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ABSTRACT 

1. Fluorescence labeling and quantification of oxygen-containing functionalities on 

the surfaces of single walled and multi-walled carbon nanotubes. 

 Nearly all applications of nanotubes (CNTs), from nanoelectronics to composites, 

require knowledge of the type and concentration of functionalities on the surface of the 

material.  None of the methods conventionally used to characterize CNTs, such as Raman 

spectroscopy, IR spectroscopy, UV-VIS-NIR spectroscopy, and X-ray photoelectron 

spectroscopy, provide selectivity in identification together with sensitivity in 

quantification.  Fluorescence labeling of surface species (FLOSS) to identify and quantify 

oxygen containing functionalities on single-walled carbon nanotubes (SWCNTs) and 

multiwalled carbon nanotubes (MWCNTs) provides a solution that is reported in this 

dissertation.  The high selectivity of covalent attachment combined with the sensitivity 

of the fluorescence measurements, allowed us reliably determine concentrations of 

aldehyde (together with ketone), alcohol, and carboxylic functional groups on as-

produced and acid treated SWCNTs.  The detection limit is as low as  ~ 0.5 % at (1 in 

every 200 carbon atoms).(You never established the lower limit clearly) 

  

2. Purification of carbon nanotubes by dynamic oxidation in air. 

The outstanding mechanical and electronic properties of carbon nanotubes make them 

promising materials for use in different areas of nanotechnology.  However, the presence 

of impurities in as-produced nanotubes has been a major obstacle toward their industrial 

scale applications.  Amorphous and graphitic carbon, and catalytic metal particles are the 

major impurities in raw carbon nanotubes.  Isothermal oxidation of as-produced carbon 
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nanotubes, followed by acid treatment, is the most commonly used purification strategy.  

The thermal oxidation step eliminates carbonaceous impurities and the acid treatment 

decreases the metal content. Unfortunately, most of the existing oxidation procedures 

either do not destroy all carbonaceous impurities or partially destroy carbon nanotubes as 

well.  In the dissertation, a novel purification protocol via dynamic oxidation of as-

produced single-walled carbon nanotubes (SWCNT) is reported.  In the new procedure, 

carbon nanotubes are exposed to a wide range of temperatures during the heating ramp. 

The results of the purification of arc-produced and laser vaporization grown SWCNT 

using dynamic oxidation are presented.  Purity analysis of dynamically oxidized samples 

by UV-VIS-NIR and Raman spectroscopy, as well as transmission electron microscopy, 

explicitly demonstrate that dynamic oxidation enables obtaining undamaged carbon 

nanotubes almost free of carbonaceous impurities. 

 

3. Surfactant- free method of solubilization of non-functionalized single-walled 

carbon nanotubes in common solvents 

One of the major factors that hamper the extensive use of carbon nanotubes 

(CNTs) in large-scale applications are related to the poor purity of CNTs, and the weak 

dispersibility of CNTs in the most common solvents. The presence of substantial 

impurities (sometimes up to 80% wt.) in as-produced CNTs almost obliterates the unique 

properties of the material.  Furthermore, the difficulties with solubilization of CNTs slow 

down the processability of the material in potential applications.  A new one-step method 

of making pure single-walled carbon nanotubes (SWCNTs) via the sequence of 

sonication cycles is described in the dissertation.  Hours long stable solutions of 



 v 

SWCNTs in acetone, methanol and isopropanol of concentrations as high as ~ 15 mg/L 

were prepared using the procedure.  The results of UV-VIS-NIR, Raman and 

Transmission Electron Microscopy suggest that SWCNTs were not destroyed or damaged 

by purification and solubilization processes.  A possible physico-chemical explanation of 

the solublization mechanism is discussed. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Discovery of carbon nanotubes 

The earliest reports of the production of hollow carbon fibers can be dated as early as 

1952 (Fig.1) and 1976 (Fig. 2).  However, it was not clear until 1991 (Fig.3) how thick 

the walls of the fibers are and whether they were made of ordered carbon or not.
1-5

   

 

   

Figure 1. Low resolution 

(20,000 MAG) image of 

the hollow carbon fibers. 

(taken from
2, 5

) 

Figure 2. Bright-field 

image of the hollow 

carbon fibers (taken 

from
2, 4

) 

Figure 3. High resolution 

transmission electron 

microscopy micrographs of 

multiwalled carbon nanotubes 

with five (a), two (b), and 

seven (c) walls (taken from
1, 2

) 

1.2  Properties and anticipated applications of carbon nanotubes 

Most of the intriguing properties of carbon nanotubes (CNTs) arise from the fact that 

CNTs have an extremely high aspect ratio (diameters in the range of nanometers and the 

lengths up to several micrometers) making them one-dimensional structures with 

unusual, spiky electronic bands.
6, 7

 (Fig. 4)   
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 While multiwalled carbon nanotubes 

(MWCNTs) always express metallic-like 

behavior, single-walled carbon nanotubes 

(SWCNTs) can be either metallic, or 

semiconducting, depending on the direction 

the graphene sheet was rolled up to with 

respect to the axis of the nanotube.
2, 8

 (Fig. 

4-6)  

  

Figure 5. “(A) Schematic of the roll-up of a 

graphene sheet to form a SWNT structure. 

(B) OO′ defines the chiral vector Ch = na1 + 

ma2 ≡ (n,m). Translation vector, T, is along 

the nanotube axis and perpendicular to Ch. 

The shaded, area represents the unrolled unit 

cell formed by T and Ch. The chiral angle, 

θ,is defined as the angle between the Ch 

and the (n,0) zigzag direction. (n,0) zigzag 

and (n,n) armchair SWNTs are indicated in 

blue and red,  respectively.)” (taken from
8
) 

Figure 6. Models of “zig-zag” (n,0), 

“armchair” (n,n), and “chiral” (n, m) 

single walled carbon nanotubes. (taken 

from
2
) SWCNTs are metallic, if (n-m)/3 

is an integer, and otherwise – are 

semiconducting.
8
  

 

Figure 4. “Absorption spectra (Varian 

Cary 500 spectrometer) of films of 

purified HiPCO, purified Laser, and 

soluble Arc produced SWNTs after 

baseline correction.” (taken from
6
) 
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Strong C-C conjugated bonds, the backbone of CNTs, provide exceptional 

mechanical strength of CNTs (CNTs are ~ 50 times stronger than steel) which, together 

with a relatively small specific weight of the material make it attractive for the usage as 

the additive in reinforced polymer composites.
9, 10

  It  has been demonstrated that metallic 

SWCNTs are able to withstand densities of electric current that are ~ 3 orders of 

magnitude higher than that for silver, copper and gold, thus giving a promising 

alternative for interconnects in nanoelectronic devices.
11, 12

 (Fig. 7)  Semiconducting 

SWCNTs, on the other hand, can be used as field-effect transistors.
2, 13

  (Fig. 8,9)  

   

Figure 7. Atomic force 

microscopy image of a 

crossed (5,5) carbon 

nanotubes between the 

Cr/Au electrodes. (taken 

from
12

) 

 

Figure 8. Atomic force 

microscopy image of an 

individual semiconducting 

SWCNT on top of three 

platinum electrodes. (taken 

from
13

) 

Figure 9.  A model of field-

effect SWCNT transistor. 

(taken from
1, 2

) 

However, most commonly used CNTs manufacturing processes are either too 

expensive (as laser ablation), or result in CNTs that are highly contaminated with residual 

metal catalyst and carbon impurities (amorphous and graphitic carbon).
14

 (Fig. 10-12)  

Impurities, present in the raw material, mask the properties of CNTs, thus impeding 

academic studies of the material and almost obliterating the possibility for large scale 
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applications.
15, 16

  Conventional purification processes unavoidably alter, and, in most 

cases, deteriorate the unique properties of CNTs via oxidation and structural damage of 

the material.
17

  For this reason, a search for effective, non-destructive purification 

methods together with sensitive analytical techniques to control properties of the purified 

CNTs is in demand. 

 

  

Figure 10. “TEM image of 

SWNT bundles produced in 

the arc discharge using 

graphite-Ni-Y electrodes in 

the presence of He, the 

image shows dark contrast 

areas caused by the Ni and 

Y metals and ropes 

consisting of SWNTs. Inset 

shows the cross section of 

an individual rope, which is 

composed of 14–15 

SWNTs of diameter close 

to 1.4 nm.” (taken from
14

) 

Figure 11. TEM image 

of “High pressure CO 

decomposition” (HiPco) 

produced SWCNTs. 

(taken from
16

) 

Figure 12. Scanning 

electron microscopy image 

of a SWCNTs grown using 

the laser ablation technique 

(taken from
14

) 
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CHAPTER 2  

(Based on:  Dementev, N.; Feng, X.; Borguet, E., Fluorescence Labeling and 

Quantification of Oxygen-Containing Functionalities on the Surface of Single-Walled 

Carbon Nanotubes. Langmuir 2009, 25, (13), 7573-7577.) 

 

FLUORESCENCE LABELING AND QUANTIFICATION OF OXYGEN-

CONTAINING FUNCTIONALITIES ON THE SURFACE OF SINGLE WALLED 

CARBON NANOTUBES 

 

2.1 Abstract 

 Fluorescence labeling of surface species (FLOSS) was applied to identify and 

determine the concentration of oxygen containing functionalities on single walled carbon 

nanotubes (SWCNTs), subjected to two different purification processes (Air/HCl 

treatment and nitric acid treatment) and compared with as-received (non-purified) 

SWCNTs.  The fluorophores were selected for their ability to covalently bind, with high 

specificity, to specific types of functionalities (OH, COOH and CHO).  FLOSS revealed 

that even as-received SWCNTs are not pristine, and contain ~0.6 % at. oxygen 

functionalities.  FLOSS showed that, after nitric acid treatment, SWCNTs are ~5 times 

more functionalized than SWCNTs after Air/HCl purification (5% at. vs. 1% at. oxygen 

functionalities), supporting the idea that the former purification process is more 

aggressive than the latter.  FLOSS demonstrated that carbonyls are the major 

functionalities on nitric acid purified SWCNTs, suggesting that chemical derivatization 

strategies might consider exploiting ketone chemistry. 
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2.2 Introduction 

2.2.1 Importance of functional groups on carbon nanotubes 

The unique geometry of the carbon nanotubes provides them with outstanding 

mechanical and electronic properties.
1, 2

  For this reason carbon nanotubes (CNTs) and, 

especially, Single Walled Carbon Nanotubes (SWCNTs) have potential applications in 

different areas from producing smallest nano-transistors,
1, 2

 to drug delivery.
3
  One of the 

obstacles that hinders industrial-scale applications of CNTs is the presence of impurities 

that compromise the desirable properties of as-produced CNTs and make their 

characteristics irreproducible.  In general, there are two types of impurities:  (i) particles 

of the metallic catalyst (which are inevitably used in the production of SWCNTs), 

encapsulated by CNT or covered with amorphous carbon, and (ii) carbon impurities, 

comprised of different forms of carbon other than CNTs.
1
  Among the numerous 

purification strategies,
4-7

 two methods are frequently used: Air/HCl treatment,
8
 and nitric 

acid treatment.
9
  Since both methods use oxidizing agents, the CNTs become oxidized 

after purification.  The oxygen-containing groups on the surface of purified CNTs affect 

their properties.
10-14

  In some cases, chemical modification of CNTs can improve their 

properties, e.g. solubility,
10

 adsorption behaviors,
13

 and catalytic activity.
11

  

Functionalized CNTs find uses in a number of applications, e.g. as capacitors,
12

 sensors,
14

 

and  probes for Atomic Force Microscopy.
15

  Thus, it is important to identify and 

ultimately control the type and concentration of oxygen-containing functional groups on 

CNTs.  
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2.2.2 Methods to identify and quantify functional groups on carbon nanotubes 

2.2.2.1 Conventional methods 

X-ray Photoelectron Spectroscopy (XPS) 
16, 17

, infrared spectroscopy (IR) 
18-20

, and 

Raman spectroscopy 
20, 21

 are the most widely used techniques to investigate functional 

groups on CNTs.  Nevertheless, each method has its limitations.
22

 

Using XPS it is hard to distinguish between signals from different oxygen –

containing functionalities due to the close proximity of the peaks in C(1s) region.
17, 23

  To 

overcome this difficulty, XPS was combined with derivatization reactions to identify and 

quantify separately different oxygen-containing functional groups on polymers,
24, 25

 

carbon fibers
26

 and black carbons.
17

  The detection limit of this XPS labeling technique 

was estimated as ~10
13

groups/cm
2
 (10

-10
 mol/cm

2
).

27 
 

IR spectroscopy is not able to determine species which have no IR active vibrational 

modes.  IR detects vibrational resonances associated with particular chromophores but 

does not necessarily identify the functional groups.  For example, while an IR peak might 

be interpreted as arising from a C-O bond, condensed phase IR data alone cannot 

unambiguously distinguish whether this C-O is associated with an ether or alcohol group.  

In addition, IR spectroscopy provides little absolute quantitative information.
18-20

  In the 

best cases, detection limit of IR spectroscopy is estimated as ~10
14 

groups/cm
2
 (~2-3 

at.%).
28

   

Not all vibrational modes are IR active. For this reason, Raman spectroscopy is 

commonly used in combination with IR measurements to get the most complete 

vibrational information.  Raman spectroscopy is sensitive to the diameters of the 

nanotubes,
29

 their chirality
29

 and the purity.
7
  On the other hand, Raman spectroscopy is 
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not sensitive to many functional groups, e.g. alcohols, carboxyls and carbonyls, that 

might be present on carbon nanotubes.
20, 21

 

 

2.2.2.2 Introduction of fluorescence detection methods and their advantages 

Fluorescence spectroscopy is an extremely sensitive technique, with the ability to 

detect single molecules.
30

  Fluorescence has been used to characterize carbon 

nanotubes.
31

  Several groups studied the covalent attachment of fluorescent molecules to 

functional groups on carbon nanotubes.
32, 33

  Fluorescence microscopy was used to 

visualize carbon nanotubes.
34

  Georgakilas et al. reported an approach to the organic 

functionalization of nanotubes with a fluorescent moiety (pyrene), which has led to high 

level of solubility of the resulting products.
35

  Zhu et al.  incorporated a naphthalimide 

fluorescent molecule onto SWNT via amidation.
36

  Such modifications can change the 

electronic structure of nanotubes.
35, 36

  In addition, chromophore emission can be 

significantly quenched by the process of attachment to nanotubes.
34, 36

  This makes the 

quantification of chromophores on nanotubes surface complicated.  

Our previous study on the use of FLOSS to detect functional groups on self-

assembled monolayers (SAM),
37

 and activated carbon fiber (ACF),
38 

showed that FLOSS 

has the advantage of a lower minimum detection limit compared with other techniques 

such as XPS and IR.  Recently, it has been demonstrated that the detection limit of 

FLOSS can be as low as ~10
9
groups/cm

2 
.
39
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2.3 Experimental  

2.3.1 Arc-produced SWNTs and their properties 

The solid as-received and nitric acid treated arc-produced SWNTs were purchased 

from Carbon Solutions, Incorporated.  The specific surface area (SSA) of each of the 

samples was determined by adsorption of nitrogen at -196
0
C using an ASAP 2020 

instrument (Micromeritics Instrument Corporation) and employing the Brunauer-

Emmett-Teller method (BET) for the calculations.40 (Table 2)  Thermogravimetric 

analysis (TGA) (PerkinElmer, Pyris 6 TGA) was run for the samples to determine the 

catalyst content (i.e. to compare efficiency of the purification techniques).(Table 1, S17, 

S18, S19) 

 

2.3.2 Fluorescence labeling pathways and detection 

In order to exclude issues related to the specificity/non-specificity of any given dye to 

label selectively (i.e. exclusively) only the functional groups of the interest, dye labels 

successfully used in the selective labeling functional groups on polymers and 

biomaterials were selected.
27, 41, 42

 Panacyl bromide (4-(9-anthroyloxy)phenacyl bromide, 

Table 2.  Properties of SWCNTs 

 As-received Air/HCl treated Nitric acid 

treated 

Specific Surface Area 

(m
2
/g) 

 

307  

+/- 21 

737  

+/- 31  

21  

+/- 4  

Catalyst (Ni) Content 

(%wt.) 

30  9  3.5 
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Molecular Probes) (PB), 
41

  dansyl hydrazine (5-dimethylaminonaphthalene-1-sulfonyl 

hydrazine, Molecular Probes) (DH),
27, 42

 and 5-(4,6-dichlorotriazinyl)aminofluorescein 

(Molecular Probes) (5-DTAF) (Scheme 2) were used to label carboxylic, carbonyl, and 

alcohol groups on SWCNTs, respectively.(Figure 13)  The concentration of functional 

groups was determined by measuring the intensity of the fluorescence of the dye in 

solution before contact with SWCNTs and after the labeling reaction, with the labeled 

SWCNTs removed from the solution.  This “depletion” approach is feasible because of 

the large SSA of the materials.  The depletion of the fluorescence signal was then related 

to the concentration of functional groups on SWCNTs using a fluorescence calibration 

curve, the mass (and SSA) of the sample, and the stoichiometry of the given labeling 

reaction.  All fluorescence measurements were done in 10 mm rectangular quartz 

cuvettes in a Fluoromax-2 instrument (Jobin Yvon) using a right angle geometry.  All 

manipulations with dyes were performed in the room lighted only by a red bulb. 

 

O

OO

Br
 

 

NHH2N

S

N

O O

 

 

OHC

O

HO O O

NHN

NN

Cl

Cl  

Panacyl Bromide, PB Dansyl Hydrazine, DH 5-DTAF 

Scheme 2. Structures of the dyes used as labels. 
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2.3.3 Fluorescence labeling of carbonyl groups 

An aliquot of solution of DH (with HCl, used as a catalyst) of known concentration 

(~0.1 mM, see Supplemental Materials for details) in methanol (JT Baker) reacted with a 

known mass of sample in a glass beaker while stirring.  After the reaction, the solution 

COOH

O
O

O

Br

COO

O
O

O

+ HBr

3.5h, 500C

crown ether
catalyst in
acetone  

HN
H2N

S

N

O

OO

HN
N

S

N

O

O

+ H2O
62h, 250C

HCl catalyst
in methanol

 

OH O

OH
C

O

HO

O

O

N
H

N

N

N

Cl

Cl

OH
C

O

HO

O

O

N
H

N

N

N

Cl

+ HCl

20h, 250C

water, Na2CO3

pH 11  

Figure 13. Labeling reaction schemes: carboxylic groups with panacyl bromide (A); 

aldehyde groups with dansyl hydrazine (B); alcohol groups with 5-DTAF (C) 

 

supernatant was transferred into an empty flask.  The remaining sample was washed in 

the beaker with neat solvent (methanol) and supernatant transferred into the same flask.  

The washing of the sample (and transferring of the supernatant) was repeated several 

times (4-5 times).  The collected supernatant was diluted with acetone (~100 nM range) 

and the fluorescence spectrum of the solution was recorded (excitation at 350 nm).  This 

(A) 

(B) 

(C) 
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procedure was implemented twice for as-received SWCNTs, Air/HCl treated SWCNTs 

and nitric acid treated SWCNTs.  The depletion of the fluorescence signal was measured 

and compared to the fluorescence intensity of the dye after the control experiment 

(labeling reaction with no sample in the beaker). (Figure 14, 15, 16, 17) 
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Figure 14  Emission spectra of  dansyl hydrazine of different concentrations: 458nM 

(red solid line), 229nM (blue solid line), 115nM (brown solid line), 57nM (black solid 

line), 29nM (cyan solid line); neat acetone+HCl (red dotted line) excited at 350nm.    

(Inset: Calibration plot of fluorescence intensity at 510nm vs. DH concentration) 

 

2.3.4 Fluorescence labeling of carboxylic groups 

Carboxylic groups were labeled with PB following a scheme similar to one described 

above (Figure S1, S2, S3, S4) 

2.3.5 Fluorescence labeling of alcohol groups 

Alcohol groups were labeled with 5-DTAF following a procedure similar to one 

described above. (Figure S5, S6, S7, S8) 
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Figure 15. Emission spectra of dansyl hydrazine reacted with carbonyls of as-received  

SWCNTs: control experiment without SWCNTs (red solid line), after reaction with 

26.4mg SWCNTs (blue solid line), after reaction with 23.9mg SWCNTs (blue dotted 

line); neat acetone (red dotted line). Excitation at 350 nm. 
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Figure 16.  Emission spectra of dansyl hydrazine reacted with carbonyls of Air/HCl 

treated SWCNTs: control experiment without SWCNTs (red solid line), after reaction 

with 15.0mg SWCNTs (blue solid line), after reaction with 19.4mg SWCNTs (blue 

dotted line); neat acetone (red dotted line). Excitation at 350 nm. 
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Figure 17. Emission spectra of dansyl hydrazine reacted with carbonyls of Air/HCl 

treated SWCNTs: control experiment without SWCNTs (red solid line), after reaction 

with 56.3mg SWCNTs (blue solid line), after reaction with 48.2mg SWCNTs (blue 

dotted line); neat acetone (red dotted line). Excitation at 350 nm. 

 

2.4 Control experiments 

2.4.1 Physi/Chemi sorbtion 

In order to determine the contribution of physisorption of the dyes to samples to 

depletion, a series of control experiments was run.  Fresh (non-labeled) samples were 

subject to contact with deactivated (pre-reacted) dyes for the period of the FLOSS 

reaction time (or longer).  Control experiments did not show any significant depletion for 

DH and PB dyes, suggesting that the depletion after the FLOSS reactions was due to the 

covalent attachment only and the extensive washing procedure was sufficient to remove 

most physisorbed dyes (Figure S2, S9, S10, S11).   On the other hand, control 

experiments with 5-DTAF (Figure S12, S13, S14) did show depletion (~50% of the 

intensity of the peak from 5-DTAF in the solution before the contact with SWCNTs) after 
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the contact of deactivated dye with the samples suggesting that the concentration of 

alcohol groups determined by 5-DTAF is overestimated, and thus should be considered 

as the upper limit of the actual surface concentration.  

Control experiments (SI) indicate that the FLOSS reactions involving panacyl 

bromide and dansyl hydrazine apparently are not significantly affected by the presence of 

small quantities of SWCNTs in the supernatant.  The measurements with 5-DTAF, 

however, are more significantly affected with an apparent overestimate of depletion that 

could result in overestimates of the surface hydroxyl groups by a factor of 2 in some 

cases.  This compounds the problems associated with 5-DTAF physisorption. 

 

2.4.2 Time control experiments 

To investigate if the duration of the reaction was sufficient for all accessible groups to 

be functionalized by the dyes, labeled samples were subject to contact with fresh portion 

of the solution of each of the dyes.  This second run did not show additional depletion for 

any of the dyes, suggesting that the reaction time was long enough the functional groups 

to be labeled.  (Figure S15, S16) 

 

2.5 Results and Discussion 

2.5.1 Fluorescence detection of functional groups 

The FLOSS results are summarized in Table 2.  One can see that the data are 

reproducible to within 10% (data on labeling –OH groups were not taken into account).   

Several general tendencies are apparent. 
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(i) As-received SWCNTs are the least functionalized of the samples. 

Nevertheless, they contain more than 0.5% at.(fraction of SWCNT carbon 

atoms that have oxygen containing functionality 
43

 ) of oxygen functionality. 

So even as-produced tubes may not be considered pristine. The concentration 

of the carboxylic groups was below the FLOSS detection limit (0.03% at.).   

(ii) Air/HCl treated samples contain 2 times more –COH and –OH groups and, at 

least, 10 times more –COOH groups compared to non-purified, as-received 

SWCNTs. 

(iii) In comparison with as-received SWCNTs, nitric acid treatment increases –

COOH, -COH and -OH contain by a factor of 100, 10 and 5, correspondingly.  

It is interesting to note, that carboxylic groups are not the most abundant functional 

groups on nitric acid treated samples. 

 

The concentration of aldehyde and ketone groups is at least 50% higher than that for 

carboxylic groups. This result explicitly supports previous tentative suggestions, about 

the predominant presence of aldehyde and ketone groups on nitric acid treated 

SWCNTs.
44 

 From this perspective, it might be recommended to use the chemistry of 

carbonyls, in addition to that of carboxyls, for the subsequent derivatizaion of SWCNTs. 

The extremely small SSA of the nitric acid treated SWCNTs (see Table 1.) is 

consistent the FLOSS results indicating the presence of high concentrations of 

functionalities in the sample.  Functional groups can increase bundling of the SWCNTs, 

reducing the accessible nitrogen adsorption as non purified SWCNTs.
45
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Table 2. FLOSS results (atomic percent and surface coverage) of various oxygen 

containing functional groups on SWCNTs   

FUNCTIONAL GROUPS SAMPLES 

(SWCNTs) -COOH 

(carboxylic) 

-COH 

(aldehyde, ketone) 

-OH 

(alcohol) 

As-received < 10
12

 

groups/cm
2 

< 10
12

 

groups/cm
2
 

< 

0.03%at. 

1.0 x 10
13 

groups/cm
2
 

1.1 x 10
13

 

groups/cm
2
 

0.3%at

. 

-5.8 x 10
12

 

groups/cm
2
 

2.1 x 10
13

 

groups/cm
2
 

<0.6%

at. 

 

Air/HCl 

treated 

1.3 x 10
13

 

groups/cm
2
 

1.6 x 10
13

 

groups/cm
2
 

0.4%at. 2.0 x 10
13

 

groups/cm
2
 

1.8 x 10
13

 

groups/cm
2
 

0.5%at

. 

3.8 x 10
13

 

groups/cm
2
 

4.6 x 10
13

 

groups/cm
2
 

<1.1%

at. 

HNO3 

treated 

7.3 x 10
13

 

groups/cm
2
 

7.2 x 10
13

 

groups/cm
2
 

1.9%at. 1.2 x 10
14

 

groups/cm
2
 

1.0 x 10
14

 

groups/cm
2
 

2.9%at

. 

-1.3 x 10
14

 

groups/cm
2
 

1.3 x 10
14

 

groups/cm
2
 

<3.5%

at. 

Dye Panacyl Bromide Dansyl Hydrazine 5-DTAF 

 

FLOSS results were compared with previously reported concentrations of functional 

groups on SWCNTs, determined by titration,
46

  XPS,
44, 47

  X-ray spectroscopy
48

,  

evolution of CO2 and CO gases.
49

  (Table 3)  

As it can be seen from Table 3, the FLOSS results are generally consistent with the 

preceding reports each time the data available.  The scarcity of quantitative literature 

information about different functionalities on SWCNTs can be related to the difficulty to 

identify functional groups present in low concentrations using conventional techniques, 

and the difficulty of determining absolute concentrations.  
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Table 3. FLOSS results compared with results of other techniques 

FUNCTIONAL GROUPS 

-COOH 

(carboxylic) 

-COH 

(aldehyde, ketone) 

-OH (alcohol) Total O-Content
† 

SAMPLES 

(SWCNTs) 

FLOSS Other 

techniques 

FLOSS Other 

techniq

ues 

FLOSS Other 

techniqu

es 

FLOSS Other 

techniques 

As-received < 0.03% 

 

0% 
44 

(XPS) 

0.3% Not 

found 

0.3% Not 

found 

~0.5% 0% 
47 

(TGA, RS) 

Air/HCl 

treated 

0.4% Not found 0.5% Not 

found 

0.7% Not 

found 

~1% 1% 
47 

(TGA, RS) 

HNO3 

treated 

1.9% 2.2% 
46

 

(BT) 

2.7% 
44

 

(XPS) 

2.9% Not 

found 

1.4% Not 

found 

~5% ~4% 
48 

(VIS-NIR, 

RS, AFM) 

~5% 
49

 

(COGE) 

XPS = X-ray Photoelectron Spectroscopy 

BT = Boehm Titration 

TGA = Thermo Gravimetric Analysis 

RS = Raman Spectroscopy 

VIS-NIR = Visible and NIR Spectroscopy 

AFM = Atomic Force Microscopy 

COGE = Carbon Oxides Gas Evolution measurements 

†
Total O-Content = content (-COOH) + content (-COH) + content (-OH) 

 

The fact that FLOSS gave similar results, within experimental error, as titration (1.9% 

and 2.2% of carboxylic groups on HNO3 treated SWCNTs, according to FLOSS and 

titration, respectively
46

) (Table 3) means that the size of the label molecules (e.g.. DH, 

PB, 5-DTAF used in FLOSS compared to NaHCO3 and NaOH used in titration
46

) does 

not limit the number of functional groups accessible for the labeling (unlike the results of 
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labeling of functional groups on activated carbon fibers, reported elsewhere.
38

  The better 

accessibility of the functional groups on SWCNTs compare to the activated fibers most 

probably related to the bigger size of the micropores of the former material than those of 

the latter one.  

It should be mentioned here that the concentrations of the functional groups, 

determined in this work, represent concentrations of the functional groups that are 

accessible to the fluorophores, i.e. mostly the functional groups on the exterior surfaces 

of the bundles of SWCNTs. Despite the limitations that bundling may have on the results 

of any of the conventionally used techniques (XPS,  Raman,  UV-VIS-NIR) 
50-52

 to 

characterize CNTs, information about functional groups that are accessible to the probe is 

the important for a number of applications, e.g. the further modifications of SWCNTs and 

applications where SWCNT functional group chemistry is used. 

 

2.6 Conclusions 

Fluorescence labeling of surface species (FLOSS) was used to identify and quantify 

functional groups on as-received, Air/HCl treated and HNO3 treated SWCNTs.  The 

densities of carboxylic, carbonyl, and hydroxyl groups were determined by FLOSS. 

Concentration of hydroxyl groups, though, was overestimated due to the strong non-

specific adsorbtion of the corresponding dye to SWCNTs. The combination of high 

sensitivity of the fluorescence technique together with the selectivity of covalent 

chemistry, allowed the unambiguous detection of the presence of carboxylic, 

aledheyde/ketone and hydroxyl groups on as-received, Air/HCl treated and nitric acid 

treated SWCNTs.  It was revealed that carbonyl groups are the most abundant groups on 
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any type of SWCNTs, making chemistry of carbonyls another plausible route of further 

derivatization of SWCNTs in the material chemistry.  
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2.7 Supporting information 

2.7.1 Fluorescence labeling of carboxylic groups 

A mixed solution of 0.193 mM of PB and 0.07 mM of dibenzo-18-crown-6 (D18C6) 

(Aldrich) (used as a catalyst) in acetone (Fisher) was prepared in the dark. 30 ml of the 

solution was added into a 50 ml glass beaker which contained a sample of known mass 

and a Teflon coated magnetic stir bar. The reaction was run at ~50
0
C (hot plate) in the 

dark for 3.5 hrs, while stirring.  After the reaction, a supernatant (~20 ml) over the 

labeled SWCNTs was transferred into an empty 200 ml flask. The sample was washed in 

the beaker with neat acetone (~20 ml) and supernatant transferred into the same 200 ml 

flask.  The washing of the sample (and transferring of the supernatant) was repeated 
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several times (4-5times). The collected supernatant was diluted up to 200ml with acetone 

and then diluted with acetone by a factor of 500 (100 µl up to 50ml). The fluorescence 

spectrum of the solution was recorded (excitation at 362 nm).  The preceding procedure 

was implemented twice for as-received SWCNTs (13.7mg and 16.9mg), Air/HCl treated 

SWCNTs (15.1mg and 15.9mg), and nitric acid treated SWCNTs (23.1mg and 29.1mg). 

The depletion of the fluorescence signal was measured and compared to the fluorescence 

intensity of the dye after the control experiment (labeling reaction with no sample in the 

beaker). (Fig. S1, S2, S3, S4) 
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Figure S1. Emission spectra of  panacyl bromide of different concentrations: 70.6nM 

(red solid line), 35.3nM (blue solid line), 17.7nM (brown solid line), 8.8nM (black solid 

line), 4.4nM (cyan solid line); neat acetone (red dotted line) excited at 362nm.    (Inset: 

calibration plot of fluorescence intensity at 475nm vs. PB concentration) 
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Figure S2. Emission spectra of panacyl bromide reacted with carboxyls of as-received  

SWCNTs: control experiment without SWCNTs (red solid line), after reaction with 

16.9mg SWCNTs (blue solid line), after reaction with 13.7mg SWCNTs (blue dotted 

line); neat acetone (red dotted line). Excitation at 362 nm. 
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Figure S3  Emission spectra of panacyl bromide reacted with carboxyls of Air/HCl 

treated  SWCNTs: control experiment without SWCNTs (red solid line), after reaction 

with 15.1mg SWCNTs (blue solid line), after reaction with 15.9mg SWCNTs (blue 

dotted line); neat acetone (red dotted line). Excitation at 362 nm. 
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Figure S4  Emission spectra of panacyl bromide reacted with carboxyls of nitric acid 

treated  SWCNTs: control experiment without SWCNTs (red solid line), after reaction 

with 29.1mg SWCNTs (blue solid line), after reaction with 23.1mg SWCNTs (blue 

dotted line); neat acetone (red dotted line). Excitation at 362 nm. 

 

2.7.2 Fluorescence labeling of carbonyl groups 

A solution of 0.115mM of DH in methanol (JT Baker) was prepared in the dark.  

30ml of the solution was added into a 50ml glass beaker which contained a sample of 

known mass and a Teflon coated magnetic stir bar.  1ml of 0.1 M solution of HCl in 

methanol was added as a catalyst into the beaker.  The reaction was run at room 

temperature (~25
0
C) in the dark for 62 hrs, while stirring.  After the reaction, the 

supernatant (~20ml) over the labeled SWCNTs was transferred into an empty 200ml 

flask.  The sample was washed in the beaker with neat methanol (~20ml) and the 

supernatant transferred into the same 200ml flask.  The washing of the sample (and 

transferring of the supernatant) was repeated several times (4-5times). The collected 
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supernatant was diluted up to 200ml with methanol and then diluted with acetone by a 

factor of ~70 (700l up to 50ml).  Acetone was taken in order to react with unreacted 

DH, since Dansyl Hydrazine fluorescence changes upon binding.  The fluorescence 

spectrum of the solution was recorded 3hrs. later (Excitation at 350nm). The preceding 

procedure was implemented twice for as-received SWCNTs (26.4mg and 23.9mg), 

Air/HCl treated SWCNTs (19.4mg and 15.0mg), and nitric acid treated SWCNTs 

(48.2mg and 56.3mg). The depletion of the fluorescence signal was measured with 

reference to the fluorescence intensity of the dye after the control experiment (labeling 

reaction with no sample in the beaker). (Figure 2, 3, 4, 5) 

 

2.7.3 Fluorescence labeling of alcohol groups 

Approximately 20 g of Na2CO3 (Fisher) were dissolved in water to get 1 L of solution 

with pH ~11 (SOL#1).  250 ml of 0.152 mM of 5-DTAF in SOL#1 was prepared in the 

dark. 30 ml of the solution was added into a 50 ml glass beaker which contained a sample 

of known mass and a Teflon coated magnetic stir bar. The reaction was run at room 

temperature (~25
0
C) in the dark for 24hrs, while stirring.  After the reaction, the 

supernatant (~20 ml) over the labeled SWCNTs was transferred into an empty 200 ml 

flask.  The sample was washed in the beaker with SOL#1 (~20 ml) and the supernatant 

transferred into the same 200 ml flask. The washing of the sample (and transferring of the 

supernatant) was repeated several times (4-5times).  The collected supernatant was 

diluted up to 200ml with SOL#1  and then diluted with SOL#1  by a factor of 5000 (10l 

up to 50ml).  The fluorescence spectrum of the solution was recorded (excitation at 490 

nm). The preceding procedure was implemented twice for as-received SWCNTs (15.3mg 
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and 15.6mg), Air/HCl treated SWCNTs (13.1mg and 13.4mg), and nitric acid treated 

SWCNTs (17.8mg and 21.2mg). The depletion of the fluorescence signal was measured 

and compared to the fluorescence intensity of the dye after the control experiment 

(labeling reaction with no sample in the beaker). (Figure S5, S6, S7, S8)  
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Figure S5. Emission spectra of  5-DTAF of different concentrations: 5.5nM (red solid 

line), 2.7nM (blue solid line), 1.4nM (black solid line), 0.7nM (cyan solid line), 0.3nM 

(brown solid line); Na2CO3+H2O (pH~11) (red dotted line). Excitation at 490nm.    

(Inset: calibration plot of fluorescence intensity at 511nm vs. 5-DTAF concentration) 

 

It is worth noting that the labeling of –OH groups is not as straightforward as the 

labeling of other functional groups (e.g., carbonyls and carboxyls) on SWCNTs.  Dansyl 

Chloride (DC) (5-dimethylaminonaphthalene-1-sulfonyl chloride, Molecular Probes), the 

dye, originally chosen to label –OH groups in this study, showed extremely high 

reactivity with water (both, from the ambient and the solvent).  Thus, DC was abandoned 

in favor of 5-DTAF.   
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Figure S6. Emission spectra of 5-DTAF reacted with hydroxyls of as-received  

SWCNTs: control experiment without SWCNTs (red solid line), after reaction with 

15.3mg SWCNTs (blue solid line), after reaction with 15.6mg SWCNTs (blue dotted 

line); Na2CO3+H2O (pH~11) (red dotted line). Excitation at 490 nm. 
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Figure S7. Emission spectra of 5-DTAF reacted with hydroxyls of Air/HCl treated  

SWCNTs: control experiment without SWCNTs (red solid line), after reaction with 

13.1mg SWCNTs (blue solid line), after reaction with 13.4mg SWCNTs (blue dotted 

line); Na2CO3+H2O (pH~11) (red dotted line). Excitation at 490 nm. 
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Figure S8. Emission spectra of 5-DTAF reacted with hydroxyls of nitric acid treated  

SWCNTs: control experiment without SWCNTs (red solid line), after reaction with 

17.8mg SWCNTs (blue solid line), after reaction with 21.2mg SWCNTs (blue dotted 

line); Na2CO3+H2O (pH~11) (red dotted line). Excitation at 490 nm. 

 

To the best of our knowledge, 5-DTAF is the only dye which selectively reacts with –

OH groups of alcohols without concomitant reaction with –OH groups of water (provided 

pH~9-11).  However, 5-DTAF exhibited strong physisorption toward SWCNTs, 

significantly affecting the FLOSS results for –OH detection. Thus the results in Table 3 

should be considered upper limits rather than absolute vales.  We hypothesize that the 

fluorescein-like skeleton of 5-DTAF is responsible for the strong π−π interaction of the 

dye molecules with SWCNTs.  This speculation is consistent with our observations 

(results not shown) of the strong non-specific adsorption of dye F-121 (fluorescein-5-

thiosemicarbazide, Molecular Probes) on SWCNTs, which (F-121) also possess a 

fluorescein-like structure.  F-121 was originally used to label carbonyls and was finally 

abandoned in favor of Dansyl Hydrazine.  Even though in some applications (sensors, 

light-harvesting systems, composites, etc.) strong non-specific adsorption of the moieties 
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to SWCNTs might be appreciated, the fluorescein-like species, in our opinion, should be 

avoided when covalent attachment, unobscured by physisorption, is needed (e.g. 

FLOSS). 

Surprisingly, for two samples, FLOSS labeling of –OH groups with 5-DTAF resulted 

in negative values of depletion (-5.8 x 10
12

 groups/cm
2
 for as-received and -1.3 x 10

14
 

groups/cm
2
 for HNO3 treated SWCNTs, Table 2, Figures S6, S8). Enhancement of the 

intensity of the fluorescence in these cases might be explained by the presence of some 

fraction of the labeled SWCNTs in the analyzed supernatant. SWCNTs due to their high 

absorption cross section may possibly increase quantum yields of the fluorophore 

molecules been attached to the nanotubes.  The explanation is consistent with the visual 

observation of the dark (but transparent) supernatants after the 5-DTAF labeling 

reactions.  

The phenomenon of negative depletion was also observed for 5-DTAF labeled Multi 

Walled Carbon Nanotubes (MWCNTs) (paper in preparation) and is under the further 

investigation. 

 

2.7.4 Control experiments 

2.7.4.1 Physi/Chemi sorbtion 

In order to check if depletion after the covalent attachment of the labels is not 

obscured by physisorption of the dyes to samples, a series of control experiments was 

run.  Fresh (non-labeled) samples were subject to contact with deactivated (i.e. pre-

reacted) dyes for the period of the FLOSS reaction time (or longer).(Scheme 2) Control 
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experiments did not show any significant depletion for DH and PB dyes, but did show 

depletion for 5-DTAF (Figure S2, S9, S10, S11, S12, S13, S14) 

 

Scheme 2. Explanation of the Physi/Chemi sorbtion control experiment 
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Figure S9. Emission spectra of deactivated dansyl hydrazine after contact (~144 hr.) 

with as-received SWCNTs: control experiment without SWCNTs (red solid line), after 

contact with 22.3mg SWCNTs (blue solid line), after contact with 23.9mg SWCNTs 

(blue dotted line); acetone (red dotted line). Excitation at 350 nm. 
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Figure S10. Emission spectra of deactivated dansyl hydrazine after contact (~144 hr.) 

with Air/HCl treated SWCNTs: control experiment without SWCNTs (red solid line), 

after contact with 16.1mg SWCNTs (blue solid line), after contact with 16.5mg 

SWCNTs (blue dotted line); acetone (red dotted line). Excitation at 350 nm. 
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Figure S11. Emission spectra of deactivated dansyl hydrazine after contact (~144 hr.) 

with nitric acid treated SWCNTs: control experiment without SWCNTs (red solid 

line), after contact with 45.5mg SWCNTs (blue solid line), after contact with 54.4mg 

SWCNTs (blue dotted line); acetone (red dotted line). Excitation at 350 nm. 
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Figure S12. Emission spectra of deactivated 5-DTAF after contact (~24 hr.) with as-

received SWCNTs: control experiment without SWCNTs (red solid line), after contact 

with 14.8mg SWCNTs (blue solid line), after contact with 15.7mg SWCNTs (blue 

dotted line); Na2CO3+H2O+MeOH (red dotted line). Excitation at 490 nm. 
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Figure S13. Emission spectra of deactivated 5-DTAF after contact (~24 hr.) with as 

Air/HCl treated SWCNTs: control experiment without SWCNTs (red solid line), after 

contact with 8.6mg SWCNTs (blue solid line), after contact with 11.5mg SWCNTs 

(blue dotted line); Na2CO3+H2O+MeOH (red dotted line). Excitation at 490 nm. 
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Figure S14. Emission spectra of deactivated 5-DTAF after contact (~24 hr.) with 

nitric acid treated SWCNTs: control experiment without SWCNTs (red solid line), 

after contact with 18.4mg SWCNTs (blue solid line), after contact with 18.0mg 

SWCNTs (blue dotted line); Na2CO3+H2O+MeOH (red dotted line). Excitation at 490 

nm. 

 

The supernatant inevitably contains some SWCNTs in suspension (~0.0003 mg/ml at 

most), that could modify the observed fluorescence of the dye solution.  For example, the 

fluorophores covalently attached to the SWCNT could add to fluorescence of free dye in 

solution, leading to an underestimation of the depletion.  In addition, some dye may 

physisorb to the SWCNT, with a resultant reduction in fluorescence if adsorption is 

accompanied by quenching, leading to an overestimation of depletion.  We estimate, 

based on the concentration of SWCNTs left in suspension and the density of functional 

groups, that the fluorescence from covalently bound dyes on SWCNT remaining in 

suspension could at most contribute to 0.01% of the observed fluorescence of the 

supernatant.   



 38 

We performed control experiments where solutions with and without SWCNTs were 

prepared with identical dye concentrations to assess the effect residual SWCNTs on 

fluorescence.  We observe a 20-60 % decrease, depending on the type of SWCNT, in 

fluorescence from physisorbed dye in the case of 5-DTAF (label for hydroxyl groups), 

and less than 7% in the case of panacyl bromide (label for carboxylic groups) and dansyl 

hydrazine (label for carbonyls).  Thus, for the labeling reactions involving panacyl 

bromide and dansyl hydrazine, FLOSS results apparently are not significantly affected by 

the presence of small quantities of SWCNTs in the supernatant.  The measurements with 

5-DTAF, however, are more significantly affected with an apparent overestimate of 

depletion that could result in overestimates of the surface hydroxyl groups by a factor of 

2 in some cases.  This compounds the problems associated with 5-DTAF physisorption. 

 

2.7.4.2 Time control experiments 

To check if the duration of the labeling reaction was chosen correctly, labeled 

samples were subject to contact with a fresh portion (i.e. non-reacted) of the solution of 

each of the dyes. Second run did not show significant additional depletion, which means 

that the reaction time is long enough the functional groups to be labeled.  (Figure S15, 

S16 ) 

 

2.7.5 Thermogravimetric analysis (TGA) 

TGA was run for each of the samples (i.e. as-received, Air/HCl treated, nitric acid 

treated SWCNTs), heat rate 10
o
C/min.; 20ml/min of air flow. TGA curves represent the 

dynamics of weight loss of the sample with increasing temperature.
1
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Figure S15. Emission spectra of Panacyl Bromide after first run of the reaction with 

29.1mg of non-labeled nitric acid treated SWCNTs for 3.5hrs. (blue solid line) and 

second run with 29.1mg of labeled nitric acid treated SWCNTs for 3.5hrs. (blue dotted 

line); control experiment without SWCNTs (red solid line), acetone (red dotted line). 

Excitation at 362nm. 
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Figure S16. Emission spectra of 5-DTAF after first run of the reaction with 21.2mg of 

non-labeled nitric acid treated SWCNTs for 24hrs. (blue solid line) and second run with 

21.2mg of labeled nitric acid treated SWCNTs for 7days (blue dotted line); control 

experiment without SWCNTs (red solid line), Na2CO3+H2O (pH~11) (red dotted line). 

Excitation at 490nm. 
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The presence of the multiple peaks or dips on TGA and DTG curves of a complex 

sample, comprised of different components, usually indicate distinct temperature ranges 

of weight loss (e.g. due to combustion) for the different components.  Thus, each region 

with constant, non zero slope on TGA curve is associated with the transformation a 

certain component of the system.
1
  In the case of SWCNTs, the low temperature region 

(25-300
o
C) weight loss is related to the desorption of physisorbed water.  In the same 

range of the temperatures, metal catalyst impurities are oxidized, leading to weight gain, 

and, sometimes, to the appearance of a mall peak on TGA curve (peak at 150
o
C in 

Fig.S19).  The region of biggest weight loss (500-700
o
C) is associated with burning of 

carbonaceous impurities and, partially, carbon nanotubes, while the high temperature 

region (700-900
o
C) is mostly related to the loss of the carbon nanotubes. 
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Figure S17. Thermogravimetric (TGA, red solid line) and differential rate (DTG, red 

dotted line) curves for as-received SWCNTs 
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Figure S18. Thermogravimetric (TGA, red solid line) and differential rate (DTG, red 

dotted line) curves for Air/HCl treated SWCNTs 
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Figure S19. Thermogravimetric (TGA, red solid line) and differential rate (DTG, red 

dotted line) curves for nitric acid treated SWCNTs 
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CHAPTER 3 

OXYGEN-CONTAINING FUNCTIONALITIES ON THE SURFACE OF MULTI-

WALLED CARBON NANOTUBES QUANTITATIVELY DETERMINED  

BY FLUORESCENT LABELING 

 

3.1 Abstract  

Control over the type and concentration of functional groups on carbon nanotubes 

(CNTs) requires the use of reliable and sensitive analytical methods to detect, identify 

and quantify the functionalities on the material.  Here we report the results of the 

selective quantification of aldehyde (together with ketone), carboxylic, and alcohol 

groups on arc-produced multiwalled carbon nanotubes (MWCNTs) using Fluorescent 

Labeling of Surface Species (FLOSS).   The high sensitivity of the fluorescence 

spectroscopy combined with the selectivity of the chemistry of covalent attachment, 

allowed us to determine that as-produced MWCNTs contain ~1.1% at.. carboxylic 

groups, ~ 2.0% at. aldehydes (and ketones) and <2.0% at. hydroxyls.   

Surprisingly, and contrary to the behavior of single walled carbon nanotubes, these 

concentrations do not appear to increase for acid purified MWCNTs but rather decrease 

to 0.4% at. for carboxylic groups; 1.6% at. for aldehydes (and ketones) and <3.0% at., for 

hydroxyls.  Possible explanations for the observation that the acid purified MWCNTs 

have a lower level of the functionalities compared to the as-produced material are 

discussed.  
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3.2 Introduction 

3.2.1 Multi-walled carbon nanotubes and their properties 

Carbon nanotubes have been of great interest since their discovery.
1
  Depending on 

the synthesis conditions either single walled or multi-walled nanotubes can be produced.  

Multi-walled carbon nanotubes (MWCNTs), being orders of magnitude less expensive 

than single walled carbon nanotubes (SWCNTs), have already found large scale 

applications as fillers in the production of polymer composites.
2, 3

  High tensile strength 

together with the metallic behavior of MWCNTs make them very attractive for use where 

light and robust conductive materials are needed.
1-3

  The fact that the production methods 

of MWCNTs do not necessarily require the use of metal catalysts can be beneficial since 

the problem of metal impurities in as-produced MWCNTs can be easily eliminated.
1, 4

  

Interconnects in nanoelectronics and single molecule sensor devices are among the many 

other promising applications of MWCNTs.
1, 2

 

 

3.2.2 Role of the functional groups on multi-walled carbon nanotubes 

The surface of MWCNTs can be functionalized either unintentionally or 

intentionally.
5-7

  In the first case, oxygen containing functionalities, such as carbonyls, 

carboxyls, and hydroxyls are usually introduced during the purification of as-produced 

material from the carbon impurities that are also generated in the synthesis.  This is a 

result of the use of aggressive oxidants, for example concentrated acids, in the 

purification process.
5
  In the case of the intentional functionalization, the oxidation of 

MWCNTs is intended to improve debundling of the individual MWCNTs and to increase 
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their solubility in the polymer matrix.  The chemistry of the functional groups, if known, 

also can be exploited for further derivatization reactions if necessary.
5-7

  

 

3.2.3 Methods to detect, identify, and quantify functional groups on multi-walled 

carbon nanotubes 

A wide array of conventional techniques has been applied to characterize carbon 

nanotubes (CNTs).
8-11

  Among the most frequently used methods are FTIR
10

, Raman
11

, 

and X-ray photoelectron spectroscopy (XPS).
8
  Even though first two techniques have 

been tremendously successful in detection and identification of the surface functionalities 

on many materials, problems with calibration of the analytical response still impede the 

quantitative, as opposed to qualitative, use of Raman and FTIR spectroscopy to determine 

the concentrations of the functional groups.
9, 10, 12

  Another drawback of using FTIR or 

Raman alone is that not all functional groups can be detected by either of the methods.  

For example, Raman while sensitive to the presence of defects in CNTs, via the intensity 

of the D (1300-1400 cm
-1

) band, has not identified oxygen functionality directly on these 

materials.  On the other hand, XPS, combined with derivatization labeling reactions has 

been used in identification and quantification of surface functionalities.
13, 14

  However, 

the sensitivity of FTIR (~10
14  

groups/cm
2
)
15

  and XPS (~10
13  

groups/cm
2
)
16

 is less than 

that of fluorescence methods (~10
9  

groups/cm
2
)
17

 

 

3.2.4 Fluorescence detection techniques and their advantages 

Fluorescence techniques in combination with labeling reactions have been used to 

quantify functional groups on polymers
16

 and biological moieties.
18, 19

  The high 
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selectivity of the detection, provided by the specificity of the covalent bonding, together 

with excellent sensitivity (~10
9
groups/cm

2
)
17

, favor fluorescence-based detection in the 

identification and quantification of functional groups on the surfaces of different 

materials at concentrations below the detection limits of conventional techniques. 

Recently, fluorescence labeling of surface species (FLOSS) was successfully used to 

label and quantify oxygen containing functionalities on self-assembled monolayers,
20

 

activated carbon fibers,
21

 graphitic nanofibers,
22

 and single-walled carbon nanotubes 

(SWCNTs)
23, 24

.   In the case of SWCNTs,  FLOSS routinely detected and quantified 

oxygen containing functionalities with concentrations below 1% at.
24

, suggesting the 

possible applicability of the method with other carbon materials, similar to SWCNTs.  

Here we report the results of FLOSS on MWCNTs, with the goal of understanding the 

nature and quantity of oxygen functional groups present on the as-produced material, and 

how this would evolve following purification processes.   
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3.3 Experimental 

3.3.1 Materials and instruments 

Solid non-catalytic MWCNTs (arc-produced, #MRGC) were purchased from MER 

corp (Tucson, AZ). According to the manufacturer, the material did not contain any metal 

impurities, since it was produced without usage of any catalyst, a result confirmed by 

thermogravimetric analysis (TGA) . (Figure S20)  

MWCNTs were purified from carbon impurities via the treatment with the mixture of 

concentrated nitric and sulfuric acids as described elsewhere
25, 26

 (see SI for details).  The 

specific surface areas of the samples were determined from nitrogen adsorption isotherms 

(ASAP 2020 analyzer, Micromeritics Instrument Corporation) using the BET method.
27

  

All fluorescence spectra were taken with a Fluoromax-2 instrument (Jobin Yvon) at right 

angle geometry using 10 mm rectangular quartz cuvettes. Transmission electron 

microscopy (TEM) was done on a Jeol JEM 2100 instrument at an acceleration voltage of 

200 kV. 

 

3.3.2 Labeling reactions 

Dyes were chosen based on their specific reactivity with certain functional groups.
16, 

18, 19
  Dansyl hydrazine (5-dimethylaminonaphthalene-1-sulfonyl hydrazine) (DH), 

panacyl bromide (4-(9-anthroyloxy)phenacyl bromide) (PB) and 5-(4,6-dichlorotriazinyl) 

aminofluorescein, (5-DTAF) were purchased from Molecular Probes and used to label 

carbonyl, carboxyl, and hydroxyl groups on MWCNTs, respectively.(Scheme 3)  The 

concentrations of the functional groups on MWCNTs were determined using the 

depletion experiment strategy described elsewhere.
24

  Briefly, concentrations of 



 47 

functional groups were found from the difference of the fluorescence intensity of the 

fluorophore solutions before and after the reactions with known masses of MWCNTs 

samples.
24

 

 

Scheme 3. Fluorescent dyes and the labeling reactions: a) carboxylic groups with panacyl 

bromide; b) carbonyl groups with dansyl hydrazine; c) alcohol groups with 5-DTAF  
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3.3.3 Labeling and quantification of carboxylic groups 

Solutions of panacyl bromide (PB) gave a linear dependence of the fluorescence vs. 

concentration in the range of  4 nM-67 nM and were used to calibrate the fluorescence 

signal from the dye in the further depletion experiments.(Figure 18)  The peak at about 

405 nm is the Raman scattering of the CH3 stretching mode (~ 2933 cm
-1

) of the solvent 

(acetone).  

 

To label carboxyl groups on MWCNTs, two samples of as-produced and two samples 

of the acid treated MWCNTs (~ 50 mg each) were reacted  in separate beakers with 

 

Figure 18. Emission spectra of panacyl bromide (PB) of different concentrations 

(from top to bottom): 67 nM,  35 nM,  17 nM,  9 nM, 4 nM; neat acetone (dotted line) 

excited at 362 nm.  (Inset: calibration plot of fluorescence intensity at 475 nm vs. PB 

concentration) 
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solutions of PB of known concentrations (see SI for the details).  Upon the completion of 

the reaction, supernatants from each of the beakers were collected together with the 

supernatants after the successive (4 times at least) washings of the samples with the neat 

solvent (acetone) to remove the physisorbed PB from MWCNTs.  Fluorescence spectra 

of the recovered supernatant solutions were taken to determine the concentration of PB 

that remained non-reacted.(Figures 19,20)   

 
Figure 19.  Emission spectra of panacyl bromide reacted with carboxyls of as-received  

MWCNTs: experiment without MWCNTs (solid line at the top), after reaction with 46.1 

mg MWCNTs (dotted line), after reaction with 41.9 mg MWCNTs (dashed line); neat 

acetone (dash-dotted line at the bottom). Excitation at 362 nm.  
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Figure 20.  Emission spectra of panacyl bromide reacted with carboxyls of 

HNO3/H2SO4 purified MWCNTs: experiment without MWCNTs (solid line at the 

top), after reaction with 46.1 mg MWCNTs (dotted line), after reaction with 44.7 mg 

MWCNTs (dashed line); neat acetone (dash-dotted line at the bottom). Excitation at 

362 nm.  

 

3.3.4 Labeling and quantification of carbonyl groups 

Carbonyl (aldehyde, together with ketone) groups were labeled with dansyl hydrazine 

and quantified in a manner similar to the strategy explained above.(Figures S21-S23) 

 

3.3.5 Labeling and quantification of alcohol groups 

Alcohol groups were labeled with 5-DTAF and quantified similar to the strategy, 

explained above.(Figures S24, S25) 
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3.4 Control experiments 

3.4.1 Dye physisorbtion control experiments 

In order to avoid a contribution to the total depletion from the dye which could possibly 

physisorb to the walls of the glass beaker during the reaction, depletion in each 

experiment was determined with reference to the experiment without MWCNTs in 

solution, which was treated the same way as the solutions with MWCNTs.  In addition, a 

series of control experiments with deactivated dyes were done to determine how much of 

the dye physisorbs to MWCNTs, using a strategy described elsewhere.
24

 (Figures S26-

S28)   

 

3.4.2 Reaction time control experiments 

It was checked if the chosen reaction times were long enough to label the majority of 

the accessible functional groups.  For this purpose, after the first labeling run was 

complete, the reacted samples were subject to contact with fresh portions of the labeling 

solutions.  Insignificantly small depletion after the second labeling run, compared to the 

first one was observed for PB and DH, suggesting that the reaction times were 

sufficient.(Figures  S29, S30) 

 

3.4.3 Results and Discussion 

The results of the FLOSS on MWCNTs are summarized in Table 4.  Since dye 

physisorption control experiment showed significant physisorption of 5-DTAF (label for 

the alcohol groups) to MWCNTs (Figures S27, S28), the concentration of alcohol groups, 

determined from the depletion experiment, has to be considered as an upper limit.  For 
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one of the samples, the fluorescence of 5-DTAF remaining after the labeling reaction was 

even higher than for the control experiment without MWCNTs, resulting in a negative 

depletion (Figure S25, Table 4).  It has to be mentioned here, that the phenomenon of the 

negative depletion together with the strong physisorbtion of 5-DTAF was already 

observed in the case of the single-walled carbon nanotubes (SWCNTs) and still poorly 

understood.
28

 

Overall analysis of the concentrations of the functionalities determined by FLOSS 

suggests that carbonyls are the most abundant functionalities for both as-produced and 

the acid treated MWCNTs, similar to SWCNTs.
28

  Somehow surprisingly, it was also 

found that the as-produced contain substantially greater concentrations of oxygen 

functionality than as-produced    Furthermore, acid treated MWCNTs contain lower 

concentration of functionalities than the as-produced MWCNTs.(Table 4)  Tentative 

explanations to these finding can be made based on the knowledge of the composition of 

both materials.   According to the manufacturer, the as-produced MWCNTs, used in this 

study, contain a substantial amount of carbonaceous impurities (up to 70%).  One might 

reasonably expect that carbon impurities, being more disordered and richer with defects 

that can oxidize in ambient, would have a higher content of the functional groups 

compared to the MWCNTs.  For these reasons, most probably, the contribution of the 

functional groups on carbon impurities to the overall concentration of the functional 

groups on as-produced material is predominant.   

Acid treatment of the material, on the other hand, changes relative content of 

MWCNTs and carbon impurities, mostly destroying the latter one, thus leading to the 

decreased overall concentration of the functional groups on acid treated material compare 
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to the as-produced, non-purified one.  Transmission electron microscopy (TEM) showed 

that as-received, non-purified MWCNTs contain substantial amount of amorphous 

(shapeless material) together with graphitic carbon (pieces of the material with distinct 

edges) impurities (Figure 21).  The impurities in purified MWCNTs, on the other hand, 

are mostly comprised from graphitic carbon (Figure 22).  TEM results, thus, support the 

suggested explanation for having lower oxygen functionalities content in the case of 

purified MWCNTs, compared to as-received, non-purified MWCNTs. 

  

Figure 21.  TEM image of as-received, non-

purified multiwalled carbon nanotubes 

(scale bar is 100 nm) 

Figure 22.  TEM image of HNO3/H2SO4 

purified multiwalled carbon nanotubes 

(scale bar is 100 nm) 

 

3.5 Conclusions 

Fluorescence labeling of surface species (FLOSS) was successfully applied to as-

produced and acid purified MWCNTs to detect, identify and quantify carbonyl, alcohol, 

and carboxyl surface functionalities.  It was found, that carbonyls are the most abundant 

functionalities for both materials.  The lower content of the functional groups on acid 

treated MWCNTs compared to the as-produced MWCNTs was explained by the 
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predominant contribution of the highly functionalized carbon impurities in the non-

treated material.   

Reproducibility of the FLOSS, accompanied with the plausible results of series of the 

control experiments, demonstrated that FLOSS can be efficiently used in the surface 

characterization of MWCNTs. 

Table 4.  FLOSS results (atomic percent and surface coverage) of various oxygen 

containing functional groups on MWCNTs   

FUNCTIONAL GROUPS 

-COOH 

(carboxylic) 

-COH 

(aldehyde, ketone) 

-OH 

(alcohol) 

 

MWCNTs       

(specific surface 

area) groups/cm
2
 % at. groups/cm

2
 % at. groups/cm

2
 % at. 

As-received  

(37 m²/g) 

4.3 x 10
13

         

± 0.1 x 10
13

 

1.10      

± 0.03 

7.45 x 10
13

    

± 0.45 x 10
13

 

1.94    

± 0.12 

6.8 x 10
13

 

8.9 x 10
13

 

1.8 

2.3 

HNO3 / H2SO4 

treated (46 m²/g) 

1.4 x 10
13

         

± 0.1 x 10
13

 

0.36      

± 0.03 

6.05 x 10
13

          

± 0.25 x 10
13

 

1.57    

± 0.06 

1.2 x 10
14

 

-8.2 x 10
12

 

3.1 

-0.2 

Dye Panacyl Bromide Dansyl Hydrazine 5-DTAF 
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3.6 Supporting information 

3.6.1 Thermogravimetric analysis.(TGA) 

To determine the stability of the samples to oxidation, thermogravimetric analyses of 

as-produced and HNO3/H2SO4  (acid) purified MWCNTs were performed, using a 

PerkinElmer  (Pyris 6) thermogravimetric analyzer (heat rate: 10°C/min.; air flow rate: 20 

ml/min.). (Figure S20)  As one can notice, the differential TGA curves are almost 

perfectly superimposed, suggesting that the acid treatment did not result in the damage or 

destroying of MWCNTs.(Figure S20)   

 

Figure S20.  Thermogravimetric (TGA, as-received MWCNTs: thick solid line; acid 

purified MWCNTs: double dash/dotted line) and differential TGA curve (DTG, as-

received MWCNTs: thin solid line; acid purified MWCNTs: dotted line) 
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3.6.2 Purification of multi-walled carbon nanotubes  

To study the effect of the acid treatment on the composition/content of surface 

functionalities, as-produced MWCNTs were purified with a mixture of nitric and sulfuric 

acids, following the protocol described elsewhere.
1, 2

  Typically, ~ 500 mg of as-produced 

MWCNTs were sonicated with 100 ml of 96% H2SO4 and 100 ml of 50-70% HNO3 in a 

500 ml beaker for ~5 min. to form a homogeneous mixture.  The mixture was then 

refluxed (105 -110°C) while stirring (magnetic Teflon coated stir bar) for 5 hours,   after 

which the heating was stopped and the mixture was allowed to cool down to room 

temperature for 12-18 hours.  The mixture was added to ~600 ml of deionized (DI) water 

in 1L beaker and then vacuum filtrated through a cotton filter (Whatman #2).   

Wet purified MWCNTs were washed with DI water on the filter until the neutral pH.  

After heating the filter covered with wet MWCNTs in an oven at ~ 100-110°C for ~30 

min., a “cake” of MWCNTs was separated from the filter with a spatula and transferred 

into a beaker and then heated in the oven (at ~110
0
C) until constant weight was reached.  

The purification was run 3 more times, each time for ~500 mg of as-produced MWCNTs 

to collect sufficient amount of the purified material to run labeling reactions. Yields of 

the purification were 30-40% wt..  Purified nanotubes after each purification treatment 

were collected, mixed together, and used as a one sample in further labeling reactions. 

 

3.6.3 Labeling and quantification of carboxylic groups 

A stock solution for the labeling (250 ml) was prepared in the dark, containing 0.218 

mM of panacyl bromide (PB) and 0.1 mM of dibenzo-18-crown-6 (D18C6) (Aldrich) 

(used as a catalyst) with acetone (Fisher) as a solvent.  Two samples of as-produced 
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MWCNTs (46.1 mg and 41.9 mg) and two samples of acid treated MWCNTs (46.1 mg 

and 44.7 mg) were reacted in the dark.  Each sample was in a separate 50 ml glass beaker 

with 30 ml of the stock solution for ~ 4 hrs at ~ 50
0
C (hot plate) while stirring (Teflon 

coated magnetic stir bar).  After the reaction, ~20 ml of supernatant over the labeled 

MWCNTs was collected into a separate 200 ml volumetric flask for each of the samples.  

Each of the samples was washed, in its corresponding beaker, with neat acetone several 

times (4-5 times) and the supernatants after the washings were also collected in the same 

corresponding flasks as well.  The collected supernatants for each of the samples were 

diluted up to 200 ml with neat acetone.  Subsequent dilution of each of the solutions by a 

factor of 500 (100 µl up to 50ml) with neat acetone, resulted in the solutions used for the 

fluorescence measurements (excitation at 362 nm).(Figures 19, 20)    

 

3.6.4 Labeling and quantification of carbonyl groups  

A stock solution for the labeling (250 ml) was prepared in the dark, containing 0.145 

mM of dansyl hydrazine (DH) with methanol (JT Baker) as a solvent.  Two samples of 

as-produced MWCNTs (44.9 mg and 56.2 mg) and two samples of acid treated 

MWCNTs (54.8 mg and 55.4 mg) were reacted in the dark. Each sample was in a 

separate 50 ml glass beaker, with 30 ml of the stock solution for ~ 70 hrs at room 

temperature in the presence of the catalytic amount of HCl (1 ml of 0.1M solution of HCl 

in methanol per each of the beaker) while stirring (Teflon coated magnetic stir bar). 

   After the reaction, ~20 ml of supernatant over the labeled MWCNTs was collected 

into a separate 200 ml volumetric flask, separate for each of the samples. Each of the 

samples was washed, in its corresponding beaker, with neat methanol several times (4-5 
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times) and the supernatants after the washings were also collected in the same 

corresponding flasks as well.  The collected supernatants for each of the samples were 

diluted up to 200 ml with neat acetone.  Subsequent dilution of each of the solutions by a 

factor of ~70 (700 µl up to 50ml) with acetone and catalytic amount of HCl, resulted in 

the solutions, used for the fluorescence measurements (excitation at 350 nm).(Figures 

S21-S25)  The rationale in using acetone as a solvent in the final dilutions was stipulated 

by the fact that DH fluoresces more brightly upon the reaction with carbonyls.  

Fluorescence measurements were performed after at least 12 hrs since the final dilutions 

with acetone were done to make sure that all DH reacted. 

 

Figure S21.  Emission spectra of dansyl hydrazine (DH) of different 

concentrations (from top to bottom): 579 nM,  289 nM,  145 nM,  72 

nM, 36 nM; neat acetone+HCl (dotted line) excited at 350 nm.  (Inset: 

calibration plot of fluorescence intensity at 510 nm vs. DH 

concentration) 
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Figure S22.  Emission spectra of dansyl hydrazine reacted with 

carbonyls of as-produced MWCNTs: control experiment without 

MWCNTs (solid line at the top), after reaction with 44.9 mg MWCNTs 

(dotted line), after reaction with 56.2 mg MWCNTs (dashed line); neat 

acetone (dash-dotted line at the bottom). Excitation at 350 nm. 

 

Figure S23.  Emission spectra of dansyl hydrazine reacted with 

carbonyls of HNO3/H2SO4 purified MWCNTs: control experiment 

without MWCNTs (solid line at the top), after reaction with 54.8 mg 

MWCNTs (dotted line), after reaction with 55.4 mg MWCNTs (dashed 

line); neat acetone (dash-dotted line at the bottom). Excitation at 350 

nm. 
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3.6.5 Labeling and quantification of alcohol groups  

To prevent 5-DTAF from reacting with hydroxyls of water, which are inevitabtly 

present in the air moisture and to some extent physisorbed on MWCNTs, an aqueous 

solution of Na2CO3 (Fisher) of pH ~11 (~20 g of Na2CO3  for 1 L of water) was prepared 

and used as a solvent to prepare (in the dark) 0.096 mM stock solution (250 ml) of 5-

DTAF for the labeling. 

 Two samples of as-produced MWCNTs (50.5 mg and 50.6 mg) and two samples of 

acid treated MWCNTs (48.9 mg and 52.1 mg) were reacted in the dark. Each sample was 

in a separate 50 ml glass beaker, with 30 ml of the stock solution for ~ 24 hrs at room 

temperature, while stirring (Teflon coated magnetic stir bar).  After the reaction, ~20 ml 

of supernatant over the labeled MWCNTs was collected into a separate 200 ml 

volumetric flask, separate for each of the samples. Each of the samples was washed, in its 

corresponding beakers, with aqueous solution of Na2CO3 (pH ~11) several times (4-5 

times) and the supernatants after the washings were also collected in the same 

corresponding flasks as well.  The collected supernatants for each of the samples were 

diluted up to 200 ml with neat acetone.  Subsequent dilution of each of the solutions by a 

factor of 5000 (10 µl up to 50ml) with with aqueous solution of Na2CO3 (pH ~11), 

resulted in the solutions, used for the fluorescence measurements (excitation at 490 

nm).(Figures S24, S25)    
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Figure S24.  Emission spectra of 5-DTAF reacted with hydroxyls of as-

received MWCNTs: control experiment without MWCNTs (solid line at 

the top), after reaction with 50.5 mg MWCNTs (dotted line), after 

reaction with 50.6 mg MWCNTs (dashed line); Na2CO3+H2O (pH~11) 

(dash-dotted line at the bottom). Excitation at 490 nm. 

 

 

Figure S25.  Emission spectra of 5-DTAF reacted with hydroxyls of 

HNO3/H2SO4 purified MWCNTs: control experiment without MWCNTs 

(solid line at the top), after reaction with 48.9 mg MWCNTs (dotted 

line), after reaction with 52.1 mg MWCNTs (dashed line); Na2CO3+H2O 

(pH~11) (dash-dotted line at the bottom). Excitation at 490 nm. 
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3.7 Control experiments 

3.7.1 Dye physisorption control experiments 

 

Figure S26.  Emission spectra of deactivated dansyl hydrazine after contact (~ 70 

hr.) with 46.6 mg as-received (dotted line) and 42.7 mg HNO3/H2SO4 purified 

(dashed line) MWCNTs; control experiment without MWCNTs (solid line at the 

top), acetone (dash-dotted line at the bottom). Excitation at 350 nm. 

 

Figure S27. Emission spectra of deactivated 5-DTAF after contact (24 hrs) with 

as-received MWCNTs: control experiment without MWCNTs (solid line at the 

top), after contact with 49.4 mg MWCNTs (dotted line), after contact with 48.4 mg 

MWCNTs (dashed line); Na2CO3+H2O (pH~11) (dash-dotted line at the bottom). 

Excitation at 490 nm. 
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Figure S28.  Emission spectra of deactivated 5-DTAF after contact (24 hrs) with 

HNO3/H2SO4 purified MWCNTs: control experiment without MWCNTs (solid 

line at the top), after contact with 50.1 mg MWCNTs (dotted line), after contact 

with 51.9 mg MWCNTs (dashed line); Na2CO3+H2O (pH~11) (dash-dotted line at 

the bottom). Excitation at 490 nm. 

 

 

3.7.2 Reaction time control experiments 

 

Figure S29. Emission spectra of Panacyl Bromide after first run of the reaction 

with 46.1 mg of non-labeled HNO3/H2SO4 purified MWCNTs for 3.5 hrs. (dashed 

line) and second run with 46.1 mg of labeled HNO3/H2SO4 purified MWCNTs for 

26 hrs. (dotted line); control experiment without MWCNTs (solid line at the top), 

acetone (dash-dotted line at the bottom). Excitation at 362 nm. 
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Figure S30.  Emission spectra of dansyl hydrazine after first run of the reaction 

with 54.8 mg of non-labeled HNO3/H2SO4 purified MWCNTs for 62 hrs. (dashed 

line) and second run with 54.8 mg of labeled HNO3/H2SO4 purified MWCNTs for 

72 hrs. (dotted line); control experiment without MWCNTs (solid line at the top), 

acetone (dash-dotted line at the bottom). Excitation at 350 nm. 
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CHAPTER 4 

(Based on:  Dementev, N.; Osswald, S.; Gogotsi, Y.; Borguet, E., Purification of carbon 

nanotubes by dynamic oxidation in air. J. Mater. Chem. 2009, 19, (42), 7904-7908) 

 

PURIFICATION OF CARBON NANOTUBES BY  

DYNAMIC OXIDATION IN AIR 

 

4.1 Abstract  

We describe a new approach to the purification of single-walled carbon nanotubes 

(SWCNTs), based on the selective oxidation of carbonaceous impurities by heating at a 

constantly increasing temperature (i.e. dynamic oxidation) in air.  Using UV-VIS-NIR 

spectroscopy, Raman spectroscopy and transmission electron microscopy we demonstrate 

the superior purity of dynamically oxidized SWCNTs. In addition to being faster than 

other methods, dynamic oxidation allows for an efficient removal of carbonaceous 

impurities without significant loss of nanotubes. It is hypothesized that the advantages of 

dynamic oxidation arise from the exposure of the raw material to the wider range of the 

temperatures, than in conventional isothermal oxidation.  

 

4.2 Introduction 

Single-walled carbon nanotubes (SWCNTs) are nanometer-wide hollow carbon 

structures with exceptional mechanical and electronic properties.
1
  For example, metallic 

SWCNTs can carry current densities at least one thousand times bigger than conventional 

materials, such as copper, silver, or gold.
2
  On the other hand, semiconducting SWCNTs 

have been used to design the smallest transistors, allowing for further improvements in 
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minimizing and arranging integrated circuits and arrays.
3
 Applications range from 

electronic devices and sensors to nanopipettes and composite materials.
4
  In most cases a 

successful application depends on the availability of large quantities of high purity 

SWCNTs.
4
  However, scaling up the production of carbon nanomaterials typically leads 

to a decrease in quality and thus furthers the need for efficient, environment-friendly and 

economic purification techniques.   

The major impurities present in as-produced CNTs can be divided into 1) metallic 

catalyst particles (e.g. iron, nickel, yttrium) remaining from the synthesis and 2) non-

tubular carbonaceous impurities (C-impurities), such as amorphous and graphitic carbon, 

fullerenes and carbon onions.
5
  Common purification techniques are either based on 

oxidizing liquids (e.g. acids, bases), or utilize gaseous oxidants such as oxygen, carbon 

dioxide, water vapor or ozone.  A detailed overview of existing purification techniques 

was recently given by Hou et al. 
6
. While methods using nitric or sulfuric acid remove 

both residual catalyst as well as C-impurities, such treatments typically lead to SWCNTs 

that are highly defective and rich in oxygen-containing functional groups.
1, 7, 8

  

Gas phase oxidation is a milder purification technique.
6, 9-11

  In this treatment, carbon 

impurities are selectively burnt out during heating at elevated temperature (250-500
o
C, 

depending on the material and oxidation conditions) in the presence of an oxidant such as 

oxygen or air.
9,10,12-14

.  The major draw-back of gas phase oxidation is the likelihood of 

SWCNT damage and high sample loss under non-optimized purification conditions. Gas 

phase oxidation is based on the assumption that SWCNTs are more resistant to oxidation 

than C-impurities. Thus, C-impurities can be selectively removed by purifying the sample 

at a temperature below the oxidation temperature of SWCNTs, without damaging or 
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destroying valuable nanotubes.  However, a very precise control over the temperature is 

needed.
6, 9, 11, 12

  The presence of the metallic particles, which catalyze the carbon-

oxygen-reaction, further complicates the oxidation process.    

During dynamic oxidation SWCNTs are subject to a constantly increasing 

temperature (e.g., 10 °C/min) in the presence of air (Figure 23). The required oxidation 

times (<1.5 hrs)  are significantly smaller compared to isothermal processes (typically >5 

hrs.), thus minimizing contributions of catalytic effects.
13

  The purity of dynamically 

oxidized SWCNTs exceeds that of conventional oxidation methods including that of most 

isothermal oxidation protocols
13

.   
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Figure 23.  Comparison of the dynamic oxidation (left panel) with conventional 

isothermal (“static”) oxidation (right panel). 

 

 

4.3 Experimental Section 

4.3.1 Materials  

As-received, arc-produced SWCNTs were purchased from Carbon Solutions, Inc.  

Prior to dynamic oxidation, in order to facilitate sample handling, as-received SWCNTs 
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(~240 mg) were mixed in acetone (~15 ml), so that after drying for two days at ~80 °C 

the sample was compressed by a factor of ~10. Thermogravimetric analysis (TGA) did 

not show any significant changes in the thermal behavior between the raw and acetone-

processed materials (data not shown). 

 

4.3.2 Characterization 

TGA and dynamic oxidation were performed in a Pyris 6 PerkinElmer 

thermogravimetric analyzer, using a heating rate of 10 °C/min and a constant air flow of 

20 ml/min.  Sample loads of ~10 mg were used in each run.  Absorption spectra were 

recorded in a UV-VIS-NIR Spectrophotometer JASCO, V-570 with 10 mm path 

rectangular quartz cuvettes.  Raman spectra were recorded using a Renishaw Raman 

micro spectrometer (1000) equipped with an 514.5 nm Ar ion laser.  Transmission 

electron microscopy (TEM) was performed on Hitachi H-7600 instrument at an 

acceleration voltage of 100 kV.  

 

4.4 Results and Discussion 

4.4.1 Determination of Final Temperature of Oxidation 

In order to determine the optimal final temperature of oxidation (FTO) for 

purification of SWCNTs by dynamic oxidation at a given heating rate, as-produced 

SWCNTs from the same batch were divided into 7 groups.  Each group was subjected to 

dynamic oxidation using similar conditions (i. e. same air flow, same heating rate), while 

the FTO was set to different temperatures in the range 400-770°C.  The selected FTO 

correspond to temperatures at which the differential weight loss (dW/dT) of as-produced 
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SWCNTs exhibits a change in slope: 400, 520, 620, 700, 730, 750, and 770 °C (see 

Figure.24). After cooling to room temperature, samples were analyzed using UV-VIS-

NIR, Raman and TEM.   
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Figure 24. Thermogravimetric (TGA, solid line) and differential TGA curve (DTG, 

dotted line) for SWCNTs after compression with acetone. 

 

UV-VIS-NIR spectra of as-produced SWCNTs, dynamically oxidized to different 

FTOs (and dispersed in 1 wt%. SDS in water solution), are presented in Figure 25.  The 

absorption features labeled as M11 and S22 arise from metallic and semiconducting carbon 

nanotubes, respectively.
14, 15

  The integrated intensities (peak area) of M11 and S22 are in 

direct relation with the amount of metallic and semiconducting SWCNTs, respectively. 

The content of C-impurities can be estimated from the slope of each spectrum (the greater 

the slope – the more C-impurities the sample has).
14

  The concentration of each of the 



 72 

1.41.41.41.4

1.31.31.31.3

1.21.21.21.2

1.11.11.11.1

1.01.01.01.0

0.90.90.90.9

0.80.80.80.8

0.70.70.70.7

0.60.60.60.6

0.50.50.50.5

0.40.40.40.4

0.30.30.30.3

0.20.20.20.2

0.10.10.10.1

0.00.00.00.0

a
b
s
o
rb

a
n
c
e

160001600016000160001400014000140001400012000120001200012000100001000010000100008000800080008000

wavenumber (cm
-1

)

M11

S22

NONONONO
oxidationoxidationoxidationoxidation

400400400400
oooo
CCCC

520520520520
oooo
CCCC

620620620620
oooo
CCCC

700700700700
oooo
CCCC

730730730730
oooo
CCCC

750750750750
oooo
CCCC

770770770770
oooo
CCCC

samples was adjusted (by dilution in SDS solution) in order to get the same slope, i.e. C-

impurity concentration, as a non-oxidized sample in the UV-VIS-NIR spectra.  

The areas under the S22 peaks were calculated using IGOR software (WaveMetrics, 

Inc.). As seen from Figure 25, the intensity of the absorption peaks increases when 

increasing the FTO from room temperature to 730 °C, suggesting that the relative amount 

of SWCNTs in the samples increases due to the burning of C-impurities.  The highest 

purity was observed for SWCNTs dynamically oxidized to 730 °C.  Higher FTOs lead to 

burning of SWCNTs as indicated by a decrease in M11 and S22   

 

Figure 25. UV-VIS-NIR spectra of SWCNTs dynamically oxidized to different FTOs 

(Spectra Y-offset) 
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4.4.2 Evaluation of the purity of SWCNTs by UV-VIS-NIR spectroscopy  

The purity of the samples was determined following the method of Haddon et al.
14, 16

  

In this method, the purity of SWCNTs is defined as: 

 
)(

)(

)(

)(

TAA

SAA

impuritiesCSWCNTsContent

SWCNTsContent
PSAMPLE =

+
= , (1) 

where SAMPLEP  is the purity of the sample; )(SAA is the area under S22 minus the area 

under the baseline, associated with the SWCNTs content (Figure. 26a), and )(TAA is the 

total area under the S22 absorption peak (Figure. 26b) resulting from both the SWCNTs 

and the C-impurities. A straight line, intersecting UV-VIS-NIR spectra of SWCNTs at 

8000 and 11765 cm
-1

, was chosen as a baseline.   

 

Figure 26. UV-VIS-NIR spectrum of SWCNTs dispersed in dimethyl formamide. (a) 

AA(S) (dashed area) is associated with SWCNTs content and (b) AA(T) (dashed 

area) is associated with both the SWCNTs and the C-impurities content 
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In order to standardize the method, a Relative Purity (PR) of the sample was defined 

as:  

 
141.0

SAMPLE

REFERENCE

SAMPLE

SAMPLE

P

P

P
RP ==  x 100%, (2) 

where SAMPLERP  is the Relative Purity of the sample and 141.0=REFERENCEP  is the purity 

(determined based on eq.1) of  “an arbitrary high-purity reference sample”.
14, 16

 

Samples of SWCNTs before (blue dotted line in Figure 27a) and after the dynamic 

oxidation to 730
o
C (red solid line in Figure 27a) were dispersed in dimethyl formamide 

(DMF) (Fisher Scientific) and their purity was evaluated (Table 5). 

 

Table 5. Purity of the Samples before and after dynamic oxidation. 

Sample AA(S) AA(T) Purity Relative Purity 

As-received 18.256 220.327 0.083 59% 

Dynamically oxidized to 730°C 

(Before centrifuging) 

40.002 225.338 0.178 126% 

Dynamically oxidized to 730°C 

(SEDIMENT after centrifuging) 

30.461 194.677 0.156 111% 

Dynamically oxidized to 730°C 

(SUPERNATANT after centrifuging) 

9.444 18.861 0.501 355% 

Analytically Pure
†
   0.325

†
 230%

†
 

†
 Estimated by Haddon’s group.

16
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In order to exclude possible effects of the catalyst (Ni,Y)-oxides (~70% wt. in 

dynamically oxidized sample (Figure 25) on the evaluation of the purity of the 

dynamically oxidized sample by UV-VIS-NIR spectroscopy (oxides have a non-zero 

absorbance), 10 ml of the solution of the dynamically oxidized sample in DMF (red solid 

line in Figure 27b) were centrifuged at ~3000 g (Sorvall) for 30 min.  After the 

centrifuging, 8 ml of the supernatant, which was expected to have a lower content of 

heavy metal oxides, were mixed with 2 ml of neat DMF (to make original volume of 10 

ml), sonicated for 20 min. and the UV-VIS-NIR spectrum was taken (black dotted line, 

Figure 27b).  The evaluation of the relative purity of the dynamically oxidized sample 

with decreased amount of the metal oxides based on the method suggested by Haddon, 

gave a relative purity of 355%, which is higher than the previously achieved relative 

purity of 230% for analytically pure SWCNTs according to the same classification by 

Haddon. (Table 5.) 
16

  This result suggests that nanotubes, dynamically oxidized in air, 

are almost totally free from carbonaceous impurities.  It should be stressed here that 

purity of the SWCNTs determined by NIR spectroscopy in this work is the relative 

purity.   

Purity of dynamically oxidized SWCNTs was compared to the purity of SWCNTs, 

oxidized via the isothermal oxidation protocol, described elsewhere.
13

  In comparison to 

as-received samples, the dynamically oxidized material is a factor of 6 purer. However, 

isothermal oxidation yields SWCNTs which are only ~2 times purer than a raw material. 

4.4.3 Evaluation of the purity of SWCNTs by Raman spectroscopy  

Raman spectra of as-received, air/HCl purified (purification by Carbon Solutions, 

Inc.) and dynamically oxidized SWCNTs are presented in Figure 28(a,b). All samples 
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show the typical Raman features of SWCNTs: the disorder-induced D-band (1300-1400 

cm
-1

) (Figure 28b) resulting from amorphous carbon and structural defects in SWCNTs; 

the G-band (~1590 cm
-1

) (Figure 28b) originating from the in-plane vibrations of carbon-

carbon bonds; and the radial breathing modes (RBM) between ~100 and 500 cm
-1

 (Figure 

28a,b) attributed to the collective breathing vibration of the entire SWCNT.
12, 17, 18

  The 

integrated intensity ratio (peak area) between D and G bands (D/G) is conventionally 

used to evaluate the purity of CNT samples.
12, 17, 18
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Figure 27. UV-VIS-NIR spectra of SWCNTs (a) dispersed in dimethyl formamide 

before (blue dotted line) and after (red solid line) the dynamic oxidation to 730°C and 

(b) dispersed in dimethyl formamide after dynamic oxidation to 730°C before (solid 

red line) and after centrifuging (sediment- black dashed line; supernatant – black 

dotted line). 
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The Raman spectrum of dynamically oxidized SWCNTs revealed a low D band and a 

high G-band intensity with well separated G
-
 and G

+
 sub-bands (Figure 28b).  The D/G 

ratio of dynamically oxidized SWCNTs (0.05) is much smaller than that of as-received 

(0.23) or air/HCl purified (0.36) SWCNTs, indicating higher purity (and lower level of 

structural defects) of the dynamically oxidized sample (Figure 28b). The RBM range 

does not show significant changes, indicating little or no tube damage.
19
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Figure 28. Raman spectra of SWCNTs showing D band (b), G band(b) and RBM 

peaks(a,b) before purification (top, red solid line), after Air/HCl purification (middle, 

blue solid line) and after dynamic oxidation (bottom, black solid line).  Spectra were 

recorded using a 514 nm excitation wavelength. 
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4.4.4 Evaluation of the purity of SWCNTs by Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) clearly shows that the sample of as-

produced non-purified SWCNTs contains an abundance of impurities either deposited on 

the bundles of SWCNTs (making surface of the bundles unsmooth and not well 

distinctive) or in the form of “clumpy” aggregates (Figure 29a).  Bright regions in TEM 

images of SWCNTs correspond to C-impurities. The dark spots are associated with 

catalytic metallic particles and their oxides (Figure 29a).
20

 

  

Figure 29. Transmission Electron Microscopy Images of SWCNTs (powder) before 

purification (a), and after dynamic oxidation (b). Scale bar is 100 nm on any of the 

images. 

   

In contrast with TEM images of as-produced non-purified SWCNTs, TEM images of 

dynamically oxidized SWCNTs show no amorphous carbon, indicating an efficient  

elimination of C-impurities from the sample (Figure 29b)  Dark regions in the TEM 

images of dynamically oxidized SWCNTs are tentatively associated with oxides of the 

catalytic metals (Figure 29b). 

 

(b) (a) 
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4.5 Conclusions 

Dynamic oxidation in air, i.e. oxidizing SWCNT containing samples at a constant 

heating rate in air, was shown to be a fast and effective method of purification of 

SWCNTs.  UV-VIS-NIR, Raman, and TEM revealed a much higher degree of purity of 

dynamically oxidized SWCNTs (from C-impurities) in comparison with conventionally 

purified samples.  UV-VIS-NIR spectroscopy showed that dynamically oxidized 

SWCNTs has a lower content of C-impurities than previously reported for “analytically” 

pure SWCNTs.  Short operation times (<1.5 hrs), along with ~6 times improvement in 

purity of SWCNTs, make dynamic oxidation an excellent alternative to other purification 

methods.  In our opinion, the advantages of dynamic oxidation in air arise from the fact 

that raw material in this treatment is subject to oxidation in the widest possible range of 

temperatures (up to the threshold temperature of burning of SWCNTs), providing access 

to all thermodynamically allowed conditions for burning various fractions of C-

impurities. 
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CHAPTER 5 

SURFACTANT-FREE METHOD OF SOLUBILIZATION OF PRISTINE 

SINGLE-WALLED CARBON NANOTUBES  

 

5.1 Abstract  

We report a new approach to prepare stable dispersions of single-walled carbon 

nanotubes (SWCNTs) in common solvents, such as acetone, methanol, and isopropanol.  

The method, based on the elimination of the entanglement of the bundles of SWCNTs, 

overcomes one of the major obstacles to the successful preparation of stable dispersions 

of SWCNTs.  Disentanglement of the bundles of SWCNTs has been achieved via a series 

of mild sonication treatment cycles, which led to the formation of thicker, more rigid, and 

significantly less entangled bundles of SWCNTs.  Subsequent mild sonication of 

disentangled bundles of SWCNTs in the solvent resulted in the formation of stable 

dispersions of SWCNTs with concentrations as high as ~15 mg SWCNTs/L.  Results of 

analyses of the soluble SWCNTs using Raman, UV-vis-NIR spectroscopy, 

thermogravimetry, transmission electron and atomic force microscopies support the 

suggested mechanism of the process and confirm the non destructive nature of the 

solubilization protocol.  The increased stability of soluble SWCNTs to thermal oxidation 

is indicative of high crystallinity of the sample, accompanied with the low metal and 

functionalities content in the material. 

5.2 Introduction 

Carbon nanotubes (CNTs), possessing exceptional mechanical and electrical 

properties, have already found different applications from nanoelectronics to polymer 
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based composite materials.
1-5

  However, difficulties with the preparation of stable 

dispersions of CNTs in solvents complicate scientific studies of the material and 

significantly impede the exploration of the unique properties of CNTs to their full 

extent.
1, 6-8

  Hurdles to solubilization of CNTs are usually associated with strong tube-

tube van der Waals interactions resulting in the formation of bundles of CNTs.
9-11

   

Many methods were suggested to overcome the problem of the bundling of CNTs and 

thus facilitate the dispersion of the material in solvents.
6, 7, 10, 12-15

  Most of the 

conventional solubilization protocols consist of one of two general approaches: 1) 

solubilization of CNTs by covalent modification of their surface; 2) solubilization of 

CNTs by non-covalent modification of their surface.  In the first approach, CNTs are 

subject to treatment by aggressive oxidants, e.g., nitric acid, resulting in CNTs 

functionalized with oxygen containing groups, such as carboxyls and hydroxyls.
14-17

  It 

has been demonstrated that the solubility of the oxidized CNTs increases significantly in 

the comparison with as-produced, non-oxidized material
17

 and can even be further 

improved by the covalent attachment of other moieties to the oxidized CNTs, utilizing 

chemistry of its surface functional groups.
13-15

  However, covalent chemical 

functionalization of CNTs converts sp
2
-hybrydized carbon atoms of the material into the 

sp
3
 - hybridized states leading to the disruption of the continuum of the π electrons in 

CNTs, thus leading to the loss, either partial or total (depending on the extent of 

functionalization), of the electronic and mechanical properties of CNTs.
15, 16

 

In order to preserve the integrity of CNTs during solubilization, physical modification 

of the surface of CNTs is employed in the second approach.
6, 7, 10, 12, 13, 18

  The 

dispersibility of CNTs in this strategy is achieved by non covalent attachment of 
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amphiphilic molecules to the surface of CNTs.  Surfactants (e.g. sodium dodecyl 

sulphate)
10

 or the derivatives of condensed aromatic compounds
6
 are the most commonly 

used molecules in this method.  The major drawback of the method is the difficulty in 

removing the strongly adsorbed molecules in the last steps of the processing of CNTs 

where the presence of these molecules may have a nefarious effect on subsequent 

applications.  

Here we report a new approach to solubilize non functionalized SWCNTs without the 

use of molecular agents (e.g. surfactants, polymer, DNA).  The method is based on the 

unraveling of the initially highly entangled and poorly soluble bundles of SWCNTs via 

the formation of thicker and less entangled bundles of SWCNTs (Scheme 4) in a series of 

the treatment cycles each of which is comprised of mild sonication of the sample in 

acetone, followed by a “no sonication” phase.  Surprisingly, low power sonication 

treatment of disentangled bundles resulted in the formation of stable solutions of 

SWCNTs in solvents, such as acetone, methanol, and isopropanol.(Scheme 4, b))  

 
Scheme 4.  Solubilization of SWCNTs via sonication-no sonication treatment. First 

5 cycles of the treatment lead to the disentanglement of the bundles a); cycles, 

starting from the sixth, solubilize nanotubes b). 
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5.3 Experimental Section 

5.3.1 Materials  

As-received, arc-produced single-walled carbon nanotubes (SWCNTs) used in this 

study, were purchased from Carbon Solutions, Inc. and condensed by acetone prior to any 

further processing, as described elsewhere
19

.  

 

5.3.2 Characterization 

A UV-VIS-NIR spectrophotometer JASCO, V-570 with 10 mm path rectangular 

quartz cuvettes was used to take the absorption spectra.  Raman spectroscopy was 

performed on a Renishaw Raman micro spectrometer (1000) equipped with an Ar ion 

laser (514.5 nm).  Thermogravimetric analysis (TGA) curves were recorded on Pyris 6 

PerkinElmer thermogravimetric analyzer, using a heating rate of 10 °C/min and a 

constant air flow of 20 ml/min. unless specified.  Transmission electron microscopy 

(TEM) was performed on a JEOL JEM 2100 instrument at an acceleration voltage of 200 

kV. 

 

5.3.3 Purification 

It has been shown that the van der Waals forces between CNTs are active provided 

the distance between CNTs is no larger than 1 CNT diameter.
9
  For this reason, as-

received SWCNTs were subject to purification prior the disentanglement processing to 

remove the carbonaceous metal impurities, which could possibly act as spacers between 

SWCNTs, thus impeding the effectiveness of the van der Waals interactions in the 

formation of thicker bundles of  SWCNTs. 
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As-received SWCNTs were purified from carbon impurities by dynamic oxidation as 

described elsewhere
19

.  Briefly, ~ 1g of as-received acetone condensed SWCNTs were 

subject to the heating in the electrical furnace (Lindberg) with a constant heating ramp of 

10°C/min. from room temperature to 680°C while purging with air at 100 ml/min. flow 

rate (see supplementary information for details).  Dynamically oxidized SWCNTs were 

treated with hydrochloric acid (HCl) aqueous solution to remove metallic impurities (see 

supplementary information for details). 

 

5.3.4 Disentanglement/solubilization of SWCNTs 

Single-walled carbon nanotubes (SWCNTs) were solubilized in acetone via a series 

of sonication-no sonication treatment cycles using a bath sonicator (see supplementary 

information for details). Typically, ~ 40 mg of the sample were mixed with ~ 200 ml of 

acetone and sonicated for 1 hr. in a glass beaker (“sonication” phase).  After the 

sonication was stopped, SWCNTs-acetone mixture was left for 6-12 hrs. without any 

treatment (“no sonication” phase).  We hypothesize that during the “no sonication” phase 

SWCNTs formed thicker bundles thus decreasing the disentanglement of the SWCNTs 

network.   

The results of TEM (see below) support the hypothesis.    After the “no sonication” 

phase, supernatant (~150 ml) over the solid phase was collected.  Part of the supernatant 

(~ 10 ml) was left for visual and UV-VIS-NIR analysis (Figures 30, 31) and the solid 

SWCNTs (the “fraction”) were extracted from the rest of the supernatant (~140 ml) by 

vaporizing the acetone in the vacuum oven.  Fresh acetone (up to 200 ml) was added to 

the beaker.  The treatment was done 26 times.  Supernatant after each treatment cycle 
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(from #1 to #25) was visually examined (Figure 30) and analyzed by UV-VIS-NIR 

spectroscopy (from #1 to #25).  Supernatants after the first 5 cycles of treatment were 

transparent; the 6
th

 cycle of treatment resulted in the formation of densely dark 

supernatant; the subsequent treatment cycles produced supernatants with gradually 

decreasing absorbance. (Figure 30)  The solid samples (fractions from #1 to #24) were 

left for the further analyses. 

 

Figure 30. Selected supernatants after each cycle of the solubilization 

treatment: #5, 6 (a); #18, 19 (b); #25, 26 (c). Supernatants #1-5 do not 

contain suspended material; #6-11 contain mostly amorphous carbon; 

#12-24 contain mostly SWCNTs (“soluble SWCNTs”) 

 

5.4 Results and Discussion 

5.4.1 Analysis of supernatants by UV-VIS-NIR spectroscopy 

Vis-NIR absorption spectra of SWCNTs have distinctive M11 and S22 peaks, 

corresponding to the first and second order electronic transitions in metallic and 

semiconducting SWCNTs, respectively.
15, 20

    Supernatants after each treatment cycle 

(Figure 30) were analyzed by UV-VIS-NIR spectroscopy using 10 mm path square quartz 

cuvettes with neat acetone as a reference (Figure 31).  M11 and S22 peaks were used to 

monitor presence/solubility of SWCNTs in the solutions.  Low absorbance and the 
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absence of the characteristic peaks of SWCNTs in the absorption spectra of the first 5 

supernatants suggest that the 5 cycles of the treatment were not enough to solubilize the 

sample.(Figure 31)  Serendipitously, the very next (sixth) cycle of the treatment, resulted 

in the dense dispersion of some of the sample in acetone.(Figure 30)  However, 

supernatants #6-11 contained mostly carbon impurities manifested by the low intensity 

characteristic peaks of SWCNTs on the high intensity Rayleigh scattering type baseline 

curve.(Figure 31)  Supernatants after the treatment cycles #12-24 were enriched with 

SWCNTs and referred as “soluble SWCNTs” hereafter.(Figure 31)  Some part of the 

sample (see supporting information for details) remained insoluble.  Analyses of the solid 

fractions (see below) by Raman spectroscopy, UV-vis-NIR spectroscopy and 

thermogravimetry suggest that fractions #6-11 contain mostly amorphous carbon, and 

insoluble residue is mostly graphitic carbon.  The solubilization of the sample, thus, 

provides further purification of SWCNTs. 

 

Figure 31. UV-VIS-NIR spectra of supernatants containing 

fractions from #1 to #11 (a); from #11 to #16 (b); from #16 to 

#25 in acetone during the disentanglement protocol. 
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5.4.2 Analysis of solid samples by Raman spectroscopy 

The combined supernatants from treatment cycles #1-11, the combined supernatants 

from treatment cycles #12-24 (soluble SWCNTs) and the insoluble residue were dried in 

three separate beakers in the vacuum oven (Napco 5831) to remove the acetone.  The 

dried solid samples, a ground sample of highly oriented graphite (HOPG), and SWCNTs 

before and after the purification were analyzed by Raman spectroscopy.(Figure 32)  

In general, SWCNTs exhibit series of the characteristic Raman peaks in the low 

frequency region, corresponding to the radial breathing vibrational modes (RBM) of 

SWCNTs of different diameters.
21-23

  The intensity distribution of RBM peaks for each of 

the samples in this study showed patterns, different from the as-produced 

SWCNTs.(Figure 32)  However, peaks highly depends on the crystallinity of the 

SWCNTs.
24

  Any changes in the relative intensity of the RBM peaks might simply reflect 

changes in the relative extent of ordering of SWCNTs of different diameters.
24

  UV-VIS-

NIR spectra (Figure 31, S37) of the samples did not show any changes in the 

position/relative intensity of M11 and S22 peaks, thus, clearly indicating that no 

separation/preferential destruction of SWCNTs occurred.  Nevertheless, broadening of 

the RBM band of soluble SWCNTs, accompanied with the increase of the relative 

intensity of the low frequency transitions, support the idea of the thickening of the 

bundles during the disentanglement process.
24

(Figure 32).  The insoluble residue left after 

the solubilization did not show any of the RBM transitions characteristic for SWCNTs, 

meaning that the SWCNT content, if any, of the fraction was below the detection 

limit.(Figure 32) 
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Analysis of the high frequency region in Raman spectra of SWCNTs allows one to 

estimate purity of SWCNTs from carbon impurities and the structural defects.
21-23

  The 

purity of SWCNT sample is indicated by the ratio of the D band (1300-1400 cm
-1

), 

corresponding to the vibrations of disordered, sp
3
 – hybridized carbons, to the G band 

(~1590 cm
-1

), reflecting ordered, sp
2
-hybridized carbon atoms 

21-23
(Figure 3)  The D/G 

ratio for soluble SWCNTs did not increase (0.03), compared to that for dynamically 

oxidized/HCl purified SWCNTs (0.03), suggesting a non-destructive character of the 

solubilization protocol.  

The position and the shape (lack of splitting) of the G peak of the insoluble residue 

was identical with that of HOPG, suggesting that the insoluble residue is mostly 

comprised of graphitic carbon.(Figure 32)  On the other hand, the splitting of the G peak 

in the Raman spectra of  fractions #1-11 and the shift in its position, compared to that for 

HOPG, suggest that the fractions #1-11 predominantly contain neither graphitic nor 

nanotube carbon.  The aforementioned results of Raman, UV-vis-NIR (Figure S37), TEM 

and AFM (not shown) let us assign the solids dissolved in the supernatants of fractions 

#1-11 to amorphous carbon.(Figure 32)   

5.4.3 Thermogravimetric analyses of the soluble SWCNTs and the insoluble residue 

To determine the residual metal content in the soluble SWCNTs, the solid 

components of the combined supernatants of fractions #12-24 (soluble SWCNTs) was 

subjected to thermogravimetric analysis (TGA). (Figure 33)  Surprisingly, however, the 

experimental conditions (heat rate: 10°C/min., air flow rate: 20 ml/min.) used did not 

allow all the material to be burned.(Figure 33)  The residue of the thermal analysis, left in 
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the TGA pan after the heating cycle was dispersed in dimethyl formamide (DMF) (Fisher 

Scientific) and analyzed by UV-VIS-NIR spectroscopy.(Figure 34) 

 

Figure 32. Raman spectra of SWCNTs showing radial breathing mode (RBM) peaks 

(a) and D and G band regions (b) From top to bottom: before purification, after 

dynamic oxidation, after dynamic oxidation/HCl treatment,  mixture of solid fractions 

#1-11, mixture of solid fractions #12-24 (soluble SWCNTs), insoluble residue 

(graphitic carbon), highly oriented pyrolytic graphite (HOPG).  Spectra were recorded 

using a 514 nm excitation wavelength.  

 

Distinctive M11 and S22 peaks in the UV-VIS-NIR absorption spectrum of the residue 

(Figure 34) together with the absence of a plateau in the high temperature region of the 

TGA curve (Figure 33), suggest that soluble SWCNTs became more robust to oxidation 

compared to SWCNTs (as-produced, dynamically oxidized, dynamically oxidized/HCl 

purified) before the solubilization treatment (see SI), most probably due to the lower 

content of metal residue in the sample.  TGA conditions were modified to provide an 
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extended exposure (100 min.) of the fresh sample of soluble SWCNTs to the air at 

1000°C. (Figures S33, S34)   

 

Figure 33. Thermogravimetric (TGA, 

solid line) and differential TGA curve 

(DTG, dotted line) for the mixture of 

the solid fractions #12-24 (soluble 

SWCNTs). Heat rate: 10°C/min., air 

flow rate: 20 ml/min. 

Figure 34. UV-VIS-NIR spectra of the 

mixture of the solid fractions #12-24 

(soluble SWCNTs) before (dotted line) 

and the residue left after the TGA 

(solid line) dispersed in DMF. 

 

The new TGA curve showed that the residual mass of the sample was less than 0.7% 

wt., supporting the initial hypothesis about the low content of residual metal in the 

soluble SWCNTs.(Figures S33, S34)  Difficulties with burning the insoluble residue 

(Figures S35, S36), combined with the results of the analysis of the Raman spectra 

(Figure 32) let us to conclude that the insoluble fraction is  mostly graphitic carbon. 

 

5.4.4 Analysis of the purity of SWCNTs by UV-VIS-NIR spectroscopy 

The relative purity (RP) of the fractions #1-11, #12-24 (soluble SWCNTs), and 

SWCNTs before and after the purification was evaluated by UV-VIS-NIR spectroscopy, 

using a method suggested by the Haddon group.
25

(Figure S37)  Comparison of the 
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relative purities of the samples confirmed the non-destructive nature of the solubilization 

protocol and suggested that the solid fractions #1-11 consist mostly of amorphous 

carbon.(Figure S37) 

 

5.4.5 Analysis of SWCNTs by transmission electron microscopy 

Typical transmission electron microscopy images of SWCNTs before and after the 

purification, and of different fractions of the sample that underwent the solubilization 

treatment, are presented below (Figures 35, S39-S41).  Low magnification, large area 

TEM images of as-received, non-purified SWCNTs revealed a substantial content of 

shapeless, non tubular component, together with the dark contrast (“dots”) component, 

being tentatively assigned to amorphous carbon and graphitic carbon/metal impurities, 

correspondingly.
4
 (Figure 35)  The TEM images of dynamically oxidized SWCNTs, on 

the other hand, showed significantly decreased presence of a poorly structured 

component in the sample, suggesting that dynamic oxidation was efficient in removing 

the amorphous carbon.(Figure 35)  The sharp edge shapes of the contaminants, 

accompanied with their high image contrast, suggest an ordered carbon or metal oxide 

nature of the remaining impurities in dynamically oxidized material.(Figure 35)  

SWCNTs after dynamic oxidation/HCl treatment, according to TEM, contained some 

residual hollow shell carbon impurities (i.e. carbon onions) with almost negligible 

concentration of dark contrast dots, confirming the TGA results that suggested efficient 

removal of metal impurities.  Comparison of TEM images of as-received (Figure 35), 

dynamically oxidized, and dynamically oxidized/HCl purified samples (Figure 35) 

clearly shows that the diameter of the bundles of SWCNTs are the same for all the 
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samples (~10-25 nm),  suggests a similar, high degree of the inter-bundle entanglement 

for each of the samples.  In striking contrast to the aforementioned samples, soluble 

SWCNTs (fractions #12-24) are ordered in much thicker superbundles (~100-200 nm 

compared to ~10-25 nm of the non-solubilized samples), which agrees with the proposed 

mechanism of solubilization through the disentanglement of SWCNTs via the thickening 

of the bundles.(Figures 35).  The analysis of the TEM images of fractions #1-11, being in 

the full agreement with the results of UV-VIS-NIR and Raman spectroscopy, 

demonstrate that the fractions are mostly disordered, amorphous carbon.(Figure S40)   

Surprisingly, TEM images of the insoluble residue showed that it is mostly comprised 

of multilayer graphene. (Figure S41)  From the detailed analysis of Raman spectrum of 

the insoluble residue, the number of monoatomic layers was determined to be ~5.
26

 

(Figures S38)  The presence of multilayer graphene in the insoluble residue was also 

confirmed by atomic force microscopy (Figures S42-S44).  The fact that none of the 

analytical techniques indicated on the presence of graphene in any of samples before the 

solubilization treatment, brings us to the conclusion that the graphene was made in the 

process of solubilization.   The possible sources for graphene generation are either the 

carbon onions or the SWCNTs (or both), since these two are the major components of 

dynamically oxidized/HCl purified material, used for the solubilization.  Since, according 

to UV-VIS-NIR and Raman spectroscopy, the purity of soluble SWCNTs did not become 

worse compared to the purity of dynamically oxidized/HCl sample, carbon onions are the 

most plausible candidates for the possible source of the graphene. 
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(a) (b) (c) (d)(a) (b) (c) (d)

 

Figure 35. TEM images of as-produced SWCNTs (a); a bundle of as-produced 

SWCNTs (b); bundles of dynamically oxidized SWCNTs (c); superbundles of soluble 

SWCNTs of fractions #12-24 (d)  Scale bars are 100 nm, 5 nm, 20 nm, 100 nm, 

respectively.  

 

5.5 Evaluation of the solubility/stability of the soluble SWCNTs in different solvents 

The stability of solutions of different concentrations of soluble SWCNTs (fractions 

#12-24) in acetone, methanol, and isopropanol was examined .(Figure 36)  For each of 

the solvents, typically 1.5-2 mg of soluble SWCNTs (fractions #12-24) were initially 

sonicated (~5-10 min.) with 15 ml of solvent to form a homogeneous dispersion.  All 

other dispersions of lower SWCNTs concentrations were prepared by adding the aliquots 

of solvent to the preceding solutions (with higher concentrations of SWCNTs), followed 

by mild sonication (~5-10 min.) until the homogenous dispersions were formed.  The 

stability of each of the dispersions was monitored by recording how long each of the 

dispersions stayed visually homogeneous after the sonication.  Hours long, surfactant-free 

stable solutions of concentrations ~3 mg/L (acetone, methanol) and ~15 mg/L 

(isopropanol) can be prepared from solubilized SWCNTs, which are comparable to 

surfactant solutions used in preparation of conductive transparent films of SWCNTs (~ 2 

mg/L).
27

  The non-monotonic increase in the stability of the solutions with decrease of 

the concentration of SWCNTs may be related to effects involving the percolation 

threshold.
28

  Higher solubility of SWCNTs in isopropanol compared to that in acetone 
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and methanol is most probably caused by the lower polarity of the former (~3.9 for 

isopropanol vs. ~5.1 for acetone and methanol).
29

  

 

Figure 36. Stability of soluble SWCNTs (fractions #12-24) of different concentrations 

in acetone (squares, solid line), methanol (circles, dashed line), and isopropanol 

(triangles, solid line). 
 

5.6 Conclusions 

It was shown that repetitive cycles of mild sonication of dynamically oxidized/HCl 

purified SWCNTs in acetone, followed by “no sonication” phases result in the formation 

of the hours-long stable SWCNT dispersions that were highly soluble (up to ~ 15 mg/L) 

in acetone, methanol and isopropanol.  The results of UV-VIS-NIR, Raman, AFM and 

TEM analyses suggest that the SWCNTs remain intact after the treatment, confirming the 

non-destructive character of the protocol.  It was also found that the treatment can be 
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used for the further purification SWCNTs from carbon impurities.  It is hypothesized that 

solubilization happens due to the disentanglement of the bundles of SWCNTs via the 

formation of the thicker, more rigid, and, for this reason, less entangled bundles during 

the first 5 cycles of the treatment.  
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5.7 Supplementary Information  

5.7.1 Dynamic oxidation 

  1.133 g of as-received, acetone condensed (as described elsewhere
1
) arc-produced 

single-walled carbon nanotubes (SWCNTs) were put into a quartz boat and heated from 

room temperature to 680°C in the middle part of a programmable electric furnace 

(Lindberg) with 10°C/min and 100 ml/min. air flow rate.  Heating was immediately 

stopped upon reaching the final temperature of oxidation (680°C) and the boat with 

dynamically oxidized SWCNTs was moved to the colder part of the furnace.   

When the temperature of the boat reached ~ 50°C (in ~ 5 minutes), the boat was 

removed from the furnace and the dynamically oxidized SWCNTs collected from the 

boat.  The weight of dynamically oxidized SWCNTs (at room temperature) was 0.500 g, 

resulting in a yield of 44% wt. 

 

5.7.2 HCl treatment   

0.432 g of dynamically oxidized SWCNTs were treated with 200 ml of 6 N aqueous 

solution of hydrochloric acid (HCl) in an open glass beaker (under a fume hood) while 

stirring (Teflon coated magnetic stir bar) and heating (hot plate) close to the boiling point 

(~ 90-100°C) for 1 hour.  The solution was left to cool down at room temperature in the 

fume hood overnight.  The room temperature solution was filtered through a cotton filter 

Whatman #2).  The liquid after the first filtration (~200 mL) was collected for the further 

analysis of the nickel content.  SWCNTs were washed on the filter with deionized (DI) 

water (Barnstead Easypure II) until the neutral pH.  SWCNTs were washed away with DI 

water from the filter paper into a separate glass vial.  Neutral and wet SWCNTs (in the 
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glass vial) together with the wet filter were subject to heating at ~120°C in a vacuum 

oven (Napco 5831) overnight (~7 hrs.) and then left under vacuum without heating for ~ 

7 hrs.  The weight of dynamically oxidized/HCl purified SWCNTs (at room temperature) 

was 0.063 g (in the vial) along with 0.013 g of the purified material left stuck to the 

filter.(Yield = 15% or 18% with and without counting the weight of SWCNTs stuck to 

the filter, respectively) 

5.7.3 Mass analysis of the first filtrate 

The first filtrate (~200 ml) left after the HCl treatment/filtration, containing mostly 

nickel chloride (NiCl2) + HCl + water was heated in an open glass beaker (in the fume 

hood) on a hot plate to vaporize the HCl and water.  Heating was stopped upon the 

removal of the liquid.  The beaker was cooled to room temperature (~30 min.), and the 

solid residue was collected and left in the open beaker for 2 months to form stochiometric 

NiCl2 x 6H2O.  The weight of the residue (after 2 months) was 0.722 g suggesting that 

HCl treatment removed 0.178 g of Ni from 0.432 g of dynamically oxidized SWCNTs 

(corresponding to 0.432 g/0.44 = 0.981 g of as-produced SWCNTs). 

 

5.7.4 Thermogravimetric analysis of purified SWCNTs 

Thermogravimetric analysis (TGA) of as-received, dynamically oxidized, and 

dynamically oxidized/HCl purified SWCNTs (~ 2-10 mg of sample load) was performed 

using a Pyris 6 PerkinElmer thermogravimetric analyzer, at a heating rate of 10 °C/min 

and a constant air flow of 20 ml/min.  Results of TGA confirmed successful removal of 

most of the metal by HCl treatment (Fig. S31) 
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Figure S31. Thermogravimetric (TGA, solid line) and differential TGA curve (DTG, 

dotted line) for as-received SWCNTs  (36.2% wt. residue) (a); dynamically oxidized 

SWCNTs  (88.2% wt. residue) (b); dynamically oxidized/HCl purified SWCNTs  

(2.8% wt. residue) (c) 

 

5.7.5 Disentanglement/solubilization of SWCNTs 

36 mg of dynamically oxidized/HCl purified SWCNTs were mixed with ~ 200 ml of 

acetone and sonicated (Branson 2510) for 1 hr. in a beaker.  Approximately 6 hrs. after 

the sonication was stopped, the supernatant (~ 150 ml) was collected;  ~10 ml of the 

supernatant was left for the visual (Figure S32) and the UV-VIS-NIR analyses and the 

rest of the supernatant was left for the further extraction of the solute.  Neat acetone (up 

to ~ 200 ml) was added to the beaker with SWCNTs.  The described procedure 

(sonication-no sonication – collection of the supernatant- addition of the neat acetone) 

was repeated 25 times (26 cycles total).   

In an initial proof of concept experiment, it was found that the first 5 cycles of the 

treatment did not solubilize the sample.  However, further sonication, starting from the 6
th

 

cycle, resulted in the formation of the stable (~6-12 hrs) of the suspensions of the sample 

in acetone.(Figure S32).  After the 11
th

 cycle of sonication – no sonication, the 

supernatant was transparent (almost as transparent as supernatants #1-5)  However, the 
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insoluble residue (~ 5 mg)insoluble residue (~ 5 mg)

majority of the sample was insoluble and stayed at the bottom of the beaker.  In the 

proof-of concept experiment (results not shown), ~1 mg of dynamically oxidized/HCl 

purified SWCNTs were subject to the sonication-no sonication treatment with ~ 15 ml of 

acetone, and no transparent supernatants were formed after the 5
th

 cycle of treatment at 

which point the majority of the sample became soluble, suggesting that the (volume of 

acetone)/(mass of the sample) ratio is important and has to be no less than ~ 15 ml/1 mg 

to provide efficient dissolution of SWCNTs.  

In the present study the ratio was 200 ml/36 mg which is ~ 6 times smaller than in the 

proof-of concept experiment.  For this reason, the deposit after the 11
th

 cycle of the 

treatment was divided onto 6 approximately equal parts and treated in 6 separate beakers 

filled up to 200 ml of acetone each. Supernatants collected after the 11
th

 cycle refers to 

the mixture of the supernatants collected from each of the 6 beakers. 26 cycles of the 

treatment resulted in the dissolving of the majority of the sample.  However, some of the 

sample remained insoluble even after several additional cycles of the treatment in excess 

of  acetone. (Figure S32)  

 

Figure S32. Insoluble residue (graphitic carbon, ~ 5 mg) left after the 

solubilization treatment of 36 mg dynamically oxidized/HCl purified SWCNTs 
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The solid components of the combined supernatants of fractions #1-11; #12-24; wet 

insoluble residue were dried each in the separate beaker in the vacuum oven (Napco 

5831) at ~120
0
C for ~7 hrs. (after the removal of the majority of the solvent). Solid 

fractions (Table S1) were used for the further analyses. 

Table S1. Solid fractions left for analyses after the solubilization treatment of 36 mg of 

dynamically oxidized/HCl purified SWCNTs 

 

Fractions# Composition Mass 

N/A  Dynamically oxidized/HCl purified SWCNTs 36 mg 

1-11  Amorphous carbon ~ 4 mg 

12-24 Soluble SWCNTs ~ 19 mg 

Insoluble residue Graphitic carbon ~ 5 mg 

 

5.7.6 Thermogravimetric analysis of soluble SWCNTs 

In order to determine the metal content and to overcome kinetic limitations of burning 

the soluble SWCNTs, the conditions of TGA were changed to:  

Heat rate:  

1. 100°C/min till reaching the 1000°C; 

2. hold at 1000°C for 100 min. 

 

Air flow rate: 20 ml/min. 

Residue left after the TGA was less than 0.7%wt. from the original weight of the 

sample.(Figure S33, S34) 

Thermogravimetric analysis of insoluble SWCNTs.  Insoluble residue left after the 

solubilization treatment was subject to TGA.(Figure S35)  However, only ~20% of the 

sample was burnt by reaching 1000°C and no plateau was observed in the high 
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temperature range, suggesting high robustness of the sample to the oxidation.  The 

residue left in the pan after the first TGA run was subject to an additional, second TGA 

run (Figure S36).  However, even after the second TGA run, only ~30% of the sample 

was burnt by reaching 1000°C and, again, no plateau was observed in the high 

temperature range.(Figure S36)  The resistance of the insoluble residue to oxidation 

observed in TGA experiments, together with the results of Raman spectra analysis (no 

peaks in RBM region, unsplitted G peak) brought us to the conclusion that the insoluble 

residue consists mostly of graphitic carbon. 

  

Figure S33. Weight vs. temperature 

representation of thermogravimetric (TGA, 

solid line) and differential TGA curve (DTG, 

dotted line) for soluble SWCNTs  (<0.7% wt. 

residue)  

Conditions:  

1. heat rate: 100°C/min till reaching the 

1000°C; 

2. hold at 1000°C for 100 min. 

Air flow rate: 20 ml/min. 

Figure S34. Weight vs. time representation of 

thermogravimetric TGA curve for soluble 

SWCNTs  (<0.7% wt. residue)  

Conditions:  

1. heat rate: 100°C/min till reaching the 

1000°C; 

2. hold at 1000°C for 100 min. 

Air flow rate: 20 ml/min. 
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Figure S35. Thermogravimetric (TGA, solid 

line) and differential TGA curve (DTG, dotted 

line) for the first run of the analysis of the 

insoluble residue. Heat rate: 10°C/min., air 

flow rate: 20 ml/min. 

Figure S36. Thermogravimetric (TGA, solid 

line) and differential TGA curve (DTG, dotted 

line) for the second run of the analysis of the 

insoluble residue. Heat rate: 10°C/min., air 

flow rate: 20 ml/min. 
 

5.7.7 Analysis of the purity of the samples by UV-VIS-NIR 

The purity of as-produced SWCNTs, dynamically oxidized SWCNTs, dynamically 

oxidized/HCl purified SWCNTs, fractions #1-11 (amorphous carbon) and fractions #12-

24 (soluble SWCNTs) was analyzed by UV-VIS-NIR spectroscopy using method, 

suggested by Haddon.
2, 3

(Figure S37)  The results of the analysis are summarized in the 

Table S2. 
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Figure S37. UV-VIS-NIR spectra of as-produced 

SWCNTs (dash-dotted line); dynamically oxidized 

SWCNTs (dash-double dotted line); dynamically 

oxidized/HCl purified SWCNTs (dotted line); 

fractions#1-11 (amorphous carbon, dashed line); 

fractions#12-24 (solid line) dispersed in dimethyl 

formamide. 
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Table S2. Purity of the nanotubes before and after the purification/solubilization 

treatment 

Sample (SWCNTs) AA(S) AA(T) Purity Relative Purity 

As-received  53.876 617.885 0.089 62% 

Dynamically 

oxidized to 680°C  

91.575 775.565 0.118 84% 

Dynamically 

oxidized to 

680°C/HCl purified 

205.208 958.432 0.214 152% 

Fractions #1-11 

(amorphous carbon) 

4.187 901.335 0.005 3.3% 

Fractions #12-24 

(soluble SWCNTs) 

194.872 925.62 0.211 149% 

 

5.7.8 Analysis of the insoluble residue by Raman 

The nature of the insoluble residue, left after the solubilization treatment, was 

examined via thorough analysis of Raman spectra of the samples near D and 2D 

bands.(Figure S38)  As one can see,(Figure S38, (b)) 2D band of the insoluble residue, 

being not split and located near ~2700 cm
-1

, provides a solid confirmation of the 

graphene nature of the insoluble residue.
4
  A small blue shift (from ~2700 cm

-1
), 

accompanied with the slightly asymmetric shape of 2D band of the insoluble residue, are  

features characteristic for multilayer graphene.
4
  Comparison of the shape of 2D peak of 

the insoluble residue with that of different number of layers multilayer graphene samples 
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reported elsewhere,
4
 allowed us to infer that the insoluble graphene is mostly 5-layer 

graphene.  Additional confirmation to the presence of 5-layer graphene comes from the 

detailed analysis of the region of 1400-1500 cm
-1

 in the Raman spectra.(Figure S38)  As 

one can see, insoluble residue has a peak at ~1475 cm
-1

, which is characteristic for 

graphenes with the number of layers not exceeding 5.
4
 (Figure S38)   

 

Figure S38. Raman spectra of SWCNTs showing D and G- band (a) and 2D (b) regions. From 

top to bottom: before purification, after dynamic oxidation, after dynamic oxidation/HCl 

treatment,  mixture of solid fractions #1-11, mixture of solid fractions #12-24 (soluble 

SWCNTs), insoluble residue (graphitic carbon), highly oriented pyrolytic graphite (HOPG).  

Spectra were recorded using a 514 nm excitation wavelength. 
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5.7.9 Analysis of SWCNTs by transmission electron microscopy  

 

 

Figure S39. TEM image of the insoluble 

fraction.  Scale bar is 20 nm 

 

 

 

Figure S40. TEM image of fractions #1-11.  

Scale bar is 100 nm  

Figure S41. TEM image of the insoluble 

fraction.  Scale bar is 50 nm  
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1.98 nm

5 nm
1.95 nm 1.52 nm

5.7.10 Analysis of the insoluble residue by atomic force microscopy 

Height cross sections of pieces of insoluble residue were analyzed from its AFM 

images.(Figures S42-S44) As one can see, a typical thickness of the platelets is ~ 2 nm, 

corresponding to ~ 5-layer graphene.
4
 

 

Figure S42. AFM amplitude image 

of insoluble residue on a glass slide. 

 

 

 

Figure S43.  Topology AFM image (left panel) of insoluble residue and the height 

cross-section (right panel)   
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1.94 nm

 

 

Figure S44.  Topology AFM image (left panel) of insoluble residue and the height cross-

section (right panel)  
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