2 signal for the product from the reaction of Cr(CO)6 with 

purified SWNTs. 
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 Reaction of W(CO)6 with highly purified SWNTs. To eliminate Group 6 metal 

oxidation from residual catalyst materials, SWNTs with ppb catalyst content (Lockheed 

Martin) were reacted with W(CO)6. The choice of W as opposed to Cr was due to the 

lower propensity for oxidation of W(0) versus Cr(0). The purified SWNTs are spin-

coated from aqueous solution onto silicon wafers, allowing for a suitable surface for 

reaction (Figure 1.21).  

 

Figure 1.21. SEM of purified SWNTs spincoated on a silicon wafer.  

After annealing the SWNT-coated wafers to remove oxygen functional groups, a 

concentrated W(CO)6 solution was drop-coated on the wafer and allowed to dry. This 

was then loaded into a 600 ˚C argon-purged tube furnace to decompose the W(CO)6 to 

W(0).38 Upon removal from the furnace, the SWNT-coated wafer had a gray film 

covering most of its surface and a small, seemingly uncovered region at the edge. This 
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sample was analyzed with XPS depth profiling and with scanning electron microscopy 

(SEM) in both regions of the sample. The SEM image of the gray region of the sample in 

Figure 1.22a shows a densely-packed layer of W particles of around 330 nm in diameter. 

The SEM of the purple region of the sample shows a sparse layer of W particles of 

similar diameter, shown in Figure 1.22b. The goal of this experiment was to bridge the 

SWNT-SWNT junctions with Group 6 metals, not to put particles on the SWNT surface; 

however, the appearance of the latter was a consequence of the large excess of W(CO)6 

deposited on the wafers. Thus, it is the region without particles that is of interest since 

this contains a network of SWNTs which have been exposed to W(CO)6.  

 Figure 1.23 shows the XPS depth profile for the purple region. This indicates an 

almost constant W intensity with depth, while C shows a small decrease as the nanotube 

layer is eroded down to the wafer. The observed decrease in C and the lack of change in 

the W intensity with depth indicates a higher concentration of W relative to C with depth. 

This increase in concentration with depth suggests that W preferentially infiltrates the 

SWNT layers, which may be evidence that W bridges the SWNT-SWNT junctions, since 

these junctions are not present at the surface of the sample.  

 The analysis of the high resolution W 4f XPS signals show the presence of 50% 

zero-valent tungsten at the surface of the sample, with the remaining tungsten being 

oxidized in the form of WO3 (Figure 1.24a).26 This is expected since these samples were 

exposed to the air. Once the samples are sputtered, the W(0) signals increase to 81% 

throughout the sample for up to 1 min of sputter time (Figure 1.24b). This is a major 

improvement over the analogous functionalization of HiPco SWNTs, emphasizing that 
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the presence of iron oxides and oxygen species on the tubes have a significant effect on 

the oxidation of Group 6 metals.  

 

Figure 1.22. SEM images of the W-functionalized SWNT-coated wafer shows (a) a 

region that is densely packed with 330 nm W particles, which appears grey to the naked 

eye and (b) a more sparsely covered region with clear visibility of the SWNTs, which 

appear purple to the naked eye.  
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Figure 1.23. The XPS depth profile of a W-functionalized SWNT-coated wafer on the 

purple region of the sample. The sample was sputtered for 15 s between data collections.  

Reaction of Cr(CO)6 with graphene. Graphene was also functionalized with Cr 

as a crude model for SWNT behavior with Group 6 metals due to its relative ease of 

manipulation and high purity (99.9999%). By eliminating the residual catalyst from the 

reaction, the expectation was that fewer Group 6 metal oxides would be present in the 

graphene product relative to the SWNT products. A reaction between graphene and 

Cr(CO)6 was conducted in THF using a similar procedure to the one outlined by the 

Haddon group and was characterized by XPS.6 Because of the oxidation problems seen 

for functionalization reactions of SWNTs, the graphene was annealed under argon before 

use.  
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Figure 1.24. The high resolution XPS W 4f signals for the purple region of the W-

functionalized SWNT-coated silica wafer. The sample was analyzed (a) before sputtering 

and (b) after 15 seconds of sputtering. Further sputtering and analysis resulted in similar 

tungsten signals for up to 1 min total sputter time. 

The XPS chromium signals of the chromium-functionalized graphene (Figure 

1.25) show the presence of zero-valent chromium before (a) and after sputtering (b). The 

concentration of zero-valent chromium decreases from 22.04% to 16.88% after sputtering 

the sample for one minute with a 3 kV, 2 by 2 mm argon ion beam. But, the overall 

concentration of chromium (relative to the carbon signal) increases from 4.2% before 
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sputtering to 9.2% after sputtering. Although XPS is not quantitative without a standard, 

this general increase suggests that chromium prefers to be sandwiched between the 

graphene sheets, in agreement with the depth profile of tungsten-functionalized SWNTs 

in Figure 1.23. And, indeed, the XPS also shows the presence of a new curve at 575.2 eV 

that is consistent with the formation of (graph)Cr(graph) (where graph = graphene), 

assuming this species has a similar chemical shift to (C6H6)Cr(C6H6).
7 Comparing the 

curves before and after sputtering, an increase from 17.44% to 22.30% (graph)Cr(graph) 

is observed. This supports the claim that the concentration of Group 6 metals increases 

with depth as a result of (graph)Cr(graph) interconnects. Comparing the combined 

percentages of zero-valent chromium for functionalized graphene and functionalized 

SWNTs (Figure 1.19), a definite increase is seen for graphene- 39.5% of the chromium is 

unoxidized on graphene, whereas 18.5% is unoxidized on the cleaned SWNTs. Because 

the graphene starting material contains a parts per million (ppm) concentration of metal 

catalyst, an insignificant amount of the chromium is oxidized by residual catalyst. Even 

so, there is still a significant percentage of chromium(III) oxide on graphene (60.5%). As 

with the SWNT complexes, there is a possibility that a curve for (graph)Cr(CO)3 is 

overlapping with the Cr2O3 signal, but determining what that concentration might be is 

difficult with the available characterization. Given the presence of Cr2O3, it is clear that 

adsorbed oxygen plays an important role in Group 6 metal oxidation on SWNTs and 

graphene. As was demonstrated by the study in the previous section, complete removal of 

oxygen from the surface of SWNTs is not accomplished by annealing (Figure 1.14). It 

seems likely that the same is true for graphene, especially considering the fact that 
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graphene and CNTs have been used for gas sensing and adsorption due in part to their 

extremely high surface areas.30,39,40     

 

Figure 1.25. The XPS chromium 2p3/2 signals for chromium-functionalized annealed 

graphene (a) before sputtering and (b) after sputtering. 

Conclusions 

 We have shown that the hexahapto functionalization of carbon materials with 

Group 6 metals is very challenging and not as straightforward as previously reported. The 

primarily product is the formation of Group 6 metal oxides as a consequence of the 
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residual SWNT growth catalyst and oxygen functional groups. Cleaning the SWNTs 

using a microwave and HCl treatment helped to decrease the residual iron catalyst, but, 

again, it did not eliminate it. However, it enabled the first observation of a Cr(0) species 

on a SWNT, albeit contaminated with oxide. Reactions with ultrapure SWNTs (ppb Fe) 

and graphene do facilitate the formation of M(0) species intercalated into the SWNTs. 

And, in the case of graphene, we were able to directly observed the formation of 

(graph)Cr(graph) in XPS. However, we were unable to observe any –Cr(CO)3 complexes 

as a result of their overlapping binding energies with chromium(III) oxides. We can 

conclude that in order to make the functionalization of carbon materials with Group 6 

metals successful, it is imperative that the carbon materials be extremely pure and free of 

both catalyst and absorbed oxygen.  

Experimental 

 All reagents were used as received unless otherwise noted. All solvents were 

distilled (unless they were obtained from the solvent purification system) and degassed 

with bubbling argon. Glassware was placed in a base bath before use, then washed with 

soap and water and dried in an oven overnight. XPS was measured on a PHI Quantera 

XPS Scanning Microprobe using Al Kα X-rays. The spectra were shifted using a carbon 

standard of 284.5 eV.  Solution IR spectra were obtained on a PerkinElmer Spectrum 

Two FT-IR. SEM images were acquired on an FEI Quanta 400 ESEM FEG. 

 (CH3CN)3M(CO)3. The synthesis of (CH3CN)3M(CO)3 was adapted from the 

literature.17 M(CO)3 (1 equivalent, where M is Cr or W) was added to a Schlenk flask in 

the glove box. Acetonitrile (100 equivalents) was transferred by cannula to the reaction 

vessel directly from the distillation apparatus. The M(CO)3 solution was refluxed and the 
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reaction progress was monitored by solution-phase IR spectroscopy. After 4 days, the IR 

showed primarily (CH3CN)3M(CO)3 with some (CH3CN)2M(CO)4 according to peak 

assignments found in the literature.18 The solution was allowed to cool to room 

temperature, and the solvent was pumped off to leave a yellow solid. Hexane was added 

to the solids by cannula. The mixture was agitated, and then filtered using inert 

atmosphere techniques to produce yellow solids on the filter and a yellow solution. The 

solution was discarded and the solids were collected for further use. 

 (C7H8)M(CO)3. The synthesis of (C7H8)M(CO)3 was adapted from the 

literature.17 Cycloheptatriene (4.3 mL, 12.6 equivalents) and hexane obtained from a 

solvent purification system (50 mL) were added via syringe to a mixture of 

(CH3CN)3M(CO)3 and (CH3CN)2M(CO)4 (M = Cr or W, exact composition unknown, 

about 1 equivalent) in a Schlenk flask. The solution was heated and allowed to reflux for 

4 days. The solution was allowed to cool. The mixture was filtered using inert 

atmosphere techniques to produce a red solution and yellow solids on the filter. A 

solution IR was run on the crude product, indicating that the desired product had been 

synthesized according to literature peak assignments.20,21 The product was dried under 

vacuum, leaving behind a red crystals in the reaction vessel and yellow solids in the 

solvent trap. 

 Reaction of SWNTs with M(CO)6, (C7H8)M(CO)3, or (C6H6)Cr(CO)3. This 

synthesis was adapted from the literature.6 SWNTs (0.04 g, 5 equivalents of carbon 

atoms) were placed in a Schlenk flask equipped with a stir bar and were heated at 100 ˚C 

under vacuum overnight. M(CO)6, (C7H8)M(CO)3, or (C6H6)Cr(CO)3 (1 equivalent, M = 

W or Cr) and 20 mL THF were added to the cooled flask in a glove box. The mixture was 
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kept under argon and sonicated in a bath sonicator to disperse the SWNTs. The vessel 

was then put under an argon flow and refluxed for 4 days. The product was allowed to 

cool and was then centrifuged at 4,400 rpm for 30 minutes. The supernatant was decanted 

off, leaving a black solid. THF was added and the vial was sonicated in a bath sonicator 

to redisperse the product. The dispersion was centrifuged again. This process was 

repeated 3 times. The black solid was then dried and stored under vacuum. The product 

was characterized by XPS and TEM. 

 Microwave and HCl acid-treatment of SWNTs. 0.2 g of dry HiPco SWNTs 

were placed in an 860 watt domestic microwave oven with an open 500 mL beaker filled 

with water (for dissipating some of the heat). The SWNTs were heated for 1 min and then 

allowed to cool. This process was repeated until the SWNTs had been heated for a total 

of 10 min. They were then placed in 150 mL of concentrated HCl, stirred and refluxed 

overnight. The black mixture was allowed to cool to room temperature and then diluted 

to about 300 mL with water. The SWNTs were removed by filtering the mixture through 

a 0.22 µm PVDF filter paper. They were rinsed with DI water until the pH of the rinse 

was no longer acidic, and then placed under vacuum to dry overnight. Once dry, the tubes 

were put into a quartz boat and loaded into a tube furnace. As the inside of the furnace 

was preheating to 550 ˚C, the SWNTs were degassed under a 600 mL/min flow of Ar in 

the tube, just outside of the furnace itself. After 30 minutes, the SWNTs were slid into the 

furnace (using a magnet on the outside of the tube) and heated for 2 hours. The SWNTs 

were allowed to cool under Ar and then quickly transferred to a glove box for storage. 

The cleaned SWNTs were characterized by XPS. Yield: 69.6% 
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 Reaction of HCl cleaned or annealed SWNTs with Cr(CO)6. SWNTs (0.2 g, 5 

equivalents of carbon atoms) were placed in a quartz boat with a magnet attached to it by 

way of a long steel wire. Using another magnet on the outside of the quartz tube of the 

furnace, the boat was slid into the end of the tube.  The tube was degassed with argon for 

30 minutes as the furnace was preheated to 550 ˚C. The SWNTs were then slid into the 

furnace using the outer magnet and heated under a 600 mL/min flow of argon for 1 hour. 

The SWNTs were slid back to the end of the tube and allowed to cool under argon. The 

SWNTs were then quickly transferred to an argon-purged Schlenk flask. The flask was 

immediately taken to the Schlenk line and put under vacuum for 10 minutes to remove 

any air that followed the SWNTs into the reaction vessel. The vessel was transferred to 

the glove box where Cr(CO)6 (0.6 g, 1 equivalent) was added. It was then placed under 

argon on the Schlenk line and THF (~20 mL) was added via cannula to the reaction 

vessel. This mixture was refluxed for 4 days. After cooling to room temperature, the 

black mixture was transferred to an argon-purged centrifuge vial and was centrifuged at 

4,400 rpm for 30 minutes. The supernatant was decanted off, leaving a black solid. THF 

was added and the vial was sonicated in a bath sonicator to redisperse the product. The 

dispersion was centrifuged again. This process was repeated 3 times. The black solid was 

then dried and stored under vacuum. The product was characterized by XPS.  

 Reaction of annealed Lockheed Martin SWNT-coated wafer with M(CO)6. 

An aqueous solution of SWNTs was spin-coated on a silicon wafer by Lockheed Martin. 

The wafer was diced up into about 1 inch by 0.5 inch rectangles. One SWNT-coated 

wafer piece was placed in a quartz boat with a magnet attached to it by way of a long 

steel wire. Using another magnet on the outside of the quartz tube of the furnace, the boat 
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was slide into the end of the tube.  The tube was degassed with argon for 30 minutes as 

the furnace was preheated to 600 ˚C. The boat was then slid into the furnace using the 

outer magnet and heated under a 600 mL/min flow of argon for 1 hour. The SWNT-

coated wafer was slid back to the end of the tube and allowed to cool under argon. The 

wafer was removed from the tube furnace and placed under flowing argon. A M(CO)6 

solution (~14 mg in 1 mL of THF, M =  Cr or W) was drop-coated on the wafer’s surface 

and allowed to dry. The wafer was quickly transferred in air to the tube furnace, where it 

was allowed to sit under 600 mL/min flowing argon for about 1 minute (longer purge 

times resulted in significant loss of M(CO)6 due to sublimation). Then, the argon flow 

rate was decreased to 100 mL/min and the wafer was slid into the 600 ˚C furnace. After 

20 minutes, the wafer was slid back out of the furnace and allowed to cool at the end of 

the quartz tube. The sample was stored under vacuum until it was ready to be analyzed by 

XPS and SEM.    

 Exfoliated graphite. This procedure was adapted from the literature.6 High purity 

graphite powder (-200 mesh, 99.9999% metals basis, 0.07 g) and o-dichlorobenzene were 

added to a plastic centrifuge vial. The suspension was sonicated with an ultrasonic probe 

at 35% amplitude for 1 h. The dispersion was centrifuged at 4,000 rpm for 30 minutes. 

The resulting black supernatant was decanted off and filtered through a PTFE filter paper. 

The black solid was rinsed with THF to remove residual o-dichlorobenzene and dried 

under vacuum. The resulting black powder was annealed at 600 ˚C under a 600 mL/min 

flow of argon for 2 hours and was immediately transferred to the glove box after cooling.  

 Reaction of graphene with Cr(CO)6. This synthesis was adapted from the 

literature.6 Graphene (50 mg, 5 equivalents of carbon atoms) and Cr(CO)6 (0.18 g, 1 
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equivalent) were added to a Schlenk flask in a glove box. THF (20 mL) was added to the 

reaction vessel via cannula and it was then heated to 110 ˚C on a Schlenk line. The 

mixture was allowed to reflux under argon for 5 days. The suspension was cooled and 

was then centrifuged at 4,400 rpm for 30 minutes. The yellow supernatant was decanted 

off, leaving a black solid. THF was added and the vial was sonicated in a bath sonicator 

to redisperse the product. The dispersion was centrifuged again. This process was 

repeated 3 times. The black solid was then dried and stored under vacuum. The product 

was characterized by XPS.  
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Chapter 2 

Metal Coordination to C60 Fullerene 

Introduction 

Shortly after the discovery of fullerenes in 19851, many groups began efforts to 

understand the carbon clusters’ chemistry. In 1991, the first covalent organometallic bond 

was reported between C60 fullerene and zero-valent platinum, forming a stable dihapto, 

(η2) complex.2 In the same report, the authors attempted to functionalize C60 with η5-

C5(CH3)5Ru+, which commonly forms η6 bonds with electron rich 6-membered arenes.2 

Contrary to their expectations, they synthesized {[η5-

C5(CH3)5Ru(CH3CN)2]x(C60)}
x+(O3SCF3)x

-, where ruthenium forms an η2 interaction to 

C60.
2 Multiple other η2 metal complexes were synthesized subsequently.3,4 This 

phenomenon was found to be the result of C60’s unique curved geometry, which causes a 

high degree of strain and π orbitals that are pyramidalized by 11.64˚ (see Figure 2.1).5–7 

For η2 complexation to occur, π orbitals must be pyramidalized by incorporating more s 

character, thereby shifting the geometry to be more tetrahedral in order to have efficient 

orbital-overlap with the metal.7 Because the orbitals in C60 already have some degree of 

pyramidalization, their reactivity toward η2 bonding is larger relative to planar arenes.7 

Further, it has been found that the strain and hybridization of C60 is conserved over the 

entire molecule, so the increase in pyramidalization required to accommodate η2 bonding 

results in a global decrease in pyramidalization and strain of the other 58 carbon atoms.7 

Therefore, the formation of an η2 bond to C60 decreases the overall strain by 8 to 17 

kcal/mol.7  
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Figure 2.1. The piramidalization angle, θp = θπσ - 90˚, for a trigonal planar geometry, left, 

and a tetrahedral geometry, right. 

Despite reports of many stable η2 metal complexes to C60, the literature does not 

report any η2 copper complexes to fullerenes.8 This is surprising, because copper(I) is 

known to make stable complexes to a variety of different olefins.9–12 Many of these 

copper(I) olefin complexes are known for their instability, but, when bound to bidentate 

nitrogen ligands such as bis(2-pyridyl)amine, they are resistant to losing their olefins in 

solution and in inert atmospheres.9–14 These complexes are also stabilized by weakly 

coordinating counter-ions such as BF4
- and ClO4

-, which do not compete with the olefin 

for complexation to copper.15 Despite the plethora of literature on stable copper(I) olefin 

complexes and of metal-functionalized fullerenes, there are only a few reports on 

copper(I) complexes made to fullerenes. In all cases, the fullerene is functionalized at the 

carbons adjacent to a central five membered ring which reduces the pyramidalization of 

the ring (Figure 2.2).16,17 Copper(I) is then complexed via ɳ5 coordination.16,17 In Halim’s 

article, gold(I), silver(I) and copper (I) were complexed to pentaaryl-functionalized 

fullerenes, forming an ɳ1/ ɳ3 bond with gold, an ɳ2/ ɳ3 bond with silver, and an ɳ5 bond 

with copper, despite the metals being in the same group.16 In the case of copper, the 

energy level of the p orbitals is similar to that of the π orbitals of the five membered ring, 

allowing for the formation of a stable ɳ5 complex.16 Gold and silver, on the other hand, 
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have higher energy p orbitals that do not interact as strongly with the π orbitals of the 

fullerene.16 Further, the formation ɳ1 bonds, as is the preference for gold complexes, 

relieves angle strain in the five membered ring.16 Thus, the balance between relief of 

strain and the stability of multihapto bonding determines the degree of haptacity of the 

metal to the fullerene.16 Without functional groups, fullerenes are too pyramidalized to 

accommodate ɳ5 complexation, and ɳ2 complexation lends to the greatest relief of 

strain.6,7 Thus, given the stability of ɳ2 copper(I) olefin complexes and of ɳ2 transition 

metal-fullerene complexes, we suggest that ɳ2 complexes of copper(I) to unfunctionalized 

C60 should also form.    

 

Figure 2.2. The pyramidalization of the π orbitals of C60 and C60 functionalized at the 5 

carbons indicated by black dots. 

Fullerenes also have never been reported to form η6 bonds with metals.18 A 

variety of ɳ5 metal complexes have been synthesized with C60, but this requires 
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functionalization of the fullerene, as was discussed previously for copper(I) complexes 

(Figure 2.2).3,6 The reason for this is explained through pyramidalization, because the π 

orbitals of the unaltered fullerene are splayed out away from the incoming metal center, 

orbital overlap with the metal’s d orbitals is not efficient for ɳ5 coordination. The increase 

in pyramidalization (sp3 hybridization) of the adjacent carbons allows for a decrease in 

pyramidalization of the five membered ring between them.6 This flattening of the five 

membered ring makes possible the formation of ɳ5 complexes.6 Similar functionalization 

about the six membered rings of C60 to accommodate ɳ6 coordination has not been 

reported. But, “fullerenocene” and similar ɳ6 transition metal complexes have been 

studied from a theoretical standpoint. Unfortunately, these studies are of little help in 

determining if ɳ6 complexes can actually be synthesized. In terms of aromaticity, Salcedo 

calculated that Cr(C60)2 and (C60)Cr(C6H6) have large aromatic stabilization energies 

relative to Cr(C6H6)2, suggesting that these complexes should have similar stability to 

Cr(C6H6)2.
18 On the other hand, Haddon has reported that ɳ6 bonds to C60 do not form as 

a result of pyramidalization- the π bonds are splayed out from the center of the benzenoid 

ring by 9.8˚ relative to the normal of the plane of the ring.7 This translates to poor orbital-

overlap with transition metals that favor ɳ6 bonding, which cannot be corrected with 

repyramidalization of the orbitals toward the center of the ring since this would lead to 

increased strain.7 To gain a better understanding of ɳ6 coordination to C60 fullerenes from 

an experimentalist’s standpoint, functionalization of C60 with chromium was attempted.    

Results and Discussion  

 Copper coordination to C60 fullerene. Functionalization of C60 with copper(I) 

was first attempted using a previously reported method (Figure 2.3).9,12 Here, the olefin is  
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Figure 2.3. Reaction scheme showing the synthesis of [(olefin)Cu(mes-dpa)]BF4.
9,12 

reacted with [Cu(MeCN)4]BF4, then the desired bis(2-pyridyl)amine derivative is added. 

For the amine derivative, mesitylene-2,2’-dipyridylamine (mes-dpa) was used because of 

its stabilizing effect on copper(I) olefin complexes as a result of its ability to fold the dpa 

portion to reduce steric effects.12 Initial reactions were run in butanol, as was reported 

previously;12 however, C60 has very poor solubility in butanol, so subsequent reactions 

were run in a mixture of butanol and 1,1,1-trichloroethane. The crude product was 

analyzed by 1H NMR in CDCl3, which shows only very weak signals from mes-dpa in 

Figure 2.4. Compared to uncomplexed mes-dpa in Figure 2.5, the aromatic signals are 

shifted downfield (except for “d”, which is shifted upfield) and are very broad. 

Additionally, Figure 2.4 shows two slightly more intense signals, which are shifted 

further upfield from the “g” and “e” signals. Because all of these signals are very broad, it 
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is clear that the quadrupolar copper is bound to mes-dpa. The presence of the additional 

downfield-shifted aromatic signals suggests that mes-dpa exists in two different 

environments, and is thus showing two sets of signals.  

 

Figure 2.4. 1H NMR of the crude product from the reaction of C60 with 

[Cu(CH3CN)4]BF4 and mes-dpa. *An impurity from the mes-dpa starting material.  

In an effort to concentrate the desired ionic product, the crude powder was 

dispersed in butanol and filtered. The 1H NMR in CDCl3 of the resulting solution in 

Figure 2.6, again, shows two sets of broadened mes-dpa signals. The signals labeled g 

and e are shifted downfield compared to the g and e uncomplexed mes-dpa signals in  
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Figure 2.5. 1H NMR of mes-dpa. *An unknown impurity that translates to the products 

of reactions involving mes-dpa. 

Figure 2.5. They also have similar chemical shifts to the g and e signals in Figure 2.4. 

However, the signals labeled g’ and e’ are shifted upfield from those seen in Figure 2.4, 

but shifted downfield from the uncomplexed mes-dpa in Figure 2.5. Additionally, there is 

a strong signal at 2.16 ppm, which appears in the same location as an impurity found in  
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Figure 2.6. 1H NMR of the product extracted with 2-butanol from the reaction of C60 

with [Cu(CH3CN)4]BF4 and mes-dpa.  

the mes-dpa (* in Figure 2.5). But, this signal is 13 times the integrated value of the 

impurity in the starting material. Analysis of the [Cu(MeCN)4]BF4 starting material 

shows a singlet at the same chemical shift, indicating that this signal is a result of 

unreacted [Cu(MeCN)4]BF4 or possibly the formation of a (CH3CN)2Cu(mes-dpa) 

complex (assuming these acetonitrile protons have similar chemical shifts). To determine 

if C60 was bound to copper, the product was also analyzed by 13CNMR (Figure 2.7). 

However, the spectra does not show enough aromatic carbons above the noise to identify 
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the products, and further efforts to isolate the desired product by crystallization or 

extraction were unsuccessful due to decomposition.  

 

Figure 2.7. 13C NMR of the product extracted with 2-butanol from the reaction of C60 

with [Cu(CH3CN)4]BF4 and mes-dpa.  

The 1H NMR spectra discussed up to this point suggests that there are three mes-

dpa-Cu complexes present in the crude product. We propose a mixture of (C60)Cu(mes-

dpa), Cu(mes-dpa)2, and (CH3CN)2Cu(mes-dpa). To help in determining that species 

present in the spectra above, [Cu(mes-dpa)2]BF4 was synthesized using a similar method 

to the one reported for complexing two substituted diquinolylamine groups to copper.19 
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The 1H NMR of this complex in Figure 2.8 shows broadened mes-dpa signals, which are 

shifted from their original chemicals shifts in Figure 2.5. The signals labeled e, b, and f 

are all shifted downfield, while the signals labeled g and d are shifted upfield. As was 

discussed previously, the protons of [Cu(MeCN)4]BF4 appear at 2.17 ppm and overlap 

with the contaminant found in mes-dpa. Because the normalized integration of this signal 

is lower than the signal in the mes-dpa spectrum (0.64 and 0.71, respectively), this signal 

probably has no contribution from the acetonitrile ligands. Because there are no other 

significant signals, the presence of [(MeCN)2Cu(mes-dpa)]BF4 is also ruled out. Further, 

the formation of a single bond from one pyridine group of the mes-dpa to the copper 

center is not enthalpically or entropically favored.20 This sort complexation is also ruled 

out by the 1H NMR, because there is only a single set of signals for the mes-dpa ligand, 

confirming bidentate coordination of the mes-dpa ligand to the copper center. Because 

copper(I) complexes form tetrahedral or distorted tetrahedral structures in the case of 

large bidentate ligands,21,22 we assign the product of this reaction as [Cu(mes-dpa)2]BF4. 

Comparing the chemical shifts of this molecule to those seen for the crude product in 

Figure 2.4 indicates that [Cu(mes-dpa)2]BF4 is not present in the analyzed sample. 

However, the product extracted with 2-butanol (Figure 2.6) shows one set of mes-dpa 

signals (indicated by primed letters) that match up very well with those seen for the 

[Cu(mes-dpa)2]BF4 complex, and are thus assigned to this structure. The other two sets of 

mes-dpa signals cannot be unambiguously assigned to structures, but do imply the 

formation of [(MeCN)2Cu(mes-dpa)]BF4 and possibly the formation of [(C60)Cu(mes-

dpa)] BF4.  
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Figure 2.8. 1H NMR of [Cu(mes-dpa)2]BF4. *An impurity from the mes-dpa starting 

material. 

As a result of the complications in functionalizing C60 using Allen’s method, 

another method, which was adapted from the literature,10 was also attempted. Here, fine 

copper powder, Cu(ClO4)2 and the olefin are reacted in an alcohol solution to produce a 
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copper(I)-olefin complex (Figure 2.9). The mes-dpa ligand is then added. Rather than 

using C60 as the starting olefin for this reaction, ethylene was used. There are multiple 

benefits to synthesizing the [(C2H4)Cu(mes-dpa)]ClO4 complex before trying to 

incorporate C60- the ethylene synthesis is defined in the literature, bubbling ethylene gas 

into an air sensitive solution is easier than adding a powder, there is no unreacted olefin 

to separate from the product, and crystallization of the product is simple. But, most 

importantly, ethylene is a gas, so any exchange that happens with a non-gaseous olefin 

like C60 will not be reversible.  

 

Figure 2.9. Reaction scheme for the synthesis of [(C2H4)Cu(mes-dpa)]ClO4.
10 The 

perchlorate ion is the counter ion for both copper(I) complexes, and is left out for clarity. 

The [(C2H4)Cu(mes-dpa)]ClO4 complex was successfully synthesized and 

characterized using 1H NMR. Comparing the 1H NMR spectra of the copper complex in 

Figure 2.10 to the mes-dpa starting material in Figure 2.5, the broadening of the mes-dpa  



 84 

 

 

 

 

Figure 2.10. 1H NMR of [(C2H4)Cu(mes-dpa)]ClO4. *An impurity from the mes-dpa 

starting material. 

signals as a result of complexation to copper is obvious. The broadening is most severe 

for the protons that are closest to the copper center on carbon 6 of the pyridine rings 

(labeled g in Figure 2.10), as is expected. Mes-dpa’s complexation to copper is also made 
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obvious by the downfield shift of the aromatic protons (except for d, which shifts 

upfield). We assign the singlet at 4.52 ppm to complexed ethylene, in agreement with 

similar complexes reported in the literature.9 This signal has an upfield shift of about 0.9 

ppm relative to that of free ethylene.9 Further, this signal’s normalized integration 

(relative to the g protons on the complexed mes-dpa) is 4.13, indicating that there is 

approximately a one to one ratio of ethylene to mes-dpa. This implies that all of the 

copper complexes in the sample contain ethylene. 

The [(C2H4)Cu(mes-dpa)]ClO4 complex was then combined with C60 in an 

ethanol and 1,1,1-trichloroethane solvent mixture (Figure 2.11), which fully dissolved the 

copper complex and partially dissolved C60. The mixture was bubbled with argon to 

remove any dissolved ethylene, preventing it from recombining with the copper complex 

and encouraging it to bind with C60. After 24 hours, the solution was diluted with ethanol 

to precipitate unreacted C60 and filtered. The resulting solution was bubbled with argon to 

reduce the volume and placed in the freezer in an attempt to crystallize the product. 

However, no crystals would form and any attempt to dry the product under vacuum or 

flowing argon resulted in visual decomposition of the product. The color changed from 

yellowish brown to greenish brown and the 1H NMR of the filtered green product did not 

show any evidence of mes-dpa. 

To eliminate the need for drying or crystallization, a similar reaction was 

conducted in a mixture of deuterated methanol and chloroform (1:5). After 24 hours, 

more deuterated methanol was added to encourage the desired product to dissolve and the 

mixture was filtered. The resulting brown solution was analyzed by 1H NMR, shown in 

Figure 2.12. As with the other observed copper complexes, the mes-dpa signals are 
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shifted and broadened. The most notable of these is the shift of the F protons downfield 

of the B protons, which has not been observed in any of the other spectra. However, 

overlapping signals in the previous spectra may have made these signals difficult to 

locate. Comparing the other aromatic signals in this spectra to those seen in the first 

experiment, we note that the G, E and D signals of Figure 2.12 have the same chemical 

shifts as those labeled the same in Figure 2.4. Therefore, we assign these signals to the 

same structure. Observing that the 2.16 ppm signal in Figure 2.12 is very low in intensity, 

we assume that there are no acetonitrile ligands, and that this signal is the result of the 

mes-dpa contaminant. Therefore, this structure cannot be assigned to [(MeCN)2Cu(mes-

dpa)]ClO4. It also cannot be assigned to [Cu(mes-dpa)2]ClO4, because the chemical shifts 

of this spectra do not align with those in Figure 2.8. By process of elimination, we 

   

 

Figure 2.11. Reaction scheme showing the synthesis of [(C60)Cu(mes-dpa)]ClO4. The 

perchlorate ion is the counter ion for both copper(I) complexes, and is left out for clarity.  
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Figure 2.12. 1H NMR of the product of the reaction between [(C2H4)Cu(mes-dpa)]ClO4 

and C60 in deuterated methanol and chloroform. *An impurity from mes-dpa.   
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speculate that the 1H NMR can be assigned to [(C60)Cu(mes-dpa)]ClO4. To confirm this 

assignment, 13C NMR and X-ray crystallography are necessary. Unfortunately, this 

molecule proved to be very unstable. The 13C NMR was collected immediately after the 

1H NMR, but did not show any signals besides those for the solvents. Upon removal from 

the magnet, the sample was found to have crashed out of solution. Further attempts to 

collect this data from the same batch resulted in similar problems. Additionally, the 1H 

NMR spectra of subsequent experiments on the same batch showed different chemical 

shifts for the mes-dpa ligand, suggesting decomposition of the product. The instability of 

this complex also made characterization using X-ray crystallography impossible. 

Group 6 metal coordination to C60 fullerene. Group 6 metal functionalization of 

C60 fullerene was attempted with chromium (Figure 2.13), since it is the most reactive of 

the Group 6 metals. The first challenge associated with this chemistry was finding an 

appropriate solvent. C60 has the best solubility in benzene-derived molecules, especially 

napthalenes, 1,2-dichlorobenzene and tetralin.23 However, these molecules are all 

reactive toward the Cr(CO)6 starting material and cannot be used. C60 has reasonably 

good solubility in carbon disulfide at 7.9 mg/mL and is also a good solvent for 1H NMR 

analysis since it has no protons, but it has a boiling point of only 46.3 ˚C.23 Haloalkanes 

and some large, cyclic alkanes provide minimal solubility.23 Because these are 

compatible with the chemistry and have reasonably high boiling points, these sorts of 

solvents were tested. Cycloctane, diglyme (0.7 mg C60/mL)24, and 1,1,1-trichloroethane 

(0.15 mg C60/mL)25 were used for reactions between C60 and Cr(CO)6 or the more 

reactive (CH3CN)3Cr(CO)3. For reference, the solubility of C60 in cyclopentane, 

cyclohexane and decalins is 0.002, 0.036 and 4.6 mg/mL, respectively.23 Because the 
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solubility increases with increasing number of carbons in these examples, it was assumed 

that solubility in cycloctane would be better than in cyclopentane and cyclohexane. 

 

Figure 2.13. Reaction scheme showing the desired ɳ6 complexation of C60 to chromium. 

The crude products from these reactions were dried under vacuum to remove the 

solvent and any unreacted chromium starting material and were analyzed by 13C NMR in 

carbon disulfide. All three products showed a similar spectrum to the one in Figure 2.14, 

with a single peak for C60. This indicates that C60 was not functionalized with chromium 

in any of the experiments. Further, there is no evidence of metal carbonyls, which appear 

at 232.77 ppm in the 13C NMR of (C6H6)Cr(CO)3. As a result of the poor solubility of C60 

in diglyme and cycloctane, this was not very surprising. But, both C60 and 

(CH3CN)3Cr(CO)3 showed relatively good solubility in 1,1,1-trichloroethane compared to 

the other two solvents tested (despite the low solubility of C60 reported in the literature), 

making the reaction more favorable. Additionally, 1,1,1-trichloroethane has a boiling 

point of 74 ˚C. THF, the solvent used for the reaction between SWNTs and Cr(CO)6 in 

Chapter 1, has a slightly lower boiling point of 66 ˚C. Therefore, if C60 has a similar 

reactivity toward chromium as SWNTs, 1,1,1-trichloroethane should be an appropriate 

solvent, especially given the kinetic advantage from C60’s solubility. However, the  
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Figure 2.14. 1H NMR of the product of the reaction between C60 and Cr(CO)6. 

reactivity of SWNTs are very different from that of C60, despite HiPco SWNTs generally 

having only a slightly smaller diameter (7.10 vs 7.0 Å).23 This originates from differences 

is strain in the two molecules- SWNTs have circular strain due to their tube-like 

geometry, while C60 has spherical strain.23 This translates to a higher degree of 

pyramidalization of C60 at about 11.5˚ compared to HiPco SWNTs at around 5.5˚, where 

the pyramidalization angle is defined as the angle between the π and σ bonds minus 90˚.23 

For the majority of covalent functionalization reactions, an increase in pyramidalization 

angle leads to an increase in reactivity; the π bonds are larger on the convex side of the 
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molecule, increasing orbital overlap with the incoming atom, and the strain on the system 

is reduced upon binding.7,23 But, as was discussed in the introduction of this chapter, 

pyramidalization is not beneficial to the formation of ɳ6 complexes. Thus, C60 is actually 

less reactive toward Group 6 metals than SWNTs from a pyramidalization standpoint. 

And, based on this unsuccessful attempt to functionalize C60 with chromium, the most 

reactive of the Group 6 metals, it seems likely that the increased aromaticity reported for 

the theoretical complex is not correct or is not enough to overcome the hindrance from 

the pyramidalization.    

Conclusions 

  The hexahapto functionalization of C60 with chromium in a variety of different 

solvents proved to be unsuccessful. From this result, we conclude that the 

pyramidalization of C60’s π orbitals prevents efficient orbit overlap with the d orbitals of  

chromium. The instability of the proposed complex from poor orbital overlap, therefore, 

appears to be more influential than the aromatic stability suggested by theory.18  

 The dihapto functionalization of C60 with copper was not confirmed, but was 

suggested by our results. The attempted synthesis using [Cu(CH3CN)4]BF4 as the copper 

starting material resulted in a mixture of three different copper-mes-dpa complexes, 

evidenced by their 1H NMR analysis. Based on the obvious structure options given the 

starting materials and the tetrahedral geometry preference of copper(I), we suggested the 

formation of [(C60)Cu(mes-dpa)]BF4, [(CH3CN)2Cu(mes-dpa)]BF4 and [Cu(mes-

dpa)2]BF4. The presence of [Cu(mes-dpa)2]BF4 in the product was confirmed after 

synthesizing this complex and comparing chemical shifts in the 1H NMR spectra. The 

formation of [(CH3CN)2Cu(mes-dpa)]BF4 was inferred by the presence of a metal-
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complexed acetonitrile signal. [(C60)Cu(mes-dpa)]BF4 was then speculated to exist, since 

there were no other obvious structures to assign to the third set of mes-dpa signals. We 

also tried forming the complex of interest from [(C2H4)Cu(mes-dpa)]ClO4. This method 

proved to be better than the previous method, because it eliminates the possibility of 

forming (CH3CN)2Cu(mes-dpa) and decreases the chances of forming Cu(mes-dpa)2. 

Also, the removal of gaseous ethylene is not reversible, and, therefore, encourages the 

formation of the C60 complex. The 1H NMR of the product formed by this method 

showed only one set of broadened mes-dpa signals, indicating a single copper-mes-dpa 

complex. Based on comparison with the products formed using the previous method, we 

suggested that this product is the desired [(C60)Cu(mes-dpa)]ClO4. However, methods to 

prove this assignment were not possible as a result of the product’s instability.                 

Experimental 

 All reagents were used as received unless otherwise noted. Glassware was placed 

in a base bath overnight, then washed with soap and water and dried in an oven overnight 

before use. Mes-dpa was synthesized previously and was analyzed by 1H NMR. 

(CH3CN)3Cr(CO)3 was synthesized using the methods discussed in Chapter 1 

immediately before use. Diglyme and cycloctane were stored over molecular sieves and 

degassed with bubbling argon. 2-Butanol, ethanol, methanol, CDCl3 and 1,1,1-

trichloroethane were distilled over CaH2 and degassed with argon. CD3OD was degassed 

under argon. C60 fullerene was degassed under vacuum for an hour before use. All 

reactions were carried out under argon on a Schlenk line. 1H NMR and 13C NMR spectra 

were collected on a Bruker 400 MHz instrument.  
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Reaction of C60 with Cr(CO)6 or (CH3CN)3Cr(CO)3. C60 (0.2 g) and the 

chromium starting material (Cr(CO)6 or (CH3CN)3Cr(CO)3, 0.12 g) were added to a 

Schlenk flask in the glove box. The solvent (diglyme, cycloctane or 1,1,1-trichloroethane; 

15 mL) was added via cannula. The solution was stirred and heated to reflux for four 

days. The resulting mixture was filtered using inert atmosphere techniques. The filtered 

powder and the filtrate were analyzed by 13C NMR in CS2.     

Reaction of C60 with [Cu(CH3CN)4]BF4 and mes-dpa. Mes-dpa (0.3 g), 

[Cu(CH3CN)4]BF4 (0.3 g) and C60 (1.5 g) were added to separate Schlenk flasks in the 

glove box. [Cu(CH3CN)4]BF4 was dissolved in 2-butanol (20 mL) and C60 was suspended 

in 1,1,1-trichloroethane (15 mL). The C60 suspension was transferred with a large cannula 

needle to the [Cu(CH3CN)4]BF4 solution. The suspension was stirred overnight. Mes-dpa 

was dissolved in 2-butanol (15 mL) and was transferred via cannula to the 

[Cu(CH3CN)4]BF4/C60 mixture and stirred overnight. The crude product was dried under 

vacuum and analyzed by 1H NMR in CDCl3. It was then resuspended in 2-butanol and 

filtered using inert atmosphere techniques. The filtrate was analyzed by 1H NMR and 13C 

NMR in CDCl3.       

Synthesis of [Cu(mes-dpa)2]BF4. [Cu(CH3CN)4]BF4 (0.19 g) and mes-dpa (0.3 

g) were added to a Schlenk flask in the glove box. A 1:1 ethanol/methanol mixture (13.5 

mL) was added to the flask via cannula. The yellow solution was stirred at room 

temperature under argon for 2 h and 30 min. An aliquot was then dried under flowing 

argon and analyzed by 1H NMR in CD3OD.    

Synthesis of [(C2H4)Cu(mes-dpa)]ClO4. Fine copper powder (0.2 g) and 

Cu(ClO4)2 (0.25 g) were added to a Schlenk flask in the glove box. CD3OD (10 mL) was 
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added to the flask via cannula, and the mixture was stirred under a slow flow of ethylene 

overnight. Mes-dpa (0.37 g) was added to the mixture as a powder, causing the solution 

to turn yellow. The mixture was stirred under ethylene for 30 min, then filtered under 

argon. An aliquot of the solution was analyzed by 1H NMR. The remaining solution was 

decreased by about half using bubbling ethylene and was then placed in the freezer 

overnight. The resulting pale green crystals were isolated from the solution, analyzed by 

1H NMR and stored in the glove box for future use.    

Reaction of [(C2H4)Cu(mes-dpa)]ClO4 with C60. [(C2H4)Cu(mes-dpa)]ClO4 

(0.65 mmol) was dissolved in a 2:1:1 solvent mixture of 1,1,1-trichloroethane, ethanol 

and methanol (40 mL, or 10 mL of CDCl3). C60 (0.45 g) was partially dissolved in 1,1,1- 

trichloroethane (30 mL). The [(C2H4)Cu(mes-dpa)]ClO4 solution was added to the C60 

suspension via cannula. The mixture was stirred and bubbled with argon for an hour, then 

placed under flowing argon overnight. The solution was diluted with ethanol (or CD3OD) 

to precipitate unreacted C60 and filtered. The CDCl3 reaction was analyzed by 1H NMR 

and 13C NMR at this point. The resulting solution was bubbled with argon to reduce the 

volume and placed in the freezer in an attempt to crystallize the product. But, no crystals 

would form. Further attempts to isolate the product by drying under vacuum or bubbling 

argon resulted in decomposition. 
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Chapter 3 

Seed Functionalization of Carbon Nanotubes with 

Copper 

Portions of this chapter are included in a manuscript by K.D. Wright, C.E. Gowenlock 

and A.R. Barron submitted for publication.   

Introduction 

The majority of power distribution today is via the electrical grid, which relies on 

aluminium (or copper) cables within an iron sheath. Unfortunately, over 10% of the 

power transmitted is lost due in the main to resistive heating effects within the cables. To 

compensate for each 200 MW of line loss, another coal plant has to be on-line. In 2011, 

summertime electrical generation in the US was 1,026 GW. Therefore, a 10% loss would 

be equivalent to ca. 200 average-sized coal power plants. Furthermore, because of limits 

in grid capacity, wind turbines are routinely turned off, because the excess electricity 

cannot be transported as needed. In addition to issues associated with power loss, the 

weight of any conductor has a significant impact on energy consumption. This is 

particularly true in the automotive and aerospace industries.1  

Proposed long term solutions to the low loss transmission of electricity involve 

carbon nanotubes (CNTs), in particular metallic single walled carbon nanotubes 

(SWNTs),2,3 or high temperature superconducting materials.4 Both of these approaches 

have significant technical challenges to be overcome; however, a near term solution 

involves the improvement in conductivity and ampacity of copper by the addition of 

CNTs, resulting in a Cu-CNT composite material termed ultraconductive copper 
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(UCC).5–7 While undoped CNT fibers show relatively low electrical conductivity 

experimentally (5 x 103 S/cm)8 compared to copper (5.8 x 105 S/cm),7 they have been 

shown to have high ampacity (105 A/cm2)9 which approaches that of copper (106 A/cm2).7 

Individually, CNTs have been reported to have ampacities as high as 109 A/cm2.10,11 This 

behavior is typical in conductors; high ampacity occurs in systems with strong bonds, 

whereas high conductivity occurs in systems with weak bonds.7 Thus, simultaneous high 

ampacity and conductivity in a single material is impossible. But, by incorporating CNTs 

into Cu wires, it may be possible to obtain a composite material with high conductivity as 

well as high ampacity.5,7  

The fabrication of such composites has been accomplished in a variety of 

different ways including electrolytic co-deposition,12,13 powder metallurgy,14,15 powder 

injection molding,16 electroless plating17,18 and others. Despite a large number of reports 

on the fabrication of strong and highly conductive composites,12,13,15,16 there appears to be 

little obvious correlation between the Cu-CNT performance and the concentration or 

identity of the CNTs (SWNTs or MWNTs) or method of fabrication of the composite 

(Table 3.1). Given the disparate methods reported, developing a consistent controlled 

route to Cu-CNT composites for future studies is important.  

One of the best performing Cu-CNT composites was reported by Subramaniam et 

al., showing a conductivity of 4.7 x 105 S/cm and an ampacity of 630 x 106 A/cm2, which 

is a 100 fold increase in the ampacity of the Cu-CNT composite versus Cu.7 Although 

Subramaniam’s reported ampacity may be artificially high due heat transfer from the 

short test structure (50 µm) to the contacts and the substrate,9 we were interested in their 

Cu growth method nonetheless. They reported that the Cu was grown on the CNTs in a 
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two step process: organic electroplating of seed particles followed by aqueous 

electroplating to create the bulk.7 They proposed that a controlled homogeneous seeding 

of Cu onto the surface is key to their results,7 suggesting that an understanding of the 

factors that control this seeding process are important in controlling the Cu-CNT 

composite formation, and hence its performance.  

Table 3.1. A comparison of the conductivities and ampacities of CNT-Cu composites 

synthesized by various methods.  

Material Method CNT Load Conductivity 

(x 105 S/cm) 

Ampacity 

(A/cm2) 

SWNT5,10,11,19 N/A 100% 11.3* (theory) 

1.9 – 0.08* (exp) 

109 (theory)  

107 – 109 (exp) 

Cu7 N/A N/A 5.8 106 

Cu-SWNT5 Simulation 30 – 40% w/w 12* N/A 

Cu-SWNT20 Electroplating 10% v/v 6.06* N/A 

Cu-CNT7 Electroplating 45% v/v 2.1 - 4.7 6 x 108 

Cu-MWNT21 Electroplating 1.0 – 1.4% w/w 0.27 – 0.31* N/A 

Cu-MWNT22 Electroplating ~10% v/v 4.5* N/A 

Cu-MWNT23 Electroplating ~1 g/cm3 3.22 N/A 

Cu-MWNT18 Electroless 5% v/v ~ 4.6ǂ N/A 

Cu-MWNT15 Powder 

metallurgy  

0.1% w/w 5.8 N/A 

*Conductivity was calculated by taking the inverse of the resistivity. ǂValue was 

extrapolated from a graph. 

Careful study of the protocol reported by Subramaniam et al.7 shows that they 

also appear to pre-coordinate Cu(II) ions to the CNTs presumably via sidewall functional 
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groups,24 since it is well known that as prepared and after purification CNTs have 

significant sidewall functionality.25,26 Our studies confirm the result reported by 

Subramaniam et al., which indicates the main influence of the CNTs (in Cu-CNT) is to 

reduce the temperature coefficient of resistivity as compared to Cu, rather than act as 

additional conduction pathways.7,20 As such, sidewall purity would not be expected to be 

important, and in the wide range of Cu-CNT studies, no special care was taken in 

purifying the CNTs with regard to functional groups (as opposed to the removal of 

residual catalyst).  

We have shown that functionalization with pyridine, phosphines, and thiols of 

CNTs can be achieved in a number of ways to allow for coordination of metal ions, 

compounds or nanoparticles.27,28 Of these substituents, pyridine functionality not only 

acts as an efficient ligand,28–30 but also facilitates a decrease in the copper reduction 

potential, resulting in the preferential reduction of the surface bound Cu(II) to Cu(I).30–36 

This coordinated Cu can then act as a catalyst for the deposition of further Cu(II) ions 

from solution, allowing controlled seeded growth by electroless deposition.29,30,37 In the 

case of CNTs, we have reported that pyridine functionalization may be achieved through 

1,3-dicyclohexylcarbodiimide (DCC) coupling of isonicotinic acid (with CNT-OH 

groups) or 4-hydroxypyridine (with CNT-CO2H groups).28  

Based upon the forgoing, we proposed a study to understand and control the 

seeded growth of Cu on py-functionalized CNTs in order to synthesize templates for 

subsequent Cu growth. In the present study, we have investigated two classes of CNTs: 

acid purified HiPco SWNTs and oxidized ultra-short SWNTs (US-SWNTs). The latter 

have lengths <100 nm and extensively oxidized sidewalls, including carboxylic 
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groups.38–40 The comparison between py-functionalized SWNTs (py-SWNTs) and py-

functionalized US-SWNTs (py-US-SWNTs) allows for the effects of the concentration of 

the functional groups (i.e., py:C ratio) to be studied.     

Results and Discussion 

Characterization of py-SWNTs and py-US-SWNTs. Pyridine functionalized 

SWNTs and US-SWNTs were prepared according to Figure 3.1, using modifications of 

previously reported methods.28 

 

Figure 3.1. Schematic of the synthetic routes to py-functionalized SWNTs by way of (a) 

4-hydroxypyridine/DCC/DMAP in MeOH or (b) SOCl2/DMF and (c) 4-hydroxypyridine 

in CHCl3. 

  The TEM image of HiPco SWNTs after cleaning by wet oxidation and HCl 

washing is shown in Figure 3.2. The presence of small unevenly shaped particles (~8 

nm), which, given the presence of Fe in the XPS (see below), are likely to be residue 

from the iron catalyst used in the HiPco process. After piranha etching and 

functionalization, some particles are still present, albeit distributed unevenly across the 

sample (Figure 3.2b). The presence of catalyst residue in py-SWNTs must be taken into 
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account in considering the seeded growth of Cu, both in terms of TEM characterization, 

but also with regard to the seeding process. 

 

Figure 3.2. TEM image of (a) cleaned HiPco SWNTs and (b) py-SWNTs showing the 

presence of irregularly shaped nanoparticles with a range of sizes. Scale bar = 20 nm.  

In contrast to the HiPco SWNTs, the TEM of the py-US-SWNTs (shown in 

Figure 3.3) does not show any significant concentration of nanoparticles, suggesting that 

the Fe catalyst residue (from the HiPco SWNTs from which the US-SWNTs are made) is 

removed during the synthesis of US-SWNTs.38,39,41,42 Given the lack of Fe in the XPS, 

the soft edged dark spots seen in the TEM image are possibly due to small bundles of 

tubes rather than metals, although the residue observed in the TGA (see below) suggests 

that some (1.3% w/w) catalyst residue is present.  

TGA of piranha etched SWNTs and py-SWNTs in air (Figure 3.4a) show weight 

loss due to functional groups coinciding with the pyrolysis of the SWNTs. The residue in 

each case is the oxidized catalyst residue.43,44 Comparing the initial weight loss beginning 

at 200 ˚C, the py-SWNTs show a more drastic weight decrease than the piranha etched 
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SWNTs. This is consistent with the presence of additional functional groups (c.f., Figure 

3.1). This is confirmed by the TGA analysis in argon (Figure 3.4b), where weight loss at 

850 °C can be attributed to the loss of the functional groups to leave unfunctionalized 

SWNTs and the catalyst residue.45  Here, the purified SWNTs, piranha etched SWNTs, 

and py-SWNTs lose 7.2%, 24.7% and 32.7% respectively. This is consistent with 

increasing functionality from mild oxidation during purification (epoxides26), to more 

aggressive oxidation during piranha etching (carboxylic acid groups46), and to pyridine 

functionalization.28 

 

Figure 3.3. TEM image of py-US-SWNTs. Scale bar = 100 nm. 

The TGA analysis of oxidized US-SWNTs and py-US-SWNTs in air is shown in 

Figure 3.5a. Beginning around 200 ˚C, the weight percent begins to drop as a result of the 

pyrolysis of functional groups. In the case of py-US-SWNTs, there is increased weight 

loss in this region, indicating that pyridine groups were added to the US-SWNTs (c.f., 

Figure 3.1) in agreement with the XPS data below. The final drop in weight beginning at  
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Figure 3.4. TGA of (a) piranha etched SWNTs and py-SWNTs in air and (b) purified 

SWNTs, piranha etched SWNTs, and py-SWNTs in argon. 

500 ˚C corresponds to the burning of US-SWNTs. The residue remaining at 800 ˚C only 

contributes 1.4% w/w to the US-SWNT samples, indicating a very small residual catalyst 

content. This is consistent with XPS, which did not indicate any significant Fe content 

(see below). The TGA in argon of the US-SWNT samples shows an increase from 20.3% 

to 24.8% w/w contribution of functional groups on oxidized US-SWNTs and py-US- 
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SWNTs, respectively, indicating that the oxidized US-SWNTs were functionalized with 

pyridine groups (Figure 3.5b).  

 

Figure 3.5. TGA of oxidized US-SWNTs and py-US-SWNTs in (a) air and (b) in argon. 

XPS analysis of the purified SWNTs shows an O:C ratio of 1:12.9 which 

increases to 1:6.9 for the piranha etched SWNTs (Table 3.2), consistent with significant 

sidewall functionalization having taken place. XPS analysis of py-SWNTs and py-US-

SWNTs both show the presence of nitrogen (e.g., Figure 3.6), confirming the   
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Table 3.2. XPS analysis and element ration for purified and functionalized SWNTs. 

Sample C 

(%) 

O 

(%) 

N 

(%) 

Fe 

(%) 

N:C 

ratio 

O:C 

ratio 

N:O 

ratio 

purified SWNTs 92.8 7.2 0.0 0.0 n/a 1:12.9 n/a 

piranha etched SWNTs 86.1 12.5 0.0 1.4 n/a 1:6.9 n/a 

py-SWNTs 86.9 11.6 1.2 0.3 1:73.0 1:7.5 1:9.7 

US-SWNTs 87.5 12.5 0.0 0.0 n/a 1:7.0 n/a 

py-US-SWNTs 82.8 15.0 2.2 0.0 1:38.8 1:5.4 1:7.1 

 

 

Figure 3.6. XPS survey scan for US-SWNT. 

functionalization with pyridine substituents (Table 3.2). If it is assumed that all of the 

oxygen present on the samples is in the form of carboxylic acid groups (-CO2H) and that 

all of these become functionalized upon reaction (Figure 3.1) then a N:O ratio of 1:2 is 

expected. However, the observed ratio for py-SWNTs is 1:9.7, while for py-US-SWNTs 
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the ratio is 1:7.1. The lower N:O ratios suggest that either the reaction is incomplete or 

that much of the O content is associated with non-carboxylic acid functionality. An 

explanation for this would be that more of the oxygen signal in the py-SWNT could be 

due to sidewall epoxide groups, consistent with previous studies which show that 

supposedly purified SWNTs can contain significant epoxide substitution.26 The N:C ratio 

represents a measure of the number of pyridine functional groups per unit length of the 

CNT. As such, the ratio for py-SWNTs is lower (1:73.0) than that for py-US-SWNTs 

(1:38.8), showing that the ultra-short tubes contain a greater amount of pyridine 

functionality than the sample derived from piranha etched SWNTs.  

Deconvolution of the O1s spectra of piranha etched SWNTs and US-SWNTs 

(Figure 3.7) show a ratio of oxygen atoms in carboxyl groups to carbon atoms of 1:72 

and 1:42, respectively. This would suggest a higher carboxylic acid functionality content 

in US-SWNTs, which is consistent with the higher py functionality. Indeed, these ratios 

are very similar to the N:C ratios in Table 3.2, suggesting that most of the carboxylic acid 

groups are functionalized with pyridine. In fact, from the composition, it is possible to 

determine that for both py functionalized samples the N:carboxylic acid ratio is ca. 1:1, 

suggesting both a high conversion and uniform reactivity. 

With regard to the Fe content observed in Table 3.2, it was found that the XPS 

results varied depending on the area analyzed. In addition, residual catalyst is often 

encapsulated with amorphous carbon, resulting in a lower Fe signal than expected.   

Cu(II) binding to py-SWNTs and py-US-SWNTs. To determine how well 

copper ions interact with py-SWNTs and py-US-SWNTs before they are reduced to zero-

valent copper, a UV-visible spectroscopy experiment was conducted to measure the  
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Figure 3.7. High resolution O1s XPS peaks for (a) piranha etched SWNTs and (b) US-

SWNTs. 

adsorption of Cu(II) ions from a standard solution. All SWNT and US-SWNT samples 

were suspended in copper nitrate solutions for 24 hours, then filtered. The resulting 

filtrate solution was analyzed by UV-visible spectroscopy. As can be seen in Figure 3.8, 

the maximum absorbance (790 nm) decreases upon addition of both carboxylic acid 

functionalized SWNTs (US-SWNTs and piranha etched SWNTs) and pyridine 

functionalized SWNTs (py-US-SWNTs and py-SWNTs). From these spectra, the specific  
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Figure 3.8. The UV-visible absorbance of copper solutions filtered from (a) purified 

SWNTs, piranha etched SWNTs and py-SWNT and from (b) oxidized US-SWNTs and 

py-US-SWNTs. 

adsorption (mg Cu/g SWNT) may be calculated (Table 3.3). As an example, the 

absorption decreases from 0.15098 a.u. for the stock copper nitrate solution to 0.13383 

a.u. for the py-US-SWNT/copper nitrate solution, indicating that copper is being taken up 

by the py-US-SWNTs. Using the calibration curve in Figure 3.9 and Beer’s Law 

(Equation 1), where A is the absorbance of light at a particular wavelength, ε is the molar 

extinction coefficient, b is the path length, and c is the concentration of the solution, the  
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Table 3.3. Weight of copper ions absorbed from a standard divalent copper solution by 

SWNTs. 

Sample Cu adsorption 

(mg Cu/g SWNT) 

Purified SWNT 0.5 

Piranha Etched SWNTs 14.2 

py-SWNT 8.0 

US-SWNT 14.7 

py-US-SWNT 7.3 

 

Figure 3.9. The UV-visible absorbance at 790 nm of copper nitrate stock solutions with 

various concentrations and the equation of the linear fit. 

𝐴 =  𝜀𝑏𝑐                                                           (1) 

specific adsorption of copper ions was calculated to be 7.3 mg Cu/g py-US-SWNTs. 

These results show that copper ions have a good interaction with the pyridine functional 

groups, ensuring that the copper seeds will be bound to those groups upon reduction. For 
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comparison, a similar experiment was conducted with oxidized US-SWNTs, resulting in 

a maximum absorbance of 0.12579 a.u. and a corresponding copper absorption value of 

14.7 mg Cu/g US-SWNTs. This higher absorption of copper may be attributed to the  

multiplicity of oxygen species that can bind the Cu(II),47 or the greater steric bulk of the 

pyridine functionality hindering binding.48,49  

Seeded growth of Cu(0) on py-US-SWNTs. Given the low catalyst content in 

the py-US-SWNTs and the higher concentration of pyridine functional groups per C, the 

seeded growth of Cu on py-US-SWNTs was investigated first. Copper was seeded onto 

the py-US-SWNT pyridine groups using electroless plating (Figure 3.10).37 To determine 

the best method for Cu seed growth and to understand how different parameters effect the 

size and quantity of the seeds, a time and concentration study was conducted (Table 3.4). 

 

Figure 3.10. Schematic representation of the electroless Cu growth reaction on py-US-

SWNTs. 

The initial trial (1 in Table 3.4) employed the same reagent concentrations as a 

method reported in the literature for Cu growth on isonicotinic acid functionalized 

alumina,29,30,37 and the reaction was allowed to proceed until gas evolution stopped. This 

results in the formation of large (>100 nm) agglomerated cubic particles sparsely 
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distributed across the sample (Figure 3.11). Unfortunately, no growth is observed on the 

majority of the py-US-SWNTs. This suggests that the reduction of copper is happening 

too quickly, i.e., once an initial seed occurs, grain growth occurs rapidly. It is also 

possible to observe some smaller Cu NPs (35 nm), see Figure 3.11.  

Table 3.4. The quantaties of reagents used per liter of water in three different trials of 

copper electroless plating on py-US-SWNTs. 

Trial Py-US-SWNT  

(g/L) 

CuSO4·5H2O 

(g/L) 

EDTA 

(g/L) 

Hydrazine 

(mL/L) 

1 0.31 11.84 8.96 28.56 

2 0.31 8.88 6.72 21.42 

3 0.31 1.48 1.12 3.57 

 

 

Figure 3.11. TEM image of Cu crystals grown on py-US-SWNTs by electroless 

deposition using 11.84 g/L CuSO4·5H2O, 8.96 g/L EDTA, and 28.56 mL/L hydrazine in 

aqueous solution at 25 °C. Scale bar = 100 nm. 
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In order to slow the reaction, all of the reagent concentrations were reduced to ¾ 

of their original quantities (2 in Table 3.4) and the reaction was run for 5, 10, 15 and 30 

minutes. The TEM images in Figure 3.12 show large agglomerated cubic crystals of Cu 

for all four reactions times (120 – 225 nm), with the prevalence of cubes increasing with  

 

Figure 3.12. TEM images of the electroless deposition of copper onto py-US-SWNTs 

using 8.88 g/L CuSO4·5H2O, 6.72 g/L EDTA, and 21.42 g/L hydrazine in aqueous 

solution at 25 °C for (a) 5 min, (b) 10 min, (c) 15 min, and (d) 30 min of reaction time. 

Scale bar = 100 nm (a-c) and 200 nm (d). 
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time. However, the occurrence of the desired small Cu spheres increased overall relative 

to the higher concentration reaction and also increases with increasing reaction time 

(Figure 3.12d). 

In an effort to eliminate the large cubes and maximize the small spheres, the 

reaction was run with 1/8 of the original reagent concentrations for 2, 5, 10, 15 and 30 

minutes (3 in Table 3.4). The TEM images in Figure 3.13 shows the growth of many of 

the desired seed particles, which range in size from 3 – 12 nm for reaction times up to 15 

minutes. However, beginning at 5 minutes (Figure 3.13b), larger (>50 nm) spherical 

particles begin to grow. At 30 minutes, the particles become hexagonal or square in 

shape, and many of them are not associated with SWNTs at all (Figure 3.13f), suggesting 

homogeneous crystal growth rather than seeded growth. Additionally, there are very few 

small spherical particles present after 30 minutes, which may be due to Ostwald 

ripening.50 Therefore, to obtain small copper seeds on the SWNTs, the ideal reagent 

concentrations are 1/8 the reported concentrations and the ideal reaction time is 2 minutes. 

The resulting material meets the requirements of a uniform dispersion of seeded Cu NPs 

on the surface of the SWNTs without significant homogeneous nucleation.  

The selective area electron diffraction (SAED) pattern for the material after 2 

minutes of growth is shown in Figure 3.14. The distance between the center beam and the 

rings of the diffraction pattern were measured to obtain each ring’s r value. The pattern 

was then indexed by inputting two different r values into Equation 2 along with possible 

Miller indices, h, k, and l, for each respective ring.51 After some trial and error, the rings 

were assigned to the 111, 200, 220, and 311 atomic planes. This corresponds to a face-

centered cubic (FCC) lattice structure.51 
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Figure 3.13. TEM images of the electroless deposition of copper onto py-US-SWNTs 

using 1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous 

solution at 25 °C for (a) 2 min, (b) 5 min, (c) 10 min, (d) 15 min and (e and f) 30 min of 

reaction time. 
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Figure 3.14. The SAED pattern of the electroless deposition of copper onto py-US-

SWNTs using 1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in 

aqueous solution at 25 °C for 2 mins. The TEM image is shown in the bottom right 

corner (scale bar = 50 nm). This pattern was obtained using a 100 cm camera length and a 

200 kV beam. 

𝑟1

𝑟2
=

√ℎ1
2+𝑘1

2+𝑙1
2

√ℎ2
2+𝑘2

2+𝑙2
2

=
𝑑2

𝑑1
     (2) 

The plane spacing of the crystal, d, can be found using Equation 3, where L is the 

distance from the sample to the detector (camera length), λ is the wavelength of the 

electrons, and r is the distance from the resulting diffraction ring to the center beam.51 

The wavelength of the electrons, λ, can be found from the accelerating potential of the 

electron gun, U, using the relation in Equation 4, where h is Planck’s constant, m0 is the 

mass of an electron at rest, c is the speed of light and e is the elementary charge of an 

electron. This equation takes into consideration relativistic effects.51 Using Equation 3, 
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the plane spacing, d, was found for each ring (plane) with a camera length, L, of 100 cm 

and wavelength, λ, of 2.5279*10-12 m (calculated using Equation 4 with an accelerating 

voltage, U, of 200,000 V).  

     𝑑 =  
𝐿𝜆

𝑟
      (3) 

    𝜆 = ℎ√2𝑚0𝑒𝑈 (
1+𝑒𝑈

2𝑚0𝑐2)    (4) 

The lattice parameter, a, of a cubic crystal is then calculated using the plane 

spacing, dhkl, and the Miller indices of that plane, h, k, and l.51 Using the relation in 

Equation 5, we obtain a lattice parameter, a, of 3.6 Å. This, combined with the FCC 

lattice structure, confirms that this diffraction pattern is from zero-valent copper metal.51 

Further, the SAED leaves little doubt that the observed particles are not from copper 

oxide, iron, or iron oxides from residual catalyst material because these species have very 

different lattice structures; CuO has a monoclinic structure,52 zero-valent iron has a body-

centered cubic structure51 and, under ambient conditions, iron(III) oxide has a 

rhombohedral or cubic spinel structure.53 Therefore, the particles shown in the TEM 

image in Figure 3.14 are confirmed to be zero-valent copper, which is in agreement with 

the XPS data below. 

     𝑎 =
𝑑ℎ𝑘𝑙

√ℎ2+𝑘2+𝑙2
     (5) 

The XPS analysis of Cu-py-US-SWNTs (e.g., Figure 3.15) confirms the presence 

of Cu(0) for the 2, 5, 10, 15 and 30 min reaction times (Table 3.5). As expected, the 

amount of Cu increases from 2 to 5 minutes of reaction time (Figure 3.16). However, 

contrary to expectations, reaction times between 5 and 15 minutes show similar Cu  
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Figure 3.15. XPS survey scan for Cu-py-US-SWNTs prepared using 1.48 g/L 

CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous solution at 25 °C for 2 

mins. 

Table 3.5. XPS analysis and element ratio for Cu seeded py-US-SWNTs. 

Reaction time 

(mins) 

C 

(%) 

O 

(%) 

N 

(%) 

Cu 

(%) 

2 74.0 18.8 2.3 4.9 

5 73.6 18.1 1.6 6.6 

10 72.1 19.7 1.8 6.5 

15 72.8 18.8 1.8 6.6 

30 74.3 19.1 2.3 4.2 

 

content, and the 30 minute reaction time shows a decrease in Cu concentration. This 

decrease may be a result of the Ostwald ripening observed in TEM (Figure 3.13e); 

although the Cu particles are larger, they are also more widely dispersed across the 

SWNTs. However, this explanation does not hold for the reaction times between 5 and 15 
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minutes, which showed larger and more densely packed particles with reaction time 

(Figure 3.13b-d). As these results demonstrate, XPS is not a bulk analysis method, and 

the location of analysis has an effect on the observed Cu concentration.   

 

Figure 3.16. Plot of Cu content for Cu-py-US-SWNTs prepared using 1.48 g/L 

CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous solution at 25 °C as a 

function of reaction time. 

In agreement with the SAED data, the deconvolution of the high resolution Cu 

2p3/2 XPS signal (Figure 3.17) shows a 91-93% Cu(0) contribution to the overall Cu 

signal (932.4 eV).54 The remaining signal is consistent with CuO (933.8 eV),54 which is 

presumably on the particle surface. The amount of CuO increases for the 30 min reaction 

time, resulting in a slightly lower Cu(0) content at 86%.  

Given the low levels of Cu and the error in the XPS analysis, TGA was used as an 

independent method for determining how much Cu is added to the py-US-SWNTs. In this 

regard, the 2 min and 30 min products were analyzed by TGA in air, such that the residue 

should represent Cu (oxide) only. The results shown in Figure 3.18 shows the onset of 
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Figure 3.17. The high resolution Cu 2p3/2 XPS signal for Cu-py-US-SWNTs prepared 

using 1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous 

solution at 25 °C after a reaction time of 2 min. 

combustion around 200 °C, which continues until about 400 °C. Compared to the data for 

py-US-SWNTs, the range of combustion is shifted down by 200 °C. We suspect that this 

is due to the combustion catalytic activity of the copper.55 A steady weight percent is 

reached at 400 ˚C for the 2 minute reaction and at 500 ˚C for the 30 minute reaction. At 

this point, the only species left to contribute to the weight percent is copper oxides 

(assuming negligible residual catalyst content). In agreement with the TEM images 

(Figure 3.13a and e), these results show an increase in copper with increased reaction 

time. Comparing these results with those from the UV-visible Cu(II) adsorption 

experiment (above), more copper was seeded onto the tubes in the 2 min electroless 

deposition (~220 mg Cu/g py-US-SWNTs) than was adsorbed on the py-US-SWNTs (7.3 

mg Cu/g py-US-SWNT). This is expected, since the functional groups on the electroless 

deposited py-US-SWNTs are bound to seeds that contain many atoms, while the 
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functional groups in the UV-visible experiment are presumably bound to single copper 

ions. Doing a similar comparison for the 30 min electroless deposition shows that 2.6 

times more copper was deposited on py-US-SWNTs compared to the 2 min reaction. 

However, as was discussed previously, the TEM image in Figure 3.13e shows sparse 

coverage of the py-US-SWNTs with large copper particles for the 30 min reaction time. 

Thus, there are not necessarily more pyridine groups bound by Cu but, rather, there are 

just larger Cu particles.  

 

Figure 3.18. TGA in air of Cu-py-US-SWNTs prepared using 1.48 g/L CuSO4·5H2O, 

1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous solution at 25 °C for 2 min and 30 

min. 

We have shown that with the correct choice of reaction time and reagent 

concentration, the py-US-SWNTs can be decorated with seed crystals of Cu(0). However, 

one important question is whether the resulting Cu(0) nanoparticles (NPs) are actually 

bound to the py-US-SWNTs. To ensure that the copper seeds are bound to the pyridine 

functional groups, 1H NMR spectroscopy was employed. Because solid state NMR 
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produces spectra with broad peaks and requires a large amount of material, free Cu 

particles in solution were used to determine Cu’s interaction with pyridine in Cu-py-US-

SWNTs. The copper particles were synthesized according to method 3 in Table 3.4, but 

without py-US-SWNTs. The particles were filtered and then mixed in a D2O solution of 

pyridine. This caused the particles to dissolve, generating a clear, brown-orange solution 

(Figure 3.19). This solution was filtered, and the filtrate was collected in an NMR tube. 

The resulting 1H NMR is shown in Figure 3.20a in comparison with that of pyridine 

(Figure 3.20b). The peaks in the presence of the Cu NPs are shifted downfield and are 

broadened as compared to the spectra of pyridine (Figure 3.20). Further, the protons that 

are on the carbon attached to the nitrogen atom (“o” in Figure 3.20) show the most severe 

broadening, suggesting that the copper is bound to the nitrogen atom. To ensure that 

copper particles were actually present in the NMR sample, the solution was analyzed 

under TEM. Figure 3.21 confirms that the filtrate does contain copper nanoparticles. 

 

Figure 3.19. Image of dissolved Cu particles in a D2O solution of pyridine.  
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Figure 3.20. 1H NMR spectra of (a) pyridine-capped copper nanoparticles and (b) 

pyridine in D2O at 25 °C. 

In order to determine the effect that the pyridine functional groups have on Cu 

morphology, oxidized US-SWNTs were also deposited with Cu using the optimized 

method for py-US-SWNTs (3 in Table 3.4). As the TEM images in Figure 3.22 show, 

deposition on oxidized US-SWNTs results in the formation of Cu particles with a wider 

size distribution than those on py-US-SWNTs. After 2 minutes of reaction time, which 

was shown to be ideal for 3–12 nm seed growth on py-US-SWNTs (Figure 3.13a), the Cu  
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Figure 3.21. The TEM image of the filtrate of a copper particle and pyridine solution. 

Scale bar is 20 nm.  

particles appear comparatively large (~30 nm) and agglomerated (Figure 3.22a). 

Beginning at 5 min (Figure 3.22b), even larger particles (~100 nm) grow and become 

more closely packed with increasing reaction time (Figure 3.22b-d). After 30 minutes, 

large agglomerated particles are seen, but square particles are also formed (Figure 3.22e). 

Although large amorphous particles are also seen after 5 minutes of reaction time in the 

presence of py-US-SWNTs, they are much more abundant on the oxidized US-SWNTs. 

Further, small Cu seeds (2.5 - 5 nm) on oxidized US-SWNTs only occurred intermittently 

at all reaction times and did not seem to grow in size with deposition time (see Figure 

3.22f for a representative image). On the contrary, py-US-SWNTs showed uniform 

copper seed deposition between 2 and 15 min of reaction time (Figure 3.13a-d). These 

results show that pyridine functional groups are crucial to the formation of well dispersed 

Cu seeds with a narrow size distribution (after 2 min) on SWNTs.    
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Figure 3.22. TEM images of the electroless deposition of copper onto US-SWNTs using 

1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous solution at 25 

°C showing large particle growth at (a) 2 min, (b) 5 min, (c) 10 min, (d) 15 min and (e) 

30 min of reaction time and (f) some intermittent seed growth at all reaction times. Scale 

bars are (a,b,c,e) 50 nm, (d) 100 nm and (f) 20 nm. 
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Seeded growth of Cu(0) on py-SWNTs. Given the success of the aqueous 

electroless deposition results with py-US-SWNTs, the first trial conducted with py-

SWNTs was also in aqueous medium with the same reagent concentrations as the 

optimized method for py-US-SWNTs (Table 3.4), as shown in 4 of Table 3.6. After 2 

min of reaction time, the TEM image of the resulting sample showed a uniform dark 

staining of the py-SWNTs (Figure 3.23a) compared to unreacted py-SWNTs (Figure 

3.23b). They also showed irregularly shaped particles that are typical of residual catalyst 

material (Figure 3.23). The stained appearance suggests that Cu is deposited in a very 

uniform manner along the entire length of the py-SWNTs. However, we do acknowledge 

that the appearance of the TEM image changes depending on how over- or under-focused 

it is. Therefore, the presence of Cu was confirmed by energy dispersive X-ray 

spectroscopy (EDX) mapping of the surface of py-SWNT after 2 min Cu deposition 

(Figure 3.24). The Cu Kα EDX map (Figure 3.24c) shows copper distributed over the 

entire surface of the sample, consistent with the dark staining of the py-SWNTs seen in 

Figure 3.23a. Further, the defined particles seen in TEM images are confirmed to be 

catalyst material by the Fe Kα EDX map (Figure 3.24b). For comparison, EDX mapping 

was also used to characterize unreacted py-SWNTs (Figure 3.25). Here, the Cu Kα map          

Table 3.6. The quantities of the reagents used per liter of solvent in two different trials of 

copper electroless plating on py-SWNTs. 

Trial Py-SWNT  

(g/L) 

CuSO4·5H2O 

(g/L) 

EDTA 

(g/L) 

Hydrazine 

(mL/L) 

Solvent 

4 0.31 1.48 1.12 3.57 H2O 

5 1.73 84.07 - 25.38 MeOH 
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Figure 3.23. TEM images of (a) the electroless deposition of copper onto py-SWNTs 

using 1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous 

solution at 25 °C for 2 min of reaction time and (b) py-SWNTs. 

also shows Cu signals, but these are dispersed evenly across the map, including in regions 

of vacuum (Figure 3.25c). Because these signals do not correlate with the py-SWNTs in 

the scanning transmission electron microscopy (STEM) image (unlike those for Cu 

functionalized py-SWNTs in Figure 3.24c), they are attributed to scattered X-rays from 

the Cu sample holder. These results confirm that Cu deposition on py-SWNT with short 

reaction times results in a highly uniform coating of Cu across the CNT surface. 

When the reaction is allowed to proceed for 30 min, large spherical particles are 

then formed as well as small nanoparticle seeds of Cu (Figure 3.26). The small seeds 

show a similar morphology to the copper seeds obtained with py-US-SWNT after 2 and 5 

min reaction times (Figure 3.13a and b). However, this result suggests that while a 

uniform distribution of Cu onto the SWNT surface is the initial result, either not all these 

act as potential seeds or, once a seed grows, Ostwald ripening results in a small number 
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Figure 3.24. STEM image (a) and associated EDX maps of (b) Fe, (c) Cu and (d) C of a 

sample of py-SWNT after electroless deposition of copper using 1.48 g/L CuSO4·5H2O, 

1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous solution at 25 °C for 2 min of 

reaction time. 

growing. Interestingly, if the sample shown in Figure 3.23 was subjected to secondary Cu 

electroless deposition, the morphology of the resulting Cu features is very similar to that 

observed for py-US-SWNTs. After 5 min of secondary reaction time, there were many  
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Figure 3.25. STEM image (a) and associated EDX maps of (b) Fe, (c) Cu and (d) C of a 

sample of py-SWNT. 

small spherical copper seeds formed (Figure 3.27). However, as with the py-US-SWNTs, 

it is difficult to inhibit the extended growth and formation of a few larger particles. 

The above results for the aqueous deposition of Cu on SWNTs shows a clear 

difference in the rate at which the Cu particles form on the tubes compared to similar 
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Figure 3.26. TEM image of py-SWNTs after electroless deposition of copper using 1.48 

g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous solution at 25 °C 

for 30 min reaction time, showing large particles of copper and clusters of small copper 

seeds. 

 

 

Figure 3.27. TEM images of py-SWNTs after two rounds of electroless deposition of 

copper using 1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous 

solution at 25 °C for 2 min and then for 5 min under identical conditions. 
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depositions on US-SWNTs. Although this may be the result of a combination of factors 

such as tube length and degree of pyridine functionality, we also suspected that the low 

dispersability of SWNTs in water might play a role in this as well. For this reason, a 

second trial (5 in Table 3.6) of electroless deposition of copper on the py-SWNTs was 

conducted in MeOH to aid suspension of the py-SWNTs. Because EDTA showed low 

solubility in MeOH, it was omitted from the reaction. After 30 mins of electroless 

deposition, the TEM image showed a dark coating over the surface of the py-SWNTs 

(Figure 3.28a), similar to that observed in the aqueous deposition (Figure 3.23). There 

was also the presence of small nanoparticles (Figure 3.28b), but these are likely due to Fe 

rather than Cu seeds given their irregular shape (see Figure 3.2a) and the EDX results 

above (Figure 3.24). 

 

Figure 3.28. TEM images of the electroless deposition of copper onto py-SWNTs using 

84.07 g/L CuSO4·5H2O and 25.38 mL/L hydrazine in MeOH solution at 25 °C for 30 min 

of reaction time, showing (a) SWNTs with a dark coating and (b) residual catalyst 

particles. Scale bars are 20 nm. 
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If the electroless deposition was allowed to proceed for 24 h, eventually the 

copper growth forms ‘sea urchin’ type structures (Figure 3.29). Although the 

concentration of the SWNTs and CuSO4·5H2O are higher than any of the US-SWNT 

trials, it is interesting that the morphology of the Cu is vastly different from that with 

extended growth using py-US-SWNTs. Further, the 30 minute deposition in MeOH with 

higher CuSO4·5H2O and without Cu(II)-complexing EDTA resulted in the same Cu 

morphology as the 2 minute aqueous reaction. Because the 30 minute aqueous reaction 

showed the presence of large particles and Cu seeds, it seems that the MeOH actually 

reduces the reaction rate or alters the solubility/reactivity of the py-SWNTs.  

 

Figure 3.29. TEM images of the electroless deposition of copper onto py-SWNTs using 

84.07 g/L CuSO4·5H2O and 25.38 mL/L hydrazine in MeOH solution at 25 °C for 24 h 

of reaction time showing the growth of ‘sea urchin’ type structures. 

To determine how much copper has been grown on the py-SWNTs, the 2 min and 

24 h electroless deposition products were analyzed by TGA in air (Figure 3.30). Residues 
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at the end of the TGA analysis can be attributed to copper and iron oxides, with the 24 h 

sample clearly showing a greater residue than the 2 min sample, in agreement with the 

TEM images.  

 

Figure 3.30. TGA in air of py-SWNT and py-SWNTs after electroless deposition of Cu 

using 1.48 g/L CuSO4·5H2O, 1.12 g/L EDTA, and 3.57 g/L hydrazine in aqueous 

solution for 2 min and using 84.07 g/L CuSO4·5H2O and 25.38 mL/L hydrazine in 

MeOH solution for 24 h of reaction time. 

Conclusions 

  Pyridine functionalized SWNTs and US-SWNTs were synthesized and 

functionalized with copper seeds. XPS analysis of the samples showed that US-SWNTs 

contain a higher atomic % of carboxylic acid groups and, correspondingly, the py-US-

SWNTs contain a higher concentration of pyridine groups as compared to the piranha 

etched SWNTs and py-SWNTs. A UV-visible spectroscopy experiment showed that 

Cu(II) ions are taken up by py-functionalized SWNTs and US-SWNTs, confirming the 

ions’ interaction with the pyridine groups. After optimization of reaction time and 
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concentration, 3 – 12 nm Cu seeds were deposited uniformly on US-SWNTs. These were 

confirmed to be Cu(0) by XPS and SAED. A 1H NMR study showed that free copper 

seeds are capped by pyridine groups, indicating that the seeds are indeed bound to the 

pyridine groups on py-US-SWNTs and py-SWNTs. A comparison of Cu deposition using 

the optimized method on py-US-SWNTs and oxidized US-SWNTs indicated that the 

pyridine groups are critical to the formation of evenly dispersed Cu seed particles with a 

small size distribution. However, using the same 2 min optimized protocol with py-

SWNTs resulted in the observation of dark coatings on the tubes in TEM, suggesting the 

formation of small Cu clusters on the tubes. This was verified using EDX mapping, 

which showed a uniform layer of Cu across the py-SWNTs. When py-SWNTs underwent 

30 min of Cu deposition time using the optimized protocol, Cu seed structures as well as 

some larger copper particles emerged. However, when a higher CuSO4·5H2O 

concentration was used without EDTA in MeOH for 30 min of deposition time, the py-

SWNTs were deposited with a dark coating of Cu similar to the optimized aqueous 2 min 

reaction. Given the higher Cu(II) concentration, lack of Cu(II)-complexing EDTA and 

increased reaction time, these results are unexpected. Despite better dispersion of py-

SWNTs in MeOH, our results suggest that it slows the Cu deposition rate. Allowing the 

MeOH solution to proceed for 24 h resulted in large ‘sea urchin’ type structures. These 

results suggest that the length of the SWNT and/or the degree of pyridine functionality, 

as well as the choice of solvent, all have an effect on Cu growth rate and morphology. As 

expected, TGA analysis of the Cu-deposited py-SWNTs and py-US-SWNTs indicated 

increasing copper with increasing reaction time.  
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 Future work on this project should include further deposition of copper to form 

complete copper composites. These should be measured for improvements in 

conductivity compared to the SWNTs themselves as well as compared to other 

composites.  

Experimental 

  All reagents were purchased from Sigma Aldrich and used as received unless 

otherwise noted. 4-Hydroxypyridine was dried over sulfuric acid for 2 days in a vacuum 

desiccator before use. HPLC grade ultra-high purity water from Sigma Aldrich was used 

for all aqueous reactions. Oxidized US-SWNTs were kindly donated by the Wilson group 

at Rice University and were placed under vacuum for an hour before use. Pristine HiPco 

single-walled carbon nanotube, 09-HiPco-0093 batch No. 195.7 (p-SWNT), were 

obtained from the Carbon Nanotube Laboratory (CNL) at Rice University and used as 

received. SWNT purification, piranha treatment and all Cu depositions of SWNTs were 

carried out at Swansea University in Wales.56 Glassware was placed in a base bath 

overnight, then washed with soap and water and dried in an oven overnight before use. 

XPS was measured on a PHI Quantera XPS Scanning Microprobe using a 

monochromated Al Kα X-ray source. All spectra were recorded using a charge neutralizer 

to limit differential charging and subsequently calibrated to the carbon peak at a binding 

energy of 284.5 eV. Survey scans were recorded at a pass energy of 140 eV and high-

resolution data at a pass energy of 26 eV. Data was fitted using MultiPak software.  TEM 

measurements were taken on a Jeol 1230 High Contrast TEM with a W filament and an 

operating voltage of 80 kV or on a Jeol 2100 TEM with a field emission electron gun and 

an operating voltage of 200 kV. TEM samples were prepared by drop-drying a dilute 
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solution of carbon nanotubes suspended in ethanol onto a 300-mesh gold grid with a 

lacey carbon film (Agar-Scientific Ltd). SAED and EDX were acquired using a Jeol 2100 

TEM with a field emission electron gun and an operating voltage of 200 kV. UV-visible 

spectroscopy was acquired using Cary 100 and Agilent 8453 UV-visible 

spectrophotometers, scanning between 550 and 900 nm with a step size of 0.5 nm. 1H 

NMR experiments were performed on a Bruker 400 MHz instrument in D2O at 25 ˚C. 

TGA was carried out using TA Instruments SDT Q600 thermo gravimetric analyzer (TA 

Instruments, USA) at Swansea University in Wales.56 All samples for TGA were purged 

for 1 h, then ramped at 10 ˚C/min to 100 ˚C, where they remained for 1 h under 100 

mL/min flow of argon. For TGA experiments run in argon, the temperature was then 

ramped at 10 ˚C/min to 1000 ˚C. For TGA experiments run in air, the gas was switched 

to air with a 100 mL/min flow rate and the samples were held at 100 ˚C for another 5 

min. Then, the temperature was ramped at a rate of 10 ˚C/min to 1100 ˚C.   

Synthesis of US-SWNT-COCl. This method was adapted from the literature.28 

Oxidized US-SWNTs (30 mg) were added to an oven-dried Schlenk flask equipped with 

stir bar and a reflux condenser. The apparatus was put under vacuum for an hour, then 

backfilled with argon. Anhydrous dimethylformamide (DMF, 0.3 mL) and thionyl 

chloride (7.25 mL) were added to the reaction flask via syringe. The suspension was 

stirred and heated to 60 ˚C in an oil bath for 2 days. The suspension was allowed to cool 

to room temperature, then dichloromethane from the solvent purification system was 

added until the total volume was around 25 mL. The functionalized US-SWNTs were 

allowed to settle, and the liquid was decanted off using a cannula. This was repeated 3 

times. When as much liquid had been removed as possible, the US-SWNTs were dried 



 137 

 

 

under vacuum. The resulting black powder was stored under argon in its reaction flask 

for future use.  

Synthesis of py-US-SWNT. This method was adapted from the literature.28 

Hydroxypyridine (90 mg) was added to the reaction flask containing US-SWNT-COCl 

(~30 mg) in the glove box. The flask was then put on a Schlenk line under argon and 

equipped with a reflux condenser. Dichloromethane from the solvent purification system 

(25 mL) was added to the flask via cannula, and the mixture was stirred and heated to 50 

˚C in an oil bath for 2 days. The suspension was cooled to room temperature, and the 

product was filtered on a PTFE filter in air. The black powder was rinsed with 

dichloromethane and ethanol. It was then placed in a vacuum desiccator to dry before 

TEM, XPS and TGA analysis. 

UV-Vis study of divalent copper adsorption by py-US-SWNTs. Py-US-

SWNTs (10 mg) were bath sonicated in methanol (4 mL) for 10 minutes. Then, 2 mL of a 

0.016 M copper nitrate solution was added, and the suspension was sonicated for another 

10 minutes. It was then placed on a rotary shaker for 24 hours. The suspension was then 

filtered through a syringe filter, and the filtrate was analyzed using UV-Vis spectroscopy 

between 550 and 900 nm with a step size of 0.5 nm. For comparison, the 0.016 M copper 

nitrate stock solution was also filtered and analyzed.   

Functionalization of py-US-SWNTs and US-SWNTs with copper seeds. This 

method was adapted from the literature using 1/8 of the original reagent concentrations 

(see Table 3.4 for variations).37 Py-US-SWNTs (12.9 mg), CuSO4·5H2O (62 mg), 

ethylenediaminetetraacetic acid (EDTA, 47 mg) and ultra-high purity water (HPLC 

grade, 42 mL) were added to a round bottom flask (100-mL) equipped with a stir bar. The 
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mixture was bath sonicated to disperse the py-US-SWNTs, then promptly placed on a stir 

plate to keep the py-US-SWNTs from settling. Hydrazine (78%, 0.15 mL) was added to 

the solution dropwise. At the end of the hydrazine addition, a timer was started. Aliquots 

of solution were removed, filtered and rinsed with water at 2, 5, 10 and 15 minutes of 

reaction time. At 30 minutes, all of the remaining mixture was filtered and rinsed with 

water. All samples were placed in a vacuum desiccator to dry before they were analyzed 

by XPS and TEM. 

Preparation of pyridine-capped seeds for 1H NMR. CuSO4·5H2O (90 mg) and 

EDTA (70 mg) were dissolved in ultra-high purity water (42 mL). The solution was 

stirred and hydrazine (0.22 mL) was added dropwise. The solution was allowed to stir 

until the bubbling stopped. The product was filtered and rinsed with ultra-high purity 

water. The resulting orange cake was allowed to dry. The particles were then placed in a 

D2O solution of pyridine (3.5 mL and 0.35 mL, respectively) and mixed. The particles 

dissolved, producing an orange-brown solution. This was filtered through a syringe filter 

into an NMR tube. The sample was analyzed by 1H NMR and TEM. 
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Chapter 4 

XPS of Microwave-Treated Hot Mill Sludge from the 

Steel Industry 

Portions of this chapter are included in a manuscript by V. Gomez, K.D. Wright, G.L. 

Esquenazi and A.R. Barron submitted for publication.   

Introduction 

The hot rolling mill (HRM) process in steel production results in an oily HRM 

sludge containing a high percentage of iron oxides, alloying elements, along with oils and 

other organic residues. The recycling and recovery processes of the sludge are 

particularly challenging due to the presence of hydrocarbons with a low flash point in its 

composition.1 High amounts of sludges are generated by the steel industry with one 

estimate suggesting that 0.9 ton of oily sludge is produced for every 1000 tons of rolling 

steel.2 Mill sludge cannot be recycled via sintering because of its high oil level (5 - 20%) 

and is normally treated as a landfill waste.3,4 This waste product is creating an adverse 

impact on the environment due to the content of hazardous organic compounds, 

especially if it is landfilled. The reuse of the iron content also is of economic necessity in 

reducing manufacturing costs within the steel industry in the West, which is currently 

struggling to compete worldwide with cheap imports, cope with increasing energy bills, 

and with the increased legislated standards.5 The cost of manufacturing is a major 

contributor to the contraction in the US and European steel industry. By transforming or 

reusing hot rolling mill wastes, metals and mineral resources can be recovered and the 

environmental impact reduced.  
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A small fraction of HRM sludge is re-used, however, the presence of flammable 

hydrocarbons limits its use since it causes fires within the electrostatic precipitators in the 

plant. Mill sludges with high oil content could be recycled via sintering, however, due to 

the high volatile organic compounds and dioxin emissions in exhaust fume systems, they 

are normally treated as landfill waste.4 Several approaches have been studied for the 

recovery of the metals and the removal of oils from the iron sludges. Conventional 

methods for recycling HRM sludge include physiochemical and heating treatments. 

Heating methods are very expensive since they require a secondary fuel, and they have a 

low oil removal efficiency.1 Some researchers have proposed using a reduction followed 

by a magnetic separation step to recover the iron in the samples.6–8 Vacuum distillation 

followed by either an oxidizing roasting or a hydrogen reduction step have also been 

employed to obtain high purity ferric oxide powders.9  

Microwaves have been used as a first processing step in the recovery of different 

sludge and industrial wastes.10–15 The rheological behaviour of different metallic slurries 

has been modified by using microwave (MW) energy.15 In addition, microwave pyrolysis 

has been used as a disposal method for waste oil by using a bed of highly microwave-

absorbent material.16 Pyrolysis of waste engine oil using a metallic pyrolysis char as a 

microwave-absorbent material has been reported.14 Rapid heating, decreased sintering 

temperatures and improved physical and mechanical properties have prompted us to 

investigate microwave energy for the synthesis and processing of a range of materials,17–

19 as well as the use of nanoparticles as nano susceptors for rapid processing.20–22 Of 

particular interest with regard to the present study was the role of residual catalyst 

particles during the microwave purification of carbon nanotubes.22 The potential of these 
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iron oxide/iron nanoparticles to promote microwave heating suggested that similar effects 

could occur for HRM sludge.  

In this study, microwaves were used to remove the water and reduce the amount 

of oils in industrial steel hot mill sludge.23 The metals present in the sludge act as a highly 

microwave-absorbent material catalysing the combustion of the oils under air. Because 

the goal is to recycle the metals in order to reduce the environmental and economic cost 

of landfilling it, it is important to identify the end state of these metals. To this end, XPS 

was used to characterize microwaved and heated sludge samples.  

Results and Discussion 

Hot mill sludge is a steel industry waste product formed by a concentrated 

mixture of solid and water (Figure 4.1). It generally contains metallic iron, iron oxides, 

traces of non-ferrous metals, alkaline compounds and oils from the rolling process.24 

Generally, the chemical composition of the mill scale varies according to the type of steel 

produced and the process used. Maghemite (Fe2O3) and pure iron (Fe) were identified to 

be the most abundant iron phases from a cold rolling mill sludge,25 while others have 

reported a rolling mill scale comprised mainly of metallic iron and a mixture of the iron 

oxides wüstite (FeO), hematite (α-Fe2O3) and magnetite (FeO.Fe2O3).
24 X-ray diffraction 

of our material showed a composition which is closer to the latter.23 This is confirmed by 

the high resolution Fe 2p3/2 XPS (Figure 4.2) of the as received sludge, which shows the 

presence of Fe(0), Fe(II) and Fe(III). It should be noted that these samples have a very 

high concentration of oils; XPS shows that the sludge is 85.14% carbon, 8.20% oxygen 

and 6.67% iron.    
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Figure 4.1. A photograph of the as received HRM sludge sourced from Tata Steel Strip 

Products UK Port Talbot Works (Wales). 

 

Figure 4.2. The high resolution Fe 2p XPS peak of the as received HRM sludge. 

Treatment of HRM sludge. Sludge samples were heated by microwave 

irradiation with different times (SL-MWn, where n is the number of 1 min heat cycles) 

and by a thermal treatment at 200 °C and 500 °C (Table 4.1). The position of two weight-

loss steps seen in TGA of the as received HRM sludge23 defined the choice of 200 °C and 

500 °C for the thermal treatment (SL-200 and SL-500, respectively) as comparison with 

the microwave treatments.  
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Table 4.1. Summary of sample abbreviations. 

Sample name Description 

SL As received sludge 

SL-MWn n x 1 min of microwave irradiation 

SL-200 200 °C for 4 h in air 

SL-500 500 °C for 4 h in air 

 

The samples were studied by XPS in order to assess the oil to iron ratio and the 

iron oxidation state after the heating and microwaving processes. XPS analysis shows 

spectral bands attributed to Fe 2p, O 1s and C 1s. With the exception of SL-500, the 

samples are primarily made of carbon (Table 4.2), indicating a high oil concentration 

even after microwaving or heating to 200 °C. SL-500, on the other hand, shows a notable 

reduction in the carbon concentration from >90% to only 22.5%, suggesting a reduction 

in the amount of oils present in the sludge sample after they are treated at 500 °C. 

Because XPS does not give atomic concentrations that are necessarily representative of 

the bulk, it is unsurprising that the Fe to C ratios observed by XPS do not completely  

Table 4.2. The Fe and C atomic concentrations of the as-received and treated sludge 

samples measured by XPS after 1 min of sputtering with a 3 kV Ar ion beam.  

Sample Fe (%) C (%) 

SL 7.26 92.74 

SL-MW1 3.35 96.65 

SL-MW5 0.75 99.25 

SL-200 1.12 98.88 

SL-500 77.47 22.53 
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agree with the TGA and FTIR data for SL-MWn or SL-200.23 According to these data, all 

treated samples show a decrease in oil content with SL-MW5 and SL-500 leading to the 

greatest decrease.23    

The high resolution Fe 2p XPS signals of the treated samples are shown in Figure 

4.3, and the relative atomic concentrations of the different iron oxidations states obtained 

from these signals is shown in Table 4.3. After heating the sludge to 500 °C, the sample 

contains no metallic iron and is found to be primarily composed of Fe(III). Figure 4.3 

shows a dramatic reduction of the intensity of the Fe(II) peak while increasing the Fe(III) 

peak after heating the sludge at 200 and 500 °C. After microwaving the samples, there is 

also a decrease in the observed abundance of Fe(0) and an increase in the oxidized iron 

compared to the untreated sludge. However, a comparison of SL-MW1 and SL-MW5 

shows an increase in Fe(0) as well as an increase in Fe(III) with longer microwave 

irradiation. These results show a general increase in iron oxidation state with heating, 

which is expected since the samples were heated in air. Thus, we expect that the 

relatively low Fe(0) concentration observed for SL-MW1 is not representative of the 

sample as a whole. Comparing the microwaved and thermal treated samples, it is clear 

that microwave irradiation leads to less extensive oxidation than heating the sample, 

which is an advantage in case a reduction step is added to recover the iron in the samples. 

Although the concentrations do not match, the general increase in oxidation state with 

heating observed in XPS is in agreement with the X-ray diffraction (XRD) data shown in 

Table 4.4. We suspect that the reason for the disagreement in atomic concentrations is 

due to iron reduction by argon beam sputtering in XPS and the fact that XPS is a surface 

analysis technique.23,26,27 
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Figure 4.3. The high resolution Fe 2p XPS signals of (a) SL-MW1, (b) SL-MW5, (c) SL-

200 and (d) SL-500. “Sat” indicates the Fe oxide satellite peaks.27 
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Table 4.3. The atomic concentrations of various iron oxidation states in as-received and 

treated sludge samples obtained from the high resolution Fe 2p XPS deconvolution.  

Sample Fe(0) 

(Atomic %) 

Fe(II) 

(Atomic %) 

Fe(III) 

(Atomic %) 

SL 22.7 47.8 29.5 

SL-MW1 9.5 63.6 26.9 

SL-MW5 11.7 45.2 43.1 

SL-200 23.1 38.8 38.0 

SL-500 0.0 14.4 85.6 

 

Table 4.4. XRD Rietveld quantitative % phase analysis of HRM sludge samples after 

microwave and thermal treatment.23 

Sample 
Iron 

Fe(0) 

Wüstite 

FeO 

Magnetite 

FeO.Fe2O3 

Hematite 

α-Fe2O3 

Goethite 

SL 1 48 39 11 1 

SL-MW5 3 41 44 14 - 

SL-500 3 2 37 58 - 

 

Conclusions 

Hot mill sludge is an iron oxide steel industry by-product with a high content of 

oils, resulting in a sticky solid that is difficult to manipulate and to recycle. In this study, 

sludge samples have been treated by microwave irradiation and thermolysis in order to 

reduce their content of oils while minimizing iron oxidation so that the iron may be 

recycled later.  
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Although microwave irradiation did not significantly reduce the oil content 

according to XPS, other methods of analysis have shown otherwise.23 But, heating the 

samples to 500 °C for 4 h resulted in the most drastic decrease in oil content according to 

FT-IR, TGA and XPS.23 Despite this, the microwave treatments are still a faster and more 

efficient way for “drying” sludge than conventional heating, since they only require 

minutes rather than hours to reduce the oil content. In addition, microwaving the samples 

leads to less oxidation of the samples than heating them, which is an advantage in case a 

reduction step is added to recover the iron. 

Experimental 

Hot rolling mill (HRM) sludge was provided by Tata Steel Strip Products UK 

Port Talbot Works (Wales, UK). X-ray photoelectron spectroscopy (XPS) measurements 

were obtained using a PHI Quantera system with an aluminium X-ray source at 1486.7 

eV. Data was analysed with PHI MultiPak program. A spectrum energy calibration was 

performed with respect to the C1s peak with binding energy set to 284.8 eV. All thermal 

and microwave treatments, XRD, TGA and FT-IR were performed at Swansea University 

in Wales.23  
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Conclusions 

Compared to organic functionalization, methods for functionalizing CNTs with 

metals is lacking. Although metal particles have been attached to CNTs in a variety of 

different ways, there is a need for the development of novel approaches in many cases. 

For instance, copper has only been attached to CNTs by way of van der Waals 

interactions or through bonding to carboxylic acid functional groups. Likewise, the 

attachment of metal atoms to CNTs is severely under-studied, with only two groups 

reporting CNT-metal complexes. Thus, in an effort to expand the field of CNT 

functionalization, SWNTs and other conjugated carbon materials were deposited with 

copper and Group 6 metals. 

 In attempting to functionalize SWNTs with Group 6 metal atoms, we found that 

the formation of such species is very sensitive to oxidation by adsorbed/bound oxygen 

and by oxidized residual catalyst material. By annealing and acid treating the SWNTs, we 

were able to decrease the amount oxygen species and residual catalyst material, allowing 

for the addition of some zero-valent chromium. By using very high purity SWNTs (with 

negligible metal catalyst material), we were able to deposit primarily zero-valent 

tungsten, which is less prone to oxidation than chromium. Similar experiments with high 

purity graphene showed deposition of chromium metal as well as the formation of 

Cr(graphene)2 sandwich complexes. This work illustrates the importance of the residual 

catalyst material on SWNT chemistry- a subject that has not been discussed except in 

terms of biological toxicity.     

We also attempted to functionalize C60 fullerene with Group 6 metals, which 

would allow for the characterization of this complex using NMR. However, the literature 
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reports contradicting results regarding the stability of such a complex. After attempting 

the synthesis using a variety of different experiments, we concluded that C60-Cr 

complexes are not stable enough (at ambient temperature) to be isolated or characterized. 

As a result of our previous studies showing oxidation issues with SWNTs and 

because of the limited characterization methods available for SWNTs, we also used C60 

fullerene to study dihapto complexes of conjugated carbon systems with copper(I). 

However, the synthesis of these complexes proved to be challenging due to C60’s 

insolubility and decomposition of the products. Nonetheless, the NMR experiments 

suggested the formation of three different products from the reaction of C60 with 

[Cu(CH3CN)4]BF4 and mesitylene-2,2’-dipyridylamine (mes-dpa). Two of the products 

were assigned as [(CH3CN)2Cu(mes-dpa)]BF4 and [Cu(mes-dpa)2]BF4. Analyzing the 

possible outcomes from this reaction then lead to the assignment of the desired 

[(C60)Cu(mes-dpa)]BF4 for the final set of 1H NMR signals by process of elimination. To 

eliminate the formation of the first two species, C60 was reacted with [(C2H4)Cu(mes-

dpa)]ClO4. Analysis of the single set of 1H NMR signals suggested the formation of 

[(C60)Cu(mes-dpa)]ClO4. Unfortunately, this complex decomposed before 13C NMR 

could be acquired to confirm the assignment. But, assuming that the 1H NMR assignment 

is correct, the formation of a C60-Cu(I) complex also suggests that similar complexes may 

be formed with CNTs. However, based on our work with Group 6 metal 

functionalization, it is obvious that the CNTs would need to be highly pure and oxygen 

free. 

Copper(0) was deposited on pyridine functionalized SWNTs. After optimizing the 

concentrations of the starting materials and the reaction times, we were able to add well 
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dispersed zero-valent copper seeds to US-SWNTs. The size of the particles could be 

increased by increasing the reaction time and/or increasing the concentration of the 

copper starting material and the reducing agent. However, increasing concentrations and 

reaction times led to a wider size distribution of the resulting copper particles. Use of the 

same optimized method to deposit copper on full length pyridine functionalized SWNTs 

resulted in the coating of the tubes with an even copper layer seen as a dark coating in 

TEM rather than as copper seeds. These results suggested that the length of the SWNTs 

and/or degree of pyridine functionality has an effect on the copper deposition rate. The 

attachment of the seeds to the pyridine group was verified using a 1H NMR experiment, 

which showed characteristic broadening and shifting of pyridine’s signals due to metal 

binding. The adsorption of the Cu(II) precursor by pyridine functionalized SWNTs was 

observed in a UV-visible spectroscopy experiment, confirming pyridine’s ability to act as 

a seeding location for copper particles. Further, comparing seed growth on pyridine 

functionalized SWNTs to that on oxidized SWNTs showed that the pyridine groups were 

necessary for the formation of evenly dispersed copper seeds with a narrow size 

distribution. These seed functionalized SWNTs have the potential to generate more 

consistent Cu-CNT composites with high ampacity and conductivity.  

Future work on these projects should begin with SWNT purification, since the 

direct functionalization of SWNTs with Group 6 metals and copper(I) atoms is hindered 

by residual catalyst material and bound/adsorbed oxygen species. We also recognize that 

work on the SWNT-Cu composite project could be improved by completing the copper 

coating and testing the conductivity and ampacity of the resulting Cu-CNT composites.  
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