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ABSTRACT

In-Situ Polymerization Initiated by Single-W alled Carbon Nanotube Salts

by

Jonathan Michael Beach 

Single-walled carbon nanotube (SWNT) bundles can be exfoliated in liquid ammonia 

through the addition o f  alkali metal. The use o f  the resulting SWNT salts to initiate a 

polymerization reaction is presented in this thesis. This method is a simple, scalable 

process that allows the covalent attachment o f  polymer chains to nanotubes in a single 

step and without the use o f  sonication. SW NTs-polyethylene, SW NTs-poly(methyl 

methacrylate) and SW NTs-polyacrylonitrile materials have been synthesized using this 

chemistry.
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Chapter 1: Introduction

1.1 Introduction to Elemental Carbon

Carbon is the sixth most abundant element in the universe and the fifteenth m ost 

abundant element on the Earth. It is an essential component o f  living organisms and 

makes up approxim ately 11 atomic percent o f  the hum an body.1 Carbon is unique in 

the vast and diverse variety o f  compounds it forms. The im portance o f  carbon has long 

been understood and organic chemistry, the discipline concerning carbon and its 

compounds, is nearly two centuries old.

Before 1985, two allotropes o f  carbon were known, diam ond and graphite. 

Graphite is a soft, black solid in which flat sheets o f  carbon atoms are bonded in a 

hexagonal framework as illustrated in Figure 1-1.

Figure 1-1: Graphite.

The stacked layers o f  this covalently-bonded framework are not covalently bonded to 

each other, but held together through weak van der W aals interactions. This system o f 

strongly-bonded sheets stacked through weak interactions allows the layers to slide 

easily over one another, giving graphite its softness. This system also provides graphite
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• • 2w ith highly anisotropic thermal and acoustic properties. The carbon atoms are all sp

hybridized allowing the pi electrons to delocalize across the hexagonal framework 

making graphite an electrical conductor.

D iam ond is an extremely hard, transparent crystal com posed o f  an array o f 

tetrahedrally-bonded sp3 hybridized carbon atoms as illustrated in Figure 1-2 below.

Figure 1-2: Diamond.

D iamond is generally a good electrical insulator. W hen diamond is doped w ith certain 

other elements, particularly boron, it can be made into an excellent semiconductor. 

D iamond is one o f  the best solid thermal conductors at room tem perature due to its 

network o f  strong covalent bonds.

In 1985, Kroto, Heath, O ’Brain, Curl and Smalley discovered C6o, 

“Buckm insterfullerene,” through laser irradiation o f  graphite at low pressure.2 The 

discovery o f C6o was the first known example o f  the third allotrope o f  carbon, the 

fullerenes.
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Figure 1-3: C6o, “Buckm insterfullerene.”

In contrast to the extended solid structures o f diamond and graphite, fullerenes 

are distinct, caged m olecules com posed entirely o f  sp2 hybridized carbon. Unlike 

graphite which is com posed entirely o f linked hexagonal rings, fullerenes contain both 

hexagonal and pentagonal rings which lead to their curved, closed structures. Each 

fullerene contains 2(10+m) carbon atoms. In agreem ent with Euler’s Law, each 

fullerene, Cn, contains 12 pentagons and m hexagons where m = (n-20)/2. C6o, 

therefore, contains 20 hexagons and 12 pentagons. The edges between two hexagons in 

C6o are 1.42 A in length, while those between a hexagon and a pentagon are 1.44 A.

The discovery o f fullerenes engendered a new era in carbon chemistry. One o f 

the most im portant developments in the research that followed was the discovery o f 

m ulti-walled carbon nanotubes (M W NTs) by Sumio Iijima at NEC in 1991.3 He found 

these interesting structures in the material deposited on the cathode o f  a carbon arc 

apparatus used to synthesize fullerenes.
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Figure 1-4: Electron micrographs o f  M W NTs discovered by Iijim a in 1991.3

Two years later, Iijima and D onald Bethune at IBM independently discovered 

single-walled carbon nanotubes (SW NTs).4,5 W hile M W NTs tend to suffer from 

defects, SW NTs have a high degree o f  structural perfection. SW NTs generally have a 

diam eter o f  about 1 nm, but are often hundreds to many thousands o f  nanom eters in 

length. SW NTs have attracted an unprecedented amount o f attention due to their 

extraordinary properties.
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Figure 1-5: (10,10) SWNT.

1.2 Properties of Single-Walled Carbon Nanotubes

SW NTs are unique carbon fibers with remarkable properties. They are the only 

carbon fibers whose structures are known down to the atomic level. M acroscopic 

carbon fibers made from thermal pyrolysis o f polyacrylonitrile or other traditional 

methods do not have uniform structures. M orphologies vary from fiber to fiber and 

throughout individual fibers. The atomic structures o f SW NTs are known precisely, 

which allows theoretical modeling not possible for other types o f  carbon fibers.

N anotubes can be visualized as rolled-up sheets o f graphite. They are defined 

by a roll-up vector (n , m ) as shown in Figure 1-6. Rolling a sheet o f  graphite along an 

(n , n ) vector results in an “arm chair” nanotube, rolling along an («,0) vector gives a 

“zig-zag” nanotube, and rolling along an (n , m ) vector with n^m  results in a “chiral”
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nano tube. The magnitude o f  the roll-up vector determines the diam eter o f  a nanotube. 

A (10,10) SWNT, for instance, would have a diameter o f  1.4 nm.6 This vector can also 

be used to determine the conductivity o f a SWNT. It has been shown that nanotubes 

are metallic when the difference between n and m is a multiple o f  3, otherwise they are 

sem i-m etallic.7

Armchair

O : Metallic # :  Semiconducting
(6,6) t * $ )

Figure 1-6: N anotube roll-up vectors.

Furthermore, because SW NTs are cylindrical and only 1-2 nm in diameter, they 

allow the ballistic transport o f  electrons over long lengths o f nano tube. This allows

O

SW NTs to carry large currents with very little heating. Furtherm ore, the confinement 

o f  electrons to single energy channels allows coherent transport in arm chair SWNTs, a 

fascinating property not possible with ordinary conductors.9 The ease with which 

phonons propagate along nanotubes makes them extraordinary therm al conductors.
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M easurements on individual SW NTs have shown therm al conductivity higher than that 

o f  natural diamond, making them  perhaps the best known solid therm al conductors.10

SW NTs dem onstrate outstanding mechanical properties. They have an 

exceptionally high tensile strength and Y oung’s modulus. Because they are hollow 

cylinders, they are low density, making their mechanical properties even more 

impressive. Simulations show SWNTs may be nearly 100 tim es stronger than steel, yet 

they are only one-sixth the w eight.6 SW NTs are also among the m ost resilient 

materials known, capable o f sustaining large strains before failure.

As can be imagined, the extraordinary properties o f SW NTs make them  stand 

out among the wide range o f  nanom eter-scale structures as unique m aterials for 

fundamental research and emerging applications. However, practical applications have 

been hindered by difficulties associated with processing. SW NTs with a high degree o f 

sidewall functionalization can, in principle, be used to overcome these difficulties 

because functionalized nanotubes can be made soluble in organic solvents. One o f  the 

m ost effective methods for functionalizing nanotubes has been the reduction o f  SWNTs 

by lithium in liquid am monia to form SW NT/lithium salts which have been shown to 

react w ith alkyl11,12 and ary l13 iodides.

/■> — /->

Li/NH3 Li+ L t Li+ R-I

Scheme 1-1: Reductive alkylation. R=alkyl or aryl group.
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Using this chem istry to add dodecyl groups has resulted in materials soluble in organic 

solvents. Subsequent sulfonation o f  arylated SW NTs has resulted in materials soluble 

in w ater.14

One o f the m ost difficult aspects o f  nanotube chemistry is finding methods to 

react individual nanotubes and not ju s t the outsides o f  the rope-like SWNT aggregates. 

This chemistry overcomes this problem  through the intercalation o f  the alkali metal into 

the SWNT ropes causing extensive debundling. Addition o f an alkyl or aryl iodide to 

the suspension o f  SW NT salts then results in the formation o f  a radical anion that 

dissociates readily into the alkyl or aryl radical and iodide. Addition o f  the radical to 

the debundled SW NTs leads to functionalized nanotubes. The m echanism  is illustrated 

in Scheme 1-2.

p — --- /~n

Li+ Li+ Li+
+ RI — RI

R
— R

Scheme 1-2: M echanism o f reductive alkylation.

The versatility o f  SW NT salts goes beyond their use to make alkylated and 

arylated SW NTs. This thesis presents a new reaction o f  SWNT salts, the in-situ 

polym erization o f  vinyl monomers.
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Chapter 2: Background

2.1 SWNT/Polymer Composites

Composite m aterials are ones in which two or more distinct com ponents are 

com bined together but remain uniquely identifiable in the mixture. Composites are 

distinct from alloys in which the individual components become indistinguishable. 

Perhaps the m ost typical com posite is one in which a strong fiber is contained in a light 

weight, w eaker matrix. Such systems allow m aterials to be made w ith properties 

superior to those o f  the individual components. As can be expected, one o f  the areas in 

which SW NTs have received the m ost attention is in their possible use as fibers in 

com posite systems. In theory, such strong, light-weight fibers could be used to 

fabricate com posite materials significantly lighter and stronger than any currently 

available. SW NTs also present the possibility o f  m aking electrically conductive 

com posites and composites w ith highly improved therm al conductivity.

There has been a significant amount o f  work in the area o f  SW NT/polymer 

composites, and this work has yielded m any prom ising results. Some o f  this work has 

focused on making com posites by com bining SW NTs with bulk polym er via melt 

processing m ethods15' 17 or via solvent processing m ethods18'21. Others have attempted 

to polym erize m onom er in the presence o f  SW NTs.22'25 W hile this work has produced 

m any prom ising results, none o f  it has resulted in the breakthrough materials for which 

m any in the field have been hoping.

Constructing SW NT/polymer com posites that take full advantage o f  the 

nanotube properties requires that the nanotubes be individually dispersed, evenly
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aligned and well-bonded to the host matrix. SWNTs are notorious for difficulties 

associated with processing. They are not soluble in organic solvents. The strong van 

der W aals forces between these large m olecules cause them to bundle together in rope

like structures. This problem is exacerbated when SWNTs are mixed w ith a polym er 

matrix with which they do not interact well. Furthermore, the atom ically smooth 

surface o f  SW NTs allows for slippage when inside o f  a polym er matrix. For all o f 

these reasons, the methods o f  combining SW NTs w ith a polym er matrix via m elt or 

solvent processing or polym erizing m onom er in the presence o f  SW NTs m ay not be 

able to produce m aterials that take full advantage o f  SWNT properties.

Figure 2-1: SWNT ropes.

Functionalizing SW NTs can greatly improve their dispersibility in solvents.

The attachm ent o f  functional groups also provides m oieties that can act as ‘tethers’ that 

mechanically bond with the polym er matrix and assist in load transfer. Such m oieties 

can interact w ith a matrix more favorably than do the smooth SW NT surfaces.

However, covalent functionalization, especially at high levels, can disrupt the electronic 

structure o f  nanotubes. The effect o f  covalent functionalization on mechanical
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properties is less certain. Using molecular dynamics simulations, Garg and Sinnott 

calculated that the maximum compressive strength for various types o f  functionalized 

nanotubes decreases by an average o f -1 5 %  as compared to non-functionalized 

SW NTs.26 Nam ilae and co-workers calculated that the stiffness o f  SW NTs will 

increase with an increased num ber o f  chem ically attached groups and that failure can

27occur at lower strains in functionalized SWNTs. In spite o f  these concerns, many 

groups have fabricated functionalized-SW NT/polymer composites. Researchers have 

used SW NTs functionalized with amides,28 am ines,29 esters,30 alcohols31 and

T 9  TTfluorinated SW NTs ’ . In each case, the authors found composites made with 

functionalized SW NTs were superior to their controls made using SW NTs without 

chemical modification.

Frankland and co-workers conducted an interesting study on the effects o f 

covalently attaching nanotubes to the matrix in which they are dispersed.34 Among 

other results, their m olecular dynamics simulations indicated that crosslinking less than 

1% o f the carbon atoms on a nanotube to the matrix can increase the shear strength o f  a 

SW NT/polymer com posite by more than an order o f  magnitude. Their calculations also 

indicated a minimal change in tensile modulus o f  the SW NTs at such low levels o f  

attachment. Perhaps this work has helped inspire the growing interest in developing 

SW NT/polymer com posites with covalent attachm ents between the SW NTs and host 

matrix. One general m ethod employed has been to couple SW NTs to preformed

35 37polymers. ' The other general method involves the in-situ polym erization o f  the 

monom er directly onto the nanotubes.38'41 In m ost cases, these methods involve two or 

more steps and/or the use o f  sonication.
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2.2 Reaction

As discussed in Section 1.2, it has been shown that salts prepared by treating 

SW NTs with lithium in liquid am monia react readily w ith alkyl11,12 and aryl13 iodides. 

These same SW NT salts are shown here to be capable o f  initiating the polym erization 

o f  vinyl monomers. By using the negatively charged SW NTs to initiate the 

polym erization reaction, this method requires only a single step to attach SW NTs to 

polym er chains. Furthermore, because o f the extensive debundling o f  SW NT ropes this 

chemistry achieves, it avoids the use o f  sonication.

/ “ V

Li/NHj Li+ Li+ Li+ R

R

CH— C—
I n

R

Scheme 2-1: Polymerization initiated by SW NT salts.

Part o f  the beauty o f  this reaction lies in the role o f the lithium ion in the 

mechanism. It has been shown that lithium can coordinate with alkenes in some radical 

polym erization reactions.42,43 Lithium may act in a similar manner in this reaction.

The proposed polym erization mechanism is shown in Scheme 2-2.
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Li/NH

R

- F c h — c ^ -
-------------► -------------► | n

R

Scheme 2-2: M echanism o f polym erization initiated by SW NT salts.

The use o f  this chemistry to attach short chains o f  polyethylene to SW NTs is 

presented in Chapter 3. In Chapters 4 and 5, this reaction is shown to be more effective 

when using the activated vinyl monomers methyl methacrylate and acrylonitrile.
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Chapter 3: SWNTs-Polyethylene

3.1 Introduction

Polymerization o f  ethylene generates polyethylene (PE) which is one o f  the 

m ost w idely used and versatile polymers. The IUPAC name for PE is poly(ethane).

h 2c = c h 2 -------- -- — f —  c h 2— c h 2^ —
'  ' n

Scheme 3-1: Polym erization o f  ethylene.

The properties o f  PE can vary w idely depending on its m olecular weight, 

density and branching. At one end o f  the spectrum is low density PE (LDPE). LDPE 

has a density range between 0.910 -  0.940 g/cm3. This polym er contains m any short 

branches which prevent chains from packing into a crystal structure well. LDPE is 

com monly used for plastic films and bags. High density PE (HDPE) has a density o f

-i

0.941 g/cm or greater. This is a linear polym er which packs well into a crystal 

structure giving it a higher tensile strength than LDPE. HDPE is often used for milk 

jugs and detergent bottles. At the high end o f  the PE spectrum is ultra high m olecular 

weight PE (UHM W PE). This material achieves outstanding strength and is used for 

bulletproof vests.

This chapter describes the use o f  single-walled carbon nanotube salts to initiate 

the polym erization o f  ethylene and produce a SW NTs-PE material consisting o f  short 

PE chains bonded covalently to nanotubes.
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3.2 Experimental

3.2.1 Materials

The SW NTs used in all experiments were produced by the HiPco process.44 

These SW NTs have an average diameter o f  1 nm. The raw SW NTs were purified by 

first heating in a high-m oisture Ar/C>2 environment to remove amorphous carbon 

im purities.45 This “soft bake” procedure was carried out as follows: the raw SW NTs 

were placed into a 1 L flask and covered w ith aluminum foil w ith small openings to 

vent. The flask was placed in an oven w ith a high-m oister atmosphere for 2 h at 85 °C. 

The temperature was then raised to 225 °C for a period o f  12 h.

Follow ing the soft bake procedure, excess metal catalyst leftover from the 

HiPco process was removed by perform ing a Soxhlet extraction w ith 6 M HC1. After 

12 hours, the HC1 became clear, indicating the excess catalyst had been successfully 

extracted. The tubes were then removed from the Soxhlet apparatus and washed w ith a 

5% sodium bicarbonate solution to neutralize the acid. The tubes were then washed 

thoroughly w ith distilled w ater followed by ether before being placed in a vacuum oven 

to remove the solvent.

Ethylene (99.5%), lithium (granules, 99%) and polyethylene were purchased 

from Aldrich.

3.2.2 General Procedure for the Polymerization of Ethylene Initiated by SWNT 

Salts

The polym erization experiments were carried out as follows: 20 m g (1.7 mmol 

C) o f SW NTs were added to a sealed, flame-dried 100 mL three-neck round-bottom
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flask fitted w ith a dry ice condenser. Argon was evacuated and refilled into the system 

three times. Dry ice and acetone was then placed into the condenser and the flask 

lowered into a dry ice and acetone bath. Ammonia (-6 0  mL) was then condensed into 

the flask. Small pieces o f  lithium (-1 0  mg) were added until the SW NTs were solvated 

and a slight blue color remained. Ethylene was then bubbled into the reaction mixture 

for 1 h at 3 psi. The ice bath was then removed and the reaction m ixture stirred 

overnight while the am monia evaporated.

The reaction was worked up by first adding ethanol (10 mL) followed by water 

(20 mL). The mixture was acidified by adding 10% HC1 drop-wise into the flask, and 

the SW NTs-PE w ere then filtered through a 0.2 pm PTFE membrane. The SW NTs-PE 

were washed extensively w ith ethanol and chloroform and then dried in a vacuum oven 

(80 °C) overnight.

3.2.3 Characterization

The SW NTs-PE were characterized by Ram an spectroscopy, therm ogravim etric 

analysis (TGA), atomic force m icroscopy (AFM ) and scanning electron m icroscopy 

(SEM). Ram an spectra were collected from solid samples, using a Renishaw 1000 

m icroram an system w ith a 780 nm laser source. The thermal degradation studies were 

carried out using a SDT 2960 Simultaneous DSC-TGA from TA Instruments. Atomic 

force m icroscopy (AFM ) was perform ed using a D igital Instruments Nanoscope Ilia  in 

tapping m ode using a 3045 JVW  piezo tube scanner. The surfaces o f  SW NTs-PE were 

sputter coated with gold, and then examined with a FE IX L -30 environm ental scanning 

electron m icroscope (FEI Company, Hillsboro, OR).
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3.3 Results and Discussion

3.3.1 Raman Spectroscopy

Ram an spectra o f  the SW NTs-PE and purified nanotube starting material are 

presented in Figure 3-1. The unresolved tangential m ode (G-band) o f  the SW NTs 

appears as a strong peak at -1 5 9 0  cm '1 with a shoulder at -1560  cm '1. The radial 

breathing modes that show multiple peaks near -2 3 0  cm '1 are related to the diameters 

o f  the nanotubes. The disorder mode (D-band) centered at -1 2 9 0  cm '1 is w idely used as 

a measure o f  covalent sidewall derivatization. The low intensity o f  the D -band in the 

starting m aterial (Figure 3-1 A) indicates a very low level o f  initial sidewall 

functionalization and damage to the purified SW NTs used in this study. The larger D- 

band seen after the polym erization reaction dem onstrates that covalent attachm ent to 

the nanotubes took place.
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Figure 3-1: Raman spectra (780 nm  excitation) o f pristine SW NTs (A) and
SW NTs-PE (B).

The radial breathing modes (RBM s) o f  Raman spectra provide evidence o f  the 

degree o f  bundling in a sample. It has been shown that decreasing bundle size is 

reflected in a relative decrease in the 266 cm ’1 (10,2) RBM and increase in the 236 

cm’1 (12,1) RBM .46 The sample o f purified SW NTs shows a large peak at 266 cm ’1 and 

much smaller peak near 236 cm’1 (Figure 3-2A). The SW NTs-PE show a greatly 

dim inished peak at 266 cm’1 and a larger peak near 236 cm’1 (Figure 3-2B). This
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em phasizes the debundling that occurs through intercalation o f  the lithium into the 

SW NT bundles when the SW NT salts are formed.
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Figure 3-2: Close-up o f  radial breathing modes o f  Raman spectra in Figure 3-1. 
Pristine SWNTs (A) and SW NTs-PE (B).

3.3.2 Thermogravimetric Analysis

The SW NTs-PE were pyrolyzed in an atmosphere o f argon. At 600 °C, the 

weight percentage curve leveled at -8 3 %  (Figure 3-3A). The weight loss was
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determined to be -17% . In a control experiment, all o f  the bulk PE was lost below 500 

°C (Figure 3-3B), suggesting that the entire PE component o f  the SW NTs-PE sample 

was lost during the TGA analysis.
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Figure 3-3: Correlation o f  TGA weight percentage during pyrolysis in an 
atmosphere o f  argon. SW NTs-PE (A) and bulk PE (B).

3.3.3 Atomic Force Microscopy

A typical atomic force microscopy (AFM) image o f SW NTs-PE spin coated 

from chloroform  onto m ica is presented in Figure 3-4. It appears much o f  the SW NTs- 

PE has remained in bundles, but some individualized nanotubes are observed, as was 

indicated from the radial breathing modes in the Raman spectra. W hile some o f the 

nanotubes are m ost likely still bundled, some o f what would appear to be “small 

bundles” may be single nanotubes which have been coated with polyethylene.
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Figure 3-4: Tapping mode AFM image o f  SW NTs-PE spin-coated from chloroform
onto mica.

3.3.4 Scanning Electron M icroscopy

SEM images o f  the SW NTs-PE appear in Figures 3-5 and 3-6. These images 

demonstrate morphologies typical o f  nanotube materials.
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Figure 3-5: SEM images o f  SW NTs-PE. M agnification 15,000x, scale bar 2 pm  (top) 
and m agnification 35,000x, scale bar 1pm (bottom).
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Figure 3-6: SEM images o f  SW NTs-PE. M agnification 10,000x, scale bar 2 pm (top) 
and m agnification 50,000x, scale bar 500 nm (bottom).
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3.4 Conclusion

In conclusion, SW NT salts can be used to initiate the polym erization o f  ethylene. 

This is a simple, scalable process that results in the exfoliation o f  SW NT bundles and 

covalent attachm ent o f  PE to the nanotubes in a single step and without the use o f 

sonication.

The result o f  this reaction is a SW NTs-PE material containing ~17%  PE. This 

reaction m ay be difficult because a highly unstable, prim ary radical m ust be formed.

The coordination o f  the lithium with the alkene as dem onstrated in Scheme 2-2 m ay be 

an important factor in allowing this reaction to occur at all. The next two chapters 

present the use o f  SW NT salts to initiate the polym erization o f  activated vinyl 

monomers which form more stable radicals. The results are SW NTs-polymer m aterials 

containing m uch larger amounts o f  polymer.
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Chapter 4: SWNTs-Poly(methyl methacrylate)

4.1 Introduction

Poly(methyl m ethacrylate) (PMMA) is a therm oplastic made from the 

polym erization o f  m ethyl methacrylate. The IUPAC nam e for PM M A is po ly [l- 

(m ethoxy-carbonyl)-1 -methyl ethylene].

PM M A is often used as a lightweight alternative to glass and does not shatter. It 

has a glass transition temperature o f  around 105 °C and is easily m olded and formed. 

PM M A is also biocom patible and is used in synthetic intraocular lenses, in dentures and 

PM M A bone cem ent is w idely used in orthopedics.

This chapter describes the use o f  single-walled carbon nanotube salts to initiate 

the polym erization o f  methyl m ethacrylate to produce a SW NTs-PM M A material 

consisting o f  PM M A chains bonded covalently to nano tubes.

o

Scheme 4-1: Polym erization o f  methyl methacrylate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

4.2 Experimental

4.2.1 Materials

The SW NTs used in all experiments w ere produced by the HiPco process and 

purified as described in the experimental in Chapter 3. M ethyl m ethacrylate (99%), 

lithium (granules, 99%) and poly(m ethyl m ethacrylate) were purchased from Aldrich. 

M ethyl m ethacrylate was purified by w ashing twice w ith 5% NaOH, twice w ith 

distilled w ater and then dried over anhydrous MgSCL. The MgSCL was filtered off, the 

methyl m ethacrylate was refluxed with CaKL under argon and then fractionally distilled 

under vacuum. The purified m onom er was used immediately.

4.2.2 General Procedure for the Polymerization of Methyl Methacrylate Initiated 

by SWNT Salts

The polym erization experiments were carried out as follows: 20 mg (1.7 mmol 

C) o f  SW NTs were added to a sealed, flame-dried 100 m L three-neck round-bottom 

flask fitted with a dry ice condenser. Argon was evacuated and refilled into the system 

three times. D ry ice and acetone was then placed into the condenser and the flask 

lowered into a dry ice and acetone bath. Ammonia (-6 0  mL) was then condensed into 

the flask. Small pieces o f  lithium (-1 0  mg) were added until the SW NTs were solvated 

and a slight blue color remained. Just-purified methyl m ethacrylate m onom er (3.2 g, 32 

mmol) was added to the flask via syringe. The blue color disappeared and the ice bath 

was then removed. The reaction m ixture was stirred overnight w hile the am monia 

evaporated.
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The reaction was then worked up by  first adding ethanol (10 mL) followed by 

w ater (20 mL). The mixture was acidified by adding 10% HC1 drop-wise into the flask, 

and the SW NTs-PM M A were then filtered through a 0.2 pm PTFE membrane. The 

SW NTs-PM M A were washed extensively w ith acetone, ethanol and chloroform and 

then dried in a vacuum  oven (80 °C) overnight.

4.2.3 Characterization

The SW NTs-PM M A were characterized by Ram an spectroscopy, 

therm ogravim etric analysis (TGA), atomic force m icroscopy (AFM), scanning electron 

microscopy (SEM ) and high-resolution transm ission electron m icroscopy (HRTEM ). 

Ram an spectra were collected from solid samples, using a Renishaw 1000 m icroraman 

system w ith a 780 nm laser source. The thermal degradation studies were carried out 

using a SDT 2960 Simultaneous DSC-TGA from TA Instruments. Atomic force 

microscopy (AFM) was performed using a D igital Instruments Nanoscope Ilia  in 

tapping m ode using a 3045 JVW  piezo tube scanner. The surfaces o f  the SWNTs- 

PM M A were sputter coated w ith gold, and then exam ined w ith a FEI XL-30 

environm ental scanning electron microscope (FEI Company, H illsboro, OR). 

Transmission electron m icroscopy (TEM) images were obtained from JEOL 201 OF 

operating at 100 kV.
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4.3 Results and Discussion

4.3.1 Raman Spectroscopy

Raman spectra o f  the SW NTs-PM M A and purified nano tube starting material are 

presented in Figure 4-1. The unresolved tangential m ode (G-band) o f  the SW NTs 

appears as a strong peak at -15 9 0  cm '1 with a shoulder at ~1560 c m 1. The radial 

breathing modes that show multiple peaks near -2 3 0  cm '1 are related to the diameters 

o f  the nanotubes. The disorder mode (D-band) centered at -1 2 9 0  cm '1 is w idely used as 

a measure o f  covalent sidewall derivatization. The low intensity o f  the D-band in the 

starting m aterial (Figure 4-1 A) indicates a very low level o f  initial sidewall 

functionalization and damage to the purified SW NTs used in this study. The larger D- 

band seen after the polym erization reaction dem onstrates that covalent attachm ent to 

the nanotubes took place.
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Figure 4-1: Ram an spectra (780 nm excitation) o f pristine SW NTs (A) and
SW NTs-PM M A (B).

The radial breathing modes (RBM s) o f Raman spectra provide evidence o f  the 

degree o f  bundling in a sample. It has been shown that decreasing bundle size is 

reflected in a relative decrease in the 266 cm '1 (10,2) RBM and increase in the 236 

cm '1 (12,1) RBM .46 The sample o f  purified SW NTs shows a large peak at 266 cm '1 and 

much smaller peak near 236 cm '1 (Figure 4-2A). The SW NTs-PM M A show a greatly 

dim inished peak at 266 cm '1 and substantially larger peak near 236 cm '1 (Figure 4-2B).
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This emphasizes the extensive debundling that occurs by intercalation o f  the lithium 

into the SW NT bundles when the SW NT salts are formed.
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Figure 4-2: Close-up o f  radial breathing modes o f Raman spectra in Figure 4-1. 
Pristine SWNTs (A) and SW NTs-PM M A (B).

4.3.2 Thermogravimetric Analysis

The SW NTs-PM M A were pyrolyzed in an atmosphere o f  argon. A fter reaching 

600 °C, the weight percentage curve leveled at -5 5 %  indicating a weight loss o f  -45%
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(Figure 4-3A). In a control experiment, all o f  the bulk PM M A was lost below 450 °C 

(Figure 4-3B), suggesting that the entire PM M A com ponent o f  the SW NTs-PM M A 

sample was lost during the TGA analysis.
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Figure 4-3: Correlation o f  TGA weight percentage during pyrolysis in an atmosphere 
o f  argon. SW NTs-PM M A (A) and bulk PM M A (B).

Combining the weight loss data with the Raman spectra provides evidence o f  a 

polym erization rather than a simple functionalization or short oligomerization. W ith a 

weight loss o f -45% , if  only dimers or trim ers were present, there would be between 

-2 0  and -3 0  carbon atoms per attached group. Such a high presence o f  sp3 hybridized 

carbon on the sidewalls o f  the SW NTs would likely cause a Ram an spectrum to show a 

D-band to G-band ratio o f -1 /1  as it does for dodecylated SW NTs with -2 5  carbon 

atoms per attached group prepared using the same lithium /am m onia conditions.12 The 

Raman spectrum o f the SW NTs-PM M A, however, shows a more m odest presence o f 

sp3 hybridized carbons on the nanotubes as indicated by a D/G ratio o f  -1 /3 .
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4.3.3 Atomic Force Microscopy

The diam eters o f  the SW NTs-PM M A were determined by tapping mode AFM 

microscopy. A typical atomic force microscopy (AFM) image o f  SW NTs-PM M A spin 

coated from chloroform  onto mica is presented in Figure 4-4. It is clear that m ost o f the 

SW NTs-PM M A are dispersed as individuals. The average height, and thus diameter, 

from 30 m easurements o f different tubes and at different places o f  the same tube range 

from 2-3 nm with an average diameter o f 2.6 nm. The diameters o f  individual pristine 

HiPco SW NTs range from 0.6-1.3 nm.47 These diameter changes may be attributed to 

PM MA added to the sidewalls o f  the nanotubes.
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Figure 4-4: Tapping mode AFM  image o f SW NTs-PM M A spin-coated from 
chloroform onto mica. AFM height profile o f  individual nanotubes (A) and section

analysis (B).
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4.3.4 Transmission Electron Microscopy

H igh-resolution transm ission electron m icroscopy (HRTEM ) images provide 

confirm ation that the SW NTs-PM M A are highly debundled (Figures 4-5 and 4-6). The 

nanotubes exhibit a m orphology that can be attributed to polym er that is grafted onto 

the nanotube sidewalls. Similar features have been observed by others.48,49
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Figure 4-5: HRTEM image o f  SWNTs-PMMA, scale bar 10 nm.
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CNIRM

Figure 4-6: HRTEM image o f  SWNTs-PMMA, scale bar 5 nm.

4.3.5 Scanning Electron Microscopy

SEM images o f  SW NTs-PM M A appear in Figures 4-7 and 4-8. These images 

dem onstrate a high SWNT content for these materials.
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Figure 4-7: SEM images o f  SW NTs-PM M A. M agnification 10,000x, scale bar 2 jxm 
(top) and m agnification 20,000x, scale bar lp m  (bottom).
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Figure 4-8: SEM images o f  SW NTs-PMM A. M agnification 15,000x, scale bar 2 pm 
(top) and m agnification 50,000x, scale bar 500 nm (bottom).
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4.3.6 Control of Polymerization

The reaction described in the experimental using 20 equivalents o f  methyl 

methacrylate m onom er per carbon atom was also conducted using 10 equivalents o f 

methyl m ethacrylate (1.6 g, 16 mmol), 35 equivalents (5.6 g, 56 mm ol) and 50 

equivalents (8 g, 80 mmol). This was done to investigate w hether the extent o f  the 

polym erization could be controlled by changing the amount o f  m onom er added. Raman 

spectra for each o f  the four samples show a fairly sim ilar ratio o f  the D-band to the G- 

band. M easuring by height o f  the bands, the SW NTs-PM M A synthesized using 10 

times, 20 times, 35 times and 50 times methyl m ethacrylate m onom er showed D/G 

ratios o f  0.27, 0.34, 0.25 and 0.29, respectively. This fairly tight range indicates that 

the num ber o f  sp3 hybridized carbons on the SWNTs, and therefore the num ber o f  

polym er chains covalently attached to the SWNTs, is similar in each sample.
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Figure 4-9: Ram an spectra (780 nm excitation) o f  SW NTs-PM M A using lOx methyl 
methacrylate m onom er (A) and 20x methyl methacrylate m onom er (B).
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Figure 4-10: Ram an spectra (780 nm excitation) o f  SW NTs-PM M A using 35x methyl 
m ethacrylate m onom er (A) and 5 Ox methyl methacrylate monom er (B).

Since the Raman spectra indicate that a similar number o f  polym er chains are 

attached to the nanotubes, differences in the weight loss data from TGA experiments 

may provide evidence o f  differences in the lengths o f  the chains attached. Samples 

made with 10, 20, 35 and 50 equivalents o f  methyl m ethacrylate were pyrolyzed in an
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atmosphere o f  argon. W eight loss at 600 °C was determined to be approxim ately 20%, 

45%, 30% and 27%, for the samples made w ith 10, 20, 35 and 50 equivalents o f  methyl 

methacrylate, respectively.

That the material made w ith 20 equivalents o f  methyl m ethacrylate had just over 

twice the weight loss as the material made w ith 10 equivalents suggests some control 

over the polym erization. However, the reaction m ay be hindered by use o f  higher 

levels o f  monomer. W hen conducting the experiment with 35 and 50 equivalents o f  

methyl m ethacrylate, the reaction m ixture solidifies before all o f  the m onom er can be 

added. This m ay explain the lower weight loss observed for the samples prepared using 

35 and 50 equivalents o f  the monomer.
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Figure 4-11: TGA weight loss curve o f  SW NTs-PM M A using lOx methyl methacrylate 
m onom er (A) and 20x methyl m ethacrylate m onom er (B).
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Figure 4-12: TGA weight loss curve o f  SW NTs-PM M A using 35x methyl methacrylate 
monom er (A) and 50x methyl m ethacrylate m onom er (B).
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4.4 Conclusion

In conclusion, SW NT salts can be used to initiate the polym erization o f  methyl 

methacrylate. This is a simple, scalable process that results in the exfoliation o f  SW NT 

bundles and covalent attachm ent o f  PM M A to the nanotubes in a single step and 

without the use o f  sonication.

The SW NTs-PM M A material prepared is -4 5  weight percent PM M A and -5 5  

weight percent SWNTs. This indicates the reaction was more effective in polym erizing 

methyl m ethacrylate than ethylene. In the next chapter, SWNT salts are used to 

polym erize acrylonitrile to form a SW NTs-PAN material with similar success.
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Chapter 5: SWNTs-Polyacrylonitrile

5.1 Introduction

Polyacrylonitrile (PAN) is a therm oplastic made from the polym erization o f  

acrylonitrile monomers. The IUPAC name for PAN is poly(l-cyanoethylene).

Polyacrylonitrile is relatively difficult to dissolve in m ost organic solvents and 

is highly resistant to dying. This makes the use o f  pure PAN somewhat limited. PA N ’s 

most im portant use is in the synthesis o f  carbon fiber. Pyrolysis o f  PAN is one o f  the 

m ost com mon methods o f  making carbon fiber. Copolymers made w ith acrylonitrile 

along w ith one or more other vinyl monom ers are w idely used. Acrylic fibers used for 

clothing are copolymers o f  acrylonitrile and methyl methacrylate. Poly(acrylonitrile- 

co-butadiene-co-styrene) or ABS is one o f  the most common therm oplastics used in 

m any types o f  consum er goods such as sporting equipment and toys, and also in 

automobile parts.

This chapter describes the use o f  single-walled carbon nanotube salts to initiate 

the polym erization o f  acrylonitrile to produce a SW NTs-PAN m aterial consisting o f 

PAN chains bonded covalently to nanotubes.

Scheme 5-1: Polym erization o f  acrylonitrile.
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5.2 Experimental

5.2.1 Materials

The SW NTs used in all experiments were produced by the HiPco process and 

purified as described in the experimental in Chapter 3. Acrylonitrile (99%), lithium 

(granules, 99%) and polyacrylonitrile were purchased from Aldrich. Prior to use, the 

acrylonitrile was washed twice w ith 10% H2SO4, twice with 10% Na2CC>3 and twice 

w ith distilled water. The washed acrylonitrile was dried by shaking w ith 3 A  molecular 

sieves and then fractionally distilled under vacuum. The purified m onom er was used 

immediately.

5.2.2 General Procedure for the Polymerization of Acrylonitrile Initiated by 

SWNT Salts

The polym erization experiments were carried out as follows: 20 mg (1.7 mm ol 

C) o f  SW NTs were added to a sealed, flame-dried 100 mL three-neck round-bottom 

flask fitted with a dry ice condenser. Argon was evacuated and refilled into the system 

three times. D ry ice and acetone was then placed into the condenser and the flask 

lowered into a dry ice and acetone bath. Ammonia (-6 0  mL) was then condensed into 

the flask. Small pieces o f  lithium (92.5 mg, 13.3 mm ol) were added until the SWNTs 

were solvated and a dark blue color remained. Just-purified acrylonitrile monom er 

(1.77 g, 33 mmol) was added to the flask via syringe. The blue color disappeared and 

the ice bath was then removed. The reaction mixture was stirred overnight while the 

am monia evaporated.
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The reaction was worked up by first adding ethanol (10 mL) followed by w ater 

(20 mL). The mixture was acidified by adding 10% HC1 drop-wise into the flask, and 

the SW NTs-PAN were then filtered through a 0.2 pm PTFE membrane. The SW NTs- 

PAN were w ashed w ith DMF, DMSO, and chloroform and then dried in a vacuum oven 

(80 °C) overnight.

5.2.3 Characterization

The SW NTs-PAN were characterized by Ram an spectroscopy, 

therm ogravim etric analysis (TGA) and scanning electron m icroscopy (SEM). Raman 

spectra were collected from solid samples, using a Renishaw 1000 microram an system 

with a 780 nm  laser source. The thermal degradation studies were carried out using a 

SDT 2960 Simultaneous DSC-TGA from TA Instruments. The surfaces o f  the 

SW NTs-PAN material were sputter coated w ith gold, and then exam ined w ith a FEI 

XL-30 environm ental scanning electron microscope (FEI Company, H illsboro, OR).

5.3 Results and Discussion

5.3.1 Raman Spectroscopy

Raman spectra o f  the SW NTs-PAN and purified nanotube starting material are 

presented in Figure 5-1. The unresolved tangential m ode (G-band) o f  the SW NTs 

appears as a strong peak at -15 9 0  cm '1 with a shoulder at -1560  cm '1. The radial 

breathing modes that show m ultiple peaks near -2 3 0  cm '1 are related to the diameters 

o f  the nanotubes. The disorder m ode (D-band) centered at -12 9 0  cm '1 is w idely used as 

a measure o f  covalent sidewall derivatization. The low intensity o f  the D-band in the
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starting material (Figure 5-1 A) indicates a very low level o f initial sidewall 

functionalization and damage to the purified SWNTs used in this study. The larger D- 

band seen after the polym erization reaction dem onstrates that covalent attachm ent to 

the nanotubes took place.
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Figure 5-1: Raman spectra (780 nm excitation) o f pristine SWNTs (A) and
SWNTs-PAN (B).
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5.3.2 Thermogravimetric Analysis

The SW NTs-PAN were pyrolyzed in an atmosphere o f  argon. After reaching 

600 °C, the weight percentage curve leveled o ff at -3 4 %  (Figure 5-2A). The weight 

loss was determined to be -66% . In a control experiment, the weight percentage curve 

for bulk PAN leveled o ff at -3 9 %  (Figure 5-2B). The weight loss was determined to be 

-61% . It is not clear why the SW NTs-PAN shows more weight loss than the bulk 

PAN. This may be a result o f the nanotubes hindering the condensation o f  the cyanide 

groups and preventing the formation o f  graphite. In any case, the -6 6 %  weight loss 

observed for the SW NTs-PAN shows the material is at least 66% PAN, and may be 

significantly higher since some o f the PAN is likely to have formed graphite during the 

pyrolysis.
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Figure 5-2: Correlation o f  TGA weight percentage during pyrolysis in an atmosphere 
o f  argon. SW NTs-PAN (A) and bulk PAN (B).
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5.3.3 Scanning Electron Microscopy

SEM images o f  the SW NTs-PAN appear in Figures 5-3 and 5-4. These images 

dem onstrate that the nanotubes are covered extensively with polymer.

Acc V S pot Magn Dot WD I--------
30.0 kV 1.0 25GQ0x SE 9 7 Hivac

A ccV  S pot Magn Dot WD I------------------------- 1 500 nm
30 0 kV 1 0 50000X SE 9 7 Hivac

Figure 5-3: SEM images o f  SW NTs-PAN. M agnification 25,OOOx, scale bar 1 pm 
(top) and magnification 50,OOOx, scale bar 500 nm (bottom).
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Figure 5-4: SEM images o f  SW NTs-PAN. M agnification 25,OOOx, scale bar 1 jam 
(top) and magnification 50,OOOx, scale bar 500 nm (bottom).
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5.4 Conclusion

In conclusion, SW NT salts can be used to initiate the polym erization o f 

acrylonitrile. This is a simple, scalable process that results in the exfoliation o f  SWNT 

bundles and covalent attachm ent o f  the polym er to the nanotubes in a single step and 

without the use o f  sonication. The SW NT-PAN material prepared appears to have 

achieved an exceptionally high content o f  polymer.
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Chapter 6: Summary and Conclusions

Since their discovery in 1993, single-walled carbon nanotubes have attracted an 

unprecedented amount o f  attention from researchers across a w ide range o f  scientific 

disciplines. One o f  the areas o f  m ost intense research has been that o f  composite 

materials. In theory, nanotubes should allow the creation o f  com posites which weigh 

less, but possess m echanical properties vastly superior to, any currently available. To 

date, results have fallen short o f  these high expectations.

Constructing SW NT/polymer com posites that take full advantage o f  the 

nanotube properties requires that the nanotubes be individually dispersed, evenly 

aligned and well-bonded to the host matrix. These requirem ents are not easily 

achieved, as SW NTs are not soluble in organic solvents and tend to bundle together in 

rope-like structures. This problem is exacerbated when SW NTs are mixed w ith a 

polym er m atrix w ith which they do not interact well. Furtherm ore, the atomically 

smooth surface o f  SW NTs allows for slippage inside o f  a polym er matrix. This thesis 

presents a m ethod o f  polym erizing monom ers using SWNT salts prepared by treating 

SWNTs with lithium in liquid ammonia. By using the negatively charged SW NTs to 

initiate the polym erization reaction, this m ethod requires only a single step to attach 

SW NTs to polym er chains. Furthermore, because the SWNT ropes are debundled, 

sonication is avoided.

In principle, this method helps overcome the difficulties associated with SWNT 

composites. The reaction exfoliates SWNT bundles, allowing the surfaces o f  individual 

nanotubes to react. The SW NT-polymer materials formed are m ore easily dispersed in
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solvents. The addition o f  polym er chains to the nanotubes provides covalently bonded 

‘tethers’ which can interact well w ith the matrix and thereby prevent slippage and assist 

in load transfer.

This thesis discusses the use o f  SWNT salts to polym erize three types o f 

monomer: ethylene, methyl m ethacrylate and acrylonitrile. The reaction was much 

more effective when the activated monomers, methyl m ethacrylate and acrylonitrile, 

were used. Using this chem istry to synthesize SW NTs-PM M A resulted in a material 

which was nearly ha lf PM M A by weight, soluble in organic solvents and showed very 

strong evidence that the nanotubes had been extensively debundled. Using this 

chem istry to synthesize SW NTs-PAN resulted in a material w hich was well over half 

PAN by weight, but was not as soluble nor presented such strong evidence o f  

debundling. The difference in solubility is partially attributable to the generally higher 

solubility o f  PM M A as compared to PAN. M oreover, the Ram an spectra o f  the 

SW NTs-PAN indicate a smaller presence o f  sp3 hybridized carbons than the SW NTs- 

PM MA, while the TGA weight loss data showed a significantly greater w eight loss for 

the SW NTs-PAN than SW NTs-PM MA. These results suggest that the SW NTs-PAN 

material possesses fewer polym er chains attached to the nanotubes, but that the chains 

are longer. Indeed, the SW NTs-PAN material leaves little doubt o f  a true 

polym erization as opposed to an oligomerization.

This work has focused exclusively on the development o f  the polym erization 

reaction and characterization o f  the resulting materials. It is hoped that these m aterials 

m ay find use in com posite systems. Some samples have already been shared with 

researchers who study com posite materials, and it is hoped they and others in the field
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will examine w hether these SW NTs-polymer m aterials m ay overcom e some o f  the 

difficulties in creating SWNT composites.
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ABSTRACT

“ — " — -

Li+ LT LT
+  Lil

Carton nanotube salts prepared by treating single-wall carbon nanotubes (SWNTs) with lithium in liquid ammonia react readily with aryl 
iodides to give SWNTs functionalized by aryl groups.

Carbon nanotubes have attracted considerable interest since 
their discovery by Iijim a in 1991.1 Despite extraordinary 
promise, realistic applications of these materials have been 
slow to emerge and still face challenges due to poor solubility 
and reactivity that is comparable with the basal plane of 
graphite.2 Chemical fimctionalization enhances solubility3 and 
leads to materials that are more amenable for some of the 
anticipated applications. Sidewall functionalizations4 using 
fluorine,3 aryl diazonium salts6 (Tour reaction), azomethine 
ylides,7 nitrenes, 8 carbenes, 9 Bingel reaction, 10 and organic 
radicals911,12 have been reported previously. The fluorinated 
nanotubes5,13 reported by Margrave and co-workers in 1998
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can be reacted with alkyllithium14'13 and Grignard reagents16 

to give SWNTs functionalized by alkyl groups. End func- 
tionalization has been explored through oxidation routes17-21 

that lead to shortened nanotubes bearing carboxylic acid end 
groups. 22

Nevertheless, a more accommodating and direct approach 
to functionalized nanotubes is desirable. A cheap, scalable,
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Scheme 1
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and efficient way to functionalize SWNTs that exhibit greater 
solubility in common organic solvents has been reported 
recently.23,24 We now report an application of this route to 
arylated SWNTs as illustrated in Scheme 1.

The arylation reactions were carried out by adding the 
SWNTs (20 mg) under an atmosphere of argon to a dry 100 
mL, three-neck, round-bottomed flask fitted with a dry ice 
condenser. Ammonia (60 mL) was then condensed into the 
flask followed by the addition of lithium metal (0.12 g). The 
aryl iodide (6.4 mol, 4 equiv) was then added and the mixture 
stirred at —33 °C for 12 h with the slow evaporation of 
ammonia. The reaction mixture was quenched by slow 
addidon of ethanol followed by water. The mixture was 
acidified (10% HC1), filtered through a 0.2 fim  PTFE 
membrane, and washed successively with water and ethanol. 
The functionalized SWNTs were dried overnight in vacuo 
at 80 °C.

The zwitterion obtained by sulfonadon of 2 (Scheme 2) 
was found to exhibit moderate solubility (ca. 50 mg/L) in 
methanol.

S chem e 2

Oleum, 90 C | - Q - N H ,  HSO".____

soluble in methanol, water

Functionalized SWNTs were characterized by Raman 
spectroscopy, infrared spectroscopy (FTIR-ATR), and ther
mo gravimetric analysis (TGA). Direct covalent sidewall 
attachment of aryl groups can be determined by Raman 
spectra. As shown in Figure 1(A), pristine SWNTs exhibit

(17) Sun, Y.-P.; Fu, K.; Lin, Y.; Huang, W. Acc. Chem. Res. 2002,35, 
1096.

(18) Niyogi, S.; Hamon, M. A.; Hu, H.; Zhao, B.; Bhowunk, P.; Sen, 
R.; Itkis, M. E ; Haddon, R. C  Acc. Chem. Res. 2002, 35, 1105.

(19) Banerjee, S.; Wong, S. S. Nano Lett. 2002, 2, 49.
(20) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Bdund, P. 

C.; Haddon, R. C  Science 1998, 282, 95.
(21) Hamon, M. A.; Chen, J.; Hu, R ;  Chen, Y.; Itkis, M. E ;  Rao, A. 

M.; Bdund, P. C.; Haddon, R. C. Adv. Mater. 1999, 27, 834.
(22) Woag, S. S.; Joselevich, E ;  Woolley, A. T.; Cheung, C  L.; Lieber,

C. M. Nature 1998, 394, 52.
(23) Liang, F.; Sadana, A. K.; Peera, A.; Chattopadhyay, J.; Gu, Z.; 

Hauge, R. H.; Billups, W. E  Nano Lett. 2004, 4, 1257.
(24) See also: Penicaud, A.; Poulin, P.; Dene, A.; Anglaret, E.; Petit, 

P. J. Am. Chem. Soc. 2005, 727, 8.
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F ig u re  1. R am an spectra (780 nm  e x d tad o n )  o f  (A ) purified 
SW N Ts, (B ) phenyl SW N Ts 1 , and  (C ) aniline SW N Ts 2.

a tangential mode at 1590 cm- 1  and a radial breathing mode 
around 230 cm '1, indicating different diameter distribution 
of HiPco SWNTs. After functionalization (B and C), the 
relative intensity of the disorder mode (D band) at 1290 cm' 1 

is enhanced due to chemically induced disruption of sp2- 
hybridized carbons in the hexagonal framework of the 
nanotube walls.

Although the infrared spectra o f the pristine materials are 
featureless, FTTR spectroscopy using an ATR accessory was 
used to record the infrared spectrum of 1. This material 
exhibits a peak at 3100 cm- 1  that is characteristic of sp2- 
hybridized C -H  stretching. Similar results were obtained 
for other aryl-functionalized SWNTs. An absorption at 2980 
cm' 1 is indicative of sp3-hybridized C—H  stretching, sug
gesting that some hydrogen may have been added to the 
SWNTs.

Thermo gravimetric analysis (TGA) of degassed (800 °C) 
functionalized SWNTs was used to evaluate the extent of 
functionalization. The carbon/aryl ratios could be determined 
(Table 1) on the basis of weight loss between 200 and 500 
°C. A  higher degree of functionalization was observed, as 
expected, when the aryl group was functionalized by 
electron-donating substituents.

T a b le  1. W eight L oss o f  D ifferent C om pounds from  TGA 
A nalysis at 800 °C in A rgon

compd w eight loss (%) obsd carbon/ary l ra tio

phenyl 22 21:1
flniTino 28 16:1
terf-buty lphenyl 38 15:1
m ethoxyphenol 21 32:1
benzoic acid 14 54:1

Additional evidence for the covalent attachment of aryl 
groups was provided by thermal degradation (TGA) of 1 in 
the 50—800 °C range coupled with on-line monitoring of

Org. Lett, Vol. 7, No. 19,2005
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F ig u re  2 . TG A -M S o f  the products evolved from  phenylated 
SW N Ts 1. Ion current vs tim e plo ts fo r ions corresponding to (A) 
m/z 77 {C6H5+}, (B) m/z 78 {C«H«+}, and ( Q  m/z 154 {Ci2H i0+ }.

the volatile products by a mass spectrometer. Evolution 
curves (Figure 2) were obtained for ions m/z 77 {C<iH5+), 
m /z 78 {CflHs"*"}) and m /z 154 {C i2Hio+}. Since each curve 
was observed at the same time (evolution temperature), the 
ions observed at m /z 78 and 154 must arise by subsequent 
reactions of phenyl radicals. Similarly, a high-temperature 
mass spectrum (HT-MS) of compound 3 exhibited masses 
corresponding to 4,4'-di-rm-butylbiphenyl and rm-butyl- 
benzene, products derived from the ren-butylphenyl radical.

X-ray photoelectron spectroscopy (XPS) also provides a 
measure of the degree of functionalization. XPS analysis of 
compound 2 shows 3.3% atomic nitrogen, which compares 
favorably with the TGA analysis.

The aniline-derivatized zwitterion is soluble in methanol. 
An atomic force microscopy (AFM ) image recorded in 
methanol is shown in Figure 3. The average diameter of this 
zwitterionic complex is 2—3 nm as determined by height, 
demonstrating that extensive debundling has occurred.

Org. Lett, Vol. 7, No. 19, 2005

F ig u re  3 . Tapping-m ode A FM  im age o f  the zw itterion form ed by 
sulfonation o f  the aniline derivative 2  spin-coated onto m ica from 
methanol.

Further evidence for extensive debundling is provided 
by inspection of the high-resolution transmission electron 
microscopy (HRTEM) image (Supporting Information) of 
the zwitterion illustrated in Figure 1. The functionalized 
SWNTs were observed to exhibit characteristic irregular 
sidewall morphology.
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A b s tr a c t Alkyiation of nanotube salts prepared using either lithium, sodium, or potassium in liquid ammonia 
yields sidewall-functionalized nanotubes that are soluble in organic solvents. Atomic force microscopy and 
transmission electron microscopy studies of dodecylated SWNTs prepared from HiPco nanotubes and
1 -iodododecane show that extensive debundling results from intercalation of the alkali metal into the SWNT 
ropes. TGA-FT1R analyses of sam ples prepared from the different metals revealed radically different thermal 
behavior during detachm ent of the dodecyl groups. The SWNTs prepared using lithium can be  converted 
into the pristine SWNTs a t 1 8 0 -3 3 0  °C, w hereas the dodecylated SWNTs prepared using sodium  require 
a  much higher tem perature (3 8 0 -5 3 0  °C) for dealkylation. SWNTs prepared using potassium  behave 
differently, leading to detachm ent of the alkyl groups over the tem perature range 1 8 0 -5 0 0  °C. T hese 
differences can be  observed by analysis of the solid-state 13C NMR spectra of the dodecylated SWNTs 
that have been prepared using the different alkali metals and m ay indicate differences in the relative amounts 
of 1,2- and 1,4-addition of the alkyl groups.

Introduction

Among the wide range of nanometer scale structures prepared 
to date, single-walled carbon nanotubes (SWNTs) stand out as 
unique materials for fundamental research and emerging ap
plications. 1*2 However, realistic applications have been hindered 
by difficulties associated with processing. SWNTs with a high 
degree of sidewall functionalization can, in principle, be used 
to overcome some of these difficulties because functionalized 
nanotubes may be soluble in organic solvents. Although 
impressive results have emerged from the flurry of activity in 
this area,3 a more accommodating, efficient, and scalable 
approach is still desirable. Furthermore, uses in composites will 
require thermally robust functionalized SWNTs that will 
withstand the elevated temperatures required for many of the 
anticipated applications. We have observed previously that 
SWNTs can be reduced by lithium in liquid ammonia and the 
resulting nanotube salts can be reacted with alkyl iodides to 
yield debundled, functionalized SWNTs.4 A mechanism to 
account for this observation is illustrated in the scheme 
illustrated below. Addition of an alkyl iodide to a suspension 
of SWNT salts results in the formation of a radical anion that 
dissociates readily into the alkyl radical and iodide. Addition

(1) Iijima, S.; Ichihashi, T. Nature 1993, 363, 603-605.
(2) (a) Tans, S. J.; Verachueren, A. R. M.; Dekker, C  Nature 1999, 393,4 9 -  

52. (b) Dai, H.; Wong, E  W.; Lieber, G  M. Science 1996, 272, 523-526. 
(c) Tieacy, M. M. J.; Fhh^wn, T. W.; Gibson, J. M. Nature 1996, 381, 
678—680. (d) Wong, E. W.; Sheehan, P. E ; Lieber, C  M. Science 1997, 277, 1971-1975. (e) Poncharal, P.; Wang, Z. L.; Ugarte, D.; de Heer, W. 
A. Science 1999, 283, 1513-1516. (f) Yakobson, B. L; Smalley, R. E. Am Scu 1997, 85, 32A-3V. (g) Calvert, P. Nature 1999, 399, 210-2II.
(h) Ajayan, P. M. Chem. Rev. 1999, 99, 1787—1799. (i) Baughman, R. 
R ; Zaldiidov, A. A.; de Heer, W. A. Science 2002, 297, 787—792.
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of the radical to the debundled SWNTs leads to the function
alized nanotube.

Li/NH, LI*

SWNT BUNDLE Rsa-DODECYL

Thermal gravimetric analysis (TGA) of dodecylated SWNTs 
prepared using U /NH 3 revealed that the alkyl groups detach

(3) (a) Mickelson, E  T.; Huffman, G  B.; Rinzler, A. G.; Smalley, R. E ; Hauge, 
R. H.; Margrave, J. L. Chem. Phys. Lett. 1998, 296, 188-194. (b) Chen, 
Y.; Haddon, R. C ; Fang, S.; Rao, A. M.; Ekhiod, P. C ; Lee, W. H.; Dickey, 
E  G ; Graflce, E  A.; Pendergrass, J. G ; Chavan, A.; Haley, B. E ; Smalley, 
R. E  J. Mater. Res. 1998, 13, 2423-2431. (c) Bahr, J. L ; Yang, J.; 
Kosynlrin, D. V.; Bronikowski, M. J.; Smalley, R. E ; Tour, J. M. J. Am. Chan. Soc. 2001,123,6536-6542. (d) Georgakilas, V.; Tagmafarehis, N.; 
Pantarotto, D.; Bianco, A.; Briand, J.-P.; Prato, M. Chan. Commun. 2002, 
3050-3051. (e) Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; 
Holzinger, M.; Hinch, A. J. Am. Chem. Soc. 2002, 124, 760—761. (f) 
Pantarotto, D.; Partidos, G  D.; Graff, R.; Hoebeke, J.; Briand, J.-P.; Prato, 
M.; Bianco, A. J. Am. Chem. Soc. 2003, 125, 6160—6164. (2) Chen, J.; 
Hamon, M. A.; Hu, IL; Chen, Y.; Rao, A. M.; Fkiund, p. G ; Haddon, R. 
G  Science 1998,282,95—98. (h) Holzinger, M.; Vostrowsky, O.; Hirsch, 
A.; Hennrich, F.; Kappes, M.; Weiss, EL; Jelled, F. Angew. Chem., Int. Ed. 
2001,40,4002-4005. 0) Hu, EL; Zhao, B.; Hamon, M. A.; Kamaras, K.; 
Itkis, M. E ;  Haddon, IL G  J.Am Chem. Soc. 2003,125, 14893-14900. 
(j) Holzinger, M.; Abraham, J.; Whelan, P.; Graupoer, IL; Ley, L.; Hennrich,
F.; Kappes, M.; Hirsch, A. /. Am Chan. Soc. 2003,125, 8566-8580. (k) 
Ying, ¥ .; Saini, IL K.; Liang, F.; Sadana, A. K.; Billups, W. E  Org. Lett. 
2003,5,1471-1473.0) Coleman, K. S.; Bailey, S. R.; Fdgden, S.; Green, 
M. L. ILJ.Am Chem Soc. 2003, 725,8722-8723. (m) Pekker, S.; Salvetat, 
J.-P.; Jakab, E ; Booard, J.-M.; Forro, L. J. Phys. Chem B 2001,105,7938- 
7943. (n) Sun, Y.-P.; Huang, W.; Un, Y.; Fu, K.; Kitaygorodskiy, A.; 
Riddle, L. A.; Yu, Y. J.; Cairoll, D. L. Chem Mata. 2001, 13, 2864- 
2869. (o) Peng, IL; Reverdy, P.; Khabashesku, V. N.; Margrave, J. L. Chem Commun. 2003, 362—363. (p) Peng, EL; Alemany, L. B.; Maigrave, J. L ; 
Khabashesku, V. N. J. Am Chem Soc. 2003, 125, 15174-15182 and 
references therein.
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th e rm ally  a t 180—3 30  °C , tem p era tu res  to o  low  fo r  m an y  o f  
the  an tic ipated  app lica tions. M ore  rece n tly , w e h av e  observed  
tha t nano tube salts  p rep are d  using  e ith e r N a/N H 3 o r  K /N H 3 m ay  
be  functionalized  b y  a lk y l iod id es  to  y ie ld  m ateria ls  tha t exh ib it 
rad ica lly  d iffe ren t the rm al b eh a v io r, su g g estin g  tha t the  alky- 
la tio n  step  is  h igh ly  d ep e n d en t on  the  m e ta l ca tion . SW N T s 
fu nctionalized  b y  n -d o d ecy l g ro u p s are  am en ab le  to  ch a ra c te r ' 
iza tion  by  so lid -s ta te5 13C  N M R  spectro scopy . In  th is  paper, 
w e rep o rt ch a rac te riza tio n s  o f  d o d ec y la te d  S W N T s p repared  
w ith  d iffe ren t alkali m e ta ls, th e ir  d isp ara te  th e rm al behav io r, 
an d  d iscuss  d iffe ren ces  in  te rm s o f  1,2- ve rsu s  1 ,4-addition  to  
the  n ano tube fram ew ork .

Experimental Section

M aterials . The raw SWNTs used in this study were produced at 
Rice University by the HiPco process.6 The average diameter o f  the 
SWNTs was around 1 nm. The iron nanoparticles, coated by carbon, 
were removed by a  multistep oxidation at increasing temperatures in 
the presence o f SFg followed by a  Soxhlet extraction with a 6 M  HC1 
solution as described previously.7 The iron residue in the purified 
SWNTs was determined to be ~ 6  wt % by TGA.

Lithium (granules, 99%), sodium (cube, 99.95%, in mineral oil), 
potassium (rod, diameter 25 mm, 99.5%, in mineral oil), and 1-iodo- 
dodecane were purchased from Aldrich.

Synthetic P rocedure . The functionalization reactions were earned 
out as follows: 20 mg (1.6 mmol o f carbon) o f SWNTs was added to 
a  flame dried 100 mL three neck round-bottom flask. NH3 (60 mL) 
was then condensed into die flask followed by die addition o f small 
pieces o f alkali metal (8.0 mmol). The 1-iodododecane (1.90 g, 6.4 
mmol) was then added, and the reaction mixture was stirred overnight 
with the slow evaporation o f  NHj. The flask was then cooled in an ice 
bath as methanol (10 mL) was added slowly followed by water (20 
mL). After acidification (10% HC1), the nanotubes were extracted into 
hexanes and washed several times w ith water. The hexane layer was 
then filtered through a  0.2 pm PTFE membrane filter, washed with 
ethanol and chloroform, and dried in a vacuum oven (80 °C) overnight

C haracterization . The dodecylated SWNTs were characterized by 
Raman spectroscopy, TGA-FTIR, AFM, TEM , and solid-state 13C 
NMR. Raman spectra were collected from solid samples, using a 
Renishaw 1000 micro-Raman system with a 780 nm laser source. The 
thermal degradation studies were carried out using a SDT 2960 
Simultaneous DSC-TGA from TA Instruments. The gaseous species 
released from the sample during pyrolysis were fed into the FT-IR 
spectrometer, and concentrations of the thermally detached radicals were 
monitored with time and temperature. Atomic force microscopy (AFM) 
was performed with a  Digital Instruments Nanoscope IQa in tapping 
mode using a  3045 JVW  piezo tube scanner. Transmission electron 
microscopy (TEM) images were obtained from JEOL 2010F operating 
at 100 kV.

The solid-state, magic angle spinning (MAS) NMR studies were 
done on a Bruker AVANCE-200 NMR spectrometer (50.3 M Hz 13C, 
200.1 MHz lH) described previously.* Each sample was packed into 
a 4  mm outer diameter rotor. Chemical shifts are reported relative to 
the carbonyl carbon o f glycine defined as 176.46 ppm.8 To facilitate 
comparing spectra for a  given experiment among the three samples,

(4) Liang, F.; Sadana, A. K.; Peera, A.; Chattopadhyay, J.; Gu, Z.; Hauge, R. 
H.; Billups, W. E. Nano Lett. 2004,4, 1257-1260.

(5) Characterization of these material* by solution-state NMR spectroscopy is 
not possible because solutions are too dilute and the functionalized SWNTs 
tumble too slowly and anisoaopically in solution to allow for adequate 
characterization by NMR spectroscopy, especially l3C NMR spectroscopy.

(6) Bronikowski, M. J.; Willis, P. A.; Colbert D. T.; Smith, K. A.; Smalley, 
R. E. J. Vac. ScL TechnoL. A 2001,19, 1800-1805.

(7) Xu, Y.; Peng, H.; Hauge, R. H.; Smalley, R. & Nano Lett. 2005,5, 163— 
168.

(8) Hayashi, S.; Hayamizu, K. BuU. Chem. Soc. Jpn. 1991, 64, 685—687.
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the same parameters were used for each sample (except for small 
variations in the number o f scans).

The basic 'H —13C CPMAS spectra were obtained with 7 kHz MAS, 
a  1-ms contact time, 293-m s FID, and 5-s relaxation delay. The spectral 
range (extending from 6457 to 6 —237) was sufficient for detecting 
spinning sidebands at ± 7  and ± 1 4  kHz. L1/N H 3 product 33 240 scans; 
Na/NH3 product 31 720 scans; K/NH3 product 34 400 scans; empty 
rotor, 49 400 scans. Preliminary spectra o f  the dodecylated SWNTs 
were also obtained with 5 kHz MAS.

The dipolar dephasing experiments differed only in that after CP 
two equal dephasing periods w ith a  180° 13C refocusing pulse in the 
middle were used before FID acquisition. Li/NH3 product: 33 640 scans 
and a  pair o f 20-ps dephasing periods, or a  pair o f 25-ps dephasing 
periods, or a pair of 30-ps dephasing periods. Na/NH3 product: 31720 
scans and a  pair o f  25-^s dephasing periods, at a  pair o f 30-ps dephasing 
periods, or a pair o f  40-^s dephasing periods. K/NH3 product: 34 400 
scans and a pair o f 25-ps dephasing periods.

The direct UC pulse spectra were obtained with 11 kHz MAS, a 
4.5-ps 90° l3C  pulse, 20.53-ms FED, and 10-s relaxation delay. The 
spectral range (extending from 6607 to 6 -3 8 7 )  was sufficient for 
detecting spinning sidebands at ± 11  and ± 2 2  kHz. Li/NH3 or Na/NH3 
or K/NH3 products, 10 400 scans; empty rotor, 2544 scans. A fter phase 
correction, a fourth-order polynomial was applied to die baseline over 
the region from 6230 to 6 —70 to create a nearly fla t baseline after the 
polynomial was subtracted from  the spectrum o f  the dodecylated 
SWNTs. For die U /N H 3 sample, die experiment was repeated with a 
30-s relaxation delay. The resulting spectrum was essentially super- 
imposable on that obtained with ju s t a  10-s relaxation delay, and 
therefore die Na/NHs and K/NH3 samples were studied with only a 
10-s relaxation delay.

Each FID of dodecylated SWNTs was processed with 50 Hz (1 ppm) 
o f line broadening. None o f die FIDs for the dodecylated SWNTs were 
truncated.

The model compounds A-C24H 50 and 1,4-didodecylbenzene were 
studied with the same CP and dipolar dephasing parameters to allow 
direct comparison with the dodecylated SW NTs except as follows. Far 
fewer scans were needed: 96 scans for /1-C24H 50 and 144 scans for 
1,4-didodecylbenzene. In the dipolar dephasing experiment, pairs of 
5-ps, 10-^s, 15-^s, 20-ps, 25-ps, 30-^s, and 40-^s dephasing delays 
were used to more carefully determine the time needed for the CH2 
and CH signals to decay. Only 5 H z (0.1 ppm) o f  line broadening was 
used to process a  FID. The sine wiggles in the spectra o f the model 
compounds (Figures S-2 and S-3) result from  truncated FIDs.

Results and Discussion

R a m a n  S p e c tro sc o p y . R am an  sp ec tra  o f  so lid  sam ples 
p repared  u s in g  th e  th re e  m e ta ls  a re  p resen ted  in  F igu re  1. T he 
u n reso lved  tang en tia l m ode (G  b an d ) o f  the  S W N T s appears 
as a  strong  p ea k  a t ~ 1 5 9 0  c m * 1 w ith  a  sh o u ld er a t ~ 1 5 6 0  cm -1 . 
T he rad ial b rea th in g  m odes  th a t show  m ultip le  peaks n ea r ~ 2 3 0  
c m -1 are  re la ted  to  the  d iam eters  o f  th e  nano tubes. T h e  d iso rder 
m o d e  (D  b an d ) ce n te red  a t  M 2 9 0  c m -1 is  w idely  u sed  as  a  
m easu re  o f  co v a len t s id ew all d e riv a tiza tio n . T h e  low  in tensity  
o f  the  D  b a n d  in  the  s tarting  m a te ria l (F ig u re  la )  ind ica tes  a  
very  low  leve l o f  in itia l s id ew all fu n c tio n a liza tio n  o r  dam age 
to  th e  pu rif ied  S W N T s u sed  in  th is  s tudy . T h e  la rge  D  bands 
tha t em erg ed  afte r  func tio n a liza tio n  w ith  L i/N H 3, N a/N H 3, and  
K /N H 3 (F igure lb ,c ,d , respectively ) dem onstra te  the h igh  degree 
o f  func tiona liza tion  ac h iev ed  d u rin g  th e se  a lky la tion  reactions. 
T h e  N a/N H 3 p ro d u c t show s the  la rg es t D  to  G  ra tio , ind ica ting  
tha t so d iu m  p ro v id es  the  h ig h e st d eg re e  o f  functionalization .

M ic ro s c o p y . T h e  d o d ec y la te d  S W N T s p rep are d  fro m  nano- 
tube sa lts  b y  red u c tio n  w ith  N a/N H 3 a n d  K /N H 3 exh ib it h igh  
so lub ility  in  ch lo ro fo rm , T H F , an d  D M F , as  ob serv ed  ea rlie r
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Figure 1. Raman spectra of (a) pristine SWNTs, and SWNTs dodecylated 
by (b) Li/NHs reduction, (c) Na/NHs reduction, and (d) K/NHs reduction.

for SWNTs functionalized by U/NH3.4 Atomic force microscopy 
(AFM) images recorded in chloroform for each sample are 
presented in Figure 2. The average diameters of the dodecylated 
SWNTs in both cases are around 2 nm as determined by their 
height, demonstrating that extensive debundling has occurred. 
Additional evidence for debundling is provided by inspection 
of the HRTEM images presented in Figure 3. The dodecylated 
SWNTs exhibit a morphology that is expected for functionalized 
nanotubes.

Thermal Gravimetric Analysis. Although the Raman spectra 
and microscopy studies are not informative with respect to the 
nature of the products that result from the various metals, TGA 
analyses revealed radically different thermal behavior as the 
alkyl groups detach from the SWNTs (Figure 4). These 
experiments were carried out in the furnace of an apparatus 
coupled to an FT-IR spectrometer. The samples were held at 
80 °C for 30 min, ramped 10 °C min- 1  to 800 °C, and then 
held at 800 °C for 10 min. The gaseous species released from 
the sample during the pyrolysis were introduced into the FT- 
IR spectrometer, and concentration variations during the py
rolysis process were monitored with time and temperature. The 
dodecylated SWNTs prepared using U /NH 3 (trace a) exhibit a 
major peak between 180 and 330 °C, and a smaller peak at 
~480 °C. In contrast, dodecylated SWNTs prepared using Na/ 
NH3 (trace b) produce a quite different profile: a minor peak 
between 180 and 280 °C and a major peak between 380 and 
530 °C, indicating that dodecylated SWNTs prepared using 
sodium as the reducing agent lead to the more thermally robust 
materials. For the sample prepared using K/NH3 (trace c), two 
peaks of similar intensity at two different temperature regions 
were observed. The weight loss indicates that there is one 
dodecyl group for every 24, 13, and 25 nanotube carbons in 
the U/NH3, Na/NH3, and K/NH3 products, respectively.

In Figure 5, the chemigram of the Na/NH3 sample is shown 
along with the derivative weight loss curve. The similar shapes 
of these curves demonstrate that the gaseous species exhibiting 
the aliphatic C—H stretching in the 3000—2800 cm- 1  range 
account for the observed weight loss, providing further evidence 
that the SWNTs have been dodecylated. Similar derivative

weight loss curves for the L1/NH 3 and K/NH3 samples are nearly 
identical to their respective chemigrams.

Solid-State UC NM R Spectroscopy. The disparate thermal 
behavior of the SWNTs functionalized with the different alkali 
metals can be rationalized in terms of the relative amounts of 
1,2- and 1,4-addition9 of alkyl groups to the SWNTs as shown 
by l3C NMR spectroscopy.

The first indication by NMR that the SWNTs were signifi
cantly changed upon dodecylation was shown by our ability to 
spin any of the dodecylated SWNTs at the desired speed and 
to tune easily the 13C and 'H  channels of the probe. In marked 
contrast, the rotor containing the pristine SWNTs with ~ 6  wt 
% iron would not spin above about 2 kHz, and the probe would 
not tune properly. Differences in the NMR spectra of dodecy
lated SWNTs prepared using U /N H 3, Na/NH3, and K/NH3 are 
evident from comparing the three direct l3C pulse MAS spectra 
(Figures 6 a, 7a, and 8 a), the three *H -I3C CPMAS spectra 
(Figures 6 b, 7b, and 8 b), and the three *H -13C CPMAS spectra 
with a dephasing delay before FID acquisition (Figures 6 c, 7c, 
and 8c). The expected qualitative features are observed in the 
spectra for each of the samples: The basic CPMAS spectrum 
discriminates against carbons far from protons; inserting an 
appropriate dephasing delay in the CPMAS experiment elimi
nates the methylene carbon signals and, based on the remaining 
relatively strong signal near (330, causes considerably faster 
decay of the methyl carbon signals than of the quaternary 
aliphatic carbons signals.

Of particular interest are the aliphatic carbon signals in the 
CPMAS experiments with a 1-ms contact time followed by a 
dipolar dephasing period of 50 /is (Figures 6 c, 7c, and 8c). These 
aliphadc signals are noteworthy because these signals can be 
attributed only to quaternary aliphatic carbons, 10 that is, the 
nanotube sp2 carbons that became sp3 carbons upon dodecyla
tion, and to methyl carbons10 terminating the dodecyl chains. 
Furthermore, the differences in signal shape and intensity of 
the three samples prepared using a different alkali metal show 
that the metal chosen affects the reductive alkylation process, 
as it is the only variable in the three reactions. This observation 
is consistent with the different Raman and TGA-FTIR spectra 
obtained when U /NH 3, Na/NH3, and K/NH3 were used.

The aliphatic carbon NMR signal in the experiments with 
50-/XS dephasing times provides direct evidence for the alkylation 
of the SWNTs in addition to the evidence provided by the 
appearance of the R am an signal near 1290 cm- 1  for sp3 carbon. 
The ,3C NMR signals from the various dodecyl methylene 
carbons would be expected to be weak, at most, with a 
dephasing time of 40 fis and nulled or even slightly inverted 
with a dephasing time of 50/rs.10 The U /NH 3 product was also 
studied with dephasing times of 40 and 60 /is, while the Na/ 
NH3 product was also studied with dephasing times of 60 and 
80 /is. In all three cases with dephasing times of at least 60 /is, 
the aliphatic carbon signal remained (albeit less intense than

(9) Kelly, K. F.; Qiiang, L W.; Mickelson, E  T.; Hauge, R. H.; Margrave, J. 
L ; Wang, X.; Scuseria, G. E ; Radloff, C ; Halas, N. J. Chem. Phys. Lett. 
1999, 313, 443—450. Nanoscale images (STM) of fluorinated SWNTs 
reveal a banded structure that indicates broad continuous regions of 
fluorinadon terminating in bands orthogonal to the tube axis. Although 
theoretical calculations indicated that the energy differences between the 
1,2- and 1,4-isomers are small at all levels of fhiorination, the 1,4-isomer 
was found to be slightly more stable.

(10) (a) Opel la, S. J.; Frey, M. H .3. Am. Chem. Soc. 1979, 101, 5854-5856.
(b) Alemany, L. B.; Grant, D. M.; Alger, T. D.; Pugmire, R. I. /. Am.Chem. Soc. 1983, 105, 6697-6704.
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Figure Z Tapping mode AFM images of n-dodecylated SWNTs spin-coated from chloroform: (a) Na/NHj reduction, (b) K/NH3 reduction.

Figure 3. HRTEM images of n-dodecyiated SWNTs that were functionatized by (a) Na/NHj reduction, and (b) K/NH3 reduction.

with a dephasing time of only 50 /ts), which strengthens the 
interpretation of this signal as principally arising from quaternary 
aliphatic carbons. [The K/NH3 product gave a weak aliphatic 
carbon signal with a dephasing time of 50 /ts (Figure 8 c); 
therefore, studying this sample with a longer dephasing time 
did not seem worthwhile.] The experiments on the Na/NH3 

product with dephasing times of 50,60, and 80 /xs showed that 
the quaternary aliphatic signal decayed faster than the nanotube 
sp2 carbon signal (Supporting Information, Figure S -l), which 
is reasonable10 because every quaternary aliphatic carbon is 
adjacent to protons on a methylene group.

Dipolar dephasing studies on two model compounds with long 
alkyl groups (/1-C24H50 and 1,4-didodecylbenzene) show the 
expected rapid decay of the CH2 signals (Supporting Informa-

13944 J. AM. CHEM. SOC. ■ VOL 127, NO. 40, 2005

tion, Figures S-2 and S-3). With a dephasing delay of 40 /is, 
significant CH3 and substituted aromatic carbon signals remain, 
as expected, while the signal for the interior carbons of the 
methylene chain has just begun to invert With a dephasing delay 
of 50 /is, the inversion is more noticeable. With a dephasing 
delay of 60 /is, the continuing dipolar modulation causes the 
CH2 signal to be less negative until, with a dephasing delay of 
80 /is, the CH2 signal is not detectable above the noise, and 
only significant positive CH3 and (with 1,4-didodecylbenzene) 
substituted aromatic carbon signals remain. n-CiiKsa was chosen 
for study because it is a significant byproduct of the reductive 
alkylation reaction;4 therefore, this compound cannot be con
tributing to the aliphatic signal observed in the dipolar dephasing 
spectra shown in Figures 6 c, 7c, and 8 c. In contrast, 1,4-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4. Che mi gram of n-dodecylated SWNTs that were functionalized 
by three different alkali metals: (a) lithium, (b) sodium, and (c) potassium. 
TGA weight loss %: (a) 37, (b) 53, and (c) 36.
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Figure 5. Correlation of the TGA derivative weight percentage curve (a) 
and the chemigram of the gaseous species (b) released from the n- 
dodecylated SWNTs prepared by Na/NH3 reduction. (Temperature profile: 
30 min hold at 80 ®C, ramp 10 °C min-1 to 800 *C, 10 min bold at 800 
°C). The slight lag (~ 2  min) of the C—H signal is due to the time it takes 
the released gases to reach the IR detector.

didodecylbenzene was chosen for study only because it was a 
simple, commercially available compound with dodecyl groups. 
The dipolar dephasing data on these two compounds with long 
alkyl groups show that using a dephasing delay of 50 /as is 
sufficient for obtaining spectra showing just nanotube sp2 

carbons, quaternary aliphatic carbons, and methyl carbons in 
the samples of dodecylated SWNTs. (With such complex 
samples, any weakly inverted CH2 signals are completely 
obscured by the much more slowly decaying quaternary aliphatic 
carbon signals.) Indeed, using a 50-/*s dephasing delay severely 
attenuates the upheld part of the aliphatic carbon signal from 
each of the dodecylated SWNTs.

With MAS at 7 kHz and no nanotube sp2 carbon signal visible 
above the noise downfield of 6140 in the dipolar dephasing 
spectra (Figures 6 c, 7c, and 8 c), the aliphatic carbon signal in

m  ala ’ ' ria ’ ' aSa  ̂ ST" ' I  ' -aa

Figure 6. Dodecylated SWNTs prepared by L i/N H  reductive alkylation 
with B-C12H2JI: (a) direct l3C  pulse MAS spectrum, (b) ’H—13C  CP MAS 
spectrum, and (c) 'H - 13C  CP MAS spectrum with a 50-^3 dephasing delay 
before FID acquisition.

these spectra does not contain intensity from an upfreld spinning 
sideband of the nanotube sp2 carbon signals. At this spinning 
speed, the first upfield spinning sideband of the nanotube sp2 

carbon signals is at about <5—16 (i.e., 139 ppm upfield of the 
centerband). This spinning sideband is very weak and well 
upfield of the aliphatic carbon centerband signals in Figures 
6 c, 7c, and 8 c. (The broad downfield tail in the sp2 region in 
Figures 6 b, 7b, and 8 b apparently results from either probe 
background, the zirconia rotor barrel, or the Kel-F rotor cap, as 
obtaining a CPMAS spectmm of an empty rotor under the same 
conditions used for the dodecylated SWNTs gave a very weak, 
very broad signal in the sp2  region.)

The signals from the methyl carbon terminating the long alkyl 
chain would be expected to be only partially attenuated with 
S0-/rs to 80-/rs dephasing times10 and to appear near <514. In 
the U/NH 3 product, these signals are visible only in the 
experiment with the 40-yrs dephasing period. Even the quater
nary aliphatic carbon signal intensity is strongly attenuated with 
a 60-/rs dephasing time. The S/N in the dipolar dephasing 
spectrum of the K/NH3 product is too low to allow the methyl 
signals to be detected. In contrast, with the Na/NFb product, 
the signal intensity near <514 is noticeable, even with an 80-yrs 
dephasing period.

It was not feasible to obtain spectra with significantly higher 
S/N or to perform experiments with additional dephasing times 
because each dipolar dephasing experiment required 44—48 h 
with a full 4 mm rotor.

Quaternary aliphatic carbons exhibiting different chemical 
shifts are to be expected because the starting material is a

J. AM. CHEM. SOC. •  VOL 127, NO. 40, 2005 13945
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Figure 7. Dodecylated SWNTs prepared by Na/NH3 reductive aUcylatioa 
with n-CuHuI: (a) direct 13C  pulse MAS spectrum, (b) ,H—l3C CP MAS 
spectrum, and (c) 1H—13C  CP MAS spectrum with a 50-fts dephasing delay 
before FID acquisition,

complex mixture of SWNTs differing in diameter and chirality 
and because alkyladon is expected to occur at different nanotube 
sites and with different substitution patterns. The chemical shift 
range for the quaternary aliphatic carbons generated upon 
dodecylation indicates that these carbons more closely resemble 
those in dialkyldihydro derivatives of large planar condensed 
aromatic hydrocarbons than the quaternary aliphatic carbons in 
the analogous derivatives of the highly curved fullerenes Qo 
and C70. Such chemical shifts for the quaternary aliphatic 
carbons of the dodecylated SWNTs are reasonable, because the 
SWNTs are less curved than Qo or Cto3p and because chemical 
shift is very sensitive to changes in bond lengths and bond 
angles. 11 That Qo molecules fit inside SWNTs like peas in a 
pod12 is perhaps the most graphic illustration of the much higher 
curvature of Qo.

In contrast to the signals commonly found from about 655— 
65 for the quaternary aliphatic carbons of alkylated C«j and 
C70,13* 16 signals are commonly found from 630—40 for the

(11) (a) Grant, D. M. Encyclopedia of Nuclear Magnetic Resonance-, Wiley: 
London, 1996; VoL 2, pp 1298—1321. (b) Nossal, J.; Sainl R. K.; Sadana, 
A. K.; Bettinger, H. F.; Alemany, L. B.; Scuseria, G. E ; Billups, W. E ; 
Saunders, M.; Khong, A.; Weisemann, R. J. Am. Chem. Soc. 2001, 123, 
8482—8495.

(12) Vostrowsky, O.; Hirsch, A. Angew. Chem., Int. Ed. 2004, 43, 2326—2329 
and references therein.

(13) (a) Caron, C.; Subramanian, R.; D’Souza, F.; Kim, J.; Kutner, W.; Jones, 
M. T.; Kadish. KM./.Am. Chem. Soc 1993,115,8505-8506. (b) Allard, 
E ; Rivifcre, L.; Delaunay, J.; Dubois, D.; Cousseau, J. Tetrahedron Lett. 
1999,40,7223-7226. (c) Al-Matar, R ; Abdul Sada, A. K.; Avent, A. G.; 
Taylor. R.; Wei, X.-W. 7. Chem. Soc., Perkin Trans. 2 2002, 1251-1256.

(14) (a) Wang, G.-W.; Muiata, Y.; Komatsu, K.; Wan, T. S. M. Chem. Common. 
1996, 2059-2060. (b) Allard, E ; Rivfcre, L.; Delaunay, J.; Rondeau, D.;
Dubois, D.; f-mifsnan, J. Proc.-Electrochem. Soc. 2000, 2000-10, 88—93.
(c) Allard, E ; Delaunay, J.; Cousseau, J. Org. Lett. 2003, 5, 2239—224Z
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A ,

-»a* Mt
Figure 8. Dodecylated SWNTs prepared by K/NH3 reductive alkyladon 
with n-CuHoI: (a) direct I3C pulse MAS spectrum, (b) *H—13C  CPMAS 
spectrum, and (c) 'H —l3C CPMAS spectrum with a  50-fts dephasing delay 
before FID acquisition.

interior quaternary aliphatic carbons of dialkyldihydro deriva
tives of planar condensed aromatic hydrocarbons (including 
those with only alkyl substituents on the periphery). Many NMR 
studies have been reported for dialkyldihydro derivatives of 
pyrene and numerous derivatives formed by annelating various 
aromatic ring systems onto pyrene. 17 Compounds with these 
extended aromatic ring systems are relevant in analyzing the 
13C chemical shifts of the dodecylated SWNTs. (Background

(15) (a) Abdul-Sada, A. K.; Avent, A. G.; Birkett, P. R.; Kroto, H. W.; Taylor, 
R.; Walton, D. R. M  7. Chem. Soc., Perkin Trans. 1 1998, 393-395. (b) 
Meier, M. S.; Bergosh, R. G.; Gallagher, M. E ; Spidmann, H. P.; Wang, 
Z. 7. Org. Chem. 2002, 67, 5946-5951

(16) (a) Kadish, K. M ; Gao, X.; Van Caemclbecke, E ; Hirasaka, T.; Suenobu, 
T.; Fukuzumi, S. 7. Phys. Chem. A 1998,102, 3898—3906. (b) Fukuzumi, 
S.; Suenobu, T.; Hirasaka, T.; Arakawa, R.; Kadish, K. M. 7. Am. Chem. Soc. 1998,120,9220-9227. (c) Kadish, K. M.; Gao, X.; Van CaemrilwrkP., 
E ; Suenobu, T.; Fukuzumi, S. 7. Phys. Chem. A 2000,104, 3878-3883.
(d) Allard, E ; Delaunay, J.; Cousseau, J. Org. Lett. 2003,5, 2239-2242.
(e) Toganioh, M.; Suzuki, K.; Udagawa, R.; Hirai, A.; Sawamura, M.; 
Nakanmra, E  Org. BiomoL Chem. 2003, /, 2604—2611. (f) Wang, G.-W.; 
Zhang, T.-H.; Wang. F. Org. Biomol. Chem. 2004, 2, 1160-1163. (g) 
Matsuo, Y.; Nakamura, E  7. Am. Chem. Soc. 2005,127, 8457-8466.

(17) (a) Du Veroet, R.; Boekelheide, V. Proc. NatL Acad. Set UJA. 1974, 71, 
2961—2964. (b) Yamamoto, K.; Ueda, T.; Yumioka, H.; Okamoto, Y.; 
Yoshida, T. Chem. Lett. 1984, 1977-1978. (c) Mitchdl, R. R ; Iyer, V. 
S.; Khalifo, N.; Mahadevan, R.; Venugopalan, S.; Weerawama, S. A.; Zhou, 
P. 7. Am. Chem. Soc. 1995,117, 1514-1532, 5168. (d) Mitchell, R. H.; 
Iyer, V. S. 7. Am. Chem. Soc. 1996,118,2903-2906. (e) Lai Y.-R; Zhou, 
Z.-L 7. Org. Chem. 1997, 62, 925-931. (f) Mitchell, R. R ; Zhang, J. Tetrahedron Lett. 1997, 38, 6517-6520. (g) Bodwell, G. J.; Bridson, J. 
N.; Chen, S.-L; Poiner, R. A. 7. Am. Chem. Soc. 2001, 72J, 4704-4708.
(h) Williams, R- V.; Annantrout, J. R.; Twamley, B.; Mitchdl R. R ; Ward, 
T. R.; Bandyopadhyay, S. 7. Am. Chem. Soc. 2002, 124, 13495-13505.
(i) Mitchell R. H.; Ward, T. R.; Chen, Y.; Wang, Y.; Weerawama, S. A.; 
Dibble, P. W.; MarseQa, M. J.; Almutairi, A.; Wang, Z.-Q. 7. Am. Chem. Soc. 2003, 125, 2974—2988. (j) References to other work tited in these 
papers.
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information for various aspects of the NMR analysis is provided 
in the Supporting Information.) For 13C NMR data of a model 
compound to be relevant for interpreting the spectra of dode
cylated SWNTs, the quaternary aliphatic carbons of the model 
have to occupy interior ring positions, for example, the 1 0 b and 
1 0 c positions of pyrene:

10c

I t  R , - R j - C H ,
lb : R | = R-2 ■ CjH j

l c  Rt ■ R2 “  «-CjH7
Id* Rj *  N"C|[Ha, R2 *  CH3

Quaternary aliphatic carbons on the periphery of the ring 
system, 13C NMR data for which have been reported for a few 
derivatives of pyrene18*’1' and one derivative of perylene,18c are 
not very useful models.

All of the literature 13C NMR data for dialkyldihydro 
derivatives of pyrene and larger planar condensed aromatic 
hydrocarbons appear to be for compounds bearing alkyl groups 
at adjacent sites (e.g., the 1 0 b and 1 0 c positions in pyrene), 
analogous to 1,2-addition in a fullerene. Unfortunately, almost 
all of these data are for compounds where the alkyl groups are 
trans to one another, as the cis compounds are much less 
common. 17t* 19 In dodecylated SWNTs, all of the alkyl groups 
are on the exterior, that is, cis to one another. So the starting 
point for the NMR analysis is the only cis-dialkyldihydro 
derivative of a large planar condensed aromatic hydrocarbon 
for which quaternary aliphatic carbon chemical shift data appear 
to have been reported:17*

CHj

■CHj

2

The — 0 (CH2)ioO— tether in 2 was critical for generating the 
cir-dimethyl stereochemistry in the synthesis and does not

(18) (a) Hempeoius, M. A.; Erkelens, C ; Mulder, P. P. J.; Zuilhof, H.; Heinen, 
W.; Lugtenburg, J.; Comclisse, J. J. Org. Chem. 1993, 58, 3076—3084.
(b) van Dijk, J. T. M.; Lugtenburg, J.; Comelissc, J. J. Chem. Soc., Perkin Trans. 21995, 1489-1495. (c) Ebert, L. B.; Milliman, G. E.; Mills, D. R.; 
Scanlon, J. C  Adv. Chem. Ser. 1988, 217, 109-126.

(19) (a) Mitchdl, R. H.; Boekelheide, V. /  Chem. Soc. D: Chem. Common. 
1970, 1555-1557. (b) Kamp, D.; Boekelheide, V. J. Org. Chem. 1978,43,3475-3477. (c) Mitchdl, R. R ; Mahadevan, R. Tetrahedron Lett. 1981, 22,5131 -5134. (d) Mitchell, R. H.; Chaudhary, M.; Kamada, T.; Slowey, 
P. D.; Williams, R. V. Tetrahedron 1986,42, 1741-1744. (e) Mitchdl, R. 
H.; BodweU, G. J.; Vinod, T. K.; Weerawama, K. S. Tetrahedron Lett. 
1988,29, 3287-3290. (f) Lai, Y.-R; Zhou, Z.-L. J. Org. Chem. 1994,59, 
8275-8278.

impose any strain on the ring system. 20 On the basis of the 
reported spectrum and shift data,17* we conclude that the signal 
at (333.9 results from the quaternary aliphatic carbon.

It now becomes necessary to estimate the quaternary aliphatic 
carbon chemical shift upon replacing the methyl groups with 
dodecyl groups. Replacing the methyl groups with n-propyl 
groups would be expected to deshield the quaternary aliphatic 
carbon by 3 ppm in light of the chemical shift for the quaternary 
aliphatic carbon in rranj-1 0 b,1 0 c-dimethyl-10b,1 0 c-dihydropy- 
rene (la , (530.0) and fra/«-10b, 10c-dipropyl-10b, 10c-dihydro 
pytene (lc , (534.9) . 171 As would be expected, 21,22 the methyl 
group terminating the propyl chain exerts a negligible y-shield- 
ing effect on the quaternary aliphatic carbon, as this carbon gives 
a signal at <535.1 in trans-lOb,lOc-diethyl-10b, 10c-dihydropy- 
rene (lb ).17* Lengthening the propyl chain would introduce 5- 
and longer range effects that would be expected to affect the 
quaternary aliphatic carbon chemical shift by much less than 1 

ppm. Thus, one might estimate that replacing the methyl groups 
in 2  with dodecyl groups would deshield the quaternary aliphatic 
carbons by about 5 ppm so that the signal would be at about 
539. The center of the quaternary aliphatic carbon signal is near 
539 in the dipolar dephasing spectrum of the Li/NH]-generated 
dodecylated SWNTs (Figure 6 c), which suggests that 1,2- 
addidon to a bond shared by two six-membered rings is 
significant.

The quaternary aliphatic carbons in the dodecylated SWNTs 
prepared by Na/NH3 reduction and K/NH] reduction are more 
shielded than those prepared by IJ/NH 3 reduction. This might 
be an indication of considerably more 1,4- than 1,2-addition in 
the Na/NH3- and K/NH3-generated dodecylated SWNTs in light 
of the data in Table S-l (Supporting Information), which show 
that the quaternary aliphatic carbon of a 1,4-disubstituted C® 
derivative with two identical CH2Z groups gives a signal 7—15 
ppm upfield of the quaternary aliphatic carbon in the corre
sponding 1,2-disubstituted C® derivative. Indeed, as discussed 
in the Supporting Information, in the di- and higher substituted 
derivatives of C® and C70, 1,4-addition appears to be more 
common than 1 ,2 -addition.

Dodecylating a complex mixture of SWNTs differing in 
diameter and chirality results in a range of quaternary aliphatic 
carbon environments differing ffom one another. An obvious 
difference is 1 ,2 -addidon to a bond shared by two six-membered 
rings versus 1,4-addition across a six-membered ring (Figure 
S-4). More subtle differences arise from the same type of 
addition to SWNTs differing in diameter and chirality so that 
small but significant differences in bond angles and bond 
distances exist in the environment of the quaternary aliphatic 
carbons. A range of quaternary aliphatic carbon chemical shifts 
then results because, as noted earlier, chemical shift is very 
sensitive to bond lengths and bond angles.

In any event, in a standard ’H—13C CP experiment the 
significant quaternary aliphatic signal intensity near 530 in the 
Na/NH3 and K/NH3 products is completely obscured by the 
signals for the numerous interior CH2 carbons that would also

(20) Bodwell, G. J.; Bridson, J. N.; Chen, S.-L.; U, J. Ear. J. Org. Chem. 2002, 
243-249.

(21) Wehrii, F. W.; Wirthlin, T. Interpretation of Carbon-13 NMR Spectrâ 
Hey den: London, 1976; p 28.

(22) Another example of die negligible y-shielding effect upon a quaternary 
aliphatic carbon is provided by the chemical shifts for C-3 of 3,3- 
dimethyiheptane (632.62) and for C-4 of 4,4-dimethyloctaoe (632.66) 
(obtained in dilute solutions in CDCh; unpublished data).
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give a signal near <530.17e This makes the usefulness of the 
dipolar dephasing experiment particularly apparent. Simpler 
spectra should result from methyiation. With no methylene 
signals present, the dipolar dephasing experiment should not 
be necessary.

For the three samples, comparing the intensity of the aliphatic 
signal among the basic CPMAS spectra or among the dipolar 
dephasing spectra shows that the intensity is the highest for the 
Na/NH3 product This parallels what is observed for the intensity 
of the 1290 cm- 1  band in the Raman spectra of the dodecylated 
products. These NMR and Ram an results are consistent with 
the TGA results, indicating significantly more dodecylation in 
the Na/NH3 reaction (one dodecyl chain for every 13 nanotube 
carbons) than in the Li/NH3 or K/NH3 reactions (one dodecyl 
chain for every 24 or 25 nanotube carbons, respectively). For 
the Na/NH3 product, it is not obvious if there is a common 
explanation for the relatively simple TGA profile (exhibiting a 
major high temperature decomposition peak from detachment 
of the dodecyl groups) and the relatively sharp aliphatic carbon 
signal in the basic CPMAS and dipolar dephasing NMR spectra. 
It is also apparent from the relatively low S/N in the basic 
CPMAS and dipolar dephasing spectra of the K/NH3 product 
that this material did not undergo CP as efficiently as the Li/ 
NH3 and Na/NH3 products, again demonstrating the subtle 
influence that the choice of metal has on the reductive 
dodecylation reaction.

Conclusion

Addition of alkyl iodides to carbon nanotube salts prepared 
with lithium, sodium, or potassium yields highly functionalized 
SWNTs that exhibit distinct thermal behavior as demonstrated 
by thermal gravimetric analysis. These differences can be 
observed by analysis of the solid-state 13C NMR spectra of the 
dodecylated SWNTs that have been prepared with the different 
alkali metals and may indicate differences in the relative 
amounts of 1,2- and 1,4-addition of the alkyl groups.
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Abstract

The cytotoxic response of cells in culture is dependant on the degree of functionalization of the single-walled carbon nanotube 
(SWNT). After characterizing a set of water-dispersible SWNTs, we performed in vitro cytotoxicity screens on cultured human 
dermal fibroblasts (HDF). The SWNT samples used in this exposure include SWNT-phenyl-SOjH and SWNT-phenyl-SOjNa (six 
samples with carbon/-phenyl-SOjX ratios of 18,41, and 80), SWNT-phenyl-(COOH)2  (one sample with carbon/-phenyl-(COOH) 2 

ratio of 23), and underivatized SWNT stabilized in 1 % Plutonic F108. We have found that as the degree of sidewall functionalization 
increases, the SWNT sample becomes less cytotoxic. Further, sidewall functionalized SWNT samples are substantially less cytotoxic 
than surfactant stabilized SWNTs. Even though cell death did not exceed 50% for cells dosed with sidewall functionalized SWNTs, 
optical and atomic force microscopies show direct contact between cellular membranes and water-dispersible SWNTs; ie . the 
SWNTs in aqueous suspension precipitate out and selectively deposit on the membrane.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Single-walled carbon nanotubes (SWNTs) are 
becoming increasingly studied, not only for their pos
sible applications in the electronics, optics, and mechan
ical materials, but also in biological applications, such 
as imaging and drug delivery (Cherukuri et al., 2004).

* Coiresponding author. Tel.: +1 713 348 8212; 
fax: +1 713 348 8218.

E-mail addresses: csayes@rice.edu (C.M. Sayes), 
ausman@rice.edu (K.D. Ausman).

Because of this, it is imperative to examine the toxicity 
of these carbon-based nanostructures. Previous toxico- 
logical evaluations of single-walled carbon nanotubes 
have been conducted, both in cell culture and in vivo. 
One example, using a SW NT surfactant stabilized sys
tem where the Fe content was significantly high, reported 
an elevated cytotoxic response (Shi Kam et al., 2004). 
Warheit et al. (2004), observed an increase in inflamma
tory and PM N  response in the lung cavities o f rats. While 
these studies report potential negative implications of 
SWNTs, they did not use a SW NT sample easily dis
persed in water via covalently bound functional groups. 
Since, it is the water-dispersible carbon nanotubes that
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are of considerable interest for biological applications, 
and a full toxicological evaluation can only be performed 
with nanomaterials that are disperible in the aqueous 
phase, we have investigated the cytotoxic response of 
human dermal fibroblasts (HDF) to a variety o f water- 
dispersible single-walled carbon nanotubes.

In previous studies, we evaluated the differential cyto
toxicity of water-suspendable fullerenes on HDFs in cul
ture (Sayes et al., 2004). We concluded that as the degree 
of functionalization on the surface of the fullerene cage 
increases, the cytotoxicity o f the fullerene decreased sig
nificantly. The simple act o f functionalizing the fullerene 
with either carboxyl or hydroxyl groups decreased the 
cytotoxic response over seven orders of magnitudes 
for human dermal fibroblasts, human liver carcinoma 
cells, neuronal human astrocyte cell lines. In this study, 
we investigate the cytotoxic effect caused by dosing 
HDFs with varying concentrations of different water- 
dispersible SWNTs in an effort to similarly determine a 
differential cytotoxicity as a function of derivatization.

Here, we examine the cytotoxicity o f three differ
ent water-dispersible SW NT samples in human dermal 
fibroblast cell cultures. Using a traditional cytotoxic
ity/viability staining assay, we determined the biological 
response o f HDFs in culture dosed with varying concen
trations o f sidewall functionalized nanotubes and sur
factant stabilized nanotubes. Characterization, including 
spectroscopy and microscopy, describe each sample used 
in the study. There are four water-dispersible SW NT 
samples used in this study: SWNT-phenyI-SO3 H (1), 
SWNT-phenyl-(COOH>2 (2), SW NT in 1% Pluronic 
F108 (3), and SWNT-phenyl-SOaNa (4). Cells were 
also exposed to a 1% Pluronic F108 solution as a con
trol. The density o f functionalization on the sidewalls 
of the SW NT is reported as the ratio o f SW NT car
bon atoms to addends (carbon/-phenyl-SC>3 X ). Finally, 
fluid atomic force microscopy (A FM ) provided a tool to 
image the interaction of water-dispersible SWNTs and 
an artificial phosphocoline membrane at the nanome
ter level, modeling the interaction of the tubes with cell 
membranes.

2. Materials and methods

All chemicals were purchased through Sigma-Aldrich 
at highest purity unless otherwise stated and experiments 
were performed minimally in triplicate. Data are presented 
as mean ±  standard deviation, and an analysis of variance 
(ANOVA) followed by a Dunnett’s test was used to determine 
significance. The single factor ANOVA test was applied specif
ically to the samples used in a particular study, as well as each 
dilution of the sample being tested. Statistical significance was 
established as P and a  < 0.05. Statistical tests were performed

with Excel software (Analysis TooIPak for Microsoft® Excel
2000) and from literature (Dunnett, 1964).

2.1. Water-dispersible single-walled nanotubes 
preparation

Three different water-dispersible single-walled nanotube 
samples (SWNT) were used in this study. Compounds 1 and 
4 were synthesized by the method described below. These 
samples were functionalized at various catbonZ-phenyl-SOsX 
ratios (18,41, and 80) to evaluate the dependence of cytotoxi
city on the functionality of SWNTs.

2 was synthesized by dispersing unfunctionalized SWNT 
(0.169g, 14meq C) in oleum (200mL, 20% free SO3) with 
magnetic stirring (3 h) (Hudson et al., 2004). Sodium nitrite 
(1.93 g, 28 mmol) was added followed by 5-aminoisophthalic 
acid (5.07 g, 28 mmol) and azobisisobutyronitrile (AIBN) 
(0.460g, 2.8 mmol). The reaction was stirred at 80°C for 1 h, 
then carefully poured over ice. The suspension was then filtered 
through a polycarbonate membrane (1 pan). The filter cake was 
washed with water and acetone, and then dried (233 mg).

3 had no deliberate sidewall functionality, but instead was 
a SWNT sample dispersed in water using a 1 % Pluronic F108 
solution. Moore et al. (2003), describes the method of synthesis 
for this sample.

2.2. Synthesis o f  SWNT-phenyl-SOjH and 
SWNT-phenyl-SO jNa

The SWNTs used in this investigation were produced at 
Rice University by the HiPco process (Bronikowski et al.,
2001) and purified as described previously (Xu et al., 2005). 
SWNTs with residual metal less than 1 wt.% were obtained 
after purification.

1 was prepared using a two-step process. First, SWNTs 
(40mg, 3.33mmol of carbon) and benzene (lOOmL) were 
added to a 250mL three-necked round bottom flask equipped 
with a homogenizer (Peng et al., 2003; Ying et al., 2003). The 
contents were homogenized for 1 0  min before benzoyl per
oxide (807 mg, 3.33 mmol for the most functionalized level; 
202 mg, 0.833 mmol for the medium-functionalized level; 
25 mg, 0.104 mmol for the least functionalized level) was 
added, and heated under argon at 80 °C for 2 h with homogeniz
ing. After cooling, the contents of the flask were diluted with 
100 mL of benzene, filtered over a PTFE membrane (0.2 pm), 
and washed extensively with chloroform to produce phenylated 
SWNTs.

Second, the phenylated SWNTs (20 mg) were dispersed in 
oleum (20 mL, H2S04 ,20% as free SO3 ) andheated to 80 °C for 
4h under argon atmosphere to produce SWNT-phenyl-SCbH. 
The suspension was carefully poured into 100 mL of ice water, 
filtered over apolycaibonate membrane (0 . 2 2  pm), and washed 
extensively with water to produce 1 .

4 was prepared by dispersing 1 (20 mg) in 1M NaOH 
(30 mL), and heating to 80 °C under argon overnight to produce 
4. The contents were diluted with 100 mL of water, filtered over
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a polycarbonate membrane (0 .2 2  pm), and washed extensively 
with water.

2.3. Characterization o f  water-dispersible SWNTs

3 was characterized in previous studies (Moore et al., 2003; 
Hudson et al., 2004). Samples were characterized using spec
troscopy and microscopy. Characterization of 1, 2, and 4 are 
reported here. Degree of functionalization was determined both 
qualitatively using Raman spectroscopy and quantitatively 
using thermogravimetric analysis (TGA) and X-ray photoelec
tron spectroscopy (XPS). Dispersion characteristics, as well as 
concentrations, were determined with ciyo-transmission elec
tron microscopy (cryo-TEM).

2.4. Differential cytotoxicity o f  water-dispersible SWNTs, 
in vitro

Human dermal fibroblasts were purchased from Cambrex 
Biosciences and cultured in Dulbecco’s Modification of Eagles 
Media (DMEM) (McKeeham and Ham, 1977; Anderson et al., 
1996). Cells were grown to 70% confluency before exposure 
to each SWNT sample; each culture plate was incubated in the 
dark at 37 °C/5% CO2 for 48 h. Passage numbers 2-10 were 
used in this study. The concentrations of each SWNT species 
delivered were between 1 0 ~ 4 and 1 0 3 ppm.

The viability/cytotoxicity of human dermal fibroblasts 
exposed to various water-dispersible SWNT samples was 
measured using calcein AM and ethidium homodimer stains 
(Molecular Probes). Cells were exposed to nanotube samples 
at varying concentrations (3 p.g/mL-30 mg/mL) for 48 h. As 
a control, cells were exposed to a 1% Pluronic F108 solu
tion. Using fluorescence microscopy, images of healthy normal 
cells and compromised unhealthy cells were collected. Each 
experiment was performed in triplicate. Although we observed 
an expected dose-response relationship, i.e. as concentra
tion of SWNT suspension increased, cell viability decreased; 
cell death did not exceed 50% for compounds 1, 2, and 4, 
providing a lower bound for their LCM values, the concen
tration at which 50% of cells in culture die, of 2mg/mL. 
Stained cells were imaged using fluorescence microscopy 
(Zeiss Axiovert) and statistical analysis was performed 
using a single factor ANOVA test followed by Dunnett’s 
test.

2.5. Mitochondrial activity

The l-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan 
(MTT) assay (Sigma) was used to evaluate mitochondrial 
activity (Mossman, 1983). Cells, grown in 24-well plates, were 
exposed to SWNTs as described above. After 48 h, 150 p.L of 
MTT (5 mg/mL) was added to each well and incubated for 
4h. Afterwards, 850 jiL  of the MTT solubilization solution 
(10% Triton X-100 in 0.1 N HC1 in anhydrous isopropanol) 
was added to each well. The 24-well plate was gently mixed 
on a gyratory shaker to solubilize the formazan crystals.

After solubilization in acidic isopropanol, the product was 
quantified by measuring absorbance at 570 nm.

2.6. Evidence o f  SWNT deposition o f  biomembranes

Images of the interactions between water-dispersible 
SWNTs and biological membranes were obtained by bright- 
field optical microscopy and atomic force microscopy. For 
the AFM studies, l,2-dioleoyl-rn-glycero-3-phosphocholine 
(DOPC, Avanti Polar Lipids, 5 mg/mL in chloroform) mem
branes were prepared by drying down the solution using a N2 

flow followed by a vacuum (10- 3  Torr). The lipids were then 
hydrated with 2 mL of deoxygenated D I water, vortexed in the 
dark, and diluted to a total volume o f200 mL. Fifty microliters 
of the resulting solution was incubated for 2 0  min over freshly 
cleaved mica, rinsed with D I water, and transferred to the liquid 
cell (total volume, 100 p.L) of the AFM (Digital Instruments 
Nanoscope TV) without further treatment. For these experi
ments, pure water was used as the medium for imaging. Before 
inoculation of SWNTs to the solutions, the lipids were found to 
form micron-sized islands on the mica surface (~5 nm high), 
which is consistent with the formation of a stable lipid bilayer.

3. Results

Fig. 1 shows the dose-response relationship of three 
different water-dispersible single-walled carbon nan
otube samples, as well as the structural differences in 
the various samples. SW NT-phenyl-SOjH and SWNT- 
phenyl-(COOH)2 , covalently bound sidewall functional 
groups, are less cytotoxic than the SW NT in 1 % Pluronic 
F108, which is stabilized in a micellar solution with
out covalent functionalization. Cells exposed to a 1% 
Pluronic F108 solution control exhibited only a 10% 
decrease in viability (supplemental data available); unex
posed controlled cells only had 2-3%  decrease in via
bility. Cell death (% dead) was measured by number 
of cells fluorescing read divided by the total number of 
cells. The results from the ANOVA tests of control and 
experimental groups revealed that samples 1  and 2  are 
non-cytotoxic to H DF cells, and sample 3 is cytotoxic; 
those results are statistically significant at P < 0.000807. 
Results from Dunnett’s test are shown in Fig. 1.

Phenylated SWNTs, precursors for 1 (SWNT-phenyl- 
SO3 H ) and 4 (SW NT-phenyl-SOjNa) were character
ized by Raman spectroscopy and thermogravimetric 
analysis. Direct evidence o f covalent sidewall function
alization was provided by Raman spectroscopy. The 
Raman spectrum of the starting purified SWNTs shows 
a small disorder mode (D-band) at 1290 cm- 1 (Fig. 2A). 
The spectra o f the least, medium and most functional
ized samples exhibit progressively increasing disorder 
modes relative to the large tangential modes (G-band) at
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Fig. 1. Differences in the functionality and cellular activity o f three different water-soluble single-walled carbon nanotube samples. The water- 
soluble functional groups o f each sample is shown to the left, 1 SWNT-phenyl-SOjH, 2 SWNT-phenyl-(COOH)2, 3 SWNT in 1% Pluronic F108 
(note: structures o f models are not drawn to scale; 3 represents the surfactant wrapped around the tube, as viewed from the end of the tube). The 
dose-response curve is shown in part (A); (■ ) SWNT-phcnyl-SC^H; (■ ) SWNT-phenyl-(COOH>2; (■ )  SWNT in 1% Plutonic F108, where C/FG 
stands for carbon to functional group ratio. Results are combined from three independent exposures. Groups significantly different from the control 
group (by ANOVA P<0.000807 followed by Dunnett’s test) are shown by (* P < 0 .0 5 )o r("P < 0 .0 1 ) . Part (B) plots the relative toxicides o f various 
samples at stated concentrations.

~1590cm -1 . The degree of functionalization has been 
determined by thermogravimetric analysis from 80 to 
800 °C under an atmosphere of argon. The weight loss 
for the least, medium and most functionalized SWNTs 
was 17.0%, 22.5% , 33.5%, respectively. Considering 
that the weight loss of the starting purified SWNTs was 
10.5% under the same conditions, the degree of func
tionalization (carbon/phenyl group ratio) for the three 
samples was determined to be 80,41 and 18 for the least, 
medium and most functionalized SWNTs, respectively. 
The synthesis o f 1 and 4 alter only the phenyl groups 
and do not change the degree of functionalization). Fur
ther characterization of 1 and 4 was carried out by X-ray

photoelectron spectroscopy and cryo-transmission elec
tron microscopy. Fig. 2A, B, and C show the XPS data 
of the most functionalized 1. The atomic percentage was
83.05 Cis, 2.82 S2 P, and 14.13 O is, indicating that mono- 
sulfonation had occurred. For the most functionalized 
4 (SWNT-phenyl-SOaNa), the atomic percentage was 
84.35 Cis, 2 S2P, 11.77 O is, and 2 N ais, indicating that 
the sulfur to sodium ratio was approximately 1 :1  and the 
-phenyl-SOaH groups were changed to -phenyl-SC>3 Na. 
The cryo-transmission electron micrograph (Fig. 2D) 
shows dimensions and dispersion of the most functional
ized 1 in water. The tubes, on average, are 1 nm in diame
ter, 400 nm in length, and individually suspended. Lastly,
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Fig. 2. Characterization o f SWNT-phenyl-SChH. The characterization data o f the nanoparticle sample not only verifies that the sample contains 
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from other reports (Shi Kam et al., 2004), were below die detection limit o f the instrum ent (D) The cryo-transmission electron micrograph o f 
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(E) Raman spectroscopy confirms the degree of functionalization.
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Fig. 2E shows the carbon nanotube peak Unchanged, but 
the functionalization peak increasing as functionaliza
tion density increases.

2 was characterized by Raman spectroscopy, 
thermogravimetric analysis, and X-ray photoelectron 
spectroscopy. The Raman spectrum gives evidence for 
sidewall functionalization of the SWNTs, while TGA  
and XPS confirm the carbon/-phenyl-(COOH) 2  ratio to 
be 23.

When examining the SW NT samples with differ
ent degrees o f functionalization, we saw a differen
tial in the cytotoxic response of the HDFs in culture 
(Fig. 3). As the degree o f functionalization changed
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Fig. 3. Similarities in cellular activity o f S WNT-phenyl-SChH and 
SWNT-phenyl-S0 3 Na. The former is a precursor to the later. Both 
samples were tested because different SWNT applications requires 
different starting materials, i.e. SWNT-phenyl-S0 3 H or SWNT- 
phenyl-SChNa. The dose-response relationship of the least, medium, 
and most functionalized (□ ) SWNT-phenyl-S0 3 H and (■) SWNT- 
phenyl-S0 3 Na samples. Results are combined from three indepen
dent exposures. Groups significantly different from the control group 
(by ANOVA P< 0.403 followed by Dunnett’s test) are shown by 
(*P<0.05) or CP< 0.01).

from carbon/-phenyl-SC>3 H  ratios o f 80, 41, and 18, 
the cytotoxicity decreased. The LC 5 0  values for each 
of the functionalized sample could not be obtained 
because 30% cell death could not be reached. Using the 
M TT assay, we found that mitochondrial activity was 
unchanged. The cytotoxic responses of SWNT-phenyl- 
SC^Na on HDFs are similar to those of SWNT-phenyl- 
SO3H . The results from the ANOVA tests of control and 
experimental groups revealed that most functionalized 
SWNT-phenyl-S0 3 X  are non-cytotoxic to HDF cells, 
but statistically significant (P <  0.544); the medium- 
functionalized SWNT-phenyl-S0 3 X  are non-cytotoxic 
to HDF cells, but statistically significant (P <  0.495); 
and least functionalized SWNT-phenyl-S0 3 X  are non- 
cytotoxic to HDF cells, but are not statistically significant 
(P <  0.403). Results from Dunnett’s test are shown in 
Fig. 3.

After 36 h, there was visible evidence o f nanotubes 
beginning to aggregate and precipitate out o f DM EM , 
confirmed by the Tyndall test. Fig. 4 shows the deposi
tion of nanotubes onto the membrane. Deposition was 
confirmed on model membranes using atomic force 
microscopy, where tubes, both individual and aggre
gates, deposit onto phosphocoline membranes. The opti
cal microscope image in Fig. 3 is o f cultured HDFs after 
exposure to water-dispersible SW NTs for 2 days. The 
image shows the aggregation and deposition of the nan
otubes on the cellular membrane. Further analyses using 
AFM  imaging, reveals that the nanotubes w ill preferen
tially precipitate out o f the aqueous solution and deposit 
onto a l,2-dioleoyl-rn-glycero-3-phosphocholine mem
brane.

4. Discussion

The water-dispersible SW NT forms studied here span 
the two distinct primary methods for suspending nan
otubes in aqueous systems. Samples 1 and 2 are covalent 
modifications of the tubes themselves, resulting in sol
ubilizing functionality irreversibly attached under even 
extreme biological conditions. These stable samples are 
suspended in water without the use o f surfactants, but 
suffer the disadvantage o f chemical modifications of the 
underlying aromatic nanotube structure, which is the 
source of many properties that make SWNTs attractive 
for applications.

Sample 3, on the other hand, contains pristine under- 
ivitized SWNTs solubilized by surfactant coatings. It is 
known that SWNTs in 1% Pluronic F108 prepared in 
surfactant solution by this method results in individu
ally suspended SWNTs in stabilized micellar surfactant 
assemblies (Moore et al., 2003). Stabilization of SWNTs
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Fig. 4. SWNT-phenyl-SOjH preferentially deposit on the DOPC membrane. Optical micrographs o f (A) healthy HDFs before exposure and (B) 
HDFs after exposed to SWNT-phenyl-SOsH for 48 h. Atomic force micrographs of (C) intact DOPC membrane and (D) DOPC membranes exposed 
to SWNT-phenyl-SOsH for 2  h.

in aqueous systems by surfactant has long been pre
formed including Triton X100 and sodium dodecylben- 
zene sulfonate (SDBS) (Bandow et al., 1997; Duesberg 
et al., 1998; Burghard et al., 1999; Casavant et al., 2003). 
These samples retain the inherent properties o f underivi- 
tized SWNTs, but unlike samples 1 and 2, their surfactant 
coating is reversibility, non-covalently attached.

The sidewall functionalized nanotubes were analyzed 
for degree o f functionalization, dispersion in water, and 
cytotoxic response. Raman spectroscopy and thermo- 
gravimetric analysis show degree of functionalization on 
the surface o f the tube. The degree o f functionalization 
decreases from carbon/-phenyl-S0 3 H  ratios of 80, 41, 
and 18 for the samples tested. X-ray photoelectron spec
troscopy was used to determine the elemental contents 
for both 1 and 4. Cells dosed with both samples exhib
ited the same cytotoxic response. We lowered the HDF 
cytotoxic response o f SW NT by covalent functionaliza
tion. The SW NT in 1% Pluronic, which was more dilute 
than 1, 2, or 4 by three orders of magnitude, was more 
cytotoxic than the sidewall functionalized SWNTs. This 
increase in cytotoxic response is partly due to excess 
Pluronic F108 in the aqueous solution. Controlled expo
sure of 1% Pluronic to HDFs produced a 10% decrease in

viability, where HDFs exposed to no additives decreased 
in viability only 2-3% . In addition to cytotoxic response, 
the metabolic activity o f HDFs in culture was unchanged 
over the SW NT-phenyl-S03H concentration range. The 
reduction of M TT by an oxidizing agent was observed 
to be independent of SW NT-phenyl-S03 concentration, 
ruling out significant interference in the M TT test by 
the nanotube sample. Functionalization o f SWNTs may 
lim it some properties of SWNTs that are key to appli
cations such as its fluorescence, but does increase the 
biocompatibility o f nanotubes with cells in culture.

For the M TT  and differential cytotoxicity screens for 
samples 1 ,2 , and 3, data was taken for both 24 and 48 h 
time points, showing no difference in cell death or mito
chondrial activity; i.e. the same assay results were seen 
at both time points. Liquid A FM  imaging was performed 
continuously for 2  h.

Using fluid A FM , we observed two phenomenon 
involving 1 , a covalently modified derivative, and 
phosphocoline membranes. First, SWNTs preferentially 
deposit on DOPC membranes, not on the mica substrate. 
Second, over a 2h time period, the water-dispersible 
SW NT sample begins to aggregate on the DOPC mem
brane. Two driving forces may facilitate the deposition

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142 CM. Sayes et al. /  Toxicology Letters 161 (2006) 135—142

of SWNTs on phosphocoline membranes. We specu
late that ionic interactions provide a means for nanotube 
deposition on DOPC membranes; i.e. the -O H  group 
from the sulfonate functional group o f SWNT-phenyl- 
SO3 H, when suspended in water, can dissociate and 
leave a negative charge o f the surface of the nanotube. 
The ampiphilic molecule, DOPC, is a zwitterion, thus 
can attract a charged nanotube initiating the observed 
deposition. These AFM  experiments do not distinguish 
surface deposition and membrane intercalations. The 
lipid bilayer that composes the biomembranes provides 
a lipophilic environment, which in turn could stabilize 
nanotubes suspended in an aqueous environment.

Though the cytotoxicity studies show only very lim
ited impact of cell viability and cell density, these 
AFM  studies suggest relatively significant interactions 
of SWNTs with biomembranes. This interaction pro
vides further evidence that the bio-nano interface can be 
developed for drug delivery and diagnostic applications.
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Single-walled carbon nanotubes functionalized by phenyl groups can be sulfonated in oleum (H2SO4, 
20% free SOj) to give materials that exhibit high solubility in water as determined by centrifugation in 
conjunction with U V —vis—near-infrared measurements. Cryo-transmission electron microscopy images 
show that extensive debundling occurs during the sulfonation step.

Introduction

Applications of carbon nanotubes in biological nanotech
nology1 w ill require nanotubes that are soluble in water, a 
medium essential to studies involving live cells. Surfactant 
wrapping2 and DNA-assisted dispersion3 have been used to 
achieve water-soluble, individual single-walled carbon nano- 
tubes (SWNTs); however, these methods require harsh 
sonochemical treatments, and the yields are low. One of the 
most promising routes to soluble nanotubes involves chemi
cal functionalization, at either the ends or the sidewalls of 
the nanotubes. One approach involves the reaction of 
carboxylic acid groups that are formed during purification 
of the SWNTs with glucosamine,4 proteins,3 or oligomeric 
or polymeric water-soluble molecules.6 Water-soluble aryl 
sulfonated SWNTs have also been formed in oleum in a one- 
step reaction7 but with a low degree of functionalization. In 
this manuscript, we describe a convenient and scalable route

* Corresponding author. E-mail: billups@rice.edu. 
t Department of Chemistry.
1 Department of Chemical & Biomolecular Engineering.
* The Smalley Institute for Nanoscale Science and Technology.
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to achieve highly functionalized SWNTs 2 and 3, which form 
thermodynamically stable solutions in water. The reactions 
are outlined in Scheme 1.

Experimental Section

Materials. Studies were carried out using both crude and 
purified8 SWNTs ( —6  wt % iron) that were prepared by the HiPco 
process’ Benzoyl peroxide (reagent grade, 97%), sulfuric acid 
(fuming, ACS reagent, 20% as free SO3), and sodium hydroxide 
(ACS reagent, >97.0%, pellets) were purchased from Aldrich.

Synthesis of Phenylated SWNTs I .  SWNTs functionalized by 
phenyl groups were prepared using benzoyl peroxide10 as the source 
of phenyl radicals. In a typical experiment, SWNTs (40 mg, 3.33 
mmol of carbon) and benzene (50 mL) were added to a 100 mL 
three-necked round-bottom flask equipped with a homogenizer. 11 

The contents were homogenized for 10 min, and the benzoyl
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106, 1294-1298. (e) Lin, Y.; Hill, D. E.; Bendey, J.; Allard, L. F.; 
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Figure 1. Cryo-TEM images of sulfonated SWNTs 2 (A) prepared from purified materials and (B) from raw materials.

peroxide (807 mg, 3.33 mmol) was then added. The mixture was 
then heated under argon at 80 °C for 2 h with homogenizing. After 
cooling, the contents of the flask were diluted with benzene ( 1 0 0  

mL), filtered through a poly(tetrafluoroethylene) membrane (0.2 
um), and washed with chloroform.

Synthesis of Sulfonated SWNT 2. The phenylated SWNTs 1 
(20 mg) were dispersed in oleum (20 mL, H2SO*, 20% as free SO3) 
and heated under argon at 80 °C for 4 h to yield the sulfonated 
SWNTs 2. The suspension was then poured carefully into 100 mL 
of ice water, filtered through a polycarbonate membrane (0 .2 2 /rm), 
and washed with water.

Synthesis of Sulfonated SWNT Salt 3. The phenyl sulfonated 
SWNTs 2 (20 mg) were treated with a 1 M NaOH (30 mL) solution 
overnight at 80 °C under argon. The contents were then diluted by 
water (100 mL), filtered through a polycarbonate membrane (0.22 
Um), and washed with water.
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Figure 3. XPS of sulfonated SWNTs 2. (A) Survey of the spectral region from 0 to 1100 eV, (B) the carton Is region, 83.05%, (C) the oxygen Is region, 
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Figure 2. Raman spectra (780 nm excitation) of (A) purified SWNTs and 
(B) phenylated SWNTs obtained by reaction with benzoyl peroxide.
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Characterization. The functionalized SWNTs were character* 
ized by Raman spectroscopy, thermogravimetric analysis (TGA), 
cryo-transmission electron microscopy (cryo-TEM), and X-ray 
photoelectron spectroscopy (XPS). Raman spectra of solid samples 
were collected using a Renishaw 1000 microraman system equipped 
with a 780 nm laser source. The thermal degradation studies were 
carried out using a SDT 2960 Simultaneous differential scanning 
calorimeter—thermogravimetric analyzer from TA Instruments. 
Cryo-TEM images were obtained using a JEOL 2011 instrument 
operating at 200 kV. A Physical Electronics (PHI QUANTERA) 
XPS/ESCA system was used to acquire the XPS data. The base 
pressure of the system was 5 x 10“ 9 Torr. A monochromatic Al 
X-ray source at 100 W was used with a pass energy of 26 eV and 
a 45° takeoff angle. The beam diameter was 100.0 ftm.

Solubility measurements were made by centrifugation in con
junction with UV—vis—near-infrared (nIR) absorbance. 12 After

(11) Sadana, A. K.; Liang, F.; Brinson, B.; Arepalli, S.; Farhat, S.; Hauge, 
R. H.; Smalley, R. E.; Billups, W. E. J. Phys. Chem. B 2005, 109, 
4416-4418.

mixing, the samples were centrifuged on a Fisher Centrific model 
225 Benchtop centrifuge at 5100 rpm. UV—vis—nIR absorbance 
spectra were measured on a Shimadzu UV-3101PC spectrometer 
in 1 mm path length Stama cells with Teflon closures. At low 
concentration in water, light absorbance in the range from 400 to 
1400 nm scales linearly with concentration. This Beer’s law 
behavior yields calibration curves for measuring the concentration 
of the sulfonated SWNTs in water.

Results and Discussion

Cryo-TEM images of 2 prepared from purified SWNTs 
are presented in Figure 1A. These images demonstrate that 
extensive debundling occurs during the sulfonation step. 
Cyro-TEM images recorded using a dilute solution of the 
sulfonated SWNTs prepared from raw HiPco nanotubes

(12) Rai, P. K.; Pinnick, R. A.; Parra-Vasquez, A. N. G.; Davis, V. A.;
Schmidt, H. K.; Hauge, R. H.; Smalley, R. E.; Pasquali, M. J. Am.Chem. Soc. 2006, 128, 591-595.
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Figure 5. Photographs of (a) pristine SWNTs and (b) sulfonated SWNTs 2 in H^O. (A) Immediately after sonication; (B) after 1 min; (C) after 5 min; (D) 
after 24 h; (E) after 10 days; and (F) after 1 month.

exhibit similar behavior (Figure IB ). It is interesting that 
the material prepared from the unpurified nanotubes has the 
catalyst (seen as black spots) still attached to the ends of 
the tubes.

The catbon/phenyl ratio of 2, as determined by TGA, was 
found to be 18. This high degree of functionalization can 
also be inferred by inspection of the Raman spectrum (Figure 
2). Whereas a small disorder mode (D-band) that is related 
to sp3-hybridized carbon is observed at 1290 cm- 1  for the 
purified SWNTs (Figure 2A), the functionalized SWNTs 
exhibit a much larger D-band (Figure 2B), confirming the 
high level of functionalization observed by TGA analysis. 
The sulfonated SWNTs 3 and the precursor phenylated 
SWNTs exhibit D- and G-bands of similar intensities.

XPS spectra of 2 and 3 are presented in Figures 3 and 4, 
respectively. The atomic percentages for 2 were found to be
83.05 for C Is, 14.13 for O Is, and 2.82 for S 2p, indicating 
that a monosulfonation product is formed. For 3 (Figure 4), 
the atomic percentages are 84.35 for C Is, 11.78 for O Is, 
2.22 for Na Is, and 1.66 for S 2p. These results indicate 
that the sulfur-to-sodium ratio is approximately 1 :1 .

Thermodynamically stable solutions of 2 are formed after 
sonication for 2 min. Visual inspection of these solutions 
(Figure 5) showed no indication of flocculation after several 
months. In contrast, a solution of the purified SWNTs began 
to flocculate within 1 min after sonication for 1 0  min.

Solubility measurements of 2 were made by centrifugation 
in conjunction with U V —vis—nIR absorbance. 12 Centrifuga
tion of concentrated (500 and 1000 ppm) dispersions of 
sulfonated SWNTs for 12 or more hours (during which 
equilibrium is reached) resulted in a clear phase separation 
where the isotropic phase is supernatant. Dilution of the 
isotropic phase with a known amount of water followed by 
U V —vis—nIR absorbance measurements provided a quan
titative estimation of solubility, that is, the maximum 
concentration that can exist in the isotropic phase. Figure 6  

shows the U V —vis—nIR spectra of the sulfonated SWNTs 
in water (500 ppm initial dispersion) before and after

12
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f ig u re  6. UV—vis—nIR spectra of sulfonated SWNTs 2 in water (500 
ppm initial dispersion) before centrifugation and after centrifugation of the 
top phase.

centrifugation of the top phase. The U V —vis—nIR spectra 
of the 1 0 0 0  ppm initial dispersion before and after centrifu
gation in the top phase can be found in Supporting Informa
tion (Figure S I). The U V -v is —nIR spectra of functionalized 
SWNTs do not exhibit absorption peaks for specific chirality 
vectors that are dominant in pristine SWNTs. The first van 
Hove features arising from transitions involving the V! — ci 
of the pristine SWNTs are sensitive to adsorption of any 
species on the surface of the nanotubes. 13 Because vi valence 
electrons become largely depleted in the functionalization 
process, they do not contribute to U V —vis—nIR absorption 
peaks for specific chirality vectors of SWNTs. The isotropic 
phase at the top is optically uniform and structureless. The 
concentration of sulfonated SWNTs of the top phase is 
calculated to be ~492 ppm on the basis of U V—vis—nIR 
absorption data at 500 nm. This is one of the highest values 
achieved for functionalized SWNTs.

(13) Ramesh, S.; Ericson, L. M.; Davis, V. A.; Saini, R. K-; Kittrell, C.; 
Pasquali, M.; Billups, W. E.; Adams, W. W.; Hauge, R. H.; Smalley, 
R. E. J. Phys. Chem. B 2004, 108, 8794-8798.
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SWNTs functionalized by phenyl groups were also 
prepared by treating nanotube salts with iodobenzene (Scheme 
2) . 14113 These results can be found in Supporting Information. 
Sulfonation of the phenylated SWNTs in oleum (H2S04, 20% 
free SOj) was earned out as described earlier.

The solubility of the sulfonated SWNTs prepared by Birch 
phenylation was determined to be ~258 ppm (Figure S2 in 
Supporting Information). Although the Raman spectrum 
presented in Figure 7 suggests a high level of functional
ization, the carbon/phenyl ratio determined by TGA is 26. 
The lower degree of functionalization observed for this 
product probably accounts for the disparity in the solubility 
of the two materials.

Conclusion

In summary, sulfonation of SWNTs that have been 
functionalized by phenyl groups provides a convenient and 
scalable way to achieve highly exfoliated water-soluble 
SWNTs. The solutions are stable for several months. Studies 
of these materials in biological systems are underway.

(14) Liang, F.; Alemany, L. B.; Beach, J. M.; Billups, W. E  J. Am. Chem. 
Soc. 2005 ,127, 13941-13948.

(15) Chattopadhyay, J.; Sadana, A. K.; Liang, F.; Beach, J. M.; Xiao, Y.; 
Hauge, R. H.; Billups, W. E  Org. Lett. 2005, 7, 4067-4069.
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Figure 7. Raman spectra (780 nm excitation) of (A) purified SWNTs and 
(B) phenylated SWNTs obtained by Birch phenylation.
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