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ABSTRACT
1. Fluorescence labeling and quantification of oxygn-containing functionalities on
the surfaces of single walled and multi-walled carn nanotubes.

Nearly all applications of nanotubes (CNTs), froi@noelectronics to composites,
require knowledge of the type and concentratiofuattionalities on the surface of the
material. None of the methods conventionally usecharacterize CNTs, such as Raman
spectroscopy, IR spectroscopy, UV-VIS-NIR spectopsc and X-ray photoelectron
spectroscopy, provide selectivity in identificatiotogether with sensitivity in
guantification. Fluorescence labeling of surfagecses (FLOSS) to identify and quantify
oxygen containing functionalities on single-walledrbon nanotubes (SWCNTs) and
multiwalled carbon nanotubes (MWCNTS) provides kutson that is reported in this
dissertation. The high selectivity of covalent attachment cameli with the sensitivity
of the fluorescence measurements, allowed us hglidbtermine concentrations of
aldehyde (together with ketone), alcohol, and ceylho functional groups on as-
produced and acid treated SWCNTs. The detectroit is as low as ~ 0.5 % at (1 in

every 200 carbon atoms).(You never establishetbther limit clearly)

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

The outstanding mechanical and electronic propediearbon nanotubes make them
promising materials for use in different areas ahotechnology. However, the presence
of impurities in as-produced nanotubes has beemjarmbstacle toward their industrial
scale applications. Amorphous and graphitic carlaon catalytic metal particles are the
major impurities in raw carbon nanotubes. Isotreroxidation of as-produced carbon



nanotubes, followed by acid treatment, is the ngostmonly used purification strategy.
The thermal oxidation step eliminates carbonaceoymirities and the acid treatment
decreases the metal content. Unfortunately, moshefexisting oxidation procedures
either do not destroy all carbonaceous impuritiegantially destroy carbon nanotubes as
well. In the dissertation, a novel purification protocol via dynamic oxidatiah as-
produced single-walled carbon nanotubes (SWCNTgported. In the new procedure,
carbon nanotubes are exposed to a wide range @ietamres during the heating ramp.
The results of the purification of arc-produced adaser vaporization grown SWCNT
using dynamic oxidation are presented. Purityysmslof dynamically oxidized samples
by UV-VIS-NIR and Raman spectroscopy, as well asagmission electron microscopy,
explicitly demonstrate that dynamic oxidation emsablobtaining undamaged carbon

nanotubes almost free of carbonaceous impurities.

3. Surfactant- free method of solubilization of norfunctionalized single-walled
carbon nanotubes in common solvents

One of the major factors that hamper the extensse of carbon nanotubes
(CNTSs) in large-scale applications are relatech® pioor purity of CNTs, and the weak
dispersibility of CNTs in the most common solvenihe presence of substantial
impurities (sometimes up to 80% wt.) in as-produC&r's almost obliterates the unique
properties of the material. Furthermore, the difiies with solubilization of CNTs slow
down the processability of the material in potdrdjgplications. A new one-step method
of making pure single-walled carbon nanotubes (SVV§Nvia the sequence of
sonication cycless described in the dissertation Hours long stable solutions of
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SWCNTs in acetone, methanol and isopropanol of @omations as high as ~ 15 mg/L
were prepared using the procedure. The resultsU¥fVIS-NIR, Raman and

Transmission Electron Microscopy suggest that SWEN&re not destroyed or damaged
by purification and solubilization processes. Agible 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 hollowbom fibers can be dated as early as

1952 (Fig.1) and 1976 (Fig. 2). However, it was cear until 1991 (Fig.3) how thick

the walls of the fibers are and whether they weaeleof ordered carbon or .

d 7 1

/? .
.'f
. ood 1{

Figure 1. Low resolution Figure 2. Bright-field Figure 3. High resolution

(20,000 MAG) image of image of the hollow transmission electron
the hollow carbon fibers. carbon fibers (taken microscopy micrographs of
(taken fronf 9 from?® %) multiwalled carbon nanotubes

with five (a), two (b), and
seven (c) walls (taken frohf)

1.2 Properties and anticipated applications of carbomanotubes
Most of the intriguing properties of carbon nan@silfCNTSs) arise from the fact that

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

lengths up to several micrometers) making them dmeensional structures with

unusual, spiky electronic ban@i$.(Fig. 4)



While multiwalled carbon nanotubes ' metallic | semiconducting

1

(MWCNTSs) always express metallic-like

)

Mn

energy (eV)

energy (eV)
w
w

behavior, single-walled carbon nanotube

bsorbance (a.u

(SWCNTs) can be either metallic, or

<

semiconducting, depending on the directio

the graphene sheet was rolled up to wit

Energy (eV)

respect to the axis of the nanotdb®(Fig. Figure 4. “Absorption spectra (Varian
Cary 500 spectrometer) of films of

4-6) purified HIPCO, purified Laser, and
soluble Arc produced SWNTs after
baseline correction.” (taken fréin

zig-zag armchair

Figure 5. “(A) Schematic of the roll-up of aFigure 6. Models of *“zig-zag” (n,0),
graphene sheet to form a SWNT structurrmchair” (n,n), and *“chiral” (n, m)
(B) OO defines the chiral vectd&y, = na; + single walled carbon nanotubes. (taken
ma; (n,m). Translation vectoff, is along from?) SWCNTs are metallic, if (n-m)/3
the nanotube axis and perpendicularCip is an integer, and otherwise - are
The shaded, area represents the unrolled weimiconducting.

cell formed byT andC;. The chiral angle,

g, is defined as the angle between g

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

and (n,n) armchair SWNTs are indicated in

blue and red, respectively.)” (taken frijm
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Strong C-C conjugated bonds, the backbone of CNdmvide exceptional
mechanical strength of CNTs (CNTs are ~ 50 timesngtr than steel) which, together
with a relatively small specific weight of the miaé¢ make it attractive for the usage as
the additive in reinforced polymer composite®. It has been demonstrated that metallic
SWCNTs are able to withstand densities of electucrent that are ~ 3 orders of
magnitude higher than that for silver, copper araldgthus giving a promising
alternative for interconnects in nanoelectronic ides’ 2 (Fig. 7) Semiconducting

SWCNTSs, on the other hand, can be used as fietbtetffansistors.™® (Fig. 8,9)

Pt SiO2 Pt SiO2 Pt

Gat
N nanotube
\ \ SN 23

Flgure 7. Atomlc force Flgure 8. Atomlc force Figure 9. Amodel of field-
microscopy image of amicroscopy image of aneffect SWCNT transistor.
crossed  (5,5) carbonindividual semiconducting (taken front' 9
nanotubes between th&WCNT on top of three

Cr/Au electrodes. (takenplatinum electrodes. (taken

from®?) from™3)

However, most commonly used CNTs manufacturing ggses are either too
expensive (as laser ablation), or result in CNBEs &éne highly contaminated with residual
metal catalyst and carbon impurities (amorphous graghitic carbon}? (Fig. 10-12)
Impurities, present in the raw material, mask thepprties of CNTs, thus impeding

academic studies of the material and almost ohlitgg the possibility for large scale



applications™> '® Conventional purification processes unavoidabitgraand, in most
cases, deteriorate the unique properties of CNasxidation and structural damage of
the material/ For this reason, a search for effective, nontdeste purification
methods together with sensitive analytical techegqto control properties of the purified

CNTs is in demand.

Figure 10.“T Figure 12. Scanning
SWNT bundles produced inof “High pressure CO electron microscopy image
the arc discharge using decomposition” (HiPco) of a SWCNTSs grown using
graphite-Ni-Y electrodes in produced SWCNTSs. the laser ablation technique
the presence of He, the  (taken front®) (taken front™)

image shows dark contrast

areas caused by the Ni and

Y metals and ropes

consisting of SWNTSs. Inset

shows the cross section of

an individual rope, which is

composed of 14-15

SWNTs of diameter close

to 1.4 nm.” (taken frort)
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CHAPTER 2
(Based on: Dementev, N.; Feng, X.; Borguet, E., Fluorescenabeling and
Quantification of Oxygen-Containing Functionalitiea the Surface of Single-Walled
Carbon Nanotubesangmuir2009, 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 (FLOS&3 wapplied to identify and
determine the concentration of oxygen containingcfionalities on single walled carbon
nanotubes (SWCNTSs), subjected to two different flnation processes (Air/HCI
treatment and nitric acid treatment) and compareth \as-received (non-purified)
SWCNTs. The fluorophores were selected for thieilitg to covalently bind, with high
specificity, to specific types of functionalitie®l, COOH and CHO). FLOSS revealed
that even as-received SWCNTs are not pristine, eodtain ~0.6 % at. oxygen
functionalities. FLOSS showed that, after nitrmdatreatment, SWCNTs are ~5 times
more functionalized than SWCNTSs after Air/HCI pigdtion (5% at. vs. 1% at. oxygen
functionalities), supporting the idea that the fermpurification process is more
aggressive than the latter. FLOSS demonstrated ¢hgbonyls are the major
functionalities on nitric acid purified SWCNTSs, gggting that chemical derivatization

strategies might consider exploiting ketone chemist



2.2 Introduction
2.2.1 Importance of functional groups on carbon naotubes

The unique geometry of the carbon nanotubes previtlem with outstanding
mechanical and electronic propertte$. For this reason carbon nanotubes (CNTs) and,
especially, Single Walled Carbon Nanotubes (SWCNi)e potential applications in
different areas from producing smallest nano-tstnss’ % to drug delivery One of the
obstacles that hinders industrial-scale applicatiohCNTs is the presence of impurities
that compromise the desirable properties of asymed CNTs and make their
characteristics irreproducible. In general, there two types of impurities: (i) particles
of the metallic catalyst (whiclare inevitably used in the production of SWCNTS),
encapsulated by CNT or covered with amorphous carbad (ii) carbon impurities,
comprised of different forms of carbon other thahNT8! Among the numerous
purification strategie$; two methods are frequently used: Air/HCI treatnfeand nitric
acid treatment. Since both methods use oxidizing agents, the Ch&t®me oxidized
after purification. The oxygen-containing groupstbe surface of purified CNTs affect
their properties®™* In some cases, chemical modification of CNTs icaprove their
properties, e.g. solubili}, adsorption behaviors, and catalytic activity?
Functionalized CNTSs find uses in a number of apiims, e.g. as capacitdfssensors?
and probes for Atomic Force Microscopy. Thus, it is important to identify and
ultimately control the type and concentration of/g@en-containing functional groups on

CNTs.



2.2.2 Methods to identify and quantify functional goups on carbon nanotubes
2.2.2.1 Conventional methods

X-ray Photoelectron Spectroscopy (XP$)' infrared spectroscopy (IR}?° and
Raman spectroscofy ' are the most widely used techniques to investigatetional
groups on CNTs. Nevertheless, each method hémitations

Using XPS it is hard to distinguish between signfitsm different oxygen —
containing functionalities due to the close proxjnuf the peaks in C(1s) regidh.*® To
overcome this difficulty, XPS was combined with igatization reactions to identify and
quantify separately different oxygen-containing dtional groups on polymefé;, %
carbon fiber® and black carbon¥. The detection limit of this XPS labeling techréqu
was estimated as ~troups/crm (10*° mol/cnf).?’

IR spectroscopy is not able to determine speciashntirave no IR active vibrational
modes. IR detects vibrational resonances assdcvaith particular chromophores but
does not necessarily identify the functional groupsr example, while an IR peak might
be interpreted as arising from a C-O bond, condkndease IR data alone cannot
unambiguously distinguish whether this C-O is asded with an ether or alcohol group.
In addition, IR spectroscopy provides little abselguantitative informatiof®?° In the
best cases, detection limit of IR spectroscopysismated as ~10 groups/cr (~2-3
at.%)?

Not all vibrational modes are IR active. For thesason, Raman spectroscopy is
commonly used in combination with IR measurememtsgét the most complete
vibrational information. Raman spectroscopy isssere to the diameters of the
nanotube$? their chirality?® and the purity. On the other hand, Raman spectroscopy is

8



not sensitive to many functional groups, e.g. abd®hcarboxyls and carbonyls, that

might be present on carbon nanotutfe$.

2.2.2.2 Introduction of fluorescence detection metids and their advantages

Fluorescence spectroscopy is an extremely sendgislenique, with the ability to
detect single moleculéS. Fluorescence has been used to characterize carbon
nanotubed! Several groups studied the covalent attachmefiu@fescent molecules to
functional groups on carbon nanotubes®® Fluorescence microscopy was used to
visualize carbon nanotub&s. Georgakilas et al. reported an approach to tiyaroc
functionalization of nanotubes with a fluorescertiety (pyrene), which has led to high
level of solubility of the resulting product3. Zhu et al. incorporated a naphthalimide
fluorescent molecule onto SWNT via amidatf8n.Such modifications can change the
electronic structure of nanotub®s.*® In addition, chromophore emission can be
significantly quenched by the process of attachnmemtanotubed! *®* This makes the
guantification of chromophores on nanotubes sur€aceplicated.

Our previous study on the use of FLOSS to deteottianal groups on self-
assembled monolayers (SAM)and activated carbon fiber (ACB)showed that FLOSS
has the advantage of a lower minimum detectiont lsompared with other techniques
such as XPS and IR. Recently, it has been denadedtithat the detection limit of

FLOSS can be as low as “gfoups/crm.*



2.3 Experimental
2.3.1 Arc-produced SWNTs and their properties

The solid as-received and nitric acid treated aocipced SWNTs were purchased
from Carbon Solutions, Incorporated. The spediicface area (SSA) of each of the
samples was determined by adsorption of nitrogenl@6’C using an ASAP 2020
instrument (Micromeritics Instrument Corporationhda employing the Brunauer-
Emmett-Teller method (BET) for the calculations.@able 2) Thermogravimetric
analysis (TGA) (PerkinElmer, Pyris 6 TGAJas run for the samples to determine the

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

S18, S19)
Table 2. Properties of SWCNTs

As-received Air/HCI treated Nitric acid

treated

Specific Surface Area 307 737 21
(m?/g) +- 21 +- 31 +- 4
Catalyst (Ni) Content 30 9 3.5
(%owt.)

2.3.2 Fluorescence labeling pathways and detection

In order to exclude issues related to the spetyifiton-specificity of any given dye to
label selectively (i.e. exclusively) only the fuioetal groups of the interest, dye labels
successfully used in the selective labeling fumalo groups on polymers and

biomaterials were selectéf.*" “*Panacyl bromide (4-(9-anthroyloxy)phenacyl bromide

10



Molecular Probes) (PB)Y* dansyl hydrazine (5-dimethylaminonaphthalenelionyl
hydrazine, Molecular Probes) (D&),* and 5-(4,6-dichlorotriazinyl)aminofluorescein
(Molecular Probes) (5-DTAF) (Scheme 2) were usethbel carboxylic, carbonyl, and
alcohol groups on SWCNTSs, respectively.(Figure I@)e concentration of functional
groups was determined by measuring the intensityheffluorescence of the dye in
solution before contact with SWCNTs and after thieeling reaction, with the labeled
SWCNTs removed from the solution. This “depleti@pproach is feasible because of
the large SSA of the materials. The depletiorhefftuorescence signal was then related
to the concentration of functional groups on SWCNisg a fluorescence calibration
curve, the mass (and SSA) of the sample, and thehgametry of the given labeling
reaction. All fluorescence measurements were dond0 mm rectangular quartz
cuvettes in a Fluoromax-2 instrument (Jobin Yvosing a right angle geometry. All

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

O ~

O
(0
H,N—NH
G Br
Panacyl Bromide, PB Dansyl Hydrazine, DH 5-DTAF

Scheme 2Structures 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 HCI, used as atalyst) of known concentration
(~0.1 mM, see Supplemental Materials for detailanethanol (JT Baker) reacted with a
known mass of sample in a glass beaker while mgrriAfter the reaction, the solution

3.5h, 50°C

+ HBr
crown ether
catalystin
acetone

62h, 25°%C

+ H,O
HCI catalyst
in methanol

20h, 25°C

+ HCI

water, Na ,CO3
pH 11

Figure 13. Labeling reaction schemes: carboxylic groups vpémacyl bromide (A);
aldehyde groups with dansyl hydrazine (B); alcajrolups with 5-DTAF (C)

supernatant was transferred into an empty flaske femaining sample was washed in
the beaker with neat solvent (methanol) and supenbaransferred into the same flask.
The washing of the sample (and transferring of shpernatant) was repeated several
times (4-5 times). The collected supernatant wiated with acetone (~100 nM range)

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

12



procedure was implemented twice for as-received SM&C Air/HCI treated SWCNTs
and nitric acid treated SWCNTs. The depletionhef iluorescence signal was measured
and compared to the fluorescence intensity of the dfter the control experiment

(labeling reaction with no sample in the beakdfigre 14, 15, 16, 17)

1.4x10° - 1.2x10

1.2+

1.0+

0.8

0.6

Signal, CPS

0 250 500
Concentration of DH, nM

0.4+

0.2+

o O/
\4

0.0+

Intensity, CPS

-
®cccoe
©00000000000000000000000000000000s

............
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400 440 480 520 560 600 640 680
wavelength, nm

Figure 14 Emission spectra of dansyl hydrazine of difféi@ncentrations: 458nM
(red solid line), 229nM (blue solid line), 115nMr@lvn solid line), 57nM (black solid
line), 29nM (cyan solid line); neat acetone+HCH(dotted line) excited at 350nm.
(Inset: Calibration plot of fluorescence intensty510nm vs. DH concentration)

2.3.4 Fluorescence labeling of carboxylic groups

Carboxylic groups were labeled with PB following@heme 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 @ocedure similar to one

described above. (Figure S5, S6, S7, S8)
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Figure 15. Emission spectra of dansyl hydrazine reacted watfbonyls of aseceived
SWCNTSs: control experiment without SWCNTs (red ddine), after reaction with

26.4mg SWCNTs (blue solid line), after reactionhwi3.9mg SWCNTSs (blue dotted
line); neat acetone (red dotted line). ExcitatioB%0 nm.
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Figure 16. Emission spectra of dansyl hydrazine reacted eatbhonyls of Air/HCI
treated SWCNTSs: control experiment without SWCNrEsl (solid line), after reaction
with 15.0mg SWCNTSs (blue solid line), after reantigith 19.4mg SWCNTSs (blue
dotted line); neat acetone (red dotted line). Exich at 350 nm.
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Figure 17. Emission spectra of dansyl hydrazine reacted witbonyls of Air/HCI
treated SWCNTs: control experiment without SWCNfed (solid line), after reaction
with 56.3mg SWCNTs (blue solid line), after reantiwith 48.2mg SWCNTs (blue
dotted line); neat acetone (red dotted line). Exich at 350 nm.

2.4 Control experiments
2.4.1 Physi/Chemi sorbtion

In order to determine the contribution of physismmp of the dyes to samples to
depletion, a series of control experiments was rénesh (non-labeled) samples were
subject to contact with deactivated (pre-reactegdsdfor the period of the FLOSS
reaction time (or longer). Control experiments dad show any significant depletion for
DH and PB dyes, suggesting that the depletion #iiFLOSS reactions was due to the
covalent attachment only and the extensive waspingedure was sufficient to remove
most physisorbed dyes (Figure S2, S9, S10, S11Dn the other hand, control
experiments with 5-DTAF (Figure S12, S13, S14) dicbw depletion (~50% of the

intensity of the peak from 5-DTAF in the solutioaftre the contact with SWCNTS) after
15



the contact of deactivated dye with the samplegyesigng that the concentration of
alcohol groups determined by 5-DTAF is overestidatnd thus should be considered
as the upper limit of the actual surface conceioinat

Control experiments (Sl) indicate that the FLOS&ctens involving panacyl
bromide and dansyl hydrazine apparently are naoiifstigntly affected by the presence of
small quantities of SWCNTs in the supernatant. Theasurements with 5-DTAF,
however, are more significantly affected with apaent overestimate of depletion that
could result in overestimates of the surface hygragxoups by a factor of 2 in some

cases. This compounds the problems associatecbvidfhAF physisorption.

2.4.2 Time control experiments

To investigate if the duration of the reaction safficient for all accessible groups to
be functionalized by the dyes, labeled samples webgect to contact with fresh portion
of the solution of each of the dyes. This secamddid not show additional depletion for
any of the dyes, suggesting that the reaction timg 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. Care see that the data are
reproducible to within 10% (data on labeling —Otbgys were not taken into account).

Several general tendencies are apparent.
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(i)

(ii)

(iii)

As-received SWCNTs are the least functionalized tbke samples.
Nevertheless, they contain more than 0.5% at.({@acdf SWCNT carbon
atoms that have oxygen containing functionality of oxygen functionality.
So even as-produced tubes may not be considergtithpriThe concentration
of the carboxylic groups was below the FLOSS dairdimit (0.03% at.).
Air/HCI treated samples contain 2 times more —C®@H aOH groups and, at
least, 10 times more —COOH groups compared to moifigd, as-received
SWCNTSs.

In comparison with as-received SWCNTSs, nitric ageatment increases —

COOH, -COH and -OH contain by a factor of 100, h@ &, correspondingly.

It is interesting to note, that carboxylic groups aot the most abundant functional

groups on nitric acid treated samples.

The concentration of aldehyde and ketone groups lisast 50% higher than that for

carboxylic groups. This result explicitly suppofsevious tentative suggestions, about
the predominant presence of aldehyde and ketonepgran nitric acid treated
SWCNTs?* From this perspective, it might be recommendedige the chemistry of

carbonyls, in addition to that of carboxyls, foe ttubsequent derivatizaion of SWCNTSs.

The extremely small SSA of the nitric acid treatB&WCNTs (see Table 1.) is

consistent the FLOSS results indicating the present high concentrations of
functionalities in the sample. Functional groups increase bundling of the SWCNTS,

reducing the accessible nitrogen adsorption agpuefied SWCNTS?
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Table 2. FLOSS results (atomic percent and surface coverafj@arious oxygern
containing functional groups on SWCNTs
SAMPLES FUNCTIONAL GROUPS
(SWCNTSs) -COOH -COH -OH
(carboxylic) (aldehyde, ketone) (alcohol)
As-received| <10° < 1.0x 19° | 0.3%at| _5gx 19° | <0.6%
groups/cn% 0.03%at. groups/cn% groups/crﬁ at
<10° 1.1x 10 2.1x 10
groups/cn% groups/cn% groups/crr2|
Air/HCI 13x10° | 0.4%at.| 20x1d° |0.5%at| 38x10° |<1.1%
treated | groups/cr groups/cm groups/cm at
1.6x 10° 1.8x10° 46x10°
groups/cn% groups/cn% groups/crﬁ
HNO3 | 73x10° | 1.9%at.| 12x10" |2.9%at| -1.3x10" |<35%
treated groups/cr groups/cr groups/cm at
7.2x 10 1.0 x 10" 1.3x 10"
groups/cn% groups/cn% groups/crﬁ
Dye Panacyl Bromide Dansyl Hydrazine 5-DTAF

FLOSS results were compared with previously regbdencentrations of functional
groups on SWCNTSs, determined by titratfn, XPS** #*  X-ray spectroscof¥,
evolution of CQ and CO gaseS. (Table 3)

As it can be seen from Table 3, the FLOSS resuédgganerally consistent with the
preceding reports each time the data availablee Sdarcity of quantitative literature
information about different functionalities on SWT&can be related to the difficulty to
identify functional groups present in low concetitnas using conventional techniques,

and the difficulty of determining absolute concatitns.
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Table 3.FLOSS results compared with results of other teqpnes

SAMPLES FUNCTIONAL GROUPS
(SWCNTSs) -COOH -COH -OH (alcohol) Total O-Content
(carboxylic) (aldehyde, ketone)
FLOSS Other FLOSS | Other FLOSS Other FLOSS Other
techniques techniq techniqu techniques
ues es
As-received | <0.03%| 0%* 0.3% Not 0.3% Not ~0.5% 0%"
(XPS) found found (TGA, RS)
Air/HClI 0.4% | Notfound| 0.5% Not 0.7% Not ~1% 1%
treated found found (TGA, RS)
HNO, 1.9% 2.29%"° 2.9% Not 1.4% Not ~5% ~4%"
treated (BT) found found (VIS-NIR,
2.7%* RS, AFM)
(XPS) ~5%*
(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 (-CGHjontent (-OH)

The fact that FLOSS gave similar results, withip@xmental error, as titration (1.9%

and 2.2% of carboxylic groups on HN®@eated SWCNTs, according to FLOSS and

titration, respectiveflf) (Table 3) means that the size of the label mdésce.g.. DH,

PB, 5-DTAF used in FLOSS compared to NaHG®d NaOH used in titrati®) does

not limit the number of functional groups accessitor the labeling (unlike the results of

19




labeling of functional groups on activated carbiberfs, reported elsewhet®.The better
accessibility of the functional groups on SWCNTsnpare to the activated fibers most
probably related to the bigger size of the micregasf the former material than those of
the latter one.

It should be mentioned here that the concentratiohghe functional groups,
determined in this work, represent concentratiohghe functional groups that are
accessiblgo the fluorophores, i.e. mostly the functional e on the exterior surfaces
of the bundles of SWCNTSs. Despite the limitatiomgttoundling may have on the results
of any of the conventionally used techniques (XPRaman, UV-VIS-NIR)***? to
characterize CNTs, information about functionalugp® that ar@accessibldo the probe is
the important for a number of applications, e.g.flrther modifications of SWCNTs and

applications where SWCNT functional group chemigdrysed.

2.6 Conclusions

Fluorescence labeling of surface species (FLOSS)uwsad to identify and quantify
functional groups on as-received, Air/HCI treatedd dHHNG; treated SWCNTs. The
densities of carboxylic, carbonyl, and hydroxyl gpe were determined by FLOSS.
Concentration of hydroxyl groups, though, was ostneated due to the strong non-
specific adsorbtion of the corresponding dye to NVE The combination of high
sensitivity of the fluorescence technique togeteth the selectivity of covalent
chemistry, allowed the unambiguous detection of tmesence of carboxylic,
aledheyde/ketone and hydroxyl groups on as-receie@dHCI treated and nitric acid
treated SWCNTSs. It was revealed that carbonyl gsaare the most abundant groups on
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any type of SWCNTSs, making chemistry of carbonyisther plausible route of further

derivatization of SWCNTSs 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 abehzo-18-crown-6 (D18C6)
(Aldrich) (used as a catalyst) in acetone (Fiskea$ prepared in the dark. 30 ml of the
solution was added into a 50 ml glass beaker wbaritained a sample of known mass
and a Teflon coated magnetic stir bar. The reaatias run at ~5tC (hot plate) in the
dark for 3.5 hrs, while stirring. After the reamt] a supernatant (~20 ml) over the
labeled SWCNTs was transferred into an empty 20@ask. The sample was washed in

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

flask. The washing of the sample (and transferohghe supernatant) was repeated
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several times (4-5times). The collected supernatastdiluted up to 200ml with acetone
and then diluted with acetone by a factor of 5000(di up to 50ml). The fluorescence
spectrum of the solution was recorded (excitatibB&G2 nm). The preceding procedure
was implemented twice for as-received SWCNTs (18.amd 16.9mg), Air/HCI treated
SWCNTSs (15.1mg and 15.9mg), and nitric acid tre8®dCNTs (23.1mg and 29.1mg).
The depletion of the fluorescence signal was measand compared to the fluorescence

intensity of the dye after the control experimdabé¢ling reaction with no sample in the

beaker). (Fig. S1, S2, S3, S4)
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Figure S1.Emission spectra of panacyl bromide of differembeentrations: 70.6nM
(red solid line), 35.3nM (blue solid line), 17.7nfldrown solid line), 8.8nM (black solid
line), 4.4nM (cyan solid line); neat acetone (redted line) excited at 362nm.  (Inset:
calibration plot of fluorescence intensity at 475wsn PB concentration)
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Figure S2.Emission spectra of panacyl bromide reacted watthaxyls of ageceived
SWCNTSs: control experiment without SWCNTs (red ddine), after reaction with

16.9mg SWCNTSs (blue solid line), after reactionhwit3.7mg SWCNTs (blue dotted
line); neat acetone (red dotted line). ExcitatioB&2 nm.
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Figure S3 Emission spectra of panacyl bromide reacted wattoxyls of Air/HCI
treated SWCNTSs: control experiment without SWCN¥Esl solid line), after reaction
with 15.1mg SWCNTSs (blue solid line), after reantigith 15.9mg SWCNTSs (blue
dotted line); neat acetone (red dotted line). Exich at 362 nm.
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Figure S4 Emission spectra of panacyl bromide reacted vatiboxyls of nitric acid
treated SWCNTSs: control experiment without SWCN¥Esl solid line), after reaction
with 29.1mg SWCNTSs (blue solid line), after reantigith 23.1mg SWCNTSs (blue
dotted line); neat acetone (red dotted line). Extich at 362 nm.

2.7.2 Fluorescence labeling of carbonyl groups

A solution of 0.115mM of DH in methanol (JT Bakevas prepared in the dark.
30ml of the solution was added into a 50ml glasskbe which contained a sample of
known mass and a Teflon coated magnetic stir danl of 0.1 M solution of HCI in
methanol was added as a catalyst into the beaKdre reaction was run at room
temperature (~2&) in the dark for 62 hrs, while stirring. Aftehe reaction, the
supernatant (~20ml) over the labeled SWCNTs wassteared into an empty 200mi
flask. The sample was washed in the beaker witht meethanol (~20ml) and the
supernatant transferred into the same 200ml fla¥ke washing of the sample (and

transferring of the supernatant) was repeated akvenes (4-5times). The collected
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supernatant was diluted up to 200ml with methamal #hen diluted with acetone by a
factor of ~70 (7001 up to 50ml). Acetone was taken in order to reaith unreacted

DH, since Dansyl Hydrazine fluorescence changesupading. The fluorescence
spectrum of the solution was recorded 3hrs. |d&eaci(ation at 350nm). The preceding
procedure was implemented twice for as-received SW&C (26.4mg and 23.9mg),
Air/HCI treated SWCNTs (19.4mg and 15.0mg), andiaitacid treated SWCNTs
(48.2mg and 56.3mg). The depletion of the fluoreseesignal was measured with
reference to the fluorescence intensity of the afyer the control experiment (labeling

reaction with no sample in the beaker). (Figurg, 2, 5)

2.7.3 Fluorescence labeling of alcohol groups

Approximately 20 g of N&CO; (Fisher) were dissolved in water to get 1 L olusioh
with pH ~11 (SOL#1). 250 ml of 0.152 mM of 5-DTAR SOL#1 was prepared in the
dark. 30 ml of the solution was added into a 5@lass beaker which contained a sample
of known mass and a Teflon coated magnetic stir bae reaction was run at room
temperature (~2&) in the dark for 24hrs, while stirring. After ethreaction, the
supernatant (~20 ml) over the labeled SWCNTs wassteared into an empty 200 ml
flask. The sample was washed in the beaker with#3(~20 ml) and the supernatant
transferred into the same 200 ml flask. The wasbirthe sample (and transferring of the
supernatant) was repeated several times (4-5timéd)e collected supernatant was
diluted up to 200ml with SOL#1 and then dilutedhwsOL#1 by a factor of 5000 (10
up to 50ml). The fluorescence spectrum of thetsmluwas recorded (excitation at 490
nm). The preceding procedure was implemented tfvicas-received SWCNTs (15.3mg
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and 15.6mg), Air/HCI treated SWCNTs (13.1mg and4a®)), and nitric acid treated
SWCNTs (17.8mg and 21.2mg). The depletion of thertscence signal was measured
and compared to the fluorescence intensity of the dfter the control experiment

(labeling reaction with no sample in the beakdfigre S5, S6, S7, S8)

I"#$%

Figure S5. Emission spectra of 5-DTAF of different concetitnas: 5.5nM (red solid
line), 2.7nM (blue solid line), 1.4nM (black soliche), 0.7nM (cyan solid line), 0.3nM
(brown solid line); NgCOs;+H,O (pH~11) (red dotted line). Excitation at 490n
(Inset: calibration plot of fluorescence intensaty511nm vs. 5-DTAF concentration)

It is worth noting that the labeling of —OH grougsnot as straightforward as the
labeling of other functional groups (e.g., carbengthd carboxyls) on SWCNTs. Dansyl
Chloride (DC) (5-dimethylaminonaphthalene-1-sulfiocyloride, Molecular Probes), the
dye, originally chosen to label —OH groups in tisisdy, showed extremely high

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

in favor of 5-DTAF.
30



Figure S6. Emission spectra of 5-DTAF reacted with hydroxyls asteceived
SWCNTSs: control experiment without SWCNTs (red ddlne), after reaction with
15.3mg SWCNTs (blue solid line), after reactionhamt5.6mg SWCNTs (blue dotted
line); NaCOs+H,0 (pH~11) (red dotted line). Excitation at 490 nm.

Figure S7. Emission spectra of BTAF reacted with hydroxyls of Air/HCI treate

SWCNTSs: control experiment without SWCNTs (red ddlne), after reaction with
13.1mg SWCNTs (blue solid line), after reactionhami3.4mg SWCNTSs (blue dotted
line); NaCOs+H,0 (pH~11) (red dotted line). Excitation at 490 nm.
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Figure S8. Emission spectra of BTAF reacted with hydroxyls of nitric acid treat:
SWCNTs: control experiment without SWCNTs (red @¢dlne), after reaction with
17.8mg SWCNTs (blue solid line), after reactionhn@l.2mg SWCNTs (blue dotted
line); NgCOs+H,0 (pH~11) (red dotted line). Excitation at 490 nm.

To the best of our knowledge, 5-DTAF is the onlgdyhich selectively reacts with —
OH groups of alcohols without concomitant reactiath —OH groups of water (provided
pH~9-11). However, 5-DTAF exhibited strong physgmn toward SWCNTS,
significantly affecting the FLOSS results for —OHRtekction. Thus the results in Table 3
should be considered upper limits rather than albsolales. We hypothesize that the
fluorescein-like skeleton of 5-DTAF is responsilibe the strongp-p interaction of the
dye molecules with SWCNTs. This speculation issistent with our observations
(results not shown) of the strong non-specific golson of dye F-121 (fluorescein-5-
thiosemicarbazide, Molecular Probes) on SWCNTSs,clwh{F-121) also possess a
fluorescein-like structure. F-121 was originallyed to label carbonyls and was finally
abandoned in favor of Dansyl Hydrazine. Even tlougsome applications (sensors,

light-harvesting systems, composites, etc.) stromgspecific adsorption of the moieties
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to SWCNTs might be appreciated, the fluoresceia-sgecies, in our opinion, should be
avoided when covalent attachment, unobscured bysiptrption, is needed (e.g.
FLOSS).

Surprisingly, for two samples, FLOSS labeling ofH-@roups with 5-DTAF resulted
. . . 1 2 . 4
in negative values of depletion (-5.8 x i@roups/cm for as-received and -1.3 x 10

groups/crr21 for HNO; treated SWCNTSs, Table 2, Figures S6, S8). Enhaectwf the
intensity of the fluorescence in these cases nbghéxplained by the presence of some
fraction of the labeled SWCNTSs in the analyzed sugi@nt. SWCNTSs due to their high
absorption cross section may possibly increase tgoaryields of the fluorophore
molecules been attached to the nanotubes. Tharemn is consistent with the visual
observation of the dark (but transparent) supemsitafter the 5-DTAF labeling
reactions.

The phenomenon of negative depletion was also wbddor 5-DTAF labeled Multi
Walled Carbon Nanotubes (MWCNTS) (paper in prepamatand 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 covalettaeéhment of the labels is not
obscured by physisorption of the dyes to samplesgraes of control experiments was
run. Fresh (non-labeled) samples were subjectotdact with deactivated (i.e. pre-

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

depletion for 5-DTAF (Figure S2, S9, S10, S11, 813, S14)

Is depletion caused by NON CHEMICALLY bonded dye?

(control experiment)

o Introducing
Deactivation SWCNTs to
reaction )
=] (] 8 (NO SWCNTs)| @ o g | deactvared dye g '\l
c1 8=—> 1 ® — N Clgd |=—=>
=] C —
5 s B . @ o o

FLUORESCENCE MEASUREMENTS

Active solvent & Active d

(acetone for DH; Actlve_ ye

methanol for 5-DTAF) B Deactivated dye
EEE Sample (SWCNT)

J Sample + PHYSIsorbed deactivated dye

C1 concentration of dye in solution before contact with SWCNTs
C2 Concentration of the remaining dye after contact wi th SWCNTs

Scheme 2Explanation of the Physi/Chemi sorbtion control exment
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Figure S9. Emission spectra of deactivated dansyl hydrazitex aontact (~144 hr.)
with as-received SWCNTSs: control experiment withBUWCNTSs (red solid line), after
contact with 22.3mg SWCNTSs (blue solid line), afteintact with 23.9mg SWCNTs
(blue dotted line); acetone (red dotted line). Eatedn at 350 nm.
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Figure S1Q Emission spectra of deactivated dansyl hydraaftex contact (~144 hr.)
with Air/HCI treated SWCNTSs: control experiment atut SWCNTSs (red solid line),
after contact with 16.1mg SWCNTs (blue solid linafter contact with 16.5mg
SWCNTs (blue dotted line); acetone (red dotted)ligcitation at 350 nm.
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Figure S11.Emission spectra of deactivated dansyl hydrazitex aontact (~144 hr.)
with nitric acid treated SWCNTSs: control experimemthout SWCNTs (red solid
line), after contact with 45.5mg SWCNTSs (blue sdiik), after contact with 54.4mg
SWCNTs (blue dotted line); acetone (red dotted)liB&citation at 350 nm.
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Figure S12.Emission spectra of deactivated 5-DTAF after con(a24 hr.) with as-
received SWCNTSs: control experiment without SWCNFEsl solid line), after contact
with 14.8mg SWCNTs (blue solid line), after contadth 15.7mg SWCNTs (blue
dotted line); NaCOs+H,O+MeOH (red dotted line). Excitation at 490 nm.
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Figure S13.Emission spectra of deactivated 5-DTAF after con{a24 hr.) with as
Air/HCI treated SWCNTSs: control experiment with@MVCNTSs (red solid line), after
contact with 8.6mg SWCNTs (blue solid line), aftemtact with 11.5mg SWCNTs
(blue dotted line); N&Os+H,O+MeOH (red dotted line). Excitation at 490 nm.
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Figure S14. Emission spectra of deactivated 5-DTAF after cont{a24 hr.) with
nitric acid treated SWCNTSs: control experiment with SWCNTs (red solid line),
after contact with 18.4mg SWCNTs (blue solid linafter contact with 18.0mg
SWCNTs (blue dotted line); N@Os;+H,O+MeOH (red dotted line). Excitation at 490
nm.

The supernatant inevitably contains some SWCNTgpension (~0.0003 mg/ml at
most), that could modify the observed fluorescenicie dye solution. For example, the
fluorophores covalently attached to the SWCNT cadd to fluorescence of free dye in
solution, leading to an underestimation of the ewph. In addition, some dye may
physisorb to the SWCNT, with a resultant reductionfluorescence if adsorption is
accompanied by quenching, leading to an overesbmaif depletion. We estimate,
based on the concentration of SWCNTSs left in susipenand the density of functional
groups, that the fluorescence from covalently bodyds on SWCNT remaining in
suspension could at most contribute to 0.01% of dbserved fluorescence of the

supernatant.
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We performed control experiments where solutiornth &nd without SWCNTs were
prepared with identical dye concentrations to asghe effect residual SWCNTs on
fluorescence. We observe a 20-60 % decrease, diegean the type of SWCNT, in
fluorescence from physisorbed dye in the case DTBF (label for hydroxyl groups),
and less than 7% in the case of panacyl bromideel(far carboxylic groups) and dansyl
hydrazine (label for carbonyls). Thus, for the diafig reactions involving panacyl
bromide and dansyl hydrazine, FLOSS results aptgrare not significantly affected by
the presence of small quantities of SWCNTSs in tiesnatant. The measurements with
5-DTAF, however, are more significantly affectedttwian apparent overestimate of
depletion that could result in overestimates ofghdace hydroxyl groups by a factor of

2 in some cases. This compounds the problemsiat=stevith 5-DTAF physisorption.

2.7.4.2 Time control experiments

To check if the duration of the labeling reactiomswvchosen correctly, labeled
samples were subject to contact with a fresh porti@. non-reacted) of the solution of
each of the dyes. Second run did not show sigmfiedditional depletion, which means
that the reaction time is long enough the funcligraups to be labeled. (Figure S15,

S16)

2.7.5 Thermogravimetric analysis (TGA)

TGA was run for each of the samples (i.e. as-reckiAir/HCI treated, nitric acid
treated SWCNTSs), heat rate®@@min.; 20ml/min of air flow. TGA curves represehte
dynamics of weight loss of the sample with incregsemperaturé.
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Figure S15.Emission spectra of Panacyl Bromide after first airthe reaction with
29.1mg of non-labeled nitric acid treated SWCNTs 3cdbhrs. (blue solid line) and
second run with 29.1mg of labeled nitric acid teeaBWCNTSs for 3.5hrs. (blue dotted
line); control experiment without SWCNTs (red solide), acetone (red dotted line).
Excitation at 362nm.
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Figure S16.Emission spectra of 5-DTAF after first run of tfeaction with 21.2mg of
non-labeled nitric acid treated SWCNTSs for 24hbdué solid line) and second run with
21.2mg of labeled nitric acid treated SWCNTs foay4l (blue dotted line); control

experiment without SWCNTSs (red solid line), /d&s;+H,0 (pH~11) (red dotted line).
Excitation at 490nm.
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The presence of the multiple peaks or dips on T@A BTG curves of a complex

sample, comprised of different components, usualycate distinct temperature ranges

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

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

certain component of the systémin the case of SWCNTSs, the low temperature region

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

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

and, sometimes, to the appearance of a mall peak@h curve (peak at 15Q in

Fig.S19). The region of biggest weight loss (500°T) is associated with burning of

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

region (700-90€C) is mostly related to the loss of the carbon hanes.
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Figure S17.Thermogravimetric (TGA, red solid line) and ditetial rate (DTG, red
dotted line) curves for as-received SWCNTs
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Figure S18.Thermogravimetric (TGA, red solid line) and di#etial rate (DTG, red
dotted line) curves for Air/HCI treated SWCNTs
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Figure S19.Thermogravimetric (TGA, red solid line) and di#etial 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 funaiogroups on carbon nanotubes
(CNTs) requires the use of reliable and sensitivalygical methods to detect, identify
and quantify the functionalities on the materiaHere we report the results of the
selective quantification of aldehyde (together wibtone), carboxylic, and alcohol
groups on arc-produced multiwalled carbon nanotud##/CNTs) using Fluorescent
Labeling of Surface Species (FLOSS). The highsiseity of the fluorescence
spectroscopy combined with the selectivity of theeroistry of covalent attachment,
allowed us to determine that as-produced MWCNTstaion~1.1% at.. carboxylic
groups, ~ 2.0% at. aldehydes (and ketones) andatOhydroxyls.

Surprisingly, and contrary to the behavior of stnglalled carbon nanotubes, these
concentrations do not appear to increase for aaidigd MWCNTSs but rather decrease
to 0.4% at. for carboxylic groups; 1.6% at. foredlgides (and ketones) and <3.0% at., for
hydroxyls. Possible explanations for the obseovathat the acid purified MWCNTs
have a lower level of the functionalities compartedthe as-produced material are

discussed.
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3.2 Introduction
3.2.1 Multi-walled carbon nanotubes and their propeties

Carbon nanotubes have been of great interest #ietediscovery. Depending on
the synthesis conditions either single walled oitwalled nanotubes can be produced.
Multi-walled carbon nanotubes (MWCNTS), being osdef magnitude less expensive
than single walled carbon nanotubes (SWCNTs), haleady found large scale
applications as fillers in the production of polyme@mposite$: ®* High tensile strength
together with the metallic behavior of MWCNTs makem very attractive for use where
light and robust conductive materials are neéifedhe fact that the production methods
of MWCNTs do not necessarily require the use ofaineatalysts can be beneficial since
the problem of metal impurities in as-produced MWIBNcan be easily eliminatéd?
Interconnects in nanoelectronics and single moéesahsor devices are among the many

other promising applications of MWCN T

3.2.2 Role of the functional groups on multi-walled carb@ nanotubes

The surface of MWCNTs can be functionalized eithenintentionally or
intentionally>” In the first case, oxygen containing functioriedif such as carbonyls,
carboxyls, and hydroxyls are usually introducedirduthe purification of as-produced
material from the carbon impurities that are alsoagated in the synthesis. This is a
result of the use of aggressive oxidants, for examgoncentrated acids, in the
purification process. In the case of the intentional functionalizatitie oxidation of

MWCNTSs is intended to improve debundling of theiudual MWCNTSs and to increase
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their solubility in the polymer matrix. The chemnysof the functional groups, if known,

also can be exploited for further derivatizatioaations if necessary’

3.2.3Methods to detect, identify, and quantify functiond groups on multi-walled
carbon nanotubes

A wide array of conventional techniques has beeplieg to characterize carbon
nanotubes (CNT$j** Among the most frequently used methods are ETIRamar’,
and X-ray photoelectron spectroscopy (XPSEven though first two techniques have
been tremendously successful in detection andifaextion of the surface functionalities
on many materials, problems with calibration of #malytical response still impede the
guantitative, as opposed to qualitative, use of &aand FTIR spectroscopy to determine
the concentrations of the functional grodp¥: ** Another drawback of using FTIR or
Raman alone is that not all functional groups cardétected by either of the methods.
For example, Raman while sensitive to the presehdefects in CNTs, via the intensity
of the D (1300-1400 ci) band, has not identified oxygen functionalityediy on these
materials. On the other hand, XPS, combined wahvdtization labeling reactions has
been used in identification and quantification offace functionalities® ** However,
the sensitivity of FTIR (~1 groups/cmi)*® and XPS (~18 groups/cr)*® is less than

that of fluorescence methods (2gyoups/cr)*’

3.2.4Fluorescence detection techniques and their advargas
Fluorescence techniques in combination with lalgeli@actions have been used to
quantify functional groups on polymétsand biological moietie¥ '° The high
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selectivity of the detection, provided by the sfiety of the covalent bonding, together
with excellent sensitivity (~f@roups/cri)*’, favor fluorescence-based detection in the
identification and quantification of functional gqos on the surfaces of different
materials at concentrations below the detectioitsimf conventional techniques.
Recently, fluorescence labeling of surface spe@te®©SS) was successfully used to
label and quantify oxygen containing functionasitien self-assembled monolayéts,
activated carbon fiber, graphitic nanofiberé? and single-walled carbon nanotubes
(SWCNTs§* 4 In the case of SWCNTs, FLOSS routinely detkaad quantified
oxygen containing functionalities with concentrasobelow 1% at?, suggesting the
possible applicability of the method with other bmam materials, similar to SWCNTSs.
Here we report the results of FLOSS on MWCNTSs, wité goal of understanding the
nature and quantity of oxygen functional groupsent on the as-produced material, and

how this would evolve following purification procs.
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3.3 Experimental
3.3.1 Materials and instruments

Solid non-catalytic MWCNTs (arc-produced, #MRGC)revgpurchased from MER
corp (Tucson, AZ). According to the manufacturbg tmaterial did not contain any metal
impurities, since it was produced without usageay catalyst, a result confirmed by
thermogravimetric analysis (TGA) . (Figure S20)

MWCNTSs were purified from carbon impurities via ttieatment with the mixture of
concentrated nitric and sulfuric acids as descriédedwher® ?°(see Sl for details) The
specific surface areas of the samples were detethfirom nitrogen adsorption isotherms
(ASAP 2020 analyzer, Micromeritics Instrument Cagiimn) using the BET methdd.
All fluorescence spectra were taken with a Fluonidanstrument (Jobin Yvon) at right
angle geometry using 10 mm rectangular quartz tesetTransmission electron
microscopy (TEM) was done on a Jeol JEM 2100 imsént at an acceleration voltage of

200 kV.

3.3.2 Labeling reactions

Dyes were chosen based on their specific reactivitly certain functional group$:
18. 19 pansyl hydrazine (5-dimethylaminonaphthalenediesyl hydrazine) (DH),
panacyl bromide (4-(9-anthroyloxy)phenacyl bromiffe3) and 5-(4,6-dichlorotriazinyl)
aminofluorescein, (5-DTAF) were purchased from Malar Probes and used to label
carbonyl, carboxyl, and hydroxyl groups on MWCNTsspectively.(Scheme 3) The
concentrations of the functional groups on MWCNTerav determined using the

depletion experiment strategy described elsewHere Briefly, concentrations of
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functional groups were found from the differencetloé fluorescence intensity of the

fluorophore solutions before and after the reastiaith known masses of MWCNTs

samples?

{ PANACYL BROMIDE (PB)

3.5h, 50°C

—

crown ather
catalyst in
acetone

+ HBr

{DANSYL HYDRAZINE (DH)

h(

62h, 25°C

HCI catalyst
in methanol

20h, 25°C

water, Na;C0y
pH11

Scheme 3Fluorescent dyes and the labeling reactions: fopgslic groups with panacyl
bromide; b) carbonyl groups with dansyl hydrazit)ealcohol groups with 5-DTAF
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3.3.3 Labeling and quantification of carboxylic graips

Solutions of panacyl bromide (PB) gave a linearethelence of the fluorescence vs.
concentration in the range of 4 nM-67 nM and weased to calibrate the fluorescence
signal from the dye in the further depletion expenmts.(Figure 18) The peak at about
405 nm is the Raman scattering of thesGktetching mode (~ 2933 ¢hof the solvent

(acetone).
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Figure 18. Emission spectra of panacyl bromide (PB) of ddférconcentrations
(from top to bottom): 67 nM, 35 nM, 17 nM, 9 nMInM; neat acetone (dotted line)

excited at 362 nm. (Inset: calibration plot ofditascence intensity at 475 nm vs. PB
concentration)

To label carboxyl groups on MWCNTSs, two samplea®fproduced and two samples

of the acid treated MWCNTs (~ 50 mg each) were eghcin separate beakers with
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solutions of PB of known concentrations (see Siiierdetails). Upon the completion of
the reaction, supernatants from each of the beakers collected together with the
supernatants after the successive (4 times a) washings of the samples with the neat
solvent (acetone) to remove the physisorbed PB &WMCNTs. Fluorescence spectra

of the recovered supernatant solutions were taaretermine the concentration of PB

that remained non-reacted.(Figures 19,20)
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Figure 19. Emission spectra of panacyl bromide reacted wattboxyls of aseceived
MWCNTSs: experiment without MWCNTSs (solid line atettop), after reaction with 46.1
mg MWCNTSs (dotted line), after reaction with 41.9 MMWCNTSs (dashed line); neat
acetone (dash-dotted line at the bottom). Exciaditt362 nm.
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Figure 20. Emission spectra of panacyl bromide reacted wva#rboxyls of
HNOy/H,SO, purified MWCNTSs: experiment without MWCNTs (solithe at the
top), after reaction with 46.1 mg MWCNTSs (dottexelj, after reaction with 44.7 mg
MWCNTs (dashed line); neat acetone (dash-dottezl dinthe bottom). Excitation at
362 nm.

3.3.4Labeling and quantification of carbonyl groups
Carbonyl (aldehyde, together with ketone) groupsevi@beled with dansyl hydrazine

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

3.3.5Labeling and quantification of alcohol groups

Alcohol groups were labeled with 5-DTAF and quaadf 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 dejole from the dye which could possibly
physisorb to the walls of the glass beaker durihg teaction, depletion in each
experiment was determined with reference to theeemnt without MWCNTS in
solution, which was treated the same way as thdisnok with MWCNTSs. In addition, a
series of control experiments with deactivated dyese done to determine how much of
the dye physisorbs to MWCNTS, using a strategy rilest elsewheré® (Figures S26-

S28)

3.4.2 Reaction time control experiments

It was checked if the chosen reaction times wenmng kenough to label the majority of
the accessible functional groups. For this purpedeer the first labeling run was
complete, the reacted samples were subject to contth fresh portions of the labeling
solutions. Insignificantly small depletion aftéretsecond labeling run, compared to the
first one was observed for PB and DH, suggestingt tine reaction times were

sufficient.(Figures S29, S30)

3.4.3 Results and Discussion

The results of the FLOSS on MWCNTs are summarizedable 4. Since dye
physisorption control experiment showed significahysisorption of 5-DTAF (label for
the alcohol groups) to MWCNTSs (Figures S27, S28),doncentration of alcohol groups,
determined from the depletion experiment, has tedesidered as an upper limit. For
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one of the samples, the fluorescence of 5-DTAF neimg after the labeling reaction was
even higher than for the control experiment withBMWCNTS, resulting in a negative
depletion (Figure S25, Table 4). It has to be mo@ed here, that the phenomenon of the
negative depletion together with the strong physison of 5-DTAF was already
observed in the case of the single-walled carbortubes (SWCNTs) and still poorly
understood®

Overall analysis of the concentrations of the fiowalities determined by FLOSS
suggests that carbonyls are the most abundantidnatties for both as-produced and
the acid treated MWCNTSs, similar to SWCNs.Somehow surprisingly, it was also
found that the as-produced contain substantiallgatgr concentrations of oxygen
functionality than as-produced Furthermore, acehted MWCNTSs contain lower
concentration of functionalities than the as-pretuUdMWCNTs.(Table 4) Tentative
explanations to these finding can be made basdteoknowledge of the composition of
both materials. According to the manufacturee, as-produced MWCNTS, used in this
study, contain a substantial amount of carbonacevoparities (up to 70%). One might
reasonably expect that carbon impurities, beingemtisordered and richer with defects
that can oxidize in ambient, would have a highentent of the functional groups
compared to the MWCNTs. For these reasons, madtapty, the contribution of the
functional groups on carbon impurities to the ollecancentration of the functional
groups on as-produced material is predominant.

Acid treatment of the material, on the other haoldanges relative content of
MWCNTs and carbon impurities, mostly destroying thtter one, thus leading to the
decreased overall concentration of the functiomaligs on acid treated material compare
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to the as-produced, non-purified one. Transmiseleatron microscopy (TEM) showed
that as-received, non-purified MWCNTs contain sabgsal amount of amorphous
(shapeless material) together with graphitic carfmaces of the material with distinct
edges) impurities (Figure 21). The impurities urifed MWCNTS, on the other hand,
are mostly comprised from graphitic carbon (FigR2g. TEM results, thus, support the

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

purified MWCNTSs, compared to as-received, non-pedifMWCNTS.

Figure 21. TEM image of as-received, nonFigure 22. TEM image of HN@QH,SO,
purified multiwalled carbon nanotubegurified multiwalled carbon nanotubes
(scale bar is 100 nm) (scale bar is 100 nm)
3.5 Conclusions

Fluorescence labeling of surface species (FLOSS) sukcessfully applied to as-
produced and acid purified MWCNTSs to detect, idgréind quantify carbonyl, alcohol,
and carboxyl surface functionalities. It was foutitat carbonyls are the most abundant

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

treated MWCNTs compared to the as-produced MWCNEs wexplained by the
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predominant contribution of the highly function&d carbon impurities in the non-
treated material.

Reproducibility of the FLOSS, accompanied with gieusible results of series of the
control experiments, demonstrated that FLOSS carfheently used in the surface

characterization of MWCNTS.

Table 4. FLOSS results (atomic percent and surface coverafj@prious oxyger
containing functional groups on MWCNTSs

FUNCTIONAL GROUPS

MWCNTSs -COOH -COH -OH
(specific surface (carboxylic) (aldehyde, ketone) (alcohol)
area) groupsicm | %at. | groups/cm | % at. | groups/cm | % at.
As-received 43x10° | 110 | 745x10° | 194 | 68x10° | 18
(37 m?g) £01x10° | ¥0.03 | £045x10° | ¥*0.12 | gox1d® | 23

HNO3/H,SOs | 14x1d° | 036 | 605x10° | 157 | 1.2x10" | 3.1
treated (46 m2/g)| *0.1x10° | ¥0.03 | £025x10° | £0.06 | .g2x10° | 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 oxaitgtthermogravimetric analyses of
as-produced and HN{MH,SO, (acid) purified MWCNTs were performed, using a
PerkinElmer (Pyris 6) thermogravimetric analyzedt rate: 10°C/min.; air flow rate: 20
ml/min.). (Figure S20) As one can notice, the adightial TGA curves are almost
perfectly superimposed, suggesting that the aemtrinent did not result in the damage or

destroying of MWCNTSs.(Figure S20)
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Figure S2Q Thermogravimetric (TGA, as-received MWCNTSs: thewlid line; acid

purified MWCNTSs: double dash/dotted line) and diffetial TGA curve (DTG, as-
received MWCNTSs: thin solid line; acid purified MVIT's: dotted line)
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3.6.2 Purification of multi-walled carbon nanotubes

To study the effect of the acid treatment on thenmosition/content of surface
functionalities, as-produced MWCNTSs were purifiedhwa mixture of nitric and sulfuric
acids, following the protocol described elsewhefeTypically, ~ 500 mg of as-produced
MWCNTSs were sonicated with 100 ml of 96%30, and 100 ml of 50-70% HN{In a
500 ml beaker for ~5 min. to form a homogeneous unet The mixture was then
refluxed (105 -110°C) while stirring (magnetic Taeflcoated stir bar) for 5 hours, after
which the heating was stopped and the mixture wWiasved to cool down to room
temperature for 12-18 hours. The mixture was adde&00 ml of deionized (DI) water
in 1L beaker and then vacuum filtrated through @oeofilter (Whatman #2).

Wet purified MWCNTs were washed with DI water oe fiiter until the neutral pH.
After heating the filter covered with wet MWCNTSs am oven at ~ 100-110°C for ~30
min., a “cake” of MWCNTs was separated from theefilwith a spatula and transferred
into a beaker and then heated in the oven (at%€)lntil constant weight was reached.
The purification was run 3 more times, each tinte~f800 mg of as-produced MWCNTs
to collect sufficient amount of the purified ma#drio run labeling reactions. Yields of
the purification were 30-40% wt.. Purified nanaalafter each purification treatment

were collected, mixed together, and used as aamels in further labeling reactions.

3.6.3 Labeling and quantification of carboxylic graips

A stock solution for the labeling (250 ml) was paiegd in the dark, containing 0.218
mM of panacyl bromide (PB) and 0.1 mM of dibenzeet8wn-6 (D18C6) (Aldrich)
(used as a catalyst) with acetone (Fisher) as bl Two samples of as-produced
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MWCNTs (46.1 mg and 41.9 mg) and two samples o &@ated MWCNTs (46.1 mg
and 44.7 mgjvere reacted in the dark. Each sample was in@aep50 ml glass beaker
with 30 ml of the stock solution for ~ 4 hrs at ~6Q(hot plate) while stirring (Teflon
coated magnetic stir bar). After the reaction, +2l0of supernatant over the labeled
MWCNTs was collected into a separate 200 ml voluimdiask for each of the samples.
Each of the samples was washed, in its correspgriakaker, with neat acetone several
times (4-5 times) and the supernatants after thehings were also collected in the same
corresponding flasks as well. The collected sugtamts for each of the samples were
diluted up to 200 ml with neat acetone. Subseqdiéumion of each of the solutions by a
factor of 500 (100v up to 50ml) with neat acetone, resulted in thieitsans used for the

fluorescence measurements (excitation at 362 nigu@&s 19, 20)

3.6.4 Labeling and quantification of carbonyl grous

A stock solution for the labeling (250 ml) was paiegd in the dark, containing 0.145
mM of dansyl hydrazine (DH) with methanol (JT Bgkas a solvent. Two samples of
as-produced MWCNTs (44.9 mg and 56.2 mg) and twmpsss of acid treated
MWCNTs (54.8 mg and 55.4 mgyere reacted in the dark. Each sample was in a
separate 50 ml glass beaker, with 30 ml of thekssmjution for ~ 70 hrs at room
temperature in the presence of the catalytic amouHR(CI (1 ml of 0.1M solution of HCI
in methanol per each of the beaker) while stir{ifgflon coated magnetic stir bar).

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

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

samples was washed, in its corresponding beak#r, neiat methanol several times (4-5
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times) and the supernatants after the washings wase collected in the same
corresponding flasks as well. The collected sugtamts for each of the samples were
diluted up to 200 ml with neat acetone. Subseqdiumion of each of the solutions by a
factor of ~70 (700 up to 50ml) with acetone and catalytic amount&il, resulted in
the solutions, used for the fluorescence measuresn{ercitation at 350 nm).(Figures
S21-S25) The rationale in using acetone as asbimdhe final dilutions was stipulated
by the fact that DH fluoresces more brightly updre treaction with carbonyls.
Fluorescence measurements were performed afteastt 12 hrs since the final dilutions

with acetone were done to make sure that all Didteeh
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Figure S21. Emission spectra of dansyl hydrazine (DH) of etiéint
concentrations (from top to bottom): 579 nM, 289,n145 nM, 72
nM, 36 nM; neat acetone+HCI (dotted line) excite@20 nm. (Inset:
calibration plot of fluorescence intensity at 510m nvs. DH
concentration)
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Figure S22. Emission spectra of dansyl hydrazine reacted with
carbonyls of as-produced MWCNTSs: control experimavithout
MWCNTSs (solid line at the top), after reaction wih.9 mg MWCNTSs
(dotted line), after reaction with 56.2 mg MWCNT&g$hed line); neat
acetone (dash-dotted line at the bottom). Exciadit350 nm.
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Figure S23. Emission spectra of dansyl hydrazine reacted with
carbonyls of HN@H,SO, purified MWCNTSs: control experiment
without MWCNTSs (solid line at the top), after react with 54.8 mg
MWCNTSs (dotted line), after reaction with 55.4 myWCNTs (dashed
line); neat acetone (dash-dotted line at the bott&mrcitation at 350
nm.

61



3.6.5 Labeling and quantification of alcohol groups

To prevent 5-DTAF from reacting with hydroxyls ofater, which are inevitabtly
present in the air moisture and to some extentipbgsed on MWCNTSs, an agueous
solution of NaCQO; (Fisher) of pH ~11 (~20 g of M@0Os for 1 L of water) was prepared
and used as a solvent to prepare (in the dark)oOn®@ stock solution (250 ml) of 5-
DTAF for the labeling.

Two samples of as-produced MWCNTs (50.5 mg an@ &fy) and two samples of
acid treated MWCNTSs (48.9 mg and 52.1 m@re reacted in the dark. Each sample was
in a separate 50 ml glass beaker, with 30 ml ofstbek solution for ~ 24 hrs at room
temperature, while stirring (Teflon coated magnstic bar). After the reaction, ~20 ml
of supernatant over the labeled MWCNTs was coltecieto a separate 200 ml
volumetric flask, separate for each of the samiifash of the samples was washed, in its
corresponding beakers, with agueous solution oiCla (pH ~11) several times (4-5
times) and the supernatants after the washings wase collected in the same
corresponding flasks as well. The collected sugtamts for each of the samples were
diluted up to 200 ml with neat acetone. Subseqdiumion of each of the solutions by a
factor of 5000 (10m up to 50ml) with with aqueous solution of }D; (pH ~11),
resulted in the solutions, used for the fluoreseeneasurements (excitation at 490

nm).(Figures S24, S25)
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Figure S24. Emission spectra of 5-DTAF reacted with hydroxylsas-
received MWCNTSs: control experiment without MWCN{E®Iid line at
the top), after reaction with 50.5 mg MWCNTs (ddttene), after
reaction with 50.6 mg MWCNTs (dashed line);,8&;+H,0O (pH~11)
(dash-dotted line at the bottom). Excitation at A8Q
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Figure S25. Emission spectra of 5-DTAF reacted with hydroxgls
HNO3y/H,SO;, purified MWCNTS: control experiment without MWCNTSs
(solid line at the top), after reaction with 48.99 iMWCNTs (dotted
line), after reaction with 52.1 mg MWCNTs (dashegt); NaCOs+H,0
(pH~11) (dash-dotted line at the bottom). Excitagbd90 nm.
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3.7 Control experiments

3.7.1 Dye physisorption control experiments
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Figure S26. Emission spectra of deactivated dansyl hydraaftex contact (~ 70
hr.) with 46.6 mg as-received (dotted line) and74&\g HNQ/H,SO, purified
(dashed line) MWCNTSs; control experiment without NDWNTs (solid line at the
top), acetone (dash-dotted line at the bottom)ittten at 350 nm.
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Figure S27.Emission spectra of deactivated 5-DTAF after con{a4 hrs) with
as-received MWCNTSs: control experiment without MWGN(solid line at the
top), after contact with 49.4 mg MWCNTSs (dottecelnafter contact with 48.4 mg
MWCNTSs (dashed line); N&€Os+H,0 (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 aon{24 hrs) with
HNOy/H,SO, purified MWCNTSs: control experiment without MWCNT(solid
line at the top), after contact with 50.1 mg MWCN@®tted line), after contact
with 51.9 mg MWCNTSs (dashed line); p0Os;+H,0 (pH~11) (dash-dotted line at
the bottom). Excitation at 490 nm.

3.7.2 Reaction time control experiments
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Figure S29.Emission spectra of Panacyl Bromide after first af the reaction
with 46.1 mg of non-labeled HN{H,SO, purified MWCNTSs for 3.5 hrs. (dashed
line) and second run with 46.1 mg of labeled HMRSO, purified MWCNTSs for
26 hrs. (dotted line); control experiment withouVWNENTSs (solid line at the top),
acetone (dash-dotted line at the bottom). Excitadit362 nm.
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Figure S30. Emission spectra of dansyl hydrazine after fitst of the reaction
with 54.8 mg of non-labeled HN{H,SO, purified MWCNTSs for 62 hrs. (dashed
line) and second run with 54.8 mg of labeled HMRSO, purified MWCNTSs for
72 hrs. (dotted line); control experiment withouWWNENTSs (solid line at the top),
acetone (dash-dotted line at the bottom). Excitaio350 nm.
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CHAPTER 4
(Based on:Dementev, N.; Osswald, S.; Gogotsi, Y.; BorguetFirification of carbon
nanotubes by dynamic oxidation in alr.Mater. Chem2009,19, (42), 7904-7908)
PURIFICATION OF CARBON NANOTUBES BY

DYNAMIC OXIDATION IN AIR

4.1 Abstract

We describe a new approach to the purificationingle-walled carbon nanotubes
(SWCNTSs), based on the selective oxidation of cagleeous impurities by heating at a
constantly increasing temperature (i.e. dynamidation) in air. Using UV-VIS-NIR
spectroscopy, Raman spectroscopy and transmisgicimaa microscopy we demonstrate
the superior purity of dynamically oxidized SWCNTBs. addition to being faster than
other methods, dynamic oxidation allows for an ot removal of carbonaceous
impurities without significant loss of nanotubesisl hypothesized that the advantages of
dynamic oxidation arise from the exposure of the naaterial to the wider range of the

temperatures, than in conventional isothermal dda

4.2 Introduction

Single-walled carbon nanotubes (SWCNTs) are naramwatie hollow carbon
structures with exceptional mechanical and eleatrproperties. For example, metallic
SWCNTSs can carry current densities at least onestlrad times bigger than conventional
materials, such as copper, silver, or gol@n the other hand, semiconducting SWCNTs
have been used to design the smallest transistlosying for further improvements in
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minimizing and arranging integrated circuits andags® Applications range from
electronic devices and sensors to nanopipettes@mgosite materials.In most cases a
successful application depends on the availabitylarge quantities of high purity
SWCNTs? However, scaling up the production of carbon maaerials typically leads
to a decrease in quality and thus furthers the faeefficient, environment-friendly and
economic purification techniques.

The major impurities present in as-produced CNTs loa divided into 1) metallic
catalyst particles (e.g. iron, nickel, yttrium) r@mng from the synthesis and 2) non-
tubular carbonaceous impurities (C-impurities),rsas amorphous and graphitic carbon,
fullerenes and carbon onions.Common purification techniques are either based o
oxidizing liquids (e.g. acids, bases), or utilizzsgous oxidants such as oxygen, carbon
dioxide, water vapor or ozone. A detailed overviginexisting purification techniques
was recently given by Hou et &l. While methods using nitric or sulfuric acid rereov
both residual catalyst as well as C-impurities hstreatments typically lead to SWCNTs
that are highly defective and rich in oxygen-comitag functional groups.”®

Gas phase oxidation is a milder purification teget °** In this treatment, carbon
impurities are selectively burnt out during heatatgelevated temperature (250-800
depending on the material and oxidation conditiamghe presence of an oxidant such as
oxygen or ai.****** The major draw-back of gas phase oxidation éslittelihood of
SWCNT damage and high sample loss under non-omdnpzrification conditions. Gas
phase oxidation is based on the assumption thatI$Vg@re more resistant to oxidation
than C-impurities. Thus, C-impurities can be sélety removed by purifying the sample
at a temperature below the oxidation temperatur&WCNTs, without damaging or
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destroying valuable nanotubes. However, a vergigeecontrol over the temperature is
needed: ° ' 2 The presence of the metallic particles, whichalyae the carbon-
oxygen-reaction, further complicates the oxidapoocess.

During dynamic oxidation SWCNTs are subject to anstantly increasing
temperature (e.g., 10 °C/min) in the presence o{Fagure 23). The required oxidation
times (<1.5 hrs) are significantly smaller comppkt@ isothermal processes (typically >5
hrs.), thus minimizing contributions of catalytiffezts!® The purity of dynamically
oxidized SWCNTSs exceeds that of conventional oxatlainethods including that of most

isothermal oxidation protocdf$

Dynamic Isothermal
oxidation oxidation
A
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Figure 23. Comparison of the dynamic oxidation (left paneijh conventional
isothermal (“static”) oxidation (right panel).

4.3 Experimental Section
4.3.1 Materials
As-received, arc-produced SWCNTs were purchaseoh i@arbon Solutions, Inc.

Prior to dynamic oxidation, in order to facilitadample handling, as-received SWCNTs
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(~240 mg) were mixed in acetone (~15 ml), so tharaftying for two days at ~80 °C
the sample was compressed by a factor of ~10. Thgawimnetric analysis (TGA) did
not show any significant changes in the thermabben between the raw and acetone-

processed materials (data not shown).

4.3.2 Characterization

TGA and dynamic oxidation were performed in a PyGs PerkinElmer
thermogravimetric analyzer, using a heating ratéGfC/min and a constant air flow of
20 ml/min. Sample loads of ~10 mg were used in @aoh Absorption spectra were
recorded in a UV-VIS-NIR Spectrophotometer JASCO5M with 10 mm path
rectangular quartz cuvettes. Raman spectra weaded using a Renishaw Raman
micro spectrometer (1000) equipped with an 514.5 Amion laser. Transmission
electron microscopy (TEM) was performed on Hitadhti7600 instrument at an

acceleration voltage of 100 kV.

4.4 Results and Discussion
4.4.1 Determination of Final Temperature of Oxidaton
In order to determine the optimal final temperatwk oxidation (FTO) for

purification of SWCNTs by dynamic oxidation at avegm heating rate, as-produced
SWCNTs from the same batch were divided into 7 gsouEach group was subjected to
dynamic oxidation using similar conditions (i. an®e air flow, same heating rate), while
the FTO was set to different temperatures in timgead00-770°C. The selected FTO
correspond to temperatures at which the differemt@aght loss (dW/dT) of as-produced
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SWCNTsexhibits a change in slope: 400, 520, 620, 700, 730, and 770 °C (see
Figure.24). After cooling to room temperature, skapvere analyzed using UV-VIS-

NIR, Raman and TEM.
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Figure 24. Thermogravimetric (TGA, solid line) and differeadtiTGA curve (DTG,
dotted line) for SWCNTSs after compression with aoet

UV-VIS-NIR spectra of as-produced SWCNTs, dynantycalxidized to different
FTOs (and dispersed in 1 wt%. SDS in water sol)tiare presented in Figure 25. The
absorption features labeled as;Mnd $; arise from metallic and semiconducting carbon
nanotubes, respectively.’> The integrated intensities (peak area) af &hd $; are in
direct relation with the amount of metallic and ssnducting SWCNTS, respectively.
The content of C-impurities can be estimated frommdlope of each spectrum (the greater

the slope — the more C-impurities the sample HasJhe concentration of each of the
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samples was adjusted (by dilution in SDS solutiomrder to get the same slope, i.e. C-
impurity concentration, as a non-oxidized sampléheUV-VIS-NIR spectra.

The areas under the Soeaks were calculated using IGOR software (Wavabet
Inc.). As seen from Figure 25, the intensity of #igsorption peaks increases when
increasing the FTO from room temperature to 730st@gesting that the relative amount
of SWCNTSs in the samples increases due to the mgirof C-impurities. The highest
purity was observed for SWCNTs dynamically oxidized’30 °C. Higher FTOs lead to

burning of SWCNTSs as indicated by a decrease jnadid 3

|
.3/ 0
Figure 25.UV-VIS-NIR spectra of SWCNTs dynamically oxidizemldifferent 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 followtingy method of Haddon et 4.1
In this method, the purity of SWCNTSs is defined as:

ContenfSWCNT} _AA(S)
Conten{SWCNTs Cimpurities AA(T)

(1)

I:)SAMPLE =

where P,,»c IS the purity of the sampleAA(S)is the area under,Sminus the area

under the baseline, associated with the SWCNTsoo1{Eigure. 26a), andA(T i9 the

total area under they,Sabsorption peak (Figure. 26b) resulting from bibth SWCNTs
and the C-impurities. A straight line, intersectioy-VIS-NIR spectra of SWCNTs at

8000 and 11765 cil) was chosen as a baseline.

pilgpTrrTTITTITTTITITII pilgpTrTTTrITTITTITIIO
a b
009 I: } - 009 I: } -
AA(S) =SWCNTs AA{T} = SWCNTs
0.081 4| 008 c.impurities
0.07} - 0,07} i
fak} 522 [} W 22 X
© p.06| \ - S 0.06| . -
5 : 5 :
L
= 0.05 : - 5 0.05 - : -
& ' : A '
m D.[I4 ':' : -1 m I].[I""" 'E A E -1
]
0.0 : . 0.03p : -
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0.02f ! - 0.02f L -
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Figure 26.UV-VIS-NIR spectrum of SWCNTSs dispersed in dimetfgidmamide. (a)
AA(S) (dashed area) is associated with SWCNTs coré@d (b) AA(T) (dashed
area) is associated with both the SWCNTSs and tiraftrities content
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In order to standardize the method, a RelativetfP(IAR) of the sample was defined

as:

P P
R, o = — SAMPLE = TSAVPLE y 10004, 2)
Prererence  0.141

where RR,,p IS the Relative Purity of the sample aRg. rcce=0.  ldXhe purity

(determined based on eq.1) of “an arbitrary highitp reference sample*: ¢
Samples of SWCNTs before (blue dotted line in Fegva) and after the dynamic
oxidation to 736C (red solid line in Figure 27a) were dispersediimethyl formamide

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

Table 5. Purity of the Samples before and after dynamidation.

Sample AA(S) | AA(T) | Purity |Relative Purity
As-received 18.256 220.327| 0.083 59%
Dynamically oxidized to 730°C

40.002| 225.338| 0.178 126%
(Before centrifuging)
Dynamically oxidized to 730°C

30.461| 194.677| 0.156 111%
(SEDIMENT after centrifuging)
Dynamically oxidized to 730°C

9.444 | 18.861] 0.501 355%

(SUPERNATANT after centrifuging)

Analytically Puré 0.325 2309

" Estimated by Haddon’s grodp.
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In order to exclude possible effects of the catalydi,Y)-oxides (~70% wt. in
dynamically oxidized sample (Figure 25) on the eadbn of the purity of the
dynamically oxidized sample by UV-VIS-NIR spectropg (oxides have a non-zero
absorbance), 10 ml of the solution of the dynanyaaXidized sample in DMF (red solid
line in Figure 27b) were centrifuged at ~3000 gr¢@h) for 30 min. After the
centrifuging, 8 ml of the supernatant, which wapexted to have a lower content of
heavy metal oxides, were mixed with 2 ml of neat b make original volume of 10
ml), sonicated for 20 min. and the UV-VIS-NIR speod was taken (black dotted line,
Figure 27b). The evaluation of the relative punfythe dynamically oxidized sample
with decreased amount of the metal oxides basetth@method suggested by Haddon,
gave a relative purity of 355%, which is higherrththe previously achieved relative
purity of 230% for analytically pure SWCNTs accanglito the same classification by
Haddon. (Table 5.3° This result suggests that nanotubes, dynamicedigized in air,
are almost totally free from carbonaceous impugitidt should be stressed here that
purity of the SWCNTs determined by NIR spectroscapythis work is the relative
purity.

Purity of dynamically oxidized SWCNTs was compatedhe purity of SWCNTSs,
oxidized via the isothermal oxidation protocol, cffsed elsewher& In comparison to
as-received samples, the dynamically oxidized nadtes a factor of 6 purer. However,
isothermal oxidation yields SWCNTs which are onytimes purer than a raw material.
4.4.3 Evaluation of the purity of SWCNTs by Raman gectroscopy

Raman spectra of as-received, air/HCI purified ifmation by Carbon Solutions,
Inc.) and dynamically oxidized SWCNTs are presentedigure 28(a,b). All samples
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show the typical Raman features of SWCNTSs: therdeminduced D-band (1300-1400
cm™®) (Figure 28b) resulting from amorphous carbon simdctural defects in SWCNTS;
the G-band (~1590 ch) (Figure 28b) originating from the in-plane vikioats of carbon-
carbon bonds; and the radial breathing modes (RiByeen ~100 and 500 énfFigure
28a,b) attributed to the collective breathing vitmia of the entire SWCN¥* 1718 The
integrated intensity ratio (peak area) between B @nbands (D/G) is conventionally

used to evaluate the purity of CNT sampfes’ '8

-ﬁlllllllllllll* *IIIIIIII'IIII*

/0 /30

+ - - + - -

e — e .o.‘ —
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Q
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.3/ 0 .3/ 0

Figure 27. UV-VIS-NIR spectra of SWCNTs (a) dispersed in dthyl formamide
before (blue dotted line) and after (red solid Jittee dynamic oxidation to 730°C and
(b) dispersed in dimethyl formamide after dynamxadation to 730°C before (solid
red line) and after centrifuging (sediment- blacksloed line; supernatant — black
dotted line).
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The Raman spectrum of dynamically oxidized SWCNasaled a low D band and a
high G-band intensity with well separated @d G sub-bands (Figure 28b). The D/G
ratio of dynamically oxidized SWCNTs (0.05) is musimaller than that of as-received
(0.23) or air/HCI purified (0.36) SWCNTSs, indicatirhigher purity (and lower level of
structural defects) of the dynamically oxidized géan(Figure 28b). The RBM range

does not show significant changes, indicatingglitt no tube damade.

LU LA L B BNLE B | =T 1 * 1 ' 1 ' T T
(a) Exc. @ 514 nm (b) G
— RBM - Exc. @ 514 nm
B ] [ before purification 7
B bﬁ:ﬁifation i B DIG =0.23 N
B P _ RBM
@ o[
£ F — c after Air/HCI G
S L e _
; L afte; A|;/H Cl e (Fglﬂgsizlg/acglrg)?SOIutions)
p= urification L - -
?C:; (Eurified by Carbon Solutions)_ i‘; RBM D/G - 036 D 1OX
G 0 = -
5 y 5 G
c c L —
— - — after dynamic oxidation
after dynamic D/G =0.05
— oxidation . —
RBM D
L . 1 . 1 7 o\t
120 160 200 2401280 400 800 1200 1?00 2000
Raman shift (cm ) Raman shift (cm )

Figure 28 Raman spectra of SWCNTs showing D band (b), Gd@lgnand RBM
peaks(a,b) before purification (top, red solid Jinafter Air/HCI purification (middle,
blue solid line) and after dynamic oxidation (battoblack solid line). Spectra were
recorded using a 514 nm excitation wavelength.
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4.4.4 Evaluation of the purity of SWCNTSs by Transmssion Electron Microscopy
Transmission Electron Microscopy (TEM) clearly slsowhat the sample of as-
produced non-purified SWCNTSs contains an abundaha@purities either deposited on
the bundles of SWCNTs (making surface of the bundlesmooth and not well
distinctive) or in the form of “clumpy” aggregatésigure 29a). Bright regions in TEM

images of SWCNTs correspond to C-impurities. Thek dgpots are associated with

catalytic metallic particles and their oxides (Fig29a)*°

Figure 29. Transmission Electron Microscopy Images of SWCI{msvder) before
purification (a), and after dynamic oxidation (Bxale bar is 100 nm on any of the
images.

In contrast with TEM images of as-produced non{mdiSWCNTs, TEM images of
dynamically oxidized SWCNTs show no amorphous caybiadicating an efficient
elimination of C-impurities from the sample (Figuz8b) Dark regions in the TEM

images of dynamically oxidized SWCNTs are tentdyivessociated with oxides of the

catalytic metals (Figure 29b).
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4.5 Conclusions

Dynamic oxidation in air, i.e. oxidizing SWCNT caitting samples at a constant
heating rate in airwas shown to be a fast and effective method offipation of
SWCNTs. UV-VIS-NIR, Raman, and TEM revealed a mhagher degree of purity of
dynamically oxidized SWCNTs (from C-impurities) a@mparison with conventionally
purified samples. UV-VIS-NIR spectroscopy showdthtt dynamically oxidized
SWCNTSs has a lower content of C-impurities tharnvimesly reported for “analytically”
pure SWCNTs. Short operation times (<1.5 hrs)ng@lwith ~6 times improvement in
purity of SWCNTSs, make dynamic oxidation an exagllalternative to other purification
methods. In our opinion, the advantages of dynasridation in air arise from the fact
that raw material in this treatment is subject xadation in the widest possible range of
temperatures (up to the threshold temperature ofilg of SWCNTS), providing access
to all thermodynamically allowed conditions for buwg various fractions of C-

impurities.
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CHAPTER 5
SURFACTANT-FREE METHOD OF SOLUBILIZATION OF PRISTIN E

SINGLE-WALLED CARBON NANOTUBES

5.1 Abstract

We report a new approach to prepare stable digpersof single-walled carbon
nanotubes (SWCNTSs) in common solvents, such a®@eemethanol, and isopropanol.
The method, based on the elimination of the entanght of the bundles of SWCNTSs,
overcomes one of the major obstacles to the suttgseparation of stable dispersions
of SWCNTSs. Disentanglement of the bundles of SWEINNas been achieved via a series
of mild sonication treatment cycles, which ledhe formation of thicker, more rigid, and
significantly less entangled bundles of SWCNTs. bsgaguent mild sonication of
disentangled bundles of SWCNTs in the solvent teduln the formation of stable
dispersions of SWCNTSs with concentrations as high-8 mg SWCNTs/L. Results of
analyses of the soluble SWCNTs using Raman, UWWR- spectroscopy,
thermogravimetry, transmission electron and atofoice microscopies support the
suggested mechanism of the process and confirrndéme destructive nature of the
solubilization protocol. The increased stabilifysoluble SWCNTSs to thermal oxidation
is indicative of high crystallinity of the samplagccompanied with the low metal and
functionalities content in the material.
5.2 Introduction

Carbon nanotubes (CNTs), possessing exceptionalhane@al and electrical
properties, have already found different appligaidrom nanoelectronics to polymer
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based composite materidi3. However, difficulties with the preparation of Ilsi@
dispersions of CNTs in solvents complicate scientdtudies of the material and
significantly impede the exploration of the unigpeoperties of CNTs to their full
extent” ®® Hurdles to solubilization of CNTs are usually @sated with strong tube-
tube van der Waals interactions resulting in thenftion of bundles of CNT$™

Many methods were suggested to overcome the probi¢he bundling of CNTs and
thus facilitate the dispersion of the material iolvents® " % 121> Most of the
conventional solubilization protocols consist ofeonf two general approaches: 1)
solubilization of CNTs by covalent modification dfeir surface; 2) solubilization of
CNTs by non-covalent modification of their surfacén the first approach, CNTs are
subject to treatment by aggressive oxidants, engric acid, resulting in CNTs
functionalized with oxygen containing groups, sashcarboxyls and hydroxyt§” It
has been demonstrated that the solubility of thdimed CNTSs increases significantly in
the comparison with as-produced, non-oxidized naltérand can even be further
improved by the covalent attachment of other meseto the oxidized CNTSs, utilizing
chemistry of its surface functional groupPs> However, covalent chemical
functionalization of CNTs converts shybrydized carbon atoms of the material into the
sp’ - hybridized states leading to the disruption fe# tontinuum of the electrons in
CNTs, thus leading to the loss, either partial otalt (depending on the extent of
functionalization), of the electronic and mechahjmaperties of CNTS> 1

In order to preserve the integrity of CNTs duridubilization, physical modification
of the surface of CNTs is employed in the secongragch® * 0 2 1318 The

dispersibility of CNTs in this strategy is achievéy non covalent attachment of
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amphiphilic molecules to the surface of CNTs. &ctdints (e.g. sodium dodecyl
sulphate!’ or the derivatives of condensed aromatic compduadsthe most commonly
used molecules in this method. The major drawlmcihe method is the difficulty in

removing the strongly adsorbed molecules in theé $éeps of the processing of CNTs
where the presence of these molecules may havefasious effect on subsequent
applications.

Here we report a new approach to solubilize nortfonalized SWCNTs without the
use of molecular agents (e.g. surfactants, polylBid). The method is based on the
unraveling of the initially highly entangled andgsly soluble bundles of SWCNTs via
the formation of thicker and less entangled bundfeSWCNTs (Scheme 4) in a series of
the treatment cycles each of which is compriseandfl sonication of the sample in
acetone, followed by a “no sonication” phase. 8sanmpgly, low power sonication
treatment of disentangled bundles resulted in thendtion of stable solutions of

SWCNTs in solvents, such as acetone, methanolisapdopanol.(Scheme 4, b))

“sonication — no sonication” treatment

first 5 cycles 6 cycles

-
7@59&\@@

Entangled bundles
of nanotubes Disentangled thick

bundles of nanatubes Solublized individual

nanotubes

Scheme 4.Solubilization of SWCNTSs via sonication-no sorica treatment. First
5 cycles of the treatment lead to the disentanghtmiethe 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 hares (SWCNTs) used in this
study, were purchased from Carbon Solutions, Ind.cndensed by acetone prior to any

further processing, as described elsewtiere

5.3.2 Characterization

A UV-VIS-NIR spectrophotometer JASCO, V-570 with bOm path rectangular
quartz cuvettes was used to take the absorptiontrspe Raman spectroscopy was
performed on a Renishaw Raman micro spectrome@d0{lequipped with an Ar ion
laser (514.5 nm). Thermogravimetric analysis (T@&#ajves were recorded on Pyris 6
PerkinElmer thermogravimetric analyzer, using atihgarate of 10 °C/min and a
constant air flow of 20 ml/min. unless specified:ransmission electron microscopy
(TEM) was performed on a JEOL JEM 2100 instrumemtreacceleration voltage of 200

kV.

5.3.3 Puirification

It has been shown that the van der Waals forceseaet CNTs are active provided
the distance between CNTs is no larger than 1 CNifeter’ For this reason, as-
received SWCNTs were subject to purification ptioe disentanglement processing to
remove the carbonaceous metal impurities, whichdcpassibly act as spacers between
SWCNTs, thus impeding the effectiveness of the dan Waals interactions in the
formation of thicker bundles of SWCNTSs.
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As-received SWCNTs were purified from carbon impesi by dynamic oxidation as
described elsewhefe Briefly, ~ 1g of as-received acetone condens@(CSITs were
subject to the heating in the electrical furnac@dberg) with a constant heating ramp of
10°C/min. from room temperature to 680°C while poggwith air at 100 ml/min. flow
rate (see supplementary information for detailBynamically oxidized SWCNTs were
treated with hydrochloric acid (HCI) aqueous sautto remove metallic impurities (see

supplementary information for details).

5.3.4 Disentanglement/solubilization of SWCNTs

Single-walled carbon nanotubes (SWCNTSs) were slihgloi in acetone via a series
of sonication-no sonication treatment cycles usaniath sonicator (see supplementary
information for details). Typically, ~ 40 mg of tlsample were mixed with ~ 200 ml of
acetone and sonicated for 1 hr. in a glass bedlsaniCation” phase). After the
sonication was stopped, SWCNTs-acetone mixture lefasfor 6-12 hrs. without any
treatment (“no sonication” phase). We hypothe#iia¢ during the “no sonication” phase
SWCNTSs formed thicker bundles thus decreasing teentanglement of the SWCNTs
network.

The results of TEM (see below) support the hypathes After the “no sonication”
phase, supernatant (~150 ml) over the solid phaseowllected. Part of the supernatant
(~ 10 ml) was left for visual and UV-VIS-NIR analyqFigures 30, 31) and the solid
SWCNTs (the “fraction”) were extracted from thetres the supernatant (~140 ml) by
vaporizing the acetone in the vacuum oven. Frestoae (up to 200 ml) was added to
the beaker. The treatment was done 26 times. rBafaat after each treatment cycle

86



(from #1 to #25) was visually examined (Figure 20)d analyzed by UV-VIS-NIR
spectroscopy (from #1 to #25). Supernatants #fierfirst 5 cycles of treatment were
transparent; the ™6 cycle of treatment resulted in the formation ofnsly dark
supernatant; the subsequent treatment cycles peddsapernatants with gradually
decreasing absorbance. (Figure 30) The solid s(actions from #1 to #24) were

left for the further analyses.

(a) (b) ()

Figure 30. Selected supernatants after each cycle of théiéiahtion
treatment: #5, 6 (a); #18, 19 (b); #25, 26 (c). Soptants #1-5 do not
contain suspended material; #6-11 contain mostlgrphous carbon;
#12-24 contain mostly SWCNTSs (“soluble SWCNTSs”)

5.4 Results and Discussion
5.4.1 Analysis of supernatants by UV-VIS-NIR spectiscopy

Vis-NIR absorption spectra of SWCNTs have distvetiMy; and 3, peaks,
corresponding to the first and second order elaatrdransitions in metallic and
semiconducting SWCNTSs, respectivély?®  Supernatants after each treatment cycle
(Figure 30) were analyzed by UV-VIS-NIR spectroscaping 10 mm path square quartz
cuvettes with neat acetone as a reference (Figlie Bl;; and $, peaks were used to

monitor presence/solubility of SWCNTs in the saus8. Low absorbance and the
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absence of the characteristic peaks of SWCNTs enathsorption spectra of the first 5
supernatants suggest that the 5 cycles of thariezdtwere not enough to solubilize the
sample.(Figure 31) Serendipitously, the very rieith) cycle of the treatment, resulted
in the dense dispersion of some of the sample itoae.(Figure 30) However,

supernatants #6-11 contained mostly carbon impgrithanifested by the low intensity
characteristic peaks of SWCNTs on the high intgrReyleigh scattering type baseline
curve.(Figure 31) Supernatants after the treatrogoles #12-24 were enriched with
SWCNTs and referred as “soluble SWCNTSs” hereaftggure 31) Some part of the
sample (see supporting information for details)agrad insoluble. Analyses of the solid
fractions (see below) by Raman spectroscopy, UWNIR spectroscopy and

thermogravimetry suggest that fractions #6-11 dantaostly amorphous carbon, and
insoluble residue is mostly graphitic carbon. Twubilization of the sample, thus,

provides further purification of SWCNTSs.

absorbance

L )
500 750 1000 1250 500 750 1000 1250 500 750 1000 1250
wavelength (nm) wavelength (nm) wavelength (nm)

Figure 31. UV-VIS-NIR spectra of supernatants containing
fractions from #1 to #11 (a); from #11 to #16 (bym #16 to
#25 in acetone during the disentanglement protocol.
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5.4.2 Analysis of solid samples by Raman spectroggo

The combined supernatants from treatment cycle$l#xhe combined supernatants
from treatment cycles #12-24 (soluble SWCNTSs) drdihsoluble residue were dried in
three separate beakers in the vacuum oven (Nap8b) 38 remove the acetone. The
dried solid samples, a ground sample of highlyrded graphite (HOPG), and SWCNTs
before and after the purification were analyzedlaynan spectroscopy.(Figure 32)

In general, SWCNTs exhibit series of the charastieriRaman peaks in the low
frequency region, corresponding to the radial lviegt vibrational modes (RBM) of
SWCNTSs of different diametef$?® The intensity distribution of RBM peaks for easth
the samples in this study showed patterns, difter&lom the as-produced
SWCNTs.(Figure 32) However, peaks highly dependstlze crystallinity of the
SWCNTs* Any changes in the relative intensity of the RBlhks might simply reflect
changes in the relative extent of ordering of SWEMT different diameters’. UV-VIS-
NIR spectra (Figure 31, S37) of the samples did silsdw any changes in the
position/relative intensity of M and $, peaks, thus, clearly indicating that no
separation/preferential destruction of SWCNTs oaalir Nevertheless, broadening of
the RBM band of soluble SWCNTs, accompanied wita thcrease of the relative
intensity of the low frequency transitions, supptre idea of the thickening of the
bundles during the disentanglement proé&&sgure 32). The insoluble residue left after
the solubilization did not show any of the RBM s#ions characteristic for SWCNTSs,
meaning that the SWCNT content, if any, of the titat was below the detection

limit.(Figure 32)
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Analysis of the high frequency region in Raman $seof SWCNTs allows one to
estimate purity of SWCNTs from carbon impuritiesiahe structural defects*® The
purity of SWCNT sample is indicated by the ratiotbé D band (1300-1400 ¢y
corresponding to the vibrations of disordered -sphybridized carbons, to the G band
(~1590 cn), reflecting ordered, $ghybridized carbon atonms ?{Figure 3) The D/G
ratio for soluble SWCNTs did not increase (0.03)mpared to that for dynamically
oxidized/HCI purified SWCNTs (0.03), suggesting @nfdestructive character of the
solubilization protocol.

The position and the shape (lack of splitting) lué G peak of the insoluble residue
was identical with that of HOPG, suggesting that¢ tihsoluble residue is mostly
comprised of graphitic carbon.(Figure 32) On theeohand, the splitting of the G peak
in the Raman spectra of fractions #1-11 and tlife ishts position, compared to that for
HOPG, suggest that the fractions #1-11 predomipacintain neither graphitic nor
nanotube carbon. The aforementioned results ofdRakdV-vis-NIR (Figure S37), TEM
and AFM (not shown) let us assign the solids dis=blin the supernatants of fractions
#1-11 to amorphous carbon.(Figure 32)

5.4.3 Thermogravimetric analyses of the soluble SWLTs and the insoluble residue

To determine the residual metal content in the IdeluSWCNTSs, the solid
components of the combined supernatants of fragtii2-24 (soluble SWCNTs) was
subjected to thermogravimetric analysis (TGA). (ffeg33) Surprisingly, however, the
experimental conditions (heat rate: 10°C/min., fmw rate: 20 ml/min.) used did not

allow all the material to be burned.(Figure 33)eThsidue of the thermal analysis, left in
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the TGA pan after the heating cycle was dispersetimethyl formamide (DMF) (Fisher

Scientific) and analyzed by UV-VIS-NIR spectroscdqpigure 34)
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Figure 32. Raman spectra of SWCNTs showing radial breathingen{RBM) peaks
(@) and D and G band regions (b) From top to battbafore purification, after
dynamic oxidation, after dynamic oxidation/HCI tra&nt, mixture of solid fractions
#1-11, mixture of solid fractions #12-24 (solubl&VENTSs), insoluble residue
(graphitic carbon), highly oriented pyrolytic gragh(HOPG). Spectra were recorded
using a 514 nm excitation wavelength.

Distinctive My; and $; peaks in the UV-VIS-NIR absorption spectrum of thsidue
(Figure 34) together with the absence of a plateate high temperature region of the
TGA curve (Figure 33), suggest that soluble SWCIK&same more robust to oxidation
compared to SWCNTs (as-produced, dynamically ordiizdynamically oxidized/HCI
purified) before the solubilization treatment (s89, most probably due to the lower

content of metal residue in the sample. TGA coon# were modified to provide an
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extended exposure (100 min.) of the fresh samplsotiible SWCNTs to the air at

1000°C. (Figures S33, S34)
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Figure 33. Thermogravimetric (TGA, Figure 34.UV-VIS-NIR spectra of the

solid line) and differential TGA curvemixture of the solid fractions #12-24

(DTG, dotted line) for the mixture of(soluble SWCNTSs) before (dotted line)

the solid fractions #12-24 (solubland the residue left after the TGA

SWCNTSs). Heat rate: 10°C/min., aisolid line) dispersed in DMF.

flow rate: 20 ml/min.

The new TGA curve showed that the residual maskeofample was less than 0.7%
wt., supporting the initial hypothesis about thevlcontent of residual metal in the
soluble SWCNTs.(Figures S33, S34) Difficulties lwiburning the insoluble residue
(Figures S35, S36), combined with the results & #malysis of the Raman spectra

(Figure 32) let us to conclude that the insolubdetion is mostly graphitic carbon.

5.4.4 Analysis of the purity of SWCNTs by UV-VIS-NR spectroscopy
The relative purity (RP) of the fractions #1-11,2#24 (soluble SWCNTSs), and
SWCNTSs before and after the purification was ev@ddy UV-VIS-NIR spectroscopy,

using a method suggested by the Haddon gfi(iigure S37) Comparison of the
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relative purities of the samples confirmed the destructive nature of the solubilization
protocol and suggested that the solid fractionsl#leonsist mostly of amorphous

carbon.(Figure S37)

5.4.5 Analysis of SWCNTSs by transmission electron igroscopy

Typical transmission electron microscopy imagesSWCNTs before and after the
purification, and of different fractions of the sple that underwent the solubilization
treatment, are presented below (Figures 35, S39-S&bw magnification, large area
TEM images of as-received, non-purified SWCNTs ade@ a substantial content of
shapeless, non tubular component, together withd#rk contrast (“dots”) component,
being tentatively assigned to amorphous carbongaaghitic carbon/metal impurities,
correspondingly. (Figure 35) The TEM images of dynamically oxidiz6WCNTs, on
the other hand, showed significantly decreased epas of a poorly structured
component in the sample, suggesting that dynamigatrn was efficient in removing
the amorphous carbon.(Figure 35) The sharp edggpesh of the contaminants,
accompanied with their high image contrast, suggasbrdered carbon or metal oxide
nature of the remaining impurities in dynamicallkidized material.(Figure 35)
SWCNTs after dynamic oxidation/HCI treatment, adoog to TEM, contained some
residual hollow shell carbon impurities (i.e. carbonions) with almost negligible
concentration of dark contrast dots, confirming T&A results that suggested efficient
removal of metal impurities. Comparison of TEM mea of as-received (Figure 35),
dynamically oxidized, and dynamically oxidized/H@urified samples (Figure 35)
clearly shows that the diameter of the bundles WICBITs are the same for all the
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samples (~10-25 nm), suggests a similar, highedegf the inter-bundle entanglement
for each of the samples. In striking contrasttie aforementioned samples, soluble
SWCNTs (fractions #12-24) are ordered in much tmickuperbundles (~100-200 nm
compared to ~10-25 nm of the non-solubilized sas)pl@hich agrees with the proposed
mechanism of solubilization through the disentamglet of SWCNTSs via the thickening
of the bundles.(Figures 35). The analysis of teMTimages of fractions #1-11, being in
the full agreement with the results of UV-VIS-NIRnda Raman spectroscopy,
demonstrate that the fractions are mostly disodjeamorphous carbon.(Figure S40)
Surprisingly, TEM images of the insoluble residhewed that it is mostly comprised
of multilayer graphene. (Figure S41) From the itllaanalysis of Raman spectrum of
the insoluble residue, the number of monoatomi@rigywas determined to be 5.
(Figures S38) The presence of multilayer graphenthe insoluble residue was also
confirmed by atomic force microscopy (Figures S42)S The fact that none of the
analytical techniques indicated on the presenagafhene in any of samples before the
solubilization treatment, brings us to the condusihat the graphene was made in the
process of solubilization. The possible soura@sgraphene generation are either the
carbon onions or the SWCNTs (or both), since theseare the major components of
dynamically oxidized/HCI purified material, used the solubilization. Since, according
to UV-VIS-NIR and Raman spectroscopy, the puritypoluble SWCNTs did not become
worse compared to the purity of dynamically oxidi4¢Cl sample, carbon onions are the

most plausible candidates for the possible soufrtizeographene.
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Figure 35. TEM images of as-produced SWCNTs (a); a bundlea®fproduced
SWCNTs (b); bundles of dynamically oxidized SWCNGT¥ superbundles of soluble
SWCNTs of fractions #12-24 (d) Scale bars are a60Q 5 nm, 20 nm, 100 nm,
respectively.
5.5 Evaluation of the solubility/stability of the ®luble SWCNTSs in different solvents
The stability of solutions of different concentoats of soluble SWCNTs (fractions
#12-24) in acetone, methanol, and isopropanol washaed .(Figure 36) For each of
the solvents, typically 1.5-2 mg of soluble SWCN{sctions #12-24) were initially
sonicated (~5-10 min.) with 15 ml of solvent torfoe homogeneous dispersion. All
other dispersions of lower SWCNTSs concentrationseevpeepared by adding the aliquots
of solvent to the preceding solutions (with highencentrations of SWCNTSs), followed
by mild sonication (~5-10 min.) until the homogeradispersions were formed. The
stability of each of the dispersions was monitobgdrecording how long each of the
dispersions stayed visually homogeneous aftergh&ation. Hours long, surfactant-free
stable solutions of concentrations ~3 mg/L (acetormeethanol) and ~15 mg/L
(isopropanol) can be prepared from solubilized SWE&Nwhich are comparable to
surfactant solutions used in preparation of condadtansparent films of SWCNTs (~ 2
mg/L).?’ The non-monotonic increase in the stability o golutions with decrease of
the concentration of SWCNTs may be related to &ffenvolving the percolation

threshold?® Higher solubility of SWCNTSs in isopropanol comedrto that in acetone
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and methanol is most probably caused by the lovedaripy of the former (~3.9 for

isopropanol vs. ~5.1 for acetone and methafiol).
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Figure 36. Stability of soluble SWCNTSs (fractions #12-24)dfferent concentrations
in acetone (squares, solid line), methanol (circlidgshed line), and isopropanol
(triangles, solid line).

5.6 Conclusions

It was shown that repetitive cycles of mild sonimatof dynamically oxidized/HCI

purified SWCNTSs in acetone, followed by “no sonioat phases result in the formation

of the hours-long stable SWCNT dispersions thateweghly soluble (up to ~ 15 mg/L)

in acetone, methanol and isopropanol. The residiltdV-VIS-NIR, Raman, AFM and

TEM analyses suggest that the SWCNTSs remain iaféet the treatment, confirming the

non-destructive character of the protocol. It vaéso found that the treatment can be
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used for the further purification SWCNTSs from cambimpurities. It is hypothesized that
solubilization happens due to the disentanglemérih® bundles of SWCNTs via the
formation of the thicker, more rigid, and, for thimason, 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 (asilsEb@lsewher® arc-produced

single-walled carbon nanotubes (SWCNTSs) were piat anquartz boat and heated from
room temperature to 680°C in the middle part of ragpammable electric furnace
(Lindberg) with 10°C/min and 100 ml/min. air flovate. Heating was immediately
stopped upon reaching the final temperature of atiod (680°C) and the boat with
dynamically oxidized SWCNTs was moved to the colaat of the furnace.

When the temperature of the boat reached ~ 50°CG- (Bh minutes), the boat was
removed from the furnace and the dynamically 0xddiSWCNTs collected from the
boat. The weight of dynamically oxidized SWCNTs@m temperature) was 0.500 g,

resulting in a yield of 44% wit.

5.7.2 HCl treatment

0.432 g of dynamically oxidized SWCNTs were treatngth 200 ml of 6 N aqueous
solution of hydrochloric acid (HCI) in an open gldseaker (under a fume hood) while
stirring (Teflon coated magnetic stir bar) and hrep{hot plate) close to the boiling point
(~ 90-100°C) for 1 hour. The solution was leftcmol down at room temperature in the
fume hood overnight. The room temperature solutvas filtered through a cotton filter
Whatman #2). The liquid after the first filtrati¢n200 mL) was collected for the further
analysis of the nickel content. SWCNTs were wastredhe filter with deionized (DlI)
water (Barnstead Easypure II) until the neutral @WCNTs were washed away with DI
water from the filter paper into a separate glaat vNeutral and wet SWCNTSs (in the
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glass vial) together with the wet filter were subjéo heating at ~120°C in a vacuum
oven (Napco 5831) overnight (~7 hrs.) and thendafter vacuum without heating for ~
7 hrs. The weight of dynamically oxidized/HCI digd SWCNTs (at room temperature)
was 0.063 g (in the vial) along with 0.013 g of t{marified material left stuck to the
filter.(Yield = 15% or 18% with and without coungjrthe weight of SWCNTSs stuck to
the filter, respectively)
5.7.3 Mass analysis of the first filtrate

The first filtrate (~200 ml) left after the HCI &ment/filtration, containing mostly
nickel chloride (NiC}) + HCI + water was heated in an open glass be@hkdahe fume
hood) on a hot plate to vaporize the HCI and watkleating was stopped upon the
removal of the liquid. The beaker was cooled tommaemperature (~30 min.), and the
solid residue was collected and left in the opeakbefor 2 months to form stochiometric
NiCl, x 6H,0. The weight of the residue (after 2 months) @a®2 g suggesting that
HCI treatment removed 0.178 g of Ni from 0.432 gdghamically oxidized SWCNTs

(corresponding to 0.432 g/0.44 = 0.981 g of aspced SWCNTS).

5.7.4 Thermogravimetric analysis of purified SWCNTs

Thermogravimetric analysis (TGApf as-received, dynamically oxidized, and
dynamically oxidized/HCI purified SWCNTs (~ 2-10 m§sample load) was performed
using a Pyris 6 PerkinElmer thermogravimetric apaty at a heating rate of 10 °C/min
and a constant air flow of 20 ml/min. Results @A confirmed successful removal of

most of the metal by HCI treatment (Fig. S31)
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Figure S31.Thermogravimetric (TGA, solid line) and differeadtTGA curve (DTG,

dotted line) for as-received SWCNTs (36.2% wtides) (a); dynamically oxidized
SWCNTs (88.2% wt. residue) (b); dynamically oxetiZHCI purified SWCNTs

(2.8% wit. residue) (c)

5.7.5 Disentanglement/solubilization of SWCNTs

36 mg of dynamically oxidized/HCI purified SWCNTsme mixed with ~ 200 ml of
acetone and sonicated (Branson 2510) for 1 hr.beaker. Approximately 6 hrs. after
the sonication was stopped, the supernatant (~nil»@vas collected; ~10 ml of the
supernatant was left for the visual (Figure S32) #re UV-VIS-NIR analyses and the
rest of the supernatant was left for the furthdraztion of the solute. Neat acetone (up
to ~ 200 ml) was added to the beaker with SWCNTBhe described procedure
(sonication-no sonication — collection of the suagant- addition of the neat acetone)
was repeated 25 times (26 cycles total).

In an initial proof of concept experiment, it wasuhd that the first 5 cycles of the
treatment did not solubilize the sample. Howefiather sonication, starting from th&' 6
cycle, resulted in the formation of the stable {Z6hrs) of the suspensions of the sample
After the M.Tycle of sonication — no sonication, the

in acetone.(Figure S32).

supernatant was transparent (almost as transpasesuipernatants #1-5) However, the
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majority of the sample was insoluble and stayedhatbottom of the beaker. In the
proof-of concept experiment (results not shown),md of dynamically oxidized/HCI
purified SWCNTs were subject to the sonication-anication treatment with ~ 15 ml of
acetone, and no transparent supernatants were doafter the 5 cycle of treatment at
which point the majority of the sample became slelubuggesting that the (volume of
acetone)/(mass of the sample) ratio is importadtlaas to be no less than ~ 15 ml/1 mg
to provide efficient dissolution of SWCNTSs.

In the present study the ratio was 200 ml/36 mgtvigs ~ 6 times smaller than in the
proof-of concept experiment. For this reason, dieposit after the i1 cycle of the
treatment was divided onto 6 approximately equalspand treated in 6 separate beakers
filled up to 200 ml of acetone each. Supernatanteated after the fcycle refers to
the mixture of the supernatants collected from eaicthe 6 beakers. 26 cycles of the
treatment resulted in the dissolving of the mayooit the sample. However, some of the
sample remained insoluble even after several adfditicycles of the treatment in excess

of acetone. (Figure S32)

Figure S32. Insoluble residue (graphitic carbon, ~ 5 mg) lefter the
solubilization treatment of 36 mg dynamically oxied/HCI purified SWCNTs
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The solid components of the combined supernatahtisactions #1-11; #12-24; wet
insoluble residue were dried each in the separaékdy in the vacuum oven (Napco
5831) at ~128C for ~7 hrs. (after the removal of the majority tbe solvent). Solid

fractions (Table S1) were used for the further yses.

Table S1.Solid fractions left for analyses after the soli@btion treatment of 36 mg of
dynamically oxidized/HCI purified SWCNTs

Fractions# Composition Mass
N/A Dynamically oxidized/HCI purified SWCNTs 36 mg
1-11 Amorphous carbon ~4mg
12-24 Soluble SWCNTs ~19 mg
Insoluble residue Graphitic carbon ~5mg

5.7.6 Thermogravimetric analysis of soluble SWCNTs

In order to determine the metal content and to @v@e kinetic limitations of burning
the soluble SWCNTSs, the conditions of TGA were dahto:

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%wdmfrthe original weight of the
sample.(Figure S33, S34)

Thermogravimetric analysis of insoluble SWCNTSs. Insoluble residue left after the
solubilization treatment was subject to TGA.(Fig®85) However, only ~20% of the

sample was burnt by reaching 1000°C and no platgas observed in the high
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temperature range, suggesting high robustness eofséimple to the oxidation. The
residue left in the pan after the first TGA run veambject to an additional, second TGA
run (Figure S36). However, even after the seco®@ Tun, only ~30% of the sample
was burnt by reaching 1000°C and, again, no plateas observed in the high
temperature range.(Figure S36) The resistancéhefirtsoluble residue to oxidation
observed in TGA experiments, together with the ltesof Raman spectra analysis (no
peaks in RBM region, unsplitted G peak) broughtaithe conclusion that the insoluble

residue consists mostly of graphitic carbon.
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Figure S33. Weight vs. temperatureFigure S34.Weight vs. time representation of
representation of thermogravimetric (TGAhermogravimetric TGA curve for soluble
solid line) and differential TGA curve (DTG, SWCNTs (<0.7% wt. residue)

dotted line) for soluble SWCNTs (<0.7% wiConditions:

residue) 1. heat rate: 100°C/min till reaching the
Conditions: 1000°C;

1. heat rate: 100°C/min till reaching the 2. hold at 1000°C for 100 min.

1000°C,; Air flow rate: 20 ml/min.

2. hold at 1000°C for 100 min.
Air flow rate: 20 ml/min.
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5.7.7 Analysis of the purity of the samples by UV-N5-NIR

The purity of as-produced SWCNTs, dynamically oxédi SWCNTs, dynamically

oxidized/HCI purified SWCNTSs, fractions #1-11 (ampbous carbon) and fractions #12-

24 (soluble SWCNTs) was analyzed by UV-VIS-NIR gpescopy using method,

suggested by Hadddn(Figure S37) The results of the analysis are surizewhin the

Table S2.
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Figure S37.UV-VIS-NIR spectra of as-produced
SWCNTSs (dash-dotted line); dynamically oxidized
SWCNTs (dash-double dotted line); dynamically
oxidized/HCI 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 jmatibn/solubilization

treatment

Sample (SWCNTs) | AA(S)| AA(T) Purity Relative Purity
As-received 53.876 617.885 0.089 62%
Dynamically I

91.575| 775.56% 0.118 84%
oxidized to 680°C
Dynamically
oxidized to 205.208| 958.432 0.214 152%
680°C/HCI purified
Fractions #1-11

4.187 | 901.334 0.005 3.3%
(amorphous carbon
Fractions #12-24

194.872| 925.62 0.211 149%

(soluble SWCNTSs)

5.7.8 Analysis of the insoluble residue by Raman

The nature of the insoluble residue, left after #wubilization treatment, was
examined via thorough analysis of Raman spectrahef samples near D and 2D
bands.(Figure S38) As one can see,(Figure S382Mm)band of the insoluble residue,
being not split and located near ~2700 ‘cnprovides a solid confirmation of the
graphene nature of the insoluble residueA small blue shift (from ~2700 cf,
accompanied with the slightly asymmetric shape®b2nd of the insoluble residue, are
features characteristic for multilayer graph&n€omparison of the shape of 2D peak of

the insoluble residue with that of different numbétayers multilayer graphene samples
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reported elsewherkallowed us to infer that the insoluble graphenemisstly 5-layer
graphene. Additional confirmation to the preseaté&-layer graphene comes from the
detailed analysis of the region of 1400-1500"dm the Raman spectra.(Figure S38) As
one can see, insoluble residue has a peak at ~@#75 which is characteristic for

graphenes with the number of layers not exceedth@Fgure S38)
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14x10 220 |-
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) 180 —
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oxidation 1x oxidation
10 160 = .
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Figure S38.Raman spectra of SWCNTs showing D and G- bandr{d)2D (b) regions. From
top to bottom: before purification, after dynamigidation, after dynamic oxidation/HCI
treatment, mixture of solid fractions #1-11, mpeuof solid fractions #12-24 (soluble
SWCNTSs), insolble residue (graphitic carbon), highly oriented giytic graphite (HOPG)
Spectra were recorded using a 514 nm excitatioreleagth.

108



5.7.9 Analysis of SWCNTSs by transmission electron icroscopy

Figure S39. TEM image of the insoluble
fraction. Scale baris 20 nm

Figure S40. TEM image of fractions #141. Figure S41. TEM image of the insoluble
Scale bar is 100 nm fraction. Scale bar is 50 nm
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5.7.10 Analysis of the insoluble residue by atomforce microscopy
Height cross sectionsf pieces of insoluble residue were analyzed frésnAFM
images.(Figures S42-S44) As one can see, a tyihickiness of the platelets is ~ 2 nm,

corresponding to ~ 5-layer graphéhe.

Figure S42 AFM amplitude image
of insoluble residue on a glass slide.

Figure S43. Topology AFM image (left panel) of insoluble resedand the height
cross-section (right panel)
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Figure S44. Topology AFM image (left panel) of insoluble resedand the height cross-
section (right panel)
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