ABSTRACT
Carbon Nanotubides: an Alternative for Dispersion, Functionalization
and Composites Fabrication
by

Chengmin Jiang
Negatively charged single-walled carbon nanotube (SWCNT), also called
SWCNT polyelectrolytes and single-walled carbon nanotubides (SWCNTDs), are
formed by the reduction (either chemical or electrochemical) of the SWCNT wall by
alkali metals (or an electrode) to form negative charged SWCNTs surrounded by an
alkali metal counter ions. SWCNT polyelectrolytes can spontaneously dissolve in a
variety of polar aprotic solvents without assistance of sonication and will readily
react with alkyls and aryls halides to functionalize the walls of SWCNTs.
Although SWCNT polyelectrolytes present a good alternative for achieving
high concentration of SWCNTs in solution, the condensation of the counter ions on
the surface of negatively charged SWCNTs partially shield their charge, limiting the
solubility of SWCNT polyelectrolytes. For HiPco SWCNT polyelectrolytes, the highest
solubility reported before this work was only 0.4 mg/mL in DMSO. However, we
developed a method that greatly improve the solubility of SWCNTs by adding crown
ether into the system to coordinate the potassium cation and thus separate the
negatively charged SWCNTs from counter ions. This new method produces a high
concentration of SWCNT polyelectrolytes up to 9.2 mg/mL in DMSO. In addition, we

were able to observe the formation of liquid crystalline phases at highly
concentrated solutions, which has been proved to be an essential factor for
manufacturing highly ordered robust macroscopic materials. After applying a more
efficient

dispersion

method,

speed-mixing,

the

concentration

of

SWCNT

polyelectrolytes can be further improved up to 52 mg/mL. Compared with previous
reported results, the increase in solubility is more than 100 times.
As mentioned above, we achieved high concentration of SWCNT
polyelectrolytes by adding crown ether to the mixture and using speed-mixing. The
SWCNTs in these solutions spontaneously align forming liquid crystalline solutions
that can be manufactured into strong and conductive carbon nanotubes fibers by
spinning the SWCNT dispersions into aqueous coagulation solutions. The best fibers
we have obtained by this method have tensile strength up to 124 MPa, which
compares to HiPco SWCNT fibers spun from superacid solutions, and conductivity 2
× 104 S/m. Our method provides an acid-free alternative towards high performance
carbon nanotube fibers, which can be expanded for the production of other
materials such as films. Also, we expanded our methodology to disperse graphite
intercalation

compounds (GICs) into

graphene

polyelectrolytes.

Graphene

polyelectrolytes, when mixed with SWCNT polyelectrolytes were spun onto
SWCNT/Graphene hybrid fibers, which maintains a similar tensile strength (as for
HiPco SWCNT fibers) while the Young’s modulus increases by 70% and conductivity
increases 2 times.

Acknowledgments
When I started to pursue a PhD degree at Rice, I had no ideas about carbon
nanotubes, which later turned out to be the main topic for my thesis. I am really
thankful for Professor Marti’s patient guidance during my research into the area of
Single-Walled carbon nanotubides. I still remember the morning that Professor
Marti told me to try to add crown ether to increase the solubility of single-walled
carbon nanotubides, which opened up a great new research area.
Also, I am really thankful for my lab mates (Dr. Nathan Patrick Cook, Dr.
Avishek Saha, Dr. Kewei Huang, Dr. Victor Garcia Lopez, Amir Aliyan, Meredith
McDowell, Carlos de los Reyes, and Ashley Smith), who were always kind, friendly
and helpful. Nathan was a great company for coffee break as well as a research
partner who always proposed new ideas. Avishek provideded lots of guidance when
I first started into the area of carbon nanotubes and taught me many instrumental
techniques, including Raman, SEM and TGA. When I first came to Houston, Kewei
picked me up from the airport and found me a place to live in. Furthermore, he also
drove me to a good restaurant in my first year when I still did not have a car.
Moreover, he had taught me a lot of tricks for organic synthesis which makes my
research much easier. Victor came to Rice University the same year as me and we
took a lot of classes and instrument training together. He was also always ready to
offer help and suggestions when I have some problems in synthesis. In my last years
I worked with Carlos on several projects including carbon nanotube fibers spinning
and boron-nitride nanotubides.

iv
Apart from my lab mates, I was also helped by many professors and students
from Department of Chemistry at Rice University, especially Professor Matteo
Pasquali, Dr. Colin C. Young, Dr. Dmitri E. Tsentalovich and Dr. Daniel P. Hashim,
who provides really valuable help for my research. Without their help, I could not
possibly complete my research work.
I am also thankful to the members of the SEA including Dr. Gang Liang and
Dr. Wenhua Guo for training on instruments such as TGA, SEM, TEM and Raman.
Last but not least, I am thankful for support from my family, especially my
wife Jingxin. She always has always encouraged me when I have come across some
problems in research, without complaining when I have to stay late in the lab for
some experiments even though she need to take care of two kids by herself. Also, I
am really thankful to my two little angels, Albert and Alex, who always bring
happiness to me and remind me to work harder.

Contents
Acknowledgments .........................................................................................................iii
Contents..........................................................................................................................v
List of Figures ................................................................................................................ vii
List of Tables ................................................................................................................. xii
Nomenclature .............................................................................................................. xiii
Carbon nanotubides: an alternative for dispersion, functionalization and composites
fabrication.......................................................................................................................1
1.1. Introduction ..........................................................................................................1
1.2. SWCNTD dispersions in organic solvents ...............................................................4
1.3. Covalent functionalization based on CNTDs reactions .........................................10
1.4. SWCNT type dependence of the dissolution and covalent functionalization of
SWCNTDs ...................................................................................................................14
1.5. Applications of SWCNTDs ....................................................................................19
1.6. Perspectives and Conclusions ..............................................................................22
Increased solubility, liquid-crystalline phase, and selective functionalization of singlewalled carbon nanotube polyelectrolyte dispersions ...................................................25
2.1. Introduction ........................................................................................................25
2.2. Experimental Section ...........................................................................................28
2.2.2. General Procedure for the preparation of SWCNT polyelectrolytes. ..............28
2.2.3. General Procedure for the preparation of SWCNT polyelectrolytes. ..............29
2.2.4. Determination of the solubility of SWCNT polyelectrolytes ...........................29
2.3. Results and Discussion .........................................................................................31
2.3.1. Probing the solubility of SWCNT polyelectrolytes. .........................................31
2.3.2. Characterization of the SWCNT polyelectrolytes dispersion in DMSO............36
2.3.3. Diameter-dependent selectivity for SWCNT polyelectrolyte dispersions .......38
2.4. Conclusion ...........................................................................................................44
Macroscopic Nanotube Fibers Spun from Single-Walled Carbon Nanotube
Polyelectrolytes ............................................................................................................46
3.1. Introduction ........................................................................................................46

vi
3.2. Experiment secssion ............................................................................................49
3.2.1. Materials. ......................................................................................................49
3.2.2. General Procedure for the synthesis of SWCNTs polyelectrolytes .................49
3.2.3. Dispersion of SWCNT polyelectrolytes...........................................................50
3.2.4. Spinning of SWCNT polyelectrolyte fibers .....................................................51
3.2.5. Mechanical property properties test of SWCNT fibers ...................................52
3.3. Results and discussion .........................................................................................52
3.4. Conclusion ...........................................................................................................65
Increased Concentration of Graphene Polyelectrolytes and Their Applications for
Spinning Hybrid Composite Fibers ................................................................................67
4.1. Introduction ........................................................................................................67
4.2. Experimental Section ...........................................................................................70
4.2.1. Materials .......................................................................................................70
4.2.2. Preparation of graphene intercalation compounds .......................................71
4.2.3. Potassium graphenide dispersions. ...............................................................71
4.2.4. Mix Graphenide/SWCNTDs dispersions. ........................................................72
4.2.5. Spinning of hybrid graphenide/SWCNTDs fibers. ...........................................72
4.2.6. Mechanical properties test of graphene/SWCNT fibers. ................................73
4.3. Results and discussion .........................................................................................73
4.4. Conclusion ...........................................................................................................80
Conclusion and outlook ................................................................................................82
References ....................................................................................................................85

List of Figures
Figure 1. (1a-1f) Successive photographs of the spontaneous dissolution of
SWCNTDs (sodium counterion) in a DMSO drop (Reprinted with permission
from Ref. 1. Copyright 2005 American Chemical Society.) (2a) A scheme of the
setup for electrochemical methods to obtain SWCNTDs. (2b-2e) Sequential
photographs of the spontaneous dissolution of SWCNTs being converted into
SWCNTDs after applying voltage. (2f) Photographs of a SWCNTD solution after
6 months stored. (5g-5h) Photograph of SWCNTD solutions exposed before
and after exposure to air (Reprinted with permission from Ref. 16. Copyright
2013 American Chemical Society.). ................................................................................ 6
Figure 2. (a) A representative (RBM) Raman spectra of covalently
functionalized (red) and non-functionalized pristine SWCNTs (black) excited
at 724 nm (From Ref. 49. Copyright (c) 2008 John Wiley and Sons.). (b) A
representative (RBM) Raman spectra of a recycling re-functionalization
process reaction of SWCNTDs. Pristine SWCNTs (Black), Cycle 1 (Red), Cycle 3
(Green), Cycle 5 (Blue), Cycle 20 (purple) (Reproduced from Ref. 50 with
permission of The Royal Society of Chemistry). ....................................................... 16
Figure 3. Images of macroscopic materials manufactured using CNTDs. (a)
Photograph of the formation of MWCNT composite fibers with polyvinyl
alcohol (PVA) by injecting the polyelectrolytes solution into 5% PVA solution
(Reprinted from Ref. 62, Copyright 2006, with permission from Elsevier). (b)
SEM image of a macroscopic neat SWCNT fibers by injecting high
concentration of SWCNT polyelectrolytes with crown ether into aqueous
solution (Reprinted with permission from Ref. 29. Copyright 2014 American
Chemical Society.). (c) (1) PVA film. (2)-(5) SWCNT composite film with PVA
with different percentage of SWCNTs (Reprinted with permission from Ref. 5.
Copyright 2005, AIP Publishing LLC.). (d) SEM image of a SWCNT cryogel made
by freezing dry SWCNT polyelectrolyte solutions in DMSO (Reprinted from
Ref. 27, Copyright 2013, with permission from Elsevier). ..................................... 20
Figure 4. Absorbance at 500 nm of HiPco polyelectrolyte solution in DMSO
with concentration determined by solvent evaporation. Absorbance is
measured on 100 times diluted solution of polyelectrolyte. Concentration is
measured by weighing dried resultant of 1 ml undiluted supernatant (at 110
oC under vacuum). Proportionality constant (0.323 mL/mg mm -1 ) is obtained
by calculating the slope of the linear fit. ..................................................................... 30

viii
Figure 5 The UV-Vis spectrum of the supernatant layers (100 times diluted) of
different HiPco SWCNT salts initial concentration (3 mg/mL, 5 mg/mL, 7
mg/mL, 9 mg/mL, 11mg/mL). ....................................................................................... 31
Figure 6. Concentration of HiPco SWCNT polyelectrolytes in DMSO solutions at
different initial concentrations. Open blue diamonds and the solid red circles
represent SWCNTs without and with crown ether respectively. Each curve
exhibits a change in slope at 3 mg/mL initial concentration; solid and dashed
lines indicated best linear fits to the data above and below this concentration.
................................................................................................................................................ 32
Figure 7. Solubility of a SWCNT polyelectrolyte solution with initial
concentration of 5mg/mL in the presence of different amounts of 18-crown-6.
34
Figure 8. (a) AFM image of HiPco SWCNTs polyelectrolytes deposited on fused
silica from supernatant solution (0.26 mg/mL) in DMSO. (b) TEM images of
HiPco SWCNTs polyelectrolytes in formvar grid showing small bundles (insert
is a different image with the same scale bar). ........................................................... 36
Figure 9. Polarized optical image of supernatant layers of 3.8 mg/mL HiPco
SWCNT polyelectrolytes imaged under cross-polarizers with the stage rotated
at (a) 0o and (b) 45o. Polarized optical image of 4.4 mg/mL HiPco SWCNT
polyelectrolytes with 20 mg/mL crown ether imaged under cross-polarizers
with the stage rotated at (c) 0o and (d) 45o. The round edges demark the edges
of a droplet. ......................................................................................................................... 37
Figure 10. (a) Raman spectra of pristine SWCNT, SWCNT polyelectrolytes
quenched, supernatant quenched and residue quenched with methanol. (b)
Raman spectra of the RBM region of pristine SWCNT, SWCNT polyelectrolytes
quenched, supernatant quenched and residue quenched with methanol. All
spectra were obtained with an excitation wavelength of 785 nm. ...................... 41
Figure 11. Photoluminescence spectra (642 nm excitation) of pristine SWCNT,
as well as SWCNT polyelectrolytes solid, SWCNTs supernatant in DMSO and
residue quenched with methanol and redispersed in SDBS aqueous solution.
................................................................................................................................................ 42
Figure 12. Photoluminescence spectra (659 nm excitation) of pristine SWCNT,
as well as SWCNT polyelectrolytes solid, SWCNTs supernatant in DMSO and

ix
residue quenched with methanol and redispersed in SDBS aqueous solution.
................................................................................................................................................ 43
Figure 13. Photoluminescence spectra (785 nm excitation) of pristine SWCNT,
as well as SWCNT polyelectrolytes solid, SWCNTs supernatant in DMSO and
residue quenched with methanol and redispersed in SDBS aqueous solution.
................................................................................................................................................ 43
Figure 14. Setup for spinning of SWCNT fibers. ....................................................... 52
Figure 15. Cross-polarized optical microscopy images of SWCNT HiPco
polyelectrolyte dispersions in DMSO with crown ether. (a) 16 mg/mL HiPco
SWCNT polyelectrolytes with 4% (m/V) crown ether, 0 o. (b) 16 mg/mL HiPco
SWCNT polyelectrolytes with 40 mg/mL crown ether, 45 o. The liquid crystal
domains can be seen in changes of brightness in the sample when the crosspolarizers are rotated. ..................................................................................................... 53
Figure 16. UV-Vis spectrum of the 2000 times diluted dispersions after
filtration. The solubility of the dispersions after filtration was determined by
the absorption at 500 nm. The exact concentrations for 60 mg/mL, 40 mg/mL
and 20 mg/mL refer to the initial concentrations. Post-filtration
concentrations calculated from the spectra are 52, 35 and 16 mg/mL
respectively.SWCNT fibers were made by injecting different concentrations of
polyelectrolyte dispersions into aqueous solutions (water, aqueous
hydrochloric acid and iodide solutions) through a 125 µm size spinneret. The
flow through the spinneret produces shear that helps aligning the liquid
crystal domains during the injection. When the forming SWCNT liquid fiber
enters in contact with the aqueous solution, the SWCNTs are stripped of the
extra electrons and hence destabilized, causing their collapse into a dense
fiber due to van der Waals interactions. The resulting SWCNT fibers were
collected on a rotating Teflon drum, immersed in water overnight, and
thereafter dried at 100 oC for 24 hrs............................................................................ 54
Figure 17. SEM images of fibers spun from a 35 mg/mL SWCNT solution. (a)
fiber spun into water. (b) fiber into from 0.1 M HCl solution. (c) fiber spun into
0.001 M NaI3 solution. (d) enlarged sidewall view of a fiber. (e) enlarged crosssection of a fiber. ............................................................................................................... 56
Figure 18. Cross-polarized optical microscopy images of a representative
SWCNT HiPco fiber made from polyelectrolyte dispersions in DMSO with
crown ether. The images were taken under polarized reflected mode. (a)

x
When the fiber axis is parallel to the illumination polarizer, the fiber displays
minimal birefringence (b) when the fiber is rotated at a 45 o angle with the
polarizer and analyzer, the fiber displays bright birefringence, indicating that
the SWCNTs are aligned along the axis of the fiber. ................................................ 56
Figure 19. Summary of the properties of fibers manufactured under different
conditions. (a) Tensile strength (b) Young’s modulus and (c) conductivity of
fibers coagulated into different solutions. The materials used for fiber
spinning, from left to right, is (1) 16 mg/mL SWCNT polyelectrolyte with 4%
(m/V) 18-crown-6 in DMSO; (2) 35 mg/mL SWCNT polyelectrolytes with 8%
(m/V) 18-crown-6 in DMSO; (3) 52 mg/mL SWCNT polyelectrolytes with 12%
(m/V) 18-crown-6 in DMSO. ........................................................................................... 57
Figure 21. EDAX result of the cross section of a fiber spun from 40 mg/mL in
water. .................................................................................................................................... 58
Figure 22. EDAX result of the cross section of a fiber spun from 40 mg/mL in
0.1 M HCl solution. ............................................................................................................ 59
Figure 23. EDAX result of the cross section of a fiber spun from 40 mg/mL in
0.001 M NaI3 solution. ...................................................................................................... 59
Figure 24. Raman spectra of pristine HiPco SWCNTs, fibers made from water,
fibers made from 0.1 M HCl solution and fibers made from 0.001 M NaI3
solution excited at 514nm. ............................................................................................. 62
Figure 25. Raman spectra of pristine HiPco SWCNTs, fibers made from water,
fibers made from 0.1 M HCl solution and fibers made from 0.001 M NaI3
solution excited at 633nm. ............................................................................................. 63
Figure 26. Raman spectra of pristine HiPco SWCNTs, fibers made from water,
fibers made from 0.1 M HCl solution and fibers made from 0.001 M NaI3
solution excited at 785nm. ............................................................................................. 64
Figure 27. UV spectrum of typical graphene polyelectrolytes solution. ............ 74
Figure 28. (a) Solubility of graphenides in NMP at different initial
concentrations of the potassium GIC. (b) Solubility of potassium graphenides
in NMP at initial concentration of 8 mg/mL with different concentrations of
18-crown-6. ......................................................................................................................... 75

xi
Figure 29. Raman spectra of pristine graphite (black curve), graphite
intercalation compounds quenched with methanol (red curve), soluble faction
quenched with methanol (blue curve) and insoluble fraction quenched with
methanol (pink curve). Spectra were taken under excitation wavelength of
633nm. ................................................................................................................................. 76
Figure 30. SEM images of HiPco/graphene hybrid fibers spun from 40 mg/mL
HiPco SWCNT polyelectrolytes with 1.5 mg/mL Graphene polyelectrolytes and
80 mg/mL crown ether in NMP. (a) fiber spun into water; (b) fiber spun into
0.1 M HCl solution; (c) fiber spun into 0.001 M NaI3 solution. .............................. 78

List of Tables
Table 1 Properties of HiPco fibers obtained under different conditions .......... 65
Table 2. Properties of SWCNT/Graphene hybrid fibers obtained under
different conditions. ......................................................................................................... 80

Nomenclature
CNT

Carbon Nanotube

CNTD

Carbon Nanotubide

SWCNT

Single-Walled Carbon Nanotube

MWCNT

Multi-Walled Carbon Nanotube

DNA

Deoxyribonucleic Acid

DMSO

Dimethyl Sulfoxide

DMF

Dimethylformamide

PEG

Polyethylene Glycol

DTBP

Di-tert-butyl Peroxide

RBM

Radial Breathing Mode

THF

Tetrahydrofuran

SDBS

Sodium Dodecylbenzenesulfonate

TGA

Thermogravimetric Analysis

MS

Mass Spectrometry

GIC

Graphene Intercalation Compound

NMP

N-Methyl-2-Pyrrolidone

1

Chapter 1

Carbon nanotubides: an alternative for
dispersion, functionalization and
composites fabrication

(This chapter is adapted from materials previously published in Nanoscale,
2015, 7, 15037-15045.)

1.1. Introduction
Carbon nanotube (CNT) polyelectrolytes, also named as CNT salts, reduced
CNTs, CNT carbanions, or commonly accepted carbon nanotubides (CNTD) are a
kind of nanomaterial in which CNTs are reduced with alkali metals such as lithium,
sodium, potassium, magnesium1-5 or reducing reagents such as alkyllithium6-10 to
produce negatively charged CNTs surrounded by counterions.1 Carbon nanotubides
can be made with either single-walled carbon nanotubes (SWCNTs) or multi-walled
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carbon nanotubes (MWCNTs), and will be identified as SWCNTD and MWCNTD
respectively.
Historically, the first reported CNTDs were made by Smalley group by
vapor-phase doping of bulk samples of SWCNTs with potassium in 1997.11 The
resistivity of the resulting samples decreases by up to 30 folds at 300K. However,
the vapor-phase doping makes much harder the control of the stoichiometry of
carbon to potassium and the charges of the resulting materials cannot be distributed
uniformly. A couple of years later, Petit and coworkers reported a different method
to obtain doped SWCNT materials, which evokes a Birch reduction. This involved
applying a combination of metallic lithium and a polyaromatic molecule in THF as
reducing reagent, producing SWCNTs radical anions and yielding n-doped SWCNT
films.12 These researchers also found that by varying the polyaromatic molecule,
they could selectively modify the electronic structure of SWCNTs. Although neither
of these two groups referred to these materials explicitly as SWCNT polyelectrolytes
or CNTDs, to our best knowledge, they are the first to study SWCNTDs. Furthermore,
these groups provided the foundations for the synthesis of CNTDs using alkali
metals.
In 2005, Alain Pénicaud and coworkers refined Petit’s method and reacted
SWCNT with alkali metal naphthalide in THF, following by filtration through a PTFE
membrane to get solid SWCNTDs.1 Compared with Petit’s method, this approach is
simpler and produces more uniformly charged SWCNTDs. Pénicaud et al. also
studied the dissolution of SWCNTD in a series of organic solvents.1,

2, 13

An
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alternative method to produce SWCNTDs was presented by Billups and coworkers
in 2004 by using lithium metal to reduce SWCNT in liquid ammonia.3 The resulting
SWCNTDs were reacted in situ with a series of alkyl and aryl halide to form
covalently functionalized SWCNTs.3, 14 Also, Shaffer and coworkers developed an
electrochemical method to obtain discrete SWCNTDs with tunable charge densities
by controlling the voltage applied to the system.15
Apart from alkali metals, other reducing reagents such as n-butyllithium and
tert-butyllithium were applied to make SWCNTDs.6-10 In the reducing process, the
butyllithium carbanion undergoes an addition reaction to a SWCNTs double bond
with a simultaneous formation of a negative charge on the surface of the nanotube.
These functionalized SWCNTDs mainly served as intermediates for covalent
functionalization, both for alkylation and arylation. The emergence of SWCNTDs has
opened new research alternatives in carbon nanotechnology, which to date, have
been focused in four important areas: 1) SWCNTD/MWCNTD dispersion systems in
organic aprotic solvents; 2) covalent functionalization based on CNTD reactions; 3)
Selectivity in the dissolution and covalent functionalization of SWCNTDs; 4)
Application of SWCNTDs to manufacture macroscopic materials. In this chapter, I
will discuss each of these areas separately to present a complete picture of the stateof-knowledge in the field.
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Scheme 1. Summary of methods to obtain SWCNTDs.

1.2. SWCNTD dispersions in organic solvents
The homogeneous dispersion of SWCNTs is an essential first step to take
advantage of the unique electronic and mechanical properties of individual SWCNT,
and therefore has been a hot research topic for more than two decades.16 A variety
of effective dispersion methods have been developed over the last few years,
including dispersion aided by covalent functionalization,7,

17-20

non-covalent

interactions (surfactant, DNA, metal complexes)21-23 and acid doping.16,

24, 25

In

addition to these techniques, SWCNTDs have been utilized for dispersing SWCNTs in
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polar aprotic solvents, due to their unique properties including: 1) spontaneous
dispersion without the aid of sonication,1 which can avoid SWCNTs shortening and
functionalization due to the sonication process; 2) relatively high SWCNTs
dispersion concentration,1,

13, 26, 27

which can be used for the manufacture of

macroscopic SWCNT materials, such as

SWCNT fibers and sheets28; 3) facile

covalent functionalization,2 which provides a convenient pathway to explore the
sidewall chemical modification of SWCNTs and manufacture SWCNT composites
materials.
Initial studies of SWCNTDs dispersions in organic solvents were first
performed by Pénicaud group.1, 2 A series of SWCNTDs [A(THF)]nSWCNTs (A=Li, Na,
K) were synthesized by using alkali metals to reduce SWCNT using a modification of
Petit's method. These studies showed that SWCNTDs can be spontaneously
dissolved in aprotic organic solvents. Solubilities up to 2.0 mg/g in DMSO and 4.2
mg/g in sulfolane for Arc discharge-produced SWCNT were achieved. On the other
hand, the solubility of HiPco SWCNTDs, only reached 0.4 mg/g in DMSO. Due to the
diminished solubility of HiPco SWCNT, many of the studies thereafter were
performed on the more soluble Arc SWCNTs. Figure 1 (1a-1f) illustrates the process
of spontaneous dissolution of SWCNTDs in DMSO.1
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Figure 1. (1a-1f) Successive photographs of the spontaneous dissolution of
SWCNTDs (sodium counterion) in a DMSO drop (Reprinted with permission
from Ref. 1. Copyright 2005 American Chemical Society.) (2a) A scheme of the
setup for electrochemical methods to obtain SWCNTDs. (2b-2e) Sequential
photographs of the spontaneous dissolution of SWCNTs being converted into
SWCNTDs after applying voltage. (2f) Photographs of a SWCNTD solution after
6 months stored. (5g-5h) Photograph of SWCNTD solutions exposed before
and after exposure to air (Reprinted with permission from Ref. 16. Copyright
2013 American Chemical Society.).

To better understand the dissolution mechanism of SWCNTDs in aprotic
solvents the potassium to carbon ratio (K/C) was varied, finding that the solubility
changes from 0.2 mg/mL at low K/C ratios to 4.3 mg/mL at higher ratios (KC25).13
The authors also used a dissolution thermodynamic model to explain the
dispersability of SWCNTDs and found it is in accordance with the experimental
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results when the K/C ratio is moderate or low.13 This led the researchers to
conclude that SWCNTDs behaves similar to polyelectrolytes in the process of
dissolution. Therefore, SWCNTDs can be considered as a special polyelectrolyte case
in terms of rigidity and large persistence length. However, when the theory predicts
that the solubility can be superior to 10 mg/mL for highly charged SWCNTDs, the
experimental values obtained were 4-5 mg/mL, which was attributed to intertube
interactions. It seems that Van der Waals interactions among the SWCNTDs are still
an important factor that needs to be addressed for further increasing their
solubility.

Scheme 2. Idealized representation of crown-ether-assisted dissolution of
SWCNTDs. (Reprinted with permission from Ref. 28 Copyright 2013 American
Chemical Society.)

Recently, an interesting procedure allowed overcoming the previously
reported solubility limit of SWCNTDs dispersion. In 2013, Martí group added a
cation sequester, crown ether 18-crown-6, to HiPco SWCNTD dispersions to capture
the carbon nanotube-associated counterions (Scheme 2).28 Alkali metal counterions
can condense on the surface of SWCNTs, counterbalancing the negative charge of
the tube and therefore reducing the otherwise strong electrostatic repulsions that
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lead to exfoliation. Addition of 18-crown-6 prevents the condensation of
counterions on the surface, by forming a complex that entraps the metal cation (in
this case potassium). The incarceration of the potassium counterions by 18-crown-6
allows a stronger Columbic repulsion among the negatively charged SWCNTs, which
results in an increase of their dispersability in DMSO to 9.4 mg/mL, a quantity that
approaches to the theoretical prediction in Pénicaud’s model. Furthermore, the
formation of liquid crystalline phases was observed at relatively high SWCNTDs
concentration, which implies a self-organization of SWCNTs in these solutions, and
opening the door for the manufacture of macroscopic SWCNT materials with prealigned nanotubes, such as SWCNT fibers or films.29
Other research groups have also synthesized SWCNTDs by diffusing alkali
metal atoms within SWCNTs bundles under vacuum at elevated temperatures,
producing materials that could be dispersed in polar aprotic solvents, such as
DMSO.30 To explore in more detail how the position of alkali metal cations influence
CNT dispersion, Vigolo et al. utilized high-resolution transmission electron
microscopy (HRTEM) to analyze the state of debundling. They claimed that the
occurrence of alkali metals cations at the bundle extremities can promote a partial
breakage of the bundles while on the external part of the bundles would produce
individualized nanotubes.
Shaffer and coworkers prepared SWCNTDs dispersions by using alkali metals
to reduce SWCNT in liquid ammonia, similar to Billups’ method for the
functionalization of SWNCTs.4 The resulting SWCNTDs solid remaining after the
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evaporation of ammonia, can be dispersed in DMF (anhydrous) with a solubility of
more than 2 mg/mL. Additionally, they also took advantage of electrochemical
methods to obtain spontaneous dispersion of SWCNTDs in organic solvents such as
DMF and NMP with solubilities reaching 1.5 mg/mL.15 Figure 1(2a) shows the setup
for electrochemical processing of SWCNT and Figure 1(2b-2e) shows the
spontaneous dispersion of electrochemically produced SWCNTDs.
In order to have a deeper understanding of CNTDs, Pénicaud et al. used cyclic
voltammetry and spectroelectrochemistry methods to determine redox potentials of
a variety of semiconducting nanotubes. The results showed a linear correlation
between the electrochemical potentials and the excitonic energy of SWCNTs, which
can be applied to calculate the redox potentials of other SWCNTs.31
Apart from the experimental research on the dispersibility of SWCNTDs, Liu
et al. have studied the interactions between charged SWCNTs via first principles
calculation.32 They investigated the double and triple parallel charged tubes model
and found that the minimum charge density to cause spontaneous dissolution is
about 0.023 electron/Carbon, which is consistent with experimental results. In
addition, Consta et al. used molecular dynamics to study the interactions of two
charged CNT or fullerenes in a droplet. They discovered that depending on the
balance of electrostatic charges, the two nanoparticles can be either in the “saltedout” state or “solvent-separated” state.33
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1.3. Covalent functionalization based on CNTDs reactions
The covalent functionalization of the sidewalls of SWCNTs has been also a
hot research topic in recent years, especially since these modified carbon nanotubes
have improved solubility in a variety of solvents, or can serve as starting materials
for further chemical modification. Although some effective methods such as
oxidation of defect sites34, 35 or fluorination of SWCNTs36 have been well established,
application of SWCNTDs as functionalization intermediates still presents a lot of
advantages. Among these advantages it is important to mention the convenient
control of the degree of functionalization achievable by adjusting the alkali metal to
carbon ratio,2 and the good efficiency of the functionalization reaction towards a
variety of alkyl or aryl halides and other reagents such as CO2 and styrene.3, 6-8, 14, 37
To our best knowledge, the first known covalent functionalization based on
reduced SWCNT was done by Ryu and coworkers, in which they introduced
carbanions on the surface of SWCNTs by reduction using sec-butyllithium.6 The
addition of sec-butyllithium followed by styrene initiates a polymerization reaction
on the surface of SWCNTs that produces SWCNT/polystyrene composites in a single
step. Chen and coworkers used CO2 as reagent with the sec-butyllithium produced
SWCNTDs to directly functionalize SWCNTs with –COOH.7 The resulting
functionalized SWCNTs can be dispersed in water and achieve a solubility of 0.5
mg/mL.
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Scheme 3. (a) The single electron transfer mechanism for the covalent
functionalization of SWCNTs (X represents a halogen group, Adapted from Ref.
2 with permission of The Royal Society of Chemistry). (b) An example of the
stepwise covalent functionalization mechanism of SWCNTDs. (Reprinted with
permission from Ref. 46. Copyright 2013 American Chemical Society)

Billups and coworkers produced CNTDs by reducing SWCNTs with lithium in
liquid ammonia.3 The resulting SWCNTDs were used in a series of covalent
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functionalizations, both for alkylation or arylation using alkyl and aryl halides.3, 14
Also, by functionalizing the SWCNTs with electron donating or electron
withdrawing groups, they found out that the electronic characteristics of SWCNTs
can be tuned.38 Furthermore, they also proved that the SWCNTs sidewall can be
chemically modified by reaction of the SWCNTDs with alkyl and aryl sulfides.39
These reactions were found to be initiated by an electron transfer mechanism,
where an electron is first transferred to the sulfide forming a sulfide radical anion
that decomposes into a mercaptide-containing molecule and a carbon-centered
radical. Subsequently, the free radical reacts with the sidewall of the CNT or
recombines with other radicals. CNTDs can also react with disulfide-containing
molecules to form sulfur-centered free radicals that produce sulfide functionalized
SWCNTs.39 A typical example of a sidewall functionalization mechanism is shown in
Scheme 3(a). During Billup’s procedure, the partial debundling of SWCNTs is usually
observed because of the Columbic repulsion among negatively charged SWCNTs.
The reactions of SWCNTDs with alkyl and aryl halides are expected to follow a
similar mechanism. Based on the same principles, Billups group was able to
attached nitrogen and oxygen centered radicals to SWCNTs by reacting with Nhalosuccinimide and alkyl peroxide respectively.40 After further hydrolysis, they get
the -NH2 and -OH functionalized SWCNTs, which can serve as convenient starting
materials for introducing other functional groups on SWCNTs. Also, they reacted the
SWCNTDs with ω-bromocarboxylic acids to yield alkyl carboxylic acids
functionalized

SWCNTs, which

can

further

react

with

amine-terminated

polyethyleneglycol (PEG) to obtain PEGylated SWCNTs with good solubility in
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water.41 Alkyl functionalized SWCNTs from SWCNTDs present also interesting
applications. Dodecyl functionalized SWCNTs can be dispersed in chloroform with
92% of the sample exfoliated into individual nanotubes.42 By analysis of the AFM
images using the Nanotube Length Analysis module of SIMAGIS, the length and
height distribution of a large nanotube sample can be obtained.
Alain Pénicaud and coworkers also studied the covalent modification of
SWCNTDs generated by K/naphthalene salts in THF.2, 10 A variety of alkyl halides
were reacted with SWCNTDs in DMSO. Furthermore, they showed that the K/C ratio
in the SWCNTDs has a direct relation with the number of functional groups attached.
Therefore, by controlling the ratio of K/C in SWCNTDs, they show how to tune the
degree of covalent functionalization. Similarly, Simard and coworkers studied the
degree of covalent functionalization of SWCNTDs upon reaction with a series of acyl
peroxides.43
Hirsch group has also done extensive work in the area of covalent
functionalization of SWCNTDs. In 2006, they developed a nucleophilic-alkylationreoxidation method to functionalize SWCNTs with t-BuLi followed by oxidation by
molecular oxygen.9 More interestingly, the authors confirmed the covalent
functionalization directly by STM images. The degree of functionalization could
further increased by repeating the nucleophilic-alkylation-reoxidation cycles for
three times.9 In 2010, they found that SWCNTDs could also be functionalized with
lithium alkynylides at temperatures above 80 oC.44 Later, they increased the range of
substrates for covalent functionalization of SWCNTs to carbonyl compounds
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including ketones, esters and carboxylic acid chlorides.45 Recently, they reported
that the functionalization of SWCNTDs undergoes a stepwise process (Scheme 3b)
which involves an initial reaction with the covalent functionalization reagent leaving
the SWCNT backbone negatively charged.46 These negative charges are then
removed by reaction with water or oxygen. An interesting advance in this area also
developed by Hirsh group is the developed a SWCNTs functionalized with bromide
groups by reacting SWCNTDs with bromine, which could be used as facile
intermediate for further nucleophilic substitutions.47
Additional advances in this area includes findings by Aizpurua et al. who
used lithium to reduce SWCNTs using di-tert-butyl-biphenyl (DTBP) as catalyst. The
resulting SWCNTDs can be easily dispersed in THF. This dispersion was reacted
with trimethylchlorosilane and methyl methacrylate to produce SWCNTs covalently
functionalized with silyl groups and polymer wrapped SWCNTs.37 Also, Gennett et
al. confirmed the existence of radical anions in the solution of SWCNTDs by ESR.
They found that the SWCNTDs produced from sodium naphtalide solutions in THF
get hydrogenated and that this hydrogenation is reversible at high temperatures.48

1.4. SWCNT type dependence on the dissolution and covalent
functionalization of SWCNTDs
The intensive study of SWCNTDs in recent years has revealed that their
degree of dissolution and functionalization is dependent on the type (chirality) and
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diameters of the CNTs. Several research groups, including Hirsch and Pénicaud
groups, have devoted considerable effort in studying this phenomenon.2, 14, 20, 48-56
Hirsch and coworkers did a systematic study on the selectivity of SWCNTDs
produced by different strategies including organolithium, organomagnesium and
alkali metals towards covalent functionalization.11,

52

A general strategy in the

analysis of the SWCNT types that participated in the covalent functionalization
reaction is to compare the RBM (radial breathing mode) region of Raman spectra
and NIR fluorescence spectra of the resulting covalently functionalized SWCNTs and
the pristine SWCNTs. Although variations in the results are expected depending on
the reducing ability of the reducing reagents and the reactivity of the covalent
functionalization reagents, a common observation is that the functionalization is
more selective towards metallic and small diameter SWCNTs.49, 52, 55, 56 It is widely
accepted that the selectivity towards metallic SWCNTs is due to the higher electron
density near the fermi level, while the selectivity regarding the small diameter
SWCNTs is believed to be related to the relatively pronounced external curvature.
Müller et al. observed that after the functionalization of SWCNTDs, the Raman peaks
in the RBM region (which show the radial modes of SWCNTs of different diameters),
decreased compared to raw SWCNT which implies functionalization.49 However, it
was observed that the decrease in the Raman intensities of the small diameter tubes
were much more significant, which indicated that covalent functionalization
preferentially happens to small diameter SWCNTs (see Figure 2(a)).9,

44, 45, 49

Nonetheless Graupner et al. show an example in which the RBM intensity of smallest
diameter SWCNT was not affected by functionalization when excited at 633 nm,
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which can imply that in certain cases other factors such as the electronic character
play a more important role.9

Figure 2. (a) A representative (RBM) Raman spectra of covalently
functionalized (red) and non-functionalized pristine SWCNTs (black) excited
at 724 nm (From Ref. 49. Copyright (c) 2008 John Wiley and Sons.). (b) A
representative (RBM) Raman spectra of a recycling re-functionalization
process reaction of SWCNTDs. Pristine SWCNTs (Black), Cycle 1 (Red), Cycle 3
(Green), Cycle 5 (Blue), Cycle 20 (purple) (Reproduced from Ref. 50 with
permission of The Royal Society of Chemistry).

Other investigations have also found a case of breakdown of the diameter
selectivity rule. Kamaras et al. reacted two types of SWCNTDs with different average
diameters with methanol to form hydrogenated SWCNTs. Based on the
thermogravimetry-mass spectroscopy (TGA-MS) and nuclear magnetic resonance
(NMR) experiments, the authors found that the SWCNTs with smaller diameter
present a lower yield of hydrogen functionalization. This was attributed to the
formation of larger cavities between bundles of larger diameter CNT (which would
allow a better diffusion of the alkyl metal) than smaller diameter CNTs.57
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On the other hand, Wang and coworkers studied different fractions of
covalently

functionalized

SWCNTs

produced

through

a

recycling

re-

functionalization process, and the results led to the conclusion that preferential
reactivity occurs in small diameter SWCNTs.50 Figure 2(b) shows how the RBM
signal of small diameters tubes decreases with further reaction cycles. However, for
the ethanol quenched SWCNTDs produced by Billup’s method, the peaks in the RBM
region are found to be almost identical to raw SWCNTs and with a lower degree of
functionalization than the alkyl covalent modification.52 The low electrophilicity of
ethanol and the facile oxidation by air of the SWCNTDs were claimed as the reason
for the low degree of functionalization by ethanol, which basically remove the
electrons from the nanotubes unselectively. This supports that low electrophilic
reagents will loss the selectivity during the reaction with SWCNTDs.
Pénicaud and coworkers studied in detail the Raman spectra SWCNTDs both
as solids and dispersions.2, 14, 31, 58, 59 For highly charged SWCNTD solutions and
SWCNTD solid, the intensity of the Raman RBM region was found to decrease
significantly. They also observed broadening and upshift of the tangential mode
peak (from 1592 cm-1 to 1599 cm-1) in DMSO dispersion. Also interestingly, they
used the electron acceptor molecule benzoquinone, to modify and control the
electronic properties of SWCNTDs in dispersion.58 Smalley and Billups groups also
performed in situ Raman studies on lithiated SWCNTs in liquid ammonia and found
that the G band showed a downshift of ~30 wavenumber and an appearance of a
new peak at 1350 cm-1, which was assigned to the semicovalently attachment of
lithium to the sidewalls of SWCNTs.60 Lefrant group also studied the change in the
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Raman spectra at the RBM region and found down shifts after covalent
functionalization.61 They also state that RBM peak shifts are better indicators of CNT
functionalization than decrease in the peak intensity.
Pénicaud group also studied the effect of the K/C ratio on the dispersability
of SWCNTDs. By studying the RBM region of extract from SWCNTDs with different
K/C ratio, they found that for low-charged SWCNTs, the larger diameter SWCNTs
are enriched in the solution, while for the highly charged tubes the selectivity is
almost gone.13 This suggests that the dispersion selectivity is dependent on the
charge density on the surface of the SWCNTDs. On the other hand, studies by
Pénicaud group on the functionalization of SWCNTDs with alkyl bromide showed no
apparent selectivity.2
Recently, studies have shown that certain solvents used to disperse
SWCNTDs can also cause functionalization. Simard and coworkers claim that
besides the dissolution of SWCNTDs, chemical modification also happens at the
same time.51 They found that a variety of complicated reactions happen during
dissolution by analyzing the gases produced in the dispersion process and the final
solutions. Also, recently, our group demonstrated that functionalization did not
happen in the process of synthesizing the SWCNTDs with potassium naphtalide in
THF, but happened in the process of dissolution in DMSO.28 This was studied by
quenching the SWCNTD solutions in DMSO and the SWCNTD solid before
dissolution with methanol, and comparing the RBM region of pristine SWCNT.
Interestingly, we found that the quenched SWCNTD solid gives almost identical RBM

19
peaks and NIR fluorescence peaks with pristine SWCNTs, while the quenched
fractions previously treated with DMSO show reduction in intensity of the of low
diameter tubes, both in Raman and NIR fluorescence.

1.5. Applications of SWCNTDs
Recently, several groups have focused on the application of SWCNTDs to
manufacture SWCNT materials taking advantage of the unique mechanical and
electronic properties of SWCNTs and the dispersing ability of SWCNTD systems
(Figure 3). Pénicaud group coagulated SWCNTDs with polymers to manufacture
hybrid fibers, by injecting the SWCNTDs in DMSO into PVA solutions (Figure 3a).
These fibers showed improved performance of their mechanical properties when
compared with pristine PVA fibers.62 Also, they applied similar method to make
hybrid films by mixing SWCNTD and PVA solutions in DMSO and drying the solution
at controlled temperature (Figure 3c). These films presented a 100% improvement
in various mechanical parameters, including Young’s modulus and tensile strength
in comparison to PVA films.5
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Figure 3. Images of macroscopic materials manufactured using CNTDs. (a)
Photograph of the formation of MWCNT composite fibers with polyvinyl
alcohol (PVA) by injecting the polyelectrolytes solution into 5% PVA solution
(Reprinted from Ref. 62, Copyright 2006, with permission from Elsevier). (b)
SEM image of a macroscopic neat SWCNT fibers by injecting high
concentration of SWCNT polyelectrolytes with crown ether into aqueous
solution (Reprinted with permission from Ref. 29. Copyright 2014 American
Chemical Society.). (c) (1) PVA film. (2)-(5) SWCNT composite film with PVA
with different percentage of SWCNTs (Reprinted with permission from Ref. 5.
Copyright 2005, AIP Publishing LLC.). (d) SEM image of a SWCNT cryogel made
by freezing dry SWCNT polyelectrolyte solutions in DMSO (Reprinted from
Ref. 27, Copyright 2013, with permission from Elsevier).

In a related approach, our group took advantage of the increased
dispersability (up to 52 mg/mL) of SWCNTDs with crown ethers to produce SWCNT
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fibers with tensile strength up to 124 MPa, which is comparable to SWCNT (HiPco)
fibers obtained from superacids. This is also the first macroscopic neat SWCNT fiber
made from SWCNTD dispersions. Furthermore, by doping the SWCNT fibers with
NaI3 in solution during the process of coagulation, electrical conductivities up to
2.1x104 S/m can be achieved.29
Furthermore, Pénicaud et al. disclosed a technique to make conductive
transparent SWCNT films by filtration of SWCNTDs (mostly metallic SWCNTs) and
MWCNTDs through a porous membrane forming a film that is then transferred to a
transparent substrate. These films present resistivities of about 100 Ω/sq for
SWCNT and 5.5 kΩ/sq for MWCNTs with a transmittance of about 77% (at 550
nm).63
Another important application of SWCNTDs is to make SWCNT cryogels,
which consist of individualized SWCNTs forming a material with large surface area
(Figure 3d).27 SWCNT cryogels with a porosity of 99.86% were reported with a low
density (2 g/L). These cryogels were obtained by freezing the SWCNTD dispersions
in organic solvents and then sublimating the solvents under vacuum at controlled
temperature followed by exposure to air. The resulting cryogels could have
applications such as substrates for loading catalysts and as absorbing agents for
leaking oils on the sea.
Vigolo group made high-quality dispersions of SWCNTDs in DMSO obtained
from potassium vapor.64 By a multistep process that involves controlling the
coagulation during oxidation upon exposure to O 2, immersion in water, and freeze
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drying a 3D random assembly with highly interconnected SWCNTs is formed, which
is robust and additive-free. Compared to the raw bundled SWCNTs, this material
showed improved adsorption capacity.
Some groups have also taken advantage of the localized negative charges on
the surface of SWCNTs to reduce transition metal ions forming metal nanoparticles
to afford carbon nanotube/metal nanoparticles hybrid materials.65, 66 For example,
Shaffer and co-workers took advantage of this and investigated the reduction
potential of SWCNT polyelectrolytes with different charge ratios by checking their
reactions with different metal cations such as Cu2+, Zn2+ and Mn2+.67 The resulting
metal nanoparticles have been characterized with SEM and the content of the metal
nanoparticles was monitored with techniques such as TGA, ICP and XPS.

1.6. Perspectives and Conclusions
The study of SWCNTDs has provided a versatile route for introducing
functional groups to carbon nanotubes. These convenient methodologies for the
covalent functionalization of SWCNTDs offer great opportunities for expanding the
range of carbon nanotubes applications, with -NH2, -OH, and -Br functionalized
SWCNTs also providing an ideal starting point for bio-conjugation, which would
expand the utilization of SWCNT in biological system.40 It is envisioned that the
modification of CNT with polydentate ligands can be achieved following similar
methods allowing creating platforms for trapping toxic heavy metals cations, the

23
formation of CNT/photoactive metal complexes composites for solar energy
conversion and scaffolds for metal catalysts.
Another important advantage of CNTDs is their intrinsic negative charge,
which has allowed their efficient dispersion in organic aprotic solvents. The high
dispersability of SWCNTDs makes them ideal candidates for manufacturing high
performance macroscopic SWCNT materials or hybrid composites. High strength
and flexible fibers for materials reinforcement, aerogels with high hydrogen storage
capacity, highly conductive transparent films for electronics and conductive
scaffolds for electrostatic shielding are only some of the potential applications
envisioned for CNTD materials. Also, similar strategies to those used for SWCNTD
dispersion and functionalization can be applied to other carbon materials, such as
fullerenes,68

MWCNTs,69

graphene,70-76

graphene

nanoribbons,72

carbon

nanohorns77 and coals78, 79. Furthermore, the observed selectivity in the dissolution
and reactivity of SWCNTDs has potential implications for sorting different types of
SWCNTs (metallic, semiconducting) and different diameters of SWCNTs.14, 52
It is clear that CNTDs have come to fill an important niche in carbon
nanotechnology. Nonetheless, CNTDs chemistry will benefit from research devoted
to find solvent systems where non-desirable functionalization is prevented (in
contrast with DMSO). Also, an area that has been seldomly explored is the
development of gas phase reactions, which will likely increase the yield of
functionalization since functional groups would have a facilitated diffusion
throughout the CNTDs network. Additionally, the study of cross-linking reactions
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between CNTs promoted by CNTDs could be an important step for the manufacture
of materials with increase strength and durability. Finally, unconventional
functionalization such as the addition of thiol and phosphate groups to CNTs might
be potentially achieved via CNTDs chemistry. The research on the outstanding
physical and chemical properties of CNTDs have taken the field of carbon
nanotechnology a step closer to achieving revolutionary applications in areas such
as energy conversion, novel materials, water and air purification, and electronics,
among others. We are confident that as research efforts in this area increase, the
range and depth of the applications will grow as well.
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Chapter 2

Increased solubility, liquid-crystalline
phase, and selective functionalization
of single-walled carbon nanotube
polyelectrolyte dispersions

(This chapter is adapted from materials previously published in ACS Nano,
2013, 7, 4503-4510.)

2.1. Introduction
The homogenous dispersion of single-walled carbon nanotubes (SWCNTs) is
still a highly active field of research. While individual SWCNTs have amazing
electronic and mechanical properties with potential applications in thin film
transistors,21,

80

conductive films,19,

81-83

and organic photovoltaics,84,

85

the

construction of devices based on SWCNTs requires, as a first step, their
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disentanglement and individualization.17 To exploit the outstanding properties of
individualized SWCNTs, one has to overcome the formidable van der Waals
attractions among tubes (0.5 eV/nm),86 which is the main obstacle to make uniform
and stable dispersions. Over the past few years, many effective dispersion
technologies have been developed, including covalent sidewall functionalization18, 20,
87

non-covalent interaction assisted dispersion22-24 and superacid dissolution.17, 25, 26,

88

Another intriguing way to disperse SWCNTs is by forming SWCNT

polyelectrolytes, where nanotubes are negatively charged by reduction by alkali
metals. Upon adding polar aprotic solvents, the negatively charged sidewalls of the
nanotubes induce Coulombic repulsion between tubes resulting in their
spontaneous dissolution.1,

2, 14

Early work in this field showed that SWCNT

polyelectrolytes can be synthesized by metallic lithium reduction.3,

13

Later,

Pénicaud reported the use of other alkali metals and showed that SWCNT salts
[A(THF)]nCNT (A=Li, Na, K) could spontaneously dissolve in a series of aprotic
organic solvent, such as dimethyl sulfoxide (DMSO) and sulfolane.1, 2, 14 However, the
reported solubility of HiPco SWCNT polyelectrolytes was relatively low (0.4 mg/g in
DMSO), which prevents the formation of a liquid crystal and limits its further
processing into macroscopic assemblies such as SWCNT fibers or sheets.1
The manufacture of SWCNT dispersions into aligned macroscopic materials
by spinning or coagulation26,

62, 89-91

requires a pre-organization of the carbon

nanotubes in solution into a liquid crystalline phase. Important applications have
been devised for SWCNTs liquid crystal phases such as the formation of fibers made
of highly aligned SWCNTs,91 thin film transistors made of highly oriented carbon
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nanotube arrays,89 3-D photonic devices,92 and the fractionation of carbon
nanotubes by length.93 The formation of nematic phases in other SWCNT dispersion
systems, such as dispersions in superacid and by non-covalent interaction
(surfactants and DNA), is possible when the concentration of SWCNT is sufficiently
high.26,

94-96

However, to the best of our knowledge, the formation of liquid

crystalline phases, has never been reported for SWCNT polyelectrolytes. The reason
for the lack of reported crystalline phases is probably related to the insufficient
solubility of SWCNT polyelectrolyte dispersions in previous reports. The use of
SWCNT polyelectrolyte liquid crystal dispersion for the production of ordered
macroscopic materials is attractive due to the convenient chemical properties of
SWCNT polyelectrolytes. For example, alkyl bromides are known to readily react
with SWCNT polyelectrolytes to form alkyl functionalized carbon nanotubes.3 In this
chapter, we study the dependence of the initial amount of SWCNT polyelectrolyte
and the presence of a cation sequester (18-crown-6) on the solubility of SWCNT
polyelectrolytes (Scheme 4). We also demonstrate that a liquid crystalline phase can
be detected at concentrations of 3.8 mg/mL of SWCNT polyelectrolytes. Finally we
examine how the diameters of different SWCNTs influence their solubility and
reactivity.
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Scheme 4. Idealized representation of crown ether assisted dissolution of
SWCNT polyelectrolyte.

2.2. Experimental Section
2.2.1. Materials
The HiPco SWCNTs (Product code: 195.1) used in this work were obtained
from Rice University and purified by a previous reported procedure.97 Potassium
metal and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich.
Naphthalene was purchased from Alfa Aesar. All of the reagents above were
used as received. 18-crown-6 was purchased from Acros and purified by
recrystallization in dry acetonitrile. Freshly distilled tetrahydrofuran (THF) over
Na/benzophenone was used for making the SWCNT polyelectrolytes.
2.2.2. General Procedure for the preparation of SWCNT polyelectrolytes.
The synthesis of SWCNT polyelectrolytes was performed following a
modified method from literature.2 69.6 mg potassium metal (1.78 mmol), 163.2
mg naphthalene (1.27 mmol) and 56 mL distilled THF were added to a 100 mL
round-bottom flask and stirred for 3 days under room temperature until no
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obvious solid is left. The resulting dark green solution served as stock solution
and was used within 24 hrs. 150 mg of purified HiPco SWCNTs and 24 mL stock
solution were added to a 50 mL round-bottom flask and stirred for 2 days at
room temperature. The crude product was filtrated using 0.45 µm PTFE
membranes to get SWCNT polyelectrolytes as a black solid, which was rinsed
with distilled THF. The SWCNT polyelectrolyte was dried overnight at room
temperature under vacuum. All the work was done inside a glovebox under a
nitrogen atmosphere.
2.2.3. General Procedure for the preparation of SWCNT polyelectrolytes.
10-30mg dry SWCNTs polyelectrolyte and a calculated volume (according
to the initial concentration desired) of DMSO (or crown ether solution in DMSO)
were added to an 8 mL glass vial and sealed. The solution was stirred for 14
hours to fully disperse the SWCNT polyelectrolyte and centrifuged under 9,900g
for 45mins. The supernatant layers were extracted for analysis.
2.2.4. Determination of the solubility of SWCNT polyelectrolytes
The supernatant layers were diluted 100 times in order to make solutions
amenable for UV-Vis spectroscopy. The absorption at 500 nm was used as a
measurable parameter representing the amount of SWCNT polyelectrolyte
dispersed. For the exact solubility, 1 mL of the supernatant of different SWCNT
polyelectrolyte dispersions were added to a pre-weighed 8 mL vials. Then the
solutions were dried under vacuum in 110 oC oil bath for one day to remove the
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solvents. The vial with the residue was weighted to get the solubility. The
proportionality constant was calculated from the slope of the graph in Figure 4
to be 3.23 x 10-3 ppm-1 mm-1 (0.323 mL/mg mm-1). This proportionality constant
was used to calculate the solubilities of all other solutions.

1.0

Absorbance @ 500 nm

0.8
0.6
0.4
0.2
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Measured concentration (mg/ml)

Figure 4. Absorbance at 500 nm of HiPco polyelectrolyte solution in DMSO
with concentration determined by solvent evaporation. Absorbance is
measured on 100 times diluted solution of polyelectrolyte. Concentration is
measured by weighing dried resultant of 1 ml undiluted supernatant (at 110
oC under vacuum). Proportionality constant (0.323 mL/mg mm -1 ) is obtained
by calculating the slope of the linear fit.
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Figure 5 The UV-Vis spectrum of the supernatant layers (100 times diluted) of
different HiPco SWCNT salts initial concentration (3 mg/mL, 5 mg/mL, 7
mg/mL, 9 mg/mL, 11mg/mL).

2.3. Results and Discussion
2.3.1. Probing the solubility of SWCNT polyelectrolytes.
Different amounts of the SWCNT salts were added to DMSO inside a
nitrogen-purged glovebox, stirred overnight and centrifuged. The supernatant
layers were then removed and the solubilities of the SWCNT polyelectrolytes
were determined from the UV-Vis absorption intensity at 500 nm using a
proportionality constant shown in Figure 5. This proportionality constant was
calculated by drying a measured volume of the supernatant and weighing the
residue following a previously reported method.14 Using this procedure, we
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calculated a proportionality constant of 3.23 x 10 -3 ppm-1 mm-1 (0.323 mL/mg
mm-1), which was used to calculate the concentration of SWCNTs in all solutions.

Figure 6. Concentration of HiPco SWCNT polyelectrolytes in DMSO solutions at
different initial concentrations. Open blue diamonds and the solid red circles
represent SWCNTs without and with crown ether respectively. Each curve
exhibits a change in slope at 3 mg/mL initial concentration; solid and dashed
lines indicated best linear fits to the data above and below this concentration.

Figure 6 shows the concentration of SWCNT polyelectrolytes in DMSO
solution as a function of the concentration of material in the initial mixture.
Interestingly, we found that the solubility of the SWCNT polyelectrolytes was highly
dependent on the initial amount of the materials in DMSO. It is noticeable that two
different regions can be observed in the graph. There is a region where the
concentration of SWCNT polyelectrolytes increases linearly up to an initial

33
concentration near 3 mg/mL. This linear increase indicates a constant mass percent
conversion of 10.6% similar to the mass percent conversion of up to 9.4% observed
by Smalley group in SWCNTs dispersions with surfactants.98
Increasing the initial concentration above 3mg/mL causes a change in the
curve slope. The concentration of SWCNT polyelectrolytes appears also to increase
linearly with the initial concentration but in this case the slope is larger, making for
a mass percent conversion of 52%. These two distinct regions in Figure 6 are
consistent with the transition from an isotropic phase where SWCNTs are randomly
oriented in solution, to a biphasic region where a nematic liquid crystalline phase is
in equilibrium with the isotropic phase. The better packing of one-dimensional
structures such as SWCNTs in the liquid crystalline phase is likely to be responsible
to larger mass percent conversion of SWCNTs polyelectrolytes at higher initial
concentrations.
Cation condensation onto the surface of negatively charged SWCNTs has
been claimed as one of the main reasons for the limited solubility of SWCNT
polyelectrolytes.14 Crown ethers are known for their extraordinary ability to
coordinate alkali metal ions, hence shielding their charge from their counterions
and solvent, and resulting in a higher distance between the ion pairs. 99 Dissolution
of alkali metal salts in organic solvents has been possible by trapping the metal
cation with crown ethers.100, 101 Taking these facts into consideration, we studied the
effect of crown ethers on the solubility of SWCNTs polyelectrolytes. The crown ether
18-crown-6 was selected due to its high affinity to potassium cations. The red circles
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in Figure 1 show also a linear increase in solubility of SWCNT polyelectrolytes in
DMSO in the presence of the crown ether 18-crown-6.

Figure 7. Solubility of a SWCNT polyelectrolyte solution with initial
concentration of 5mg/mL in the presence of different amounts of 18-crown-6.

Figure 7 shows a representative curve in which the solubility of a 5 mg/mL
SWCNT polyelectrolyte solution is plotted as a function of 18-crown-6
concentration. The figure shows that as the amount of 18-crown-6 increases, the
solubility of the SWCNT polyelectrolytes grows continuously, up to a maximum
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which is attained between 15 and 20 mg/mL of the crown ether. Interestingly, we
were able to obtain concentrations of SWCNTs polyelectrolytes up to 9.4 mg/mL
(initial concentration of SWCNTs 11 mg/mL), which exceeds all previous reported
solubilities for SWCNT polyelectrolytes (the highest solubility ever reported for
HiPco SWCNT polyelectrolyte is 0.4 mg/g in DMSO and for Arc SWCNT
polyelectrolyte is 4.3 mg/mL in DMSO1).
Pénicaud and the co-workers built a model for the SWCNT polyelectrolytes
dispersions as soluble polyelectrolytes, which strikingly captures our experiment
results. The highest reported solubility from this group was 4.3 mg/mL although
their model predicts solubility up to 10 mg/mL. They attributed this discrepancy to
nanotube-nanotube interactions.14 In our case, the addition of 18-crown-6 to the
mixture captures the potassium cations, which prevents the condensation of the
counterions and increases the charge-charge repulsion among nanotubes, thus
increasing the amount of SWCNT polyelectrolyte in solution up to 120%. However,
the supernatant layer showed increased viscosity with concentration, which
resulted in the formation of a gel at concentrations larger than 9.4 mg/mL, even
when the solution is kept under a blanket of dry nitrogen. Higher concentrations of
carbon nanotubes in DMSO form dense gels immediately, preventing the precise
determination of their solubility.
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Figure 8. (a) AFM image of HiPco SWCNTs polyelectrolytes deposited on fused
silica from supernatant solution (0.26 mg/mL) in DMSO. (b) TEM images of
HiPco SWCNTs polyelectrolytes in formvar grid showing small bundles (insert
is a different image with the same scale bar).

2.3.2. Characterization of the SWCNT polyelectrolytes dispersion in DMSO
Figure 8a shows an atomic force microscopic image of HiPco SWCNTs
polyelectrolyte dispersion (ten times diluted from 2.6 mg/mL) in DMSO dip coated
on a fused silica surface and dried in vacuum in 100 oC for 1 h, showing that almost
all the SWCNT dispersed are isolated or in small bundles. Similarly, Figure 8b shows
small SWCNT bundles (ca. 5-6 nm). The presence of small bundles is likely a
consequence of sample preparation for the microscopy experiment. Samples
prepared for microscopy become unavoidably exposed to air and moisture when
they are being transferred to the microscope.
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Figure 9. Polarized optical image of supernatant layers of 3.8 mg/mL HiPco
SWCNT polyelectrolytes imaged under cross-polarizers with the stage rotated
at (a) 0o and (b) 45o. Polarized optical image of 4.4 mg/mL HiPco SWCNT
polyelectrolytes with 20 mg/mL crown ether imaged under cross-polarizers
with the stage rotated at (c) 0o and (d) 45o. The round edges demark the edges
of a droplet.

Because we can dissolve relatively high concentrations of individually
dispersed SWCNTs in DMSO, we investigated evidence of liquid crystalline behavior.
As expected, the relatively concentrated solutions of SWCNT polyelectrolytes form
liquid crystalline phases. Polarized microscope optical images clearly show the
birefringence associated with the formation of liquid crystal phases when the
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SWCNTs concentration exceeds 3.8 mg/mL (Figure 9a and 9b). It is important to
note how the image brightness changes when the sample is rotated relative to the
polarizers. Samples with lower concentrations of SWCNTs do not show
birefringence under cross-polarizers. To the best of our knowledge, this is the first
report of a liquid crystal state obtained from SWCNT polyelectrolytes. Although the
region delimited by the dashed lines in Figure 6 suggests that lower concentration
of SWCNTs could present also liquid crystalline behavior, we were not able to see
birefringence in samples with concentrations of 2.3 mg/mL. This may be due to the
small amount of liquid crystalline phase expected at these low concentrations.
The polarized microscopy optical image in Figure 9c and 9d demonstrates
that the addition of 18-crown-6 does not disturb the formation of the liquid
crystalline phase. It should be noted that the brightness of Figure 9c and 9d is
diminished due to the higher concentration of SWCNTs (and therefore higher light
absorption) caused by the presence of crown ether. Nonetheless, the image shows
changes in brightness when the stage is rotated, consistent with a liquid crystalline
phase. Therefore, the presence of crown ether in the SWCNT polyelectrolyte
dispersions could be quite useful, both for the increase of solubility and for
obtaining the liquid crystalline phase.
2.3.3. Diameter-dependent selectivity for SWCNT polyelectrolyte
dispersions
To better understand the SWCNT polyelectrolyte solutions, we quenched
with methanol the supernatant and the residue, after initial dispersion in DMSO, and
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characterized the material using Raman and NIR-photoluminescence spectroscopy.
Figure 10a shows the Raman spectra of different SWCNT preparations in the G and
D peaks region. Pristine SWCNTs and SWCNT polyelectrolyte solid salts quenched
with methanol show similar features, with a slight increase in the D band for the
SWCNT quenched polyelectrolyte solid. This increase in the D band can be
attributed to hydrogenation, via anion protonation, of the SWCNT walls as described
by Pekker et al.102 This hydrogenation is however rather mild and non-dependent
on the type of SWCNTs or their diameter.52 The D band increased further for the
quenched SWCNT polyelectrolytes in contact with DMSO (Figure 10a black and
green curves). Thus, when the polyelectrolytes were added to DMSO, further
functionalization occurred with a more pronounced D peak in the residue than in
the supernatant.51 When SWCNT salts are mixed with DMSO, two phases are
formed: a supernatant phase containing the SWCNT polyelectrolyte solution, and an
undissolved solid phase of SWCNT salts. When the Raman of SWCNTs in the
supernatant and residue are compared, the D peaks in the residue are obviously
higher than in supernatant (when the G peaks are normalized to the same intensity),
indicating that the SWCNTs in the residue are slightly more functionalized.
Figure 10b shows the Raman spectra of the radial breathing mode (RBM)
region and the peaks corresponding to various kinds of SWCNTs were assigned
according to previous literature reports.103, 104 When the spectra are normalized to
the intensity of the (7,6) Raman peak, it is noticeable that the spectrum for pristine
SWCNTs and quenched SWCNT polyelectrolytes solid are very similar, which is
consistent with previous studies of SWCNT polyelectrolytes.52 However, for the
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supernatant and residue, there is a dramatic decrease for the (10,2) SWCNT type. A
possible explanation for this is that in DMSO, functionalization happens
preferentially to the smaller diameter SWCNT polyelectrolytes. A previous work has
been done on the covalent functionalization of SWCNT polyelectrolytes in DMSO,
which is fully consistent with what we observe, however, they have not mentioned
the selectivity towards small diameter SWCNTs in their work. 51 Diameter-selective
alkylation of SWCNTs has been previously reported.49, 52, 54 When SWCNTs were
covalently functionalized using alkyl halides and SWCNT polyelectrolyte (Billups’
procedure), the peaks corresponding to the smaller diameter SWCNTs decreased or
even vanished. The authors attributed this to the preferential functionalization of
small-diameter SWCNTs. In our case, the decrease of the Raman (10,2) peak can be
attributed to higher functionalization of small diameter tubes. This can be
rationalized in terms of the curvature of the SWCNTs, which is more pronounced for
SWCNTs with smaller diameter.
It is necessary however to point out that conclusions based on the intensity
of the (10,2) Raman transition can be influenced by the SWCNT aggregation state.
This band is sometimes known as the ‘‘roping peak’’ and has been associated to the
degree of aggregation of SWCNTs.105-107 Therefore, the lower intensity of the (10,2)
band could be due to a lower degree of entanglement of the SWCNTs quenched from
the supernatant. More conclusive evidence for selective SWCNT functionalization
can be drawn from photoluminescence spectroscopy as described below.
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Figure 10. (a) Raman spectra of pristine SWCNT, SWCNT polyelectrolytes
quenched, supernatant quenched and residue quenched with methanol. (b)
Raman spectra of the RBM region of pristine SWCNT, SWCNT polyelectrolytes
quenched, supernatant quenched and residue quenched with methanol. All
spectra were obtained with an excitation wavelength of 785 nm.
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To verify the debundling of SWCNTs, we also analyzed the Raman tangential
mode. A close inspection of the G - and G+ peaks indicate that there are not
pronounced displacements, which is predictable since the materials have been fully
quenched and no doping is expected. However, we did see differences for the
linewidth Γ [full width at half maximum (FWHM)] of the G + peaks. The ΓG+ value for
pristine SWCNT (25 cm-1) is larger than polyelectrolyte quenched (20 cm -1), residue
quenched (18 cm-1) and supernatant quenched (15 cm-1). This can be explained due
to the increasing degree of debundling after the reaction and dispersion, 108 which
can also well fit the result observed for the (10,2) peak in RBM region. On the other
hand, the maximum change in the linewidth of the G - peaks is 1~2 cm-1, which is in
the margin of the instrumental broadening.108, 109

Figure 11. Photoluminescence spectra (642 nm excitation) of pristine SWCNT,
as well as SWCNT polyelectrolytes solid, SWCNTs supernatant in DMSO and
residue quenched with methanol and redispersed in SDBS aqueous solution.
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Figure 12. Photoluminescence spectra (659 nm excitation) of pristine SWCNT,
as well as SWCNT polyelectrolytes solid, SWCNTs supernatant in DMSO and
residue quenched with methanol and redispersed in SDBS aqueous solution.

Figure 13. Photoluminescence spectra (785 nm excitation) of pristine SWCNT,
as well as SWCNT polyelectrolytes solid, SWCNTs supernatant in DMSO and
residue quenched with methanol and redispersed in SDBS aqueous solution.
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Photoluminescence spectroscopy was used as an additional characterization
method. Semiconducting SWCNTs display photoluminescence with energies
accordingly to their band gap. SWCNT polyelectrolytes were quenched with
methanol and redispersed in aqueous solution using 1% SDBS. Figure 11, 12 and 13
show the NIR photoluminescence spectra of SWCNT polyelectrolytes after different
treatments at three different excitation wavelengths (the peaks were assigned based
on previous reports103, 110). It is noticeable that the spectra for purified SWCNTs and
for the methanol-quenched SWCNT polyelectrolyte solid are similar. Furthermore,
it is observed that for the supernatant and the residue of quenched SWCNT
polyelectrolytes in DMSO, the photoluminescence of SWCNTs decreases with the
diameter of the tubes. Interestingly, the photoluminescence basically banished for
tubes smaller than 0.88 nm (based in Figure 11, 12 and 13). The reduction of the
photoluminescence intensity as the diameter of the SWCNTs decreases is further
confirmation that functionalization is favored as the diameter of the SWCNTs
decreases.

2.4. Conclusion
We demonstrate that the solubility of HiPco SWCNT polyelectrolytes is
dependent on the initial amount of carbon nanotubes used. The concentrations of
SWCNT polyelectrolyte solutions in DMSO can be effectively increased by using the
potassium cation sequester 18-crown-6. Concentrations as high as 9.4 mg/mL in
DMSO can be achieved with an initial amount of SWCNTs polyelectrolyte of 11
mg/mL and 20 mg/mL 18-crown-6. We have used UV-Vis spectroscopy to
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determine the concentration of SWCNTs polyelectrolytes in DMSO, which has
proven to be a rapid and efficient way to determine dispersion concentrations.
Furthermore, cross-polarization microscopy was used to confirm that a liquid
crystal phase was formed at concentrations higher that 3.8 mg/mL of SWCNT
polyelectrolytes in DMSO. Finally, small diameter SWCNT polyelectrolytes show
preferential functionalization when dispersed with DMSO, which influence the
intensity of the peaks in the Raman RBM region and the features in the
photoluminescence spectra. It is apparent from the photoluminescence spectra that
SWCNTs with small diameters are preferentially functionalized.
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Chapter 3

Macroscopic Nanotube Fibers Spun
from Single-Walled Carbon Nanotube
Polyelectrolytes

(This chapter is adapted from materials previously published in ACS Nano,
2014, 8, 9107-9112.)

3.1. Introduction
Single-walled carbon nanotubes (SWCNTs) are the ultimate building block
for the construction of novel devices due to their unique combination of properties.
Processing bulk SWCNTs into functional materials requires their individualization in
solution, which has been previously achieved by techniques such as dissolution in
acids,17, 25, 95 organic solvents,111-113 surfactants98, 114 and biopolymers115, 116. The
use of SWCNT polyelectrolytes has recently drawn considerable attention for
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dispersing SWCNTs.1 In this class of methods, negatively charged SWCNTs form
spontaneous dissolutions in a series of aprotic organic solvents, such as DMF, DMSO
and sulfolane,

1, 2, 4, 14, 16

functionalization.2,

3, 15

and bear potential to serve as an intermediate for covalent
However, the application of SWCNT polyelectrolytes to

manufacture macroscopic materials such as neat SWCNT fibers117 has been only
marginally explored. SWCNT fibers with good conductivity have the potential to
replace metals for numerous applications including manufacturing robust and light
electricity transmission cables,118,

119

efficient field emission sources,91,

120

and

electronic textile applications121.
Some preliminary work in this area has been made by using composite
materials where the fibers result as a mixture of the carbon nanotubes with other
materials such as polymers.62, 122 The main obstacle to generate good quality neat
SWCNT polyelectrolytes fibers has been the relatively low concentration of the
dispersions,4 limited to 0.4 mg/mL for HiPco SWCNT polyelectrolytes1 and to 4-5
mg/mL for electric arc SWCNT polyelectrolytes.1, 14 The limited solubility of these
SWCNT polyelectrolytes is likely due to the aggregation of counterions on the
surface of negatively charged SWCNTs, which shield the repulsive negative charges
that promote SWCNTs dispersion. Weaker repulsive interactions between SWCNTs
cannot overcome van der Waals interactions and attain dispersion.14 A recent report
has highlighted the advantages of crown ethers when used in SWCNT
polyelectrolyte solutions, with modest carbon nanotubes concentration in
solution.123 Recently, our group used crown ethers to trap the counterions and
prevent their condensation onto SWCNTs, increasing solubility in DMSO to 9.4

48
mg/mL.28 However, fibers spun from 9.4 mg/mL concentrations are brittle and
display low tensile strength. In this chapter we study how to obtain SWCNT
polyelectrolyte dispersions up to 52 mg/mL using speed mixing. These solutions are
viscous, display liquid crystalline behavior, and when spun into a coagulating
solvent form fibers presenting superior tensile strength.

To the best of our

knowledge, these are the first examples of neat SWCNT fibers made from SWCNT
polyelectrolyte solutions, without any polymer or additive. Compared with other
established solution-based methods for fiber manufacture, our methods have some
advantages. The surfactant-based method produces SWCNT fibers with diminished
properties in comparison with others procedures,124, 125 probably due to shortening
of the nanotubes by the sonication step. For the acid-based spinning method,
SWCNTs are dispersed in strong acids such as fuming sulfuric acid or chlorosulfonic
acid,26, 90 which require careful handling and acid-resistant processing equipment.
This new approach involves generating SWCNT fibers in conditions similar to those
used for Birch reductions, yet resulting in mechanical and electrical properties
comparable to the best results obtained by other methods with HiPco SWCNTs.
Moreover, the reagents used for this procedure are common and relatively
economically feasible.
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Scheme 5. Idealized schematic representation of crown-ether-assisted
dissolution of SWCNT polyelectrolyte, liquid crystalline phase and fiber
formation.

3.2. Experiment section
3.2.1. Materials.
The HiPco SWCNTs (Product code: 195.1) used in this work were obtained
from Rice University and purified by a previous reported procedure.97 Potassium
block and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich.
Naphthalene was purchased from Alfa Aesar. All of the reagents above were used as
received. 18-crown-6 was purchased from TCI and purified by recrystallized
recrystallization in dry acetonitrile. Freshly distilled tetrahydrofuran (THF) was
used for making the SWCNT polyelectrolytes.
3.2.2. General Procedure for the synthesis of SWCNTs polyelectrolytes
The synthesis of SWCNT polyelectrolytes was performed using a
modification of Voiry et al. followed a previously reported modified method.2, 14 In
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a typical procedure, 100 mg of K metallic potassium (2.56 mmol), 234 mg
naphthalene (1.83 mmol) and 80 mL distilled THF were added to a 100mL roundbottom flask and stirred for 3 days at room temperature until no obvious solid is
present. The resulting dark green solution served as the stock solution and was used
within 24 h of preparation. Then, 300 mg purified HiPco SWCNTs and 48 mL the
potassium stock solution were added to a 100 mL round-bottom flask and stirred
for 2 days under room temperature. The crude product was filtrated using 0.45 µm
PTFE membranes and rinsed with distilled THF to get a black solid SWCNT
polyelectrolytes material, which was rinsed with abundant distilled THF. The
SWCNTs polyelectrolyte was dried at room temperature in vacuum overnight. All
the work was done in the glovebox under nitrogen atmosphere.
3.2.3. Dispersion of SWCNT polyelectrolytes
For the preparation of a polyelectrolyte dispersions with an initial
concentration of 40 mg/mL (final concentration 35 mg/mL), typically around 400
mg dry SWCNT polyelectrolytes were grinded into small pieces with a mortar and
mixed with 10 mL DMSO containing 80 mg/mL 18-crown-6 in a 20 mL Wheaton
glass vial. The mixture was shaken for 1hr at the speed of 1000 rpm. Then the
sample was mixed for 1 hour in a dual asymmetric centrifugation mixer (DAC 400.1
FVZ SpeedMixer) at 2350 rpm to get gel-like dispersions. The resulting dispersions
were filtered through a 20 µm mesh to remove large size aggregates. After mixing
and filtration, a mixture with a starting concentration of 40 mg/mL yielded a
mixture with a final concentration of 35 mg/mL. To obtain high quality polarized
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optical microscopy (POM) images, the dispersions were further centrifuged at
16,000 g for 4-6 hours and the dense bottom phases were checked by POM
polarized optical microscopy. A volume of 0.5 mL of the dispersions were diluted by
2000 times to take the UV-Vis spectrum, which was used to determine the exact
solubility of SWCNT polyelectrolytes based on a previous built calibration curve.28
Similar procedures were adopted for the dispersions with initial mixture
concentrations of 20 mg/mL and 60 mg/mL while maintaining the same ratio of
SWCNT polyelectrolytes to crown ether.
3.2.4. Spinning of SWCNT polyelectrolyte fibers
The spinning of SWCNT polyelectrolyte fibers was processed in a setup
illustrated in Figure 14. SWCNT polyelectrolyte dispersions were loaded into a
stainless steel syringe and the dispersions were extruded through a 125 µm tubing
into coagulation solutions: water, 0.1 M HCl solution and 0.001 M NaI3 solution. The
resulting fibers were collected on a Teflon drum and immersed in water overnight
to remove water-soluble impurities. Then the fibers were dried under at 100 oC for
24 hrs in an oven.
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Figure 14. Setup for spinning of SWCNT fibers.

3.2.5. Mechanical property properties test of SWCNT fibers
The test of the mechanical properties of SWCNT fibers was done in a dynamic
mechanical analysis system. The samples for testing were selected from a 5 m long
fiber and were tested with the assistance of 20 mm paper frames following a
previously reported literature method.91 The diameters of the fibers were
determined by scanning electron microscopy (SEM) images. For the fibers with
cross section not perfect round, the diameters of the fiber were estimated by a
simple calculation of the average of the shortest distance and longest distance
around the cross section.

3.3. Results and discussion
In a typical experiment, 400 mg HiPco SWCNT polyelectrolytes (made by a
method reported before28) were mixed with 10 mL of an 8% (m/V) 18-crown-6
solution in DMSO, to give an initial mixture concentration of 40 mg/mL (similar
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procedures were used for 20 mg/mL and 60 mg/mL). The mixture was sealed in a
dry glass vial and stirred for 1hr at the speed of 1000 rpm. Then the mixture was
further mixed in a speed mixer (DAC 400.1 FVZ) at 2350 rpm.26 To remove
undispersed large aggregates, the dispersions were filtered through a 20 µm mesh.
The resulting dispersions showed birefringence in some parts under the crosspolarized optical microscope, which indicates a biphasic behavior in which the
isotropic phase is in equilibrium with the liquid crystalline phase (Figure 15). Liquid
crystallinity provides a great advantage for making SWCNT fibers because the
SWCNTs are already aligned in liquid crystalline domains. This preorientation
makes it easier to obtain fibers with well-aligned SWCNTs when injected through a
narrow needle into a coagulation solution.26, 91

Figure 15. Cross-polarized optical microscopy images of SWCNT HiPco
polyelectrolyte dispersions in DMSO with crown ether. (a) 16 mg/mL HiPco
SWCNT polyelectrolytes with 4% (m/V) crown ether, 0o. (b) 16 mg/mL HiPco
SWCNT polyelectrolytes with 40 mg/mL crown ether, 45 o. The liquid crystal
domains can be seen in changes of brightness in the sample when the crosspolarizers are rotated.
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To determine the final concentrations of the dispersions, the liquid phase
were diluted 2000 times, and analyzed by UV-Vis spectroscopy (Figure 16) using a
proportionality constant of 0.323 mL/mg mm-1.28 UV-Vis experiments showed that
about 80% of the initial amount of material remained dispersed after filtration,
which demonstrates the high efficiency of this method to obtain concentrated
SWCNT polyelectrolyte dispersions.

Figure 16. UV-Vis spectrum of the 2000 times diluted dispersions after
filtration. The solubility of the dispersions after filtration was determined by the
absorption at 500 nm. The exact concentrations for 60 mg/mL, 40 mg/mL and 20
mg/mL refer to the initial concentrations. Post-filtration concentrations calculated
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from the spectra are 52, 35 and 16 mg/mL respectively.SWCNT fibers were made by
injecting different concentrations of polyelectrolyte dispersions into aqueous
solutions (water, aqueous hydrochloric acid and iodide solutions) through a 125 µm
size spinneret. The flow through the spinneret produces shear that helps aligning
the liquid crystal domains during the injection. When the forming SWCNT liquid
fiber enters in contact with the aqueous solution, the SWCNTs are stripped of the
extra electrons and hence destabilized, causing their collapse into a dense fiber due
to van der Waals interactions. The resulting SWCNT fibers were collected on a
rotating Teflon drum, immersed in water overnight, and thereafter dried at 100 oC
for 24 hrs.
The fibers were characterized by using different techniques. Scanning
electron microscopy (SEM) and Polarized optical microscopy (POM) was used to
study the morphology of the fibers (Figure 15 and Figure 17). The fiber diameter for
the 16 mg/mL, 35 mg/mL and 52 mg/mL solutions ranged from 20 µm to 35 µm.
The SEM images, qualitatively illustrate large-scale alignment of the SWCNT along
the fibers’ axis, which is expected to lead to robust mechanical properties, although
the fibers do not display the same level of fine-scale alignment as those spun from
acid solutions. Carbon nanotube alignment in the fibers is also confirmed by crosspolarized microscopy. Figure 18 shows the birefringence of a carbon nanotube fiber
under cross polarizers with maximal birefringence intensity when the fiber forms a
45o angle with the polarizer, indicating predominant axial alignments of the
SWCNTs in the solid fiber.
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Figure 17. SEM images of fibers spun from a 35 mg/mL SWCNT solution. (a)
fiber spun into water. (b) fiber into from 0.1 M HCl solution. (c) fiber spun into
0.001 M NaI3 solution. (d) enlarged sidewall view of a fiber. (e) enlarged crosssection of a fiber.

Figure 18. Cross-polarized optical microscopy images of a representative
SWCNT HiPco fiber made from polyelectrolyte dispersions in DMSO with
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crown ether. The images were taken under polarized reflected mode. (a)
When the fiber axis is parallel to the illumination polarizer, the fiber displays
minimal birefringence (b) when the fiber is rotated at a 45 o angle with the
polarizer and analyzer, the fiber displays bright birefringence, indicating that
the SWCNTs are aligned along the axis of the fiber.

Figure 19. Summary of the properties of fibers manufactured under different
conditions. (a) Tensile strength (b) Young’s modulus and (c) conductivity of
fibers coagulated into different solutions. The materials used for fiber
spinning, from left to right, is (1) 16 mg/mL SWCNT polyelectrolyte with 4%
(m/V) 18-crown-6 in DMSO; (2) 35 mg/mL SWCNT polyelectrolytes with 8%
(m/V) 18-crown-6 in DMSO; (3) 52 mg/mL SWCNT polyelectrolytes with 12%
(m/V) 18-crown-6 in DMSO.
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Figure 20 A representative mechanical test of SWCNT fiber. The test was
performed at a preload of 0.004N and a strain rate of 0.1%/min. The modulus
deduced at low deformation is about 14 GPa. The fiber exhibits plastic
behavior under strong loading.

Figure 20. EDAX result of the cross section of a fiber spun from 40 mg/mL in
water.
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Figure 21. EDAX result of the cross section of a fiber spun from 40 mg/mL in
0.1 M HCl solution.

Figure 22. EDAX result of the cross section of a fiber spun from 40 mg/mL in
0.001 M NaI3 solution.
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The mechanical properties were analyzed in a static testing mode using a
dynamic mechanical analysis system (TA Instruments model Q800) with the
assistance of a 20 mm long paper frame.26 The result for a typical experiment is
shown in Figure 20. The best fiber tensile strength was obtained from 35 mg/mL
dispersions in water, which gave a tensile strength of 124 MPa and a Young’s
modulus of 14 GPa. This tensile strength obtained is comparable to typical results
from acid-based methods (116 MPa for fuming sulfuric acid90 and 50-150 MPa for
chlorosulfonic acid26) and much better than the surfactant-based method (65
MPa)125. Recently, solution-spinning of longer, low-defect few-walled carbon
nanotubes dissolved in chlorosulfonic acid has yielded fibers with tensile strength of
up to 1.3 GPa.91 Note that other techniques have also been used to produce highquality fibers with outstanding properties including direct spinning of fibers from a
chemical vapor deposition reactor126 and drawing carbon nanotubes from carbon
nanotube forests127. However, in this paper we focus on bare fibers made with wet
spinning methods. Experiments where fibers are generated using carbon nanotube
polyelectrolyte solutions with carbon nanotubes other than HiPco will be reported
in near future. Apart from the mechanical properties, we also studied how to
produce doped SWCNT fibers by changing the coagulating solution. The best results
were obtained for fibers coagulated into 0.001 M NaI 3 aqueous solution. The
resulting fibers maintain similar mechanical properties, while achieving better
conductivities than fibers coagulated into water or HCl solutions. This indicates that,
during its formation, the fiber incorporated some dopants from the coagulation
bath, which was further supported by the EDAX results. (Figure 21, 22 and 23).
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Electrical conductivities up to (2.1 ± 0.2) ×104 S/m were obtained, which is one
order of magnitude lower than the best HiPco fibers spun from superacids (5 × 105
S/m for fuming sulfuric acid90 and 8.3 × 105 S/m for chlorosulonic acid26), but still
much higher than most surfactant-based fibers (1.7 × 104 S/m with DNA as
surfactant,124 1.4 × 104 S/m with lithium dodecyl sulfate as surfactant,125 and 6.7 ×
102 S/m with sodium dodecyl sulfate as surfactant 128). In previous work we found
that small diameter HiPco nanotubes are slightly functionalized in DMSO, which
may affect the properties of the produced fibers.28 We are currently investigating
other sources of SWCNTs for the production of fibers that do not contain small
diameter tubes. Furthermore, functionalization can arise from the coagulating
phase, similar to a Birch reaction, where hydrogen atoms can be added to the
carbon nanotube walls disrupting electron percolation.
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Figure 23. Raman spectra of pristine HiPco SWCNTs, fibers made from water,
fibers made from 0.1 M HCl solution and fibers made from 0.001 M NaI 3
solution excited at 514nm.
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Figure 24. Raman spectra of pristine HiPco SWCNTs, fibers made from water,
fibers made from 0.1 M HCl solution and fibers made from 0.001 M NaI3
solution excited at 633nm.
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Figure 25. Raman spectra of pristine HiPco SWCNTs, fibers made from water,
fibers made from 0.1 M HCl solution and fibers made from 0.001 M NaI 3
solution excited at 785nm.

Raman spectra of the fibers (Figures 24-26) show increased D peaks in
comparison with HiPco, which is indicative of chemical functionalization. Still the
properties observed for these fibers are very promising, comparable with the best
fibers of HiPco SWCNTs. Table 1 summarizes all the fiber properties obtained under
different conditions. Our results indicate that a concentration around 35 mg/mL is
optimal to achieve the best fiber properties.
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Table 1 Properties of HiPco fibers obtained under different conditions

Initial
concentration
Final
concentration
Coagulation
solution
Diameter, μm

20 mg/mL HiPco SWCNT
polyelectrolytes with 40
mg/mL crown ether in DMSO
water
25 (5)

16 mg/mL
0.1 M 0.001
HCl
M NaI3
22 (2)
22 (5)

40 mg/mL HiPco SWCNT
polyelectrolytes with 80
mg/mL crown ether in DMSO
water
32 (1)

35 mg/mL
0.1 M 0.001
HCl
M NaI3
31(6)
32 (6)

60 mg/mL HiPco SWCNT
polyelectrolytes with 80 mg/mL
crown ether in DMSO
water
25(2)

52 mg/mL
0.1 M
HCl
24(5)

0.001
M NaI3
22(1)

Tensile
strength
(Mpa)
Young’s
Modulus
(Gpa)
Elongation (%)

56(8)

71(13)

68(16)

124(9)

92(5)

100(3)

45(5)

42(7)

70(4)

8(3)

14(2)

14(2)

14(2)

13(2)

15(1)

7.3(0.4)

7(1)

9.0(0.7)

1.1(0.5)

0.4(0.1)

0.4(0.2)

1.9(0.2)

1.0(0.2)

0.9(0.1)

0.43(0.08)

0.5(0.2)

0.9(0.3)

Conductivity
(104 S/m)

1.0(0.1)

1.6(0.2)

1.8(0.2)

1.3(0.2)

1.7(0.3)

2.1(0.2)

0.67(0.02)

0.91(0.0
4)

1.11(0.
04)

3.4. Conclusion
In summary, we have demonstrated that high concentration HiPco SWCNT
polyelectrolytes dispersions in DMSO could be achieved with the assistance of
crown ether and speed-mixing (from 9 mg/mL in our previous report up to 52
mg/mL) and hence could be used in the manufacture of SWCNT fibers. Also, the
HiPco SWCNT polyelectrolytes dispersions show well-defined liquid crystalline
behavior, which is advantageous for spinning well-aligned SWCNT fibers. SWCNT
fibers were obtained with mechanical performance similar to fibers made from
strong acids. Good electrical conductivities were achieved after a simple one-step
iodide doping during coagulation. The methodology presented here provides an
easy and convenient way of producing SWCNT fibers from polyelectrolyte SWCNT
dispersions, with outstanding mechanical and electrical properties. This solution
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processing method can be potentially used not only with HiPco, but also with
different SWCNTs produced by other techniques. We envision that SWCNTs fibers
from polyelectrolytes can be further improved by using longer SWCNTs, increasing
the orientation of SWCNTs in the direction of the fiber, refining the removal of large
aggregates, and using SWCNTs with larger diameters less prone to functionalization.
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Chapter 4

Increased Concentration of Graphene
Polyelectrolytes and Their Applications
for Spinning Hybrid Composite Fibers

4.1. Introduction
In the past two decades, carbon nanomaterials such as single-walled carbon
nanotubes (SWCNTs) and graphene have attracted numerous attention due to their
unique electronic structures and mechanical properties.129, 130 However, accessing
the outstanding properties of these carbon nanomaterials requires, in many cases,
their exfoliation into individual structures.17 To disperse SWCNTs into individual
tubes, several methods have been developed, including superacid protonation,17, 25,
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26,

82,
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sidewall

covalent

functionalization18,

20,

87

and

non-covalent

functionalization22-24.
In 2005, Alain Pénicaud group developed a method to disperse carbon
nanotubes by reducing SWCNTs with metallic potassium to form negatively charged
single-walled carbon nanotubides (SWCNTDs). The SWCNTDs spontaneously
disperse in a variety of organic solvents without assistance of sonication.1 Recently,
we improved the solubility of SWCNTDs by adding crown ether (18-crown-6) to
trap the counter ions and therefore avoid their condensation on the negatively
charged surface of SWCNTs allowing to achieve dispersions of up to 52 mg/mL.28, 29
Pénicaud group applied a similar strategy to reduce graphite using
potassium to form a graphene intercalation compounds (GICs) which can be
exfoliated into single or a few layer graphene polyelectrolytes (graphenide).71, 72
These GIC can be even exfoliated to single layer graphenide in low boiling point
solvents such as THF.70
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Scheme 6. Idealized representation of increased dispersibility of graphene
polyelectrolytes with the assistance of crown ether.

Nonetheless, the highest solubility of graphenide solutions obtained so far
have been limited to 0.8 mg/mL.131 Milner et al. synthesized graphene intercalation
compounds through an alternative way by intercalating the nanographite with
potassium-ammonia solutions and then dissolving the graphene intercalation
compounds in THF with assistance of mild sonication.132 Small-angle neutron
scattering results showed that most (>95 vol%) of the graphenides sheets exist as
single layers. However, in this case, the solubility of graphenides are less than 1
mg/mL.132 Some applications of graphenide solutions have started to appear
including metal nanoparticle/graphene composites67,
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and for chemical

functionalization of graphene.133 However, the application of graphenide solutions
for the preparation of macroscopic materials still remains unexplored.

70

In this chapter, we combined crown ether 18-crown-6 with potassium
graphenide and studied their dispersion in NMP. These graphenide solutions were
studied using Raman spectroscopy. We also explore the possibility to manufacture
macroscopic hybrid macroscopic fibers combining SWCNTDs and graphenides
solutions. To our best knowledge, this is the first time that graphenide solutions
have been applied to manufacture macroscopic materials.

4.2. Experimental Section
4.2.1. Materials
The graphite powder (<20 micron, synthetic) was purchased from SigmaAldrich (batch #08017EH) and used as received. The HiPco SWCNTs (Product code:
195.1) used in the work were obtained from Rice University and purified as
reported elsewhere.97

Potassium metal was purchased from Sigma Aldrich.

Naphthalene was purchased from Alfa Aesar. All of the reagents above were used as
received. N-Methyl-2-pyrrolidone (NMP) was purchased from Sigma Aldrich and
dried by molecular sieves and distilled under vacuum. 18-crown-6 was purchased
from TCI and purified by recrystallization in dry acetonitrile.
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4.2.2. Preparation of graphene intercalation compounds
The synthesis of graphene intercalation compounds was performed using a
modification of Pénicaud group.71 In a typical procedure, 60 mg of metallic
potassium and 300 mg graphite powder were sealed in a heavy-walled glass tube
under vacuum and heated for 48 hrs at 350 oC. The heavy-walled glass tube is then
broken in a glovebox under nitrogen atmosphere and the GICs were sealed in 20 mL
Wheaton vials for future use.
4.2.3. Potassium graphenide dispersions.
For a typical preparation of a graphenide dispersion, 30-40 mg of GICs and a
calculated amount of NMP were added into a 5 mL vial to get a desired initial
concentrations and stirred overnight. The mixtures were centrifuged at 9900 g for
30 min and the supernatant were analyzed using UV-Vis spectroscopy to determine
their solubility based on the proportionality constant reported elsewhere.71
For the dispersion of graphenide with crown ether, a solution of known
concentration crown ether in NMP were added to the GIC. All the work was done in
the glovebox under nitrogen atmosphere. For Raman spectra, the soluble fraction
(supernatant after centrifugation) and the insoluble fraction (precipitate after
centrifugation), were quenched by methanol separately. The GIC solid was also
quenched by methanol for comparison.
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4.2.4. Mix Graphenide/SWCNTDs dispersions.
For the preparation of a Graphenide/SWCNTD dispersions with an initial
concentration of 40 mg/mL SWCNTDs, 400 mg dry SWCNTDs solid was grinded
with a mortar and mixed with 10 mL of 1.5 mg/mL Graphenide - 15 mg/mL crown
ether dispersion in NMP, with a calculated amount of extra 18-crown-6 to make the
final concentration of crown ether to be 80 mg/mL. The mixture was sealed in a 20
mL Wheaton glass vial and shaken for 1h at 1000 rpm on VWR mini shaker. Then
the dispersion was further mixed for 1h in a dual asymmetric centrifugation mixer
(DAC 400.1 FVZ SpeedMixer) at 2350 rpm. The resulting dispersions were filtered
through a 20 µm mesh to remove large size aggregates. Similar procedures were
adopted for the dispersions of 20 mg/mL and 60 mg/mL while maintaining the
same ratio of SWCNTDs to crown ether.
4.2.5. Spinning of hybrid graphenide/SWCNTDs fibers.
The spinning of graphenide/SWCNTD fibers was performed using the same
set up used to spin SWCNTD fibers reported before.29 Graphenide/SWCNTD
dispersions were loaded into a stainless steel syringe and the dispersions were
extruded through a 125 µm tubing into coagulation solutions: water, 0.1 M HCl and
0.001 M NaI3 solutions. The resulting fibers were collected on a Teflon drum and
immersed in water overnight to remove water-soluble impurities. Then the fibers
were dried at 100 oC for 24 hrs.
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4.2.6. Mechanical properties of graphene/SWCNT fibers.
The test of the mechanical properties of graphenide/SWCNTD hybrid fibers
was done in a dynamic mechanical analysis system. The samples were tested with
the assistance of 20 mm paper frames following a previous literature method.29, 91
The diameters of the fibers were determined by scanning electron microscopy
(SEM) images.

4.3. Results and discussion
In a typical experiment, the potassium GIC have been prepared by diffusing
potassium vapor into graphite under vacuum heated at the temperature of 350 oC
following Alain Pénicaud’s method.71 Graphenide solutions were prepared by
exfoliation of GICs in NMP by bar stirring overnight and centrifuged at the speed of
9900 g for 30 mins to remove the undissolved aggregates. The supernatant
solutions were almost transparent to the naked eye. UV-vis absorption spectroscopy
(Figure 27) was used to evaluate the graphenide solubility based on the
proportionality constant reported elsewhere.71 The variation in the amount of GIC
before (initial amount) and after centrifugation shows an increase in dispersability
of the graphenide solutions with initial amount of GIC up to 0.9 mg/mL (Figure
28(a)). This matches previous literature results by Pénicaud group.71, 131 A similar
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phenomenon has been observed for the dispersion of SWCNTDs in organic aprotic
solvents .28

Figure 26. UV spectrum of typical graphene polyelectrolytes solution.

75

Figure 27. (a) Solubility of graphenides in NMP at different initial
concentrations of the potassium GIC. (b) Solubility of potassium graphenides
in NMP at initial concentration of 8 mg/mL with different concentrations of
18-crown-6.

Addition of 18-crown-6 is expected to coordinate the counterions allowing a
better solubility, and preventing their aggregation on the surface of the graphenide
sheets. As expected, the solubility of graphenides improved to 1.5 mg/mL with a
concentration of 15 mg/mL of crown ether. (Figure 28(b)). Interestingly, with
further increase crown ether concentration, we observed a decrease in the
dispersability of potassium graphenide.
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Figure 28. Raman spectra of pristine graphite (black curve), graphite
intercalation compounds quenched with methanol (red curve), soluble faction
quenched with methanol (blue curve) and insoluble fraction quenched with
methanol (pink curve). Spectra were taken under excitation wavelength of
633nm.

To further understand the process of dispersions of graphenide dispersions,
we prepared potassium graphenide (solid) and quench it with methanol, which
would restore the materials to graphite. We also dispersed the potassium
graphenide in NMP and quenched the supernatant and the residue left after
centrifugation. All these fractions were analyzed by Raman and compared with raw
graphite (Figure 30). Pénicaud et al. had done extensive studies on the Raman
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spectra of a series of graphite intercalation compounds,134 however, the study on
quenched graphene graphenides have not been thoroughly explored. Interestingly,
Raman experiments show that the potassium graphenide solid (GIC), the
supernatant and residue fractions after dispersions present dramatic increases in
D/G ratio, which correlates with an increase in the sp 3 carbon percentage in
comparison with pristine graphite. In contrast, for SWCNTDs, the quenched residue
fraction have slightly larger D/G ratio than the quenched supernatant fraction, and
both of these fractions will have higher D/G ratio than the quenched SWCNTDs (not
dispersed).28 Also, the pristine graphite shows a G peak around 1576 cm -1 while the
quenched graphenide materials show a much blue shifted G peak (1592-1596 cm-1).
All these factors could be interpreted as defects production due to functionalization,
arising from the reduction and quenching process. Similar findings have been
reported for graphene oxide Raman spectra.135, 136
To explore the possibility to manufacture macroscopic materials from the
obtained graphenide dispersions, we spun graphene fibers directly from graphenide
dispersions into water. When the graphenide dispersion enter in contact with water
it gets oxidized and the graphenide is converted to graphene producing a
continuous fiber. Unfortunately, the obtained graphene fibers were too weak to be
tested. This is likely due to the relative low concentration and low viscosity of the
produced solutions. Alternatively, we explored the possibility to spin hybrid fibers
from mixture of SWCNTDs (SWCNT polyelectrolytes) and graphenide. For a typical
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preparation of the mixture of SWCNTDs with graphenide, a 1.5 mg/mL potassium
graphenide in NMP was first obtained and a calculated amount of SWCNTDs solid
and 18-crown-6 were added into the graphenide dispersion to give solutions with
initial concentrations of SWCNTs of 20 mg/mL, 30 mg/mL, 40 mg/mL. These three
mixtures of graphenide and SWCNTDs will be extruded through a 125 µm spinneret
in three different media to check the influence of the coagulation solution on the
properties of hybrid fibers: water, 0.1 M HCl solution or 1 mM NaI 3 solution. Before
extruding the fibers the solutions are passed through a 20 µm mesh to remove nonsoluble aggregates.

Figure 29. SEM images of HiPco/graphene hybrid fibers spun from 40 mg/mL
HiPco SWCNT polyelectrolytes with 1.5 mg/mL Graphene polyelectrolytes and
80 mg/mL crown ether in NMP. (a) fiber spun into water; (b) fiber spun into
0.1 M HCl solution; (c) fiber spun into 0.001 M NaI3 solution.

In Figure 30, we can see some typical scanning electronic microscopy
(SEM) images of the SWCNT/graphene hybrid fibers obtained from the dispersion
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solution of 40 mg/mL HiPco SWCNTDs and 1.5 mg/mL graphenide dispersions
coagulated in different aqueous media. The images give the impression of aligned
structures that resemble SWCNT bundles together with structures that resemble
graphene sheets. A summary of the properties of the fibers extruded in different
media is presented in Table 2. The fibers with best mechanical properties are spun
from the 40 mg/mL HiPco SWCNTDs with 1.5 mg/mL graphenide dispersion by
coagulating the dispersion in a NaI3 solution, resulting in a tensile strength of 124
MPa, Young’s modulus of 24 GPa and electrical conductivity of 2.1 × 10 4 S/m.
However, the most conductive fibers were spun from 30 mg/mL HiPco SWCNTDs
with 1.5 mg/mL graphenide dispersion by coagulating the dispersion in NaI3
solution, which demonstrates a conductivity of 5 × 10 4 S/m. These fibers also
presents good mechanical properties with a tensile strength of 100 MPa and
Young’s modulus of 25 GPa. On the other hand, fibers spun from 20 mg/mL HiPco
SWCNTDs and 1.5 mg/mL graphenide dispersions show compromised mechanical
properties. We speculate that as the ratio of graphenide to SWCNTDs increases, the
alignment of carbon nanotubes during coagulation could get affected. Another factor
could be the decrease in concentration of SWCNTDs and graphenide in the solutions.
Therefore, addition of graphenide dispersion to high concentration of SWCNTDs is
preferred to obtain optimum properties.
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Table 2. Properties of SWCNT/Graphene hybrid fibers obtained under
different conditions.

Initial
concentration

20 mg/mL HiPco SWCNT
polyelectrolytes and 1.5
mg/mL
graphene
polyelectrolytes with 40
mg/mL crown ether in
DMSO
water
0.1 M 0.001
HCl
M NaI3
15 (3)
15 (3)
15 (3)

30 mg/mL HiPco SWCNT
polyelectrolytes and 1.5
mg/mL
graphene
polyelectrolytes with 60
mg/mL crown ether in
DMSO
water
0.1 M 0.001
HCl
M NaI3
15 (2)
18(1)
14 (4)

40 mg/mL HiPco SWCNT
polyelectrolytes and 1.5 mg/mL
graphene polyelectrolytes with
80 mg/mL crown ether in DMSO

Tensile
strength
(Mpa)
Young’s
Modulus
(Gpa)
Elongation (%)

40(2)

32(5)

50(20)

100(10)

76(1)

11(2)

7(2)

15(5)

23(3)

0.4(0.2)

0.4(0.2)

0.4(0.2)

0.3(0.2)

Conductivity
(104 S/m)

1.3(0.6)

0.9(0.2)

0.8(0.2)

3(1)

Coagulation
solution
Diameter, μm

water
18(3)

0.1 M
HCl
18(4)

0.001
M NaI3
18(3)

100(10)

100(20)

110(10)

120(50)

17(1)

25(2)

20(2)

22(2)

24(9)

0.09(0.
02)
1.6(0.5)

0.1(0.0
3)
5(3)

0.5(0.2)

0.4(0.1)

0.4(0.1)

1.9(0.3)

1.6(0.2)

2.1(0.7)

4.4. Conclusion
In summary, we have demonstrated that the solubility of graphenide
dispersions could be improved by 100% (up to 1.5 mg/mL) with assistance of
crown ethers. We also observed that graphenide dispersions quenched with
methanol show an increase in the sp3 carbons, as probed by Raman spectroscopy
(D/G peaks). Furthermore, graphenide dispersions were mixed with different
concentrations of HiPco SWCNTDs and spun into SWCNT/graphene hybrid fibers by
injecting the dispersion into different aqueous media. The fibers with best
mechanical properties obtained had similar tensile strength and electric
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conductivity results as previously reported pristine SWCNT fibers using this
method29, but had improved Young’s modulus by more than 70%. In addition, the
most conductive fibers obtained present conductivities of 5 × 10 4 S/m, which is
more than two fold improvement when compared with pristine SWCNTs fibers from
SWCNTDs .29
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Chapter 5

Conclusion and outlook

The purpose of this thesis was to develop a method for the improved
dispersion of single-walled carbon nanotubes, which would allow their manufacture
into composite materials via single-walled carbon nanotubides.
In Chapter 1, I systematically describe the state-of-knowledge in the area of
carbon nanotubides (CNTDs). CNTDs can be used for achieving highly concentrated
dispersions of SWCNTs and can also be used as an important intermediate for
covalent chemical modification. In recent years, researchers have used SWCNTDs as
starting materials for the functionalization of SWCNTs with functionalities such as
alkyl chains, carboxylic acids, sulfide, amino, hydroxyl, silyl, bromide, ethers,
ketones and polymers. Also, I discussed the observed selectivity on the covalent
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functionalization towards certain classes of CNTs. Finally, we describe the use of
SWCNTDs in the manufacture of fibers, films and other functional materials.
In Chapter 2 we studied single-walled carbon nanotubides produced by
reducing HiPco SWCNTs with potassium/naphthalene in THF. The solubility of
single-walled carbon nanotubides was improved with the assistance of 18-crown-6,
which coordinates the counter ions, and therefore prevents of their condensation on
the surface of negatively charged carbon nanotubes. With increased solubility (up to
9.4 mg/mL), liquid crystalline phase of SWCNTDs have been observed for the first
time, which provides a foundation for the manufacture of macroscopic materials
such as carbon nanotube fibers and carbon nanotube/graphene hybrid fibers. Also,
the selective functionalization of SWCNTDs during the dispersion process in DMSO
was studied in detail by Raman spectroscopy and near infrared fluorescence
spectroscopy. The results showed that functionalization selectively happened to
small diameter tubes.
Chapter 3 detailed the methods for manufacturing macroscopic materials
such as SWCNT fibers via dispersion and then precipitation SWCNTDs. With the aid
of speed-mixing, the concentration SWCNTDs in solution could be further increased
up to 52 mg/mL. The resulting mixtures are highly viscous homogeneous dispersion
of SWCNTDs. By injecting the dispersions into aqueous solutions, the dispersion are
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coagulated into highly aligned SWCNT fibers, which shows a tensile strength of 124
MPa, Young’s modulus of 14 GPa and electronic conductivity of 2.1 × 104 S/m.
In Chapter 4, Graphenide solutions in NMP have been prepared by dispersing
potassium intercalated graphite with the assistance of 18-crown-6. The highest
graphenide solubility achieved is 1.5 mg/mL, twice higher than previous reported
results.. To manufacture macroscopic materials, graphenide solutions have been
mixed with different concentrations of SWCNTDs to spin Graphene/SWCNTs hybrid
fibers. The resulting Graphene/SWCNTs hybrid fibers have a greatly improved
Young’s modulus and electronic conductivity compared with pristine SWCNT fibers.
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