Clemson University

TigerPrints
All Dissertations

Dissertations

5-2017

Carbon and Boron Nitride Nanocomposites for
Electrically and/or Thermally Conductive
Materials
Ankoma Dihon Anderson Sr.
Clemson University, ministeraanderson@gmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Recommended Citation
Anderson, Ankoma Dihon Sr., "Carbon and Boron Nitride Nanocomposites for Electrically and/or Thermally Conductive Materials"
(2017). All Dissertations. 1874.
https://tigerprints.clemson.edu/all_dissertations/1874

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

CARBON AND BORON NITRIDE NANOCOMPOSITES FOR ELECTRICALLY
AND/OR THERMALLY CONDUCTIVE MATERIALS
A Dissertation
Presented to
the Graduate School of
Clemson University
In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Chemistry
by
Ankoma Dihon Anderson, Sr.
May 2017
Accepted by:
Dr. Ya-Ping Sun, Committee Chair
Dr. William T. Pennington
Dr. Jeffery Anker
Dr. Omode A. Ogale

ABSTRACT

Herein, we report research centered on the use of single walled carbon nanotubes
(SWNTs) for their electrical conductivity (EC), or more specifically the harvesting of
metallic-SWNTs for their extremely high EC, and on the exploitation of carbon and
boron nitride nano-fillers for polymeric composites of high thermal conductivity (TC).
SWNTs as produced are a mixture of both metallic and semiconducting components,
which are distinctively different in electrical conductivity and many other aspects. Thus,
post-production separation of -SWNTs from their mixtures in the as-produced samples as
necessary. As a result, my dissertation is formatted as such: the first chapter is a detailed
review of Metallic Single Walled Carbon Nanotubes for electrically conductive materials
and devices; the second chapter is primarily focused on the separation of SWNTs into
their respective metallic and semiconducting components using non-covalent
functionalization and solubilization. The method exploits the selectivity between
metallic- and semiconducting-SWNTs in their non-covalent interactions with planar
aromatic molecules or moieties, which with the different solubility characteristics enable
convenient solution-phase separation. Lastly, my focus will center on the development of
lightweight composites to be utilized in two categories: one for ultra-high TC and the
other for materials of high TC but no EC. Therefore, the development of such materials is
highly dependent on the selection of nano-scale fillers and their configurations in various
matrices and thus the interfacial properties. For example, those flexible composites of
high TC consist of two components, one of those of extremely high TC (coupled), and
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the other of high TC but no EC (decoupled), which are both based on the use of GNs and
BNNs as nanofillers, respectively. Hence, reported herein is the exploitation of various
mechanisms that dictate TC and EC in nanocomposite materials to achieve a high TC/EC
ratio.
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CHAPTER 1
INTRODUCTION-METALLIC SINGLE-WALLED CARBON NANOTUBES
FOR ELECTRICALLY CONDUCTIVE MATERIALS AND DEVICES
1.1 Introduction
Carbon nanotubes are often described in the literature as being extremely electrically
conductive.1-5 For single–walled carbon nanotubes (SWNTs), however, the widely
prescribed high electrical conductivity is associated only with the metallic ones. The
currently available production methods for SWNTs generally yield metallic and
semiconducting mixtures. Conceptually, the formation of an SWNT may be understood
in terms of a graphene sheet being rolled into a cylindrical structure,6,7 for which the
operation requires a chiral vector Ch, consisting of two primitive vectors (Ch = na1 +
ma2), to match the graphene carbon atoms from edge to edge (Figure 1.1). The chiral
vector, also commonly referred to as the chiral index (n,m) (or chirality, helicity),
uniquely defines the diameter (d) and chiral angle (θ) of an SWNT:

d =

3 a c -c

n 2 + nm + m 2

p

q = tan -1 [ 3m / ( 2 n + m )]
where ac-c (~0.142 nm) is the nearest neighbor C-C distance. Depending on the
corresponding chiral vector, an SWNT is either metallic (including semi- or quasimetallic) or semiconducting, which is often referred to as “metallicity”. When n - m ≠ 3q
(q is an integer), the electronic density of states (DOS) in the SWNT exhibits a significant
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band-gap near the Fermi level, and the nanotube is thus semiconducting; when n - m =
3q, the conductance and valence bands in the SWNT overlap, and the nanotube is thus
metallic (or semi-metallic when n ≠ m). Statistically there are twice as many ways for
rolling a graphene sheet into a semiconducting SWNT as ways for rolling the same sheet
into a metallic SWNT. Therefore, the metallic-to-semiconducting ratio of 1:2 should
generally be expected in an as-produced mixture of SWNTs.
There have been many predictions and reports in the literature on the superior
properties of SWNTs for potentially a wide variety of technological applications.8-12
Among those based on the high electrical conductivity are the use of SWNTs in high
mobility or even ballistic transistors,13-15 and in the development of electrodes for signal
transmission and detectors for sensing chemical and biological materials.16-21 In the
ongoing pursuit of new and/or renewable energy sources, SWNTs are considered as
potentially excellent building blocks for a variety of energy conversion and storage
technologies, such as in optoelectronic devices,1,9,22-34 batteries and supercapacitors,9,35-42
and various fuel cells.9,43-47 While these are all potentially exciting applications, what is
often missing in many studies and/or development efforts has been an acknowledgment of
the fact that as-produced nanotube samples are mixtures of metallic and semi-conducting
SWNTs, which are distinctively different in electrical conductivity and many other
aspects. Indeed, a lot of the widely prescribed and/or predicted potential SWNT
applications exploit the properties of metallic SWNTs, which generally speaking represent
the minor fraction in the as-produced mixtures. Therefore, the harvesting of sufficient
quantities of metallic SWNTs is critical to the relevant technological applications.
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metallic
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Figure 1.1. The conceptual SWNT formation by rolling up a graphene sheet. As an example, the
dashed lines represent the two edges that will merge in the rolling up of a (7,3) semiconducting
SWNT.56

3

Beyond electrical conductivity, metallic and semiconducting SWNTs also differ in
many other physical and chemical properties (static polarizibility, doping effect, chemical
reactivity, and those related to electronic structures. For example, it is known that
semiconducting SWNTs are extremely sensitive to electrical gating, and capable of
conductance changes by orders of magnitude under various electrostatic gate voltages.4851

Conversely, metallic SWNTs are less sensitive to molecular adsorption and chemical

gating, since charge transfer does not significantly affect the charge density at the Fermi
level.48 In the widely pursued use of SWNTs in transparent conductive coatings to
compete with the currently predominant indium tin oxide (ITO) technology,4,52 metallic
SWNTs are obviously required. Since semiconducting SWNTs are more absorptive than
their metallic counterparts,53 the presence of the former in the coatings is negative to
performance in terms of both lower electrical conductivity and reduced optical
transmittance. In fact, these technological needs have been driving the development of
methodologies for post-production separation of SWNTs, especially for the isolation of
the metallic ones for their lower population (thus relatively more valuable) in the asproduced mixtures.5
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1.2. Harvesting Metallic SWNTs
There are presently no production methods that could selectively yield metallic
SWNTs.Therefore, post-production separation has and will continue to represent a viable
option for the harvesting of highly enriched metallic SWNTs in sufficient quantities.54-58
The separation methods reported in the literature generally exploit the differences
(beyond those in electrical conductivity) between metallic and semiconducting SWNTs,
including static polarizability and surface characteristics, chemical reactivity, etc.
SWNTs defined by different chiral index values are often of different diameters, and the
difference is particularly meaningful in nanotube samples of broad size distributions,
such as those from high pressure carbon monoxide (HiPCO) and similar production
methods. For post-production separation in various quantity scales, agents from DNAs
and surfactants (coupled with ultracentrifugation or electrophoresis) to those with more
specifically targeted selective interactions and thus for separation in relatively larger
quantities have been developed and used with significant successes.59,60
The wrapping of SWNTs by DNAs was found to be selective between the nanotubes
of different chiral index values,62,63 which has served as the basis for now well-developed
density gradient ultracentrifugation (DGU) method for post-production separation.54,57,6467

According to Zheng, et al.,68,69 single-stranded DNAs (ssDNAs) readily adsorb onto the

nanotube surface and efficiently disperse SWNTs upon ultrasonication. Since ssDNAs
are negatively charged species, they express linear negative charges on the wrapped
SWNTs. On the other hand, metallic and semiconducting SWNTs have different
polarizabilities and also different size profiles, which result in different linear charge
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densities in the ssDNA-wrapped SWNTs. Zheng, et al. exploited such differences for the
separation of metallic and semiconducting SWNTs in an anionic exchange column.69,70
Hersam and coworkers first used centrifugation to separate ssDNA-wrapped SWNTs
in solutions with a density gradient medium.57 Upon centrifugation, the nanotubes formed
discrete colored bands in the centrifuge tubes, from which SWNTs of different diameter
distributions were harvested and, in the resulting optical absorption spectra,
semiconducting SWNTs with different chiralities were identified. Subsequently, the same
group substituted DNAs with surfactants in the DGU method.65-67 For example, SWNTs
were dispersed with a mixture of sodium cholate and sodium dodecyl sulfate (SDS),
followed by ultracentrifugation in density gradient media. Kataura and coworkers
recently found that SDS plays an integral role in density gradient centrifugation and
agarose gel separations (more details below) due to its straight alkyl tail and charged head
group, allowing metallic and semiconducting SWNTs to be well-dispersed first and then
their discriminations and separation.59
Other than the ultracentrifugation the ssDNA-dispersed HiPCO SWNTs have been
separated by ion exchange chromatography.70 However, the method was reported to be
ineffective in the separation of metallic SWNTs. In another method that exploited the
dispersion of SWNTs by DNAs or conceptually similar surfactant species, agarose gels
(originally developed for DNA separation) were used to separate metallic and
semiconducting SWNTs.71-74 For the separation, a nanotube sample from the HiPCO or
laser-ablation production was dispersed in a surfactant (SDS) solution, followed by
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centrifugation to remove impurities and those bundled SWNTs.71 The resulting
dispersion was mixed with liquid agarose gel for gelation. The gel containing SDSdispersed SWNTs was frozen, thawed, and squeezed to yield a solution of enriched
(70%) metallic SWNTs, while the semiconducting SWNTs (95%) were left in the gel.71
The same separation was later demonstrated on column-based gel chromatography.73,74 It
seems that this method is more amenable to scaling-up than the DGU or the ion exchange
chromatography discussed above, though the separation efficiency may still be limited by
how effectively SWNTs are dispersed to the individual nanotube level by SDS or a
similar surfactant. Recently, it was reported that the SWNT-surfactant interaction is a
dominating factor in separation.59 Among the parameters that affect the interactions are
pH, temperature, and agarose concentration. Specifically, a higher agarose concentration
could result in an increase in the amount of un-adsorbed SWNTs.59 In the subsequent
separation with allyl dextran-based size exclusion gel, 13 highly enriched semiconducting
SWNT species (corresponding to different chiral indices) were collected, and metallic
SWNTs due to their weaker interactions with the gel remained unbound (thus collected
after elution).
Metallic and semiconducting SWNTs are apparently wrapped differently by DNAs or
more generally in the same concept by surfactant molecules, as discussed above on
various approaches to exploit such differences for post-production separation purposes.
The nanotubes also have different interactions with selected functionalization or
solubilization agents. Such selective interactions, sometimes considered as noncovalent
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functionalizations, have been found to allow relatively facile post-production separation
at significant quantities.58,75-81
Since Haddon and coworkers initiated the functionalization and solubilization of
carbon nanotubes with octadecylamine (ODA),82 alkyl amines have been used
extensively for similar purposes. In the thermal reaction of alkyl amines with purified
SWNTs (by oxidative acid treatment, thus the creation of carboxylic acid moieties on the
nanotube surface),82-85 the functionalization was thought to be primarily the formation of
ammonium-carboxylate zwitterionic bonds.85,86 In addition to the chemical bonds, the
chemical adsorption-like strong interactions of a great quantity of amino molecules on the
nanotube surface were also considered as playing a significant role in the
functionalization and solubilization of the nanotubes.87 By recognizing this combination
of chemical bonds and strong interactions in the functionalization of purified SWNTs
with ODA (Figure 1.2), Papadimitrakopoulos and coworkers first reported that the
solubilization was preferential towards the semiconducting SWNTs; thus their separation
from the metallic counterparts.79,80 It was proposed that the observed selectivity toward
the solubilization of semiconducting SWNTs could be attributed to the charge
redistribution on the surface of semiconducting-enriched small bundles together with the
formation of an ordered 2D arrangement of NO3/surfactant amine/water layer.80 The
method was apparently more effective for smaller diameter SWNTs from the HiPCO
process (0.8 - 1.3 nm) than larger diameter SWNTs derived from laser ablation
production (1.15 - 1.55 nm).79
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Figure 1.2. Pictorial representation of possible ODA interactions with oxidative acid purified
SWNTs through (A) zwitterions formation and (B) physisorption-assisted organization of ODA
on SWNT sidewalls.79
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Figure 1.3. The post-production separation scheme with the use of derivatized pyrene and
porphyrin compounds.75,76
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Sun and coworkers exploited the selectivity in the noncovalent functionalization of
SWNTs with planar aromatic molecules, such as the derivatized porphyrin or pyrene
(Figure 1.3), for the post-production separation.75-78 The separation method simply
“splits” the starting nanotube mixture by selectively solubilizing semiconducting SWNTs
and leaving their metallic counterparts behind, and consequently is capable of handling
significant sample quantities. Experimentally, as-produced samples of SWNTs from the
arc discharge or laser ablation production were purified in the widely used procedure
involving nitric acid treatment.76 The purified sample was dispersed in an organic solvent
such as tetrahydrofuran (THF) with the selected planar aromatic molecule, derivatized
porphyrin or pyrene with long alkyl chain(s), aided by homogenization and sonication.
These conditions were similar to those commonly used in the noncovalent
functionalization of carbon nanotubes.88 The resulting dispersion was separated via
simple centrifugation to yield the soluble fraction containing noncovalently
functionalized semiconducting SWNTs and the insoluble residue enriched with metallic
SWNTs.75,77 The same separation could be improved by repeating the same procedure for
a second time, though hardly necessary for a third repeat. The selective interaction
between separation agents and semiconducting SWNTs was reflected by their
diminishing of both the S11 and S22 absorption bands of the nanotubes (doping effects due
to “adsorption” of aromatic moieties onto the nanotube surface).81,89 Separated metallic
and semiconducting SWNTs could readily be recovered from the soluble fraction and
residue, respectively, by removing the separation agents in repeated solvent washing
and/or dialysis.76,78 The experimental conditions for the recovering were sufficiently mild
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so as not to change the dispersion characteristics of the separated SWNTs.78,90 The
separation agents could also be recovered nearly quantitatively, as verified by NMR
results, and reused for the same separation purpose.90
More recently a molecule with a pair of planar aromatic moieties (Figure 1.4) was
synthesized and used to exaggerate the difference between metallic and semiconducting
SWNTs in the noncovalent functionalization and solubilization.78 The molecule
representing essentially the “molecular tweezers” approach (Figure 1.4) exhibited
significant selectivity toward semiconducting SWNTs in the solubilization to allow the
convenient harvesting of bulk metallic and semiconducting fractions of high purities, up
to 92% and 97%, respectively, according to optical absorption spectral results (Figure
1.5).
Electron microscopy analyses of the separated fractions revealed no significant
differences in their images from those of the pre-separated mixtures.58,76,78 Major
differences were observed in their near-IR absorption (Figure 1.5) and resonance Raman
spectra, consistent with the metallic and semiconducting fractions.58,76,78 In Raman
spectra (Figure 1.6), the G-band of the metallic fraction was much broader and more
asymmetric, known as the Breit-Wigner-Fano (BWF) feature,92 as compared with those
for the pre-separation nanotube sample and more so the semiconducting fraction.
Lu, et al. also applied the same noncovalent functionalization approach to the
purification of SWNTs.92 A water-soluble pyrene derivative 1-pyreneacetic acid was used
to solubilize the purified (typical nitric acid treatment) SWNTs in aqueous solution,
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allowing a nearly complete removal of residual metal catalysts and carbonaceous
impurities. According to thermogravimetric analysis (TGA) results, the purified sample
of SWNTs contained little other carbonaceous impurities and no more than 3% of
residual catalysts by weight (obviously much less by volume due to the much higher
density of the metals than that of carbon).92 The noncovalent functionalization of SWNTs
with 1-pyreneacetic acid in an aqueous solution was non-selective toward either metallic
or semiconducting SWNTs, with hardly any changes in their ratio in the purification
according to quantitative Raman results. Another important feature for the purification
was such that the highly pure SWNTs remained solvent-dispersible,92 obviously valuable
to the targeted use of the purified sample in the separation into metallic and
semiconducting fractions. Therefore, a combination of the purification method and the
molecular tweezers, both based on planar aromatic molecules or moieties and their noncovalent interactions with the nanotubes, should enable the harvesting of metallic
SWNTs with high sample purity as well as high metallicity purity.
There have been computational studies on the selectivity in noncovalent
functionalization of SWNTs with planar aromatic molecules.93 The results, suggesting
that the adsorption strength in the most stable configuration of porphyrin and pyrene on a
semiconducting (10,0) vs metallic (6,6) SWNT was different (with the former being
larger),93 were thus consistent with the experimental observation that these aromatic
species were selective toward functionalizing semiconducting SWNTs over their metallic
counterparts.
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Bis-pyrene – the “molecular tweezers”

Figure 1.4 Upper panel: the chemical structure of 1,1’-bis-pyrene butyoxyl-p-xylene < (bispyrene); lower panel: schematic illustration of the molecular tweezers approach for the postproduction separation of metallic and semiconducting SWNTs with the use of bis-pyrene.58
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Figure 1.5. Optical absorption spectra of the separated metallic (dashed lines: green, in DMF
dispersion; black, in solid-state thin film) and semiconducting (solid lines: red, in DMF
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dispersion; black, in solid-state thin film) fractions. The same spectra on the wave number scale
are shown in the insert, with the S11, S22 and S33 peaks marked.58
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Figure 1.6. Raman spectra (785 nm excitation, with the G-band region featured in the insert) of
the pre-separated SWNTs (solid line), and the separated metallic (long dashed line) and
semiconducting (short dashed line) fractions.58
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Figure 1.7. Transmittance and resistivity tuning using the controlled colloidal templates.120
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The selectivity in the noncovalent functionalization of metallic vs semiconducting
SWNTs is apparently dependent on the specific planar aromatic molecule, positive for
one pyrene derivative (1-docosyloxymethyl-pyrene or DomP, Figure 1.3),76,89,90 and
negative for another (1-pyreneacetic acid).92 Such dependence actually strengthens the
argument for the selectivity. Anthracene derivatives were also found to be generally poor
or even incapable of selectively solubilizing semiconducting SWNTs for the intended
separation,56,94 so were molecules with a pair of anthracene moieties. Nevertheless, a
number of other aromatic compounds, including coronene tetracarboxylic acid,95
derivatized pentacene,94,96 and crown ether-terminated pyrene,97 have been used for the
similar separation of metallic and semiconducting SWNTs. An interesting twist was that
the crown ether-terminated pyrene was reported to be selective toward solubilizing
metallic HiPCO SWNTs in chloroform.97 With the recent success,58 the further design
and use of molecular tweezers probably represent the most promising for improvements
in both the separation operation itself and the separation results (especially the purity of
the separated metallic SWNTs).
1.3 Electrically Conductive Nanocomposites
Owing to their remarkable electrical properties and structural uniqueness, SWNTs
have been extensively incorporated into polymers for the fabrication of electrically
conductive nanocomposites.76,98 These conductive composites showed promising
potentials in the diverse applications such as electrostatic dissipation, electrostatic
painting, electromagnetic interference (EMI) shielding, printable circuit wiring, and
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transparent conductive coating.99 The conductivity of SWNT-polymer composites follow
the established percolation theory. Namely, electrical conductivity jumps sharply when
SWNTs form a three-dimensional conductive network within the matrix.100 Percolation
occurred from an SWNT loading of as low as 0.005 vol% to a few vol%, depending on
the processing technique, nanotube structure and morphology, etc.101 Since SWNTs are
heavily bundled and tend to aggregate in the polymer matrix, homogenously dispersing
nanotubes in solvents is a prerequisite for solution-based casting techniques. Fortunately,
there has been significant progress in the solubization and functionalization of carbon
nanotubes to enable relatively simple fabrication of the relevant conductive
nanocomposites.102 Various polymers, including conductive polymers, have been used for
the incorporation of SWNTs for nanocomposites from different casting processes.
1.3.1 Composites with Non-Enriched SWNTs
In a recent report by Carey and coworkers SWNTs were covalently functionalized
with poly(aminobenzene sulfonic acid) and then mixed with poly(vinyl alcohol) for spin
casting.103 The conductivity increased with nanotube loading and reached 10-3 S/m at the
highest loading of 15 vol%. The relatively low conductivity was likely due to the damage
of electrical structure by covalent linkage and the presence of a thin polymer coating
surrounding the nanotubes. Noncovalent functionalization might be more advantageous
in preserving the electrical properties of SWNTs with minimal damage to the nanotube
surface. For examples, SWNTs noncovalently functionalized with polyvinyl butyral were
injected onto the surface of an ethanol-water solvent mixture to form thin composite
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films.104 The films were then transferred onto glass or plastic substrates. The observed
sheet resistances decreased with the increase in nanotube loadings, reaching 3.8 × 106 and
4.6 × 104 Ω/sq (corresponding to 717 S/m) in films with 50 wt% and 80 wt% SWNTs
(68% transmittance), respectively. By using a similar functionalization scheme, Guo, et
al. fabricated SWNT/polyacrylonitrile composites with various nanotube loadings via
drop-casting.105The conductivity values were 88, 243 and 5500 S/m for the composites
with 5, 10, and 20 wt% nanotube loadings, respectively.
Sung, et al. constructed transparent HiPCO SWNT/poly(styrene-block-4vinyl
pyridine) composite films via spin coating. The sheet resistance in the composite film
with ~90% transmittance was approximately 700 kΩ/sq at 7% nanotube loading.106
Interestingly, upon doping with HAuCl4·3H2O, the sheet resistance decreased to as low
as 6 kΩ/sq. However, the high cost of the gold salt makes this technique less practical for
production of conductive composites at large scales. For HiPCO SWNT/polystyrene
composite films fabricated by a filtration method, the conductivity was ∼100 S/m at ∼22
wt% of nanotube loading (compared to 104 S/m in neat nanotube film).107 Bryning, et al.
incorporated laser-oven SWNTs and HiPCO SWNTs into epoxy matrices by dispersing
the nanotubes with epoxy resin in N,N-dimethylformamide.108 Upon curing the
composites, SWNTs were allowed to re-aggregate slightly to acquire low percolation
thresholds by increasing the local interactions between nanotubes. The results seemed to
be contradictory to the common observation that well-dispersed nanotubes generally have
a lower percolation threshold. Grunlan, et al. reported an emulsion-based process to
produce porous SWNT/poly(vinyl acetate) composites.109 In their work, Gum Arabic-
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stabilized SWNTs were combined with poly(vinyl acetate) emulsion to create an aqueous
pre-composite mixture. During drying, microscopic solid polymer particles in the
emulsion pushed the nanotubes into an interstitial (or segregated) network, achieving low
percolation threshold (estimated to be about 0.04 wt%, with maximum conductivity of
101.25 S/m at 4 wt% nanotube loading).109 Very recently, spin-spray layer-by-layer
(SSLbL) assembly, a combination of multiprocessing techniques, was used to generate
composite films from PSS- or Nafion-stabilized SWNTs and PVA.110 SSLbL-assembled
films with integrated CNTs yielded a better correlation between LbL film growth and
conductance than previously seen for these systems.
SWNT/polymer composites could also be made by a two-step fabrication process. For
example, SWNT films were first fabricated on glass slides via Mayer rod coating, and
then polymers such as polyvinyl alcohol (PVA), Nafion, and poly-vinylidenefluoride
(PVDF) were infiltrated into SWNT networks.111 As the polymer occupied the empty
space between the nanotubes, a freestanding SWNT/polymer composite film could be
obtained by peeling the film off the glass substrate. In comparison to the performance in
pristine SWNT films, the sheet resistance values in the PVA-SWNT and PVDF-SWNT
composite films were higher by factors of 8 and 3, respectively, while the sheet resistance
in Nafion-SWNT was slightly lower. The resistance change was attributed to the
difference in the electron-donating and electron-withdrawing capabilities of the
polymers.112 In another report, SWNT-based nanofoams (crosslinked SWNT networks
with carbon nanoparticles as binder) were prepared and subsequently used as scaffolds to
create poly(dimethylsiloxane) composites via the infiltration method.113 The observed
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conductivity value was 1 S/cm in the composite with a low nanotube loading level (1.2
wt%).
Transparent SWNT/insulating polymer nanocomposites have not been made with
high conductivity values, mainly because of the intrinsic charge localization arising from
insulating polymer dispersant. In a direct comparison, SWNTs were stabilized with
insulating surfactant (SDS) or conductive poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS).114 Both SWNT dispersions were introduced into polystyrene
matrix via a latex-based route. Composites with PEDOT:PSS-stabilized SWNTs showed
a percolation threshold of 0.18 wt% and a conductivity value of 500 S/m, compared to
3.8 wt% and 20 S/m for the SDS-based composites, respectively. The authors attributed
the conductivity enhancement to “conduction bridge” formed by the conductive polymer
between adjacent SWNTs.114,115
Conjugated polymers are conductive upon doping and capable of effectively
dispersing SWNTs in term of π-π stacking between their multi-aromatic moieties and the
nanotube surface. Therefore, various conjugated polymers including polypyrrole,
polyaniline (PANI), polythiophene and their derivatives have been successfully
incorporated into conductive SWNT composites to minimize the electrical resistance.
Xian, et al. used electrochemical approach to prepare layered SWNT/polypyrrole
composites.116 A SWNT array was loaded onto a heavily doped silicon wafer, followed
by electro-polymerization of pyrrole layer on top of SWNTs. A free-standing,
transparent, and conductive composite film was obtained after peeling off from silicon
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substrate, achieving sheet resistance of ~20 kΩ/sq at transmittance of 68%. Similarly, Ge,
et al. prepared SWNT films by vacuum filtration method and electrochemically deposited
PANI layer on top of the SWNT film.117 The SWNT/PANI composite film exhibited a
sheet resistance of 1.5 kΩ/sq at 65% transmittance (500 nm). Ma, et al. found that only in
situ polymerized thin layer of conductive polymer (polyaniline boronic acid) could
effectively interlink the SWNTs and thus increase the conductivity.118 Composites by
simply mixing a preformed conducting polymer with dispersed SWNTs did not exhibit
conductivity enhancement. Following this strategy, Yu, et al. dropped monomer solution
onto SWNT films and photopolymerized the monomer to obtain a SWNT/polymer
composite.119 The sheet resistances of the composite films varied from 500 Ω/sq (87%
transmittance) to 20 Ω/sq (40% transmittance). The composites could be reversibly
stretched by up to 50% strain with little change in sheet resistance after annealing.
Kim, et al. fabricated SWNT composite films with ordered voids by using sacrificial
two-dimensional (2D) silica colloidal template (Figure 1.7).120 Experimentally, SWNTs
stabilized with water-soluble polythiophene were mixed with a suspension of silica
colloidal particles, and then assembled into 2D colloid–SWNT array on flexible
substrate. Selective removal of silica colloids led to a composite film with regular voids,
which showed a surface resistivity of 4.5 kΩ/sq at 95% transmittance. These films gave
superior optical transmittance compared to those films with random network structures
because the ordered voids enabled efficient transmittance of light (Figure 1.7).
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Poly(3,4-ethylenedioxythiophene) (PEDOT) with and without dopant
poly(styrenesulfonate) (PSS) has been the most commonly used conductive polymer for
SWNT composites. De, et al. prepared composite films by vacuum filtration from
aqueous dispersions with PEDOT:PSS as the matrix and both arc and HiPCO SWNTs as
the filler.121 The optimal performance was observed for an 80 nm thick film containing
60 wt% arc SWNTs, with sheet resistance of 80 Ω/sq at 75% transmittance.
Electromechanical testing showed these films to be stable under flexing and cycling.
Later, a modified PEDOT copolymer with enhanced solubility, perchlorate-doped
poly(3,4-ethylenedioxythiophene)-block-poly(ethyleneoxide) (P-PEDOT-b-PEO) was
used to disperse SWNTs and then to fabricate conductive nanocomposites via vacuum
filtration method.122 The sheet resistance of the composite film was about 600 Ω/sq with
80% transmittance.
1.3.2 Composites with Separated Metallic SWNTs
Metallic SWNTs are of extremely high electrical conductivity, with the theoretical
value estimated as high as 106 S/cm.123 It is also well-established that the propagation of
electrons in metallic nanotubes is ballistic, largely free from scattering over a distance in
thousands of atoms.5 With their resistance approaching the theoretical lower limits,124,125
metallic SWNTs may, in principle, carry an electrical current density of 4 × 109 A/cm2,
more than 1,000 times greater than that in electrically conductive metals such as
copper.126 Indeed, since the first fabrication and investigation of electrical devices based
on metallic SWNTs in 1997,127,128 a number of other potential applications have been
pursued,129 including especially the development of electrically conductive polymeric
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nanocomposites,76 and the use of SWNTs to mitigate static charges in thin film materials
and related devices.130
However, the reported conductive SWNT/polymer composites have mostly been
based on the mixture of metallic and semiconducting nanotubes. In addition to the
resistance from polymer matrix, the large inter-tube junction resistance, especially
between metallic and semiconducting tubes, dramatically compromised electrical
performance of the SWNT-based composites. Sun and coworkers unambiguously
demonstrated that the separated metallic SWNTs did offer much enhanced performance
in nanocomposites with conductive polymers poly(3-hexylthiophene) (P3HT) and other
polythiophenes.76 The separated metallic SWNTs were dispersed in P3HT solution for
drop-casting the composite films. Electrical conductivity measurements revealed that the
composite films were obviously more conductive than those containing non-separated
mixture of SWNTs. The conductivity improvement was more than one order of
magnitude with 20 wt% metallic SWNT loading (Figure 1.8).
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Figure 1.8. Upper panel: electrical conductivity results of P3HT/SWNT = composite films
depending on (left) different amounts of pre-separated (%) and separated metallic (#) nanotube
samples, and (right) their corresponding effective metallic SWNT contents in the films (dashed
line: the best fit in terms of the percolation theory equation
Lower panel: Surface resistivity results of PEDOT:PSS/SWNT films on glass substrate with the
same 10 wt% nanotube content (#: pre-separated purified sample and .: separated metallic
SWNTs; and for comparison, N: blank PEDOT:PSS without nanotubes) but different film
thickness and optical transmittance at 550 nm. Shown in the inset are representative films
photographed with tiger paw print as background.76
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The superior conductivity of separated metallic SWNTs was also verified in the
transparent conductive PEDOT:PSS composites. A suspension of the separated metallic
SWNTs or the pre-separation nanotube mixture in DMSO was mixed with aqueous
PEDOT:PSS for spray coating onto glass substrate. The thickness of the composite films
reflected by transmittance was controlled by spraying different volumes of nanotube
suspension. Again, the composite films with enriched metallic SWNTs were consistently
and substantially more conductive than those with non-separated SWNTs (and both better
than the films with neat PEDOT:PSS, Figure 1.8).76
1.3.3. Transparent Conductive Coatings and Films
In nearly all devices encompassing some type of conversion between electrons and
photons, a component that is electrically conductive yet optically transparent is
necessary.131 Though indium tin oxide (ITO) coating technology is the predominant
method used to create transparent electrodes,52,132,133 significant deficiencies have been
identified, including their incompatibility with flexible substrates and demanding
processing conditions. Thus, the use of carbon nanotubes as potential replacements of
ITO in transparent conductive coatings, especially those requiring high flexibility, has
been a research endeavor of great interest ever since the discovery of
SWNTs.4,29,134Again it is the metallic fraction in nanotube mixtures that is responsible for
the extremely high electrical conductivity, so that the use of metallic SWNTs are
particularly promising to the desired low resistivity and high optical transparency in the
electrodes.5
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Because of the generally scarcity of separated metallic SWNTs, most of the reported
nanotube films as transparent electrodes have been based on nanotube mixtures
(containing both metallic and semiconducting SWNTs, with the former being the minor
fraction).5 These nanotube films are quasi-2D interconnected networks, in which the
electrical conductivity is controlled by both the intrinsic conductivity of individual
SWNTs and tube-tube junctions.126,135 Many approaches have been applied to the
fabrication of transparent conducting coatings (ultra-thin films) from SWNTs, including
spraying, filtration, rod/wire coating, layer-by-layer deposition, spin coating, and dip
coating.
Spray coating, a simple method for directly fabricating nanotube films in any size on
various substrates, has been employed in many investigations. For example, Lee and
coworkers used air spraying to fabricate films of arc discharge-produced SWNTs on
flexible substrate.136 In their experiment, a suspension of surfactant (SDS)-dispersed
SWNTs was sprayed onto a preheated (100 ºC) polyethylene terephthalate (PET)
substrate, followed by repeated rinsing in water to remove SDS. Upon doping in
concentrated HNO3, the sheet resistance of the nanotube coating could reach ~40 Ω/sq or
70 Ω/sq for optical transmittance of 70% or 80% at 550 nm, respectively.136 Blackburn
and coworkers modified the spraying process by replacing the airbrush pistol with an
ultrasonic spray head, allowing more controlled, uniform and reproducible coating of a
specific amount of SWNTs on a large substrate.137 Generally speaking, however, while
spray coating is simple and flexible, the resulting films have an inherent sparse density
that may decrease the electrical conductivity, negative to performance.136 Even with the
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use of separated metallic SWNTs, according to Lu, et al.,78 the spray-coated films also
exhibited relatively poorer performance. The observed surface resistivity values were
actually not so different between films of as-purified SWNTs and separated metallic
SWNTs, mostly on the order of 20,000 Ohms/sq at 80% optical transmittance (550 nm).
The results were attributed to the aggregation of the nanotubes before and during the air
spray fabrication.29,78 The presence of a surfactant in the dispersion of SWNTs would
generally mitigate some of the negative aggregation effect.78 For example, the nanotubes
could be better dispersed in a dilute aqueous solution of SDS (0.1 wt%) for the simple air
spray coating. After the film fabrication on glass substrate, the removal of surfactant from
the film was achieved by dipping the specimen into deionized water several times. The
electrical conductive performance in these films was significantly improved. For the
films of as-purified SWNTs at 91% and 80% optical transmittance (550 nm), the surface
resistivity values were 11,000 Ohms/sq and 3,000 Ohms/sq, respectively.
Vacuum filtration is another popular method in the fabrication of transparent
conductive films, which are morphologically like “bucky-papers”.29,42,138,139 For example,
Rinzler and coworkers used filtration to fabricate coatings from laser ablation-produced
SWNTs.29 Experimentally, the nanotube sample was first dispersed in solution with
surfactants and then filtered through a porous membrane to form a thin film on the
membrane. Upon the removal of surfactants via careful washing, the film on the filter
membrane could reach electrical sheet resistance down to 30 Ω/sq, with an estimated
optical transmittance of approximately 70% in the visible spectral region.29 A number of
advantages have been discussed regarding the filtration method, including a more
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homogeneous distribution and improved packing of SWNTs in the coated films.29,78 The
homogeneity is attributed to the compensation effect naturally associated with the
filtration process, such that the already deposited nanotubes would reduce the flow of the
nanotube suspension, thus depositing additional nanotubes into other less dense areas of
the film, while the packing for improved contacts between nanotubes is due to the
vacuum-pressing in the filtration.29,78 However, films thus fabricated are limited by the
filter size, a drawback for applications requiring larger size films. Since most membrane
filters are largely opaque or incompatible with electronic devices, an additional process to
transfer films from the filter membrane to the desired substrate is required for
characterization and/or device construction. There are primarily two methods for such
transfer: one involves dissolving the filter wet-chemically to release the film;29,138 and the
other involves using an adhesive stamp to peel the film from the filter membrane.32
Lu, et al. applied the vacuum filtration fabrication to the comparison between films of
as-purified SWNTs and separated metallic SWNTs (about 85% purity in metallicity).78 In
the fabrication, the two nanotube samples were each dispersed into an aqueous solution
of SDS. Porous alumina membrane was used as filter in the vacuum filtration of the
suspended SWNTs. After filtration, the film on the filter was washed repeatedly with
deionized water to remove the surfactant SDS, where the progress in surfactant removal
via repeated washing was monitored in terms of TGA measurements, until no weight loss
to 230 ºC under nitrogen atmosphere. The resulting films were characterized by using
Raman spectroscopy, from which the results confirmed the higher content of metallic
SWNTs in the film corresponding to the separated metallic fraction, The porous alumina
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membrane as filter and then as substrate for the nanotube film is not optically fully
transparent (Figure 1.9), so that a more direct comparison between the films from aspurified and separated metallic SWNTs was performed by keeping fabrication procedures
for the films identical and by quantitatively determining the amount of nanotubes used in
each film. Shown in Figure 1.9 are variations in the observed surface resistivity against
nanotube contents in the films on alumina membrane filter. Clearly the electrical
conductive performance in the films from the separated metallic SWNTs was consistently
much better than that in the films from as-purified SWNTs. Optical transmittances of
selected films on the alumina filter were estimated by transferring the films to a
transparent substrate. The results thus obtained suggested that at ~80% transmittance
(550 nm) the surface resistivity of the film from metallic SWNTs was less than 100
Ohms/sq, significantly lower than that of the film from as-purified SWNTs. Such a
performance level achieved with the nanotube films is already competitive to that of ITO
coatings for some applications.140,141
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Figure 1.9. Films of SWNTs on alumina filters from the as-purified sample (left) and the
separated metallic fraction (right).78 A direct comparison of surface resistivity values in films of
SWNTs (fabricated via vacuum filtration) from the as-purified sample (%) and the separated
metallic fraction (O).78
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Rod/wire coating is another widely used fabrication method for transparent
conductive films of SWNTs, which is compatible with various substrates and often used
in the coating industry for the continuous and scalable production of liquid thin
films.142,143 A critical aspect in the rod coating process is the preparation of coating fluids
with specific rheological behavior and wetting properties. For example, a mixture of the
sodium dodecylbenzenesulfonate (SDBS) and Triton X-100 surfactants was used to
disperse SWNTs for enhanced viscosity of the coating fluid.142 The nanotube films from
the coating, upon acid treatment, exhibited sheet resistances of 80 Ω/sq and 140 Ω/sq for
70% and 80% optical transmittances at 550 nm, respectively.142 Layer-by-layer
deposition is another frequently used method for fabricating SWNT films,144-146 in which
thin films are created by alternately exposing a substrate to a polymer solution and an
aqueous suspension of SWNTs (with a negatively charged surfactant such as PSS or SDS
as a dispersion agent).144 For example, a film thus fabricated was treated in the doping
process with fuming sulfuric acid to reach a sheet resistance of 86 Ω/sq for 80% optical
transmittance at 550 nm, though additional measures were necessary to preserve the
doping effect for the performance stability over time.144 Kotov and coworkers took
advantage of the layer-by-layer engineering method to prepare composite coatings by
immersing slides in 0.1 wt% hydroethyl cellulose (HOCS) for 1 min, followed by rinsing
in water and then drying with compressed air.112 Subsequently, these slides were dipped
into the sulfonated polyetheretherketone (SPEEK)-stabilized SWNT solutions for 2 min,
followed by similar rinsing and drying. The films were found to have a conductivity of
1.1 x 10 5 S/m and a sheet resistance of 920 Ω/sq at 86.7% transmittance. The nanotube
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films were doped on the basis of electron transfer from several valence bands of SWNTs
to low lying unoccupied levels.112 In order to partially align SWNTs in the transparent
conductive films for improved performance, spin coating and dip coating have been
found to be more effective.140,147
All these wet-processing methods for nanotube films seem to share some common
features, as determined by the properties of SWNTs and their networks in the coated
films. It is known in the literature that the resistance at inter-tube junction is higher when
the junction is between nanotube bundles.148 Therefore, the homogenous dispersion and
individualization of SWNTs are a prerequisite to the formation of more conductive
nanotube films in terms of wet-processing methods. Indeed, dispersion strategies in these
fabrication methods range from the use of surfactants or polymers as dispersion agents to
aggressive sonication and their various combinations. A potentially negative outcome for
overly aggressive sonication is the shortening of SWNTs, which according to percolation
theory100 and related experiments149,150 is generally less favorable for producing the
desired conductive films. A significant downside involving the use of surfactants or other
dispersion agents is that their complete removal post-fabrication is most challenging, to
say the least, especially regarding the necessity for removing dispersion agents without
affecting the morphology and other desired performance characteristics of the coated
films.136,140
Experimental evidence suggests that the conductivity in nanotube films is dominated
by resistance at the tube-tube junctions.126,135,149,150 Indeed, the contact resistance at
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metallic-semiconducting junctions is three-orders-of-magnitude higher than that at the
metallic-metallic junctions,153 which justifies the use of metallic SWNTs only. It has been
shown that nanotube films post-fabrication may be doped via treatment with a strong acid
(HNO3 or SOCl2) to “metallize” semiconducting nanotubes and to decrease the inter-tube
resistance at the junctions (the mitigation of Schottky barrier), thus significantly
enhancing the electrical conductivity in the films.135,154 However, these doped films are
generally less stable thermally and chemically, often degrading in performance over
time.144,154 Nevertheless, the demonstrated effect of “metallization” does again point to
the great potential of transparent conductive films from separated metallic SWNTs (no
need for metallization and thus no associated problems either).155 According to a direct
comparison by Miyata, et al., the film (90 nm in thickness) from enriched metallic
SWNTs was ~1 kΩ/sq in sheet resistance, whereas the thicker reference film (130 nm in
thickness) by the same fabrication from non-separated SWNTs exhibited a much higher
sheet resistance of ~20 kΩ/sq.155
Yang and coworkers used the separated metallic SWNTs in a systematic evaluation
on transparent conductive films, which also included nanotubes from different sources
coupled with various fabrication conditions.156 It is worth noting that the films were on a
flexible substrate (PET), for which dip coating was used. Again, those films from the
separated metallic SWNTs exhibited sheet resistance down to ~130 Ω/sq for 80% optical
transmittance at 550 nm (Table 1). The comparison of nanotube films with ITO coatings
on the flexible substrate was particularly striking, with the latter apparently broke-down
at the bending angle beyond about 30 degree.156
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Enriched metallic SWNTs from other sources and separation methods have also been
used for transparent conductive films.66,135,157-159 For example, Hersam and coworkers
employed the density gradient ultracentrifugation (DGU) method to harvest metallic
SWNTs of different diameter ranges, with the starting nanotube samples from different
productions (HiPCO, laser ablation, and arc discharge),65,66 and used the enriched
metallic SWNTs for transparent conductive films. The films were fabricated through
vacuum filtration, followed by transfer to transparent hard (glass and quartz) and flexible
(PET) substrates.66 For enriched metallic HiPCO SWNTs, the resulting film exhibited a
sheet resistance of ~231 Ω/sq for 75% optical transmittance at 550 nm, in comparison
with ~1,340 Ω/sq in the reference film of the same optical transmittance from nonseparated HiPCO SWNTs. The films of enriched metallic SWNTs from laser ablationand arc discharge-produced nanotube samples generally exhibited better performance,
with less than 140 Ω/sq sheet resistances at optical transmittances over 70% in the visible
and near-IR spectral regions.66 An interesting twist was that the films of enriched metallic
SWNTs from different sources exhibited distinctive colors due to the different diameter
ranges for the nanotubes, which, as suggested by the authors, might be exploited for
applications in conductive optical filters.66
In another study,160 Maeda, et al. fabricated transparent conductive films by air
spraying enriched metallic SWNTs (from the amine-assisted post-production
separation79,160) onto both quartz and PET substrates. The sheet resistances in the films on
PET were 690 Ω/sq at an optical transmittance of 81% (550 nm) and 9,000 Ω/sq at 97%
(550 nm), which represented reductions by a factor of 20 in comparison with the
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performance in films of non-separated SWNTs.160 The same group also found that the
effectiveness in the separation for metallic SWNTs is determined by the use of different
amines in varying concentrations. The proportion of metallic SWNTs against
semiconducting SWNTs in the separated sample increased with an increase in the
concentration of amines.161 Their results also suggested that metallic SWNTs are more
effective for transparent conductive thin films of higher performance.162
The improved interfacial properties may be another benefit for the use of nanotube
films to replace ITO coatings in certain energy conversion devices. In dye-sensitized
solar cells (DSSCs), for example, the photoanode is typically comprised of
semiconductor nanoparticles deposited on a transparent electrode (generally ITO-coated
glass) and sensitized with a self-assembled monolayer of dye molecules.163 Several
studies on the incorporation of SWNTs into the photoanode have found significant
performance improvements in the resulting DSSCs.38-40,164The use of transparent
electrode made from metallic SWNTs in the photoanode may further enhance the
performance of existing solar cells.
In addition to conductivity, durability and mechanical flexibility are also important in
interactive electronics.165 Bao and coworkers recently spray-deposited SWNT films,
which were directly applied onto a substrate of poly(dimethylsiloxane) (PDMS, activated
by exposure to ultraviolet/O3) from a solution in N-methylpyrrolidone. The films were
stretched by applying strain along each axis, and then released.165 Correspondingly, at
high levels of stress (up to 150%) the membrane conductivity was increased to as high as
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2,200 S/cm in the stretched state. In another recent report by Hobbie and coworkers,166
thin membranes of length-puriﬁed SWNTs were uniaxially and isotropically compressed
by depositing them onto pre-strained polymer substrates. At higher strains, the membrane
conductivity was found to increase due to a compression-induced restoration of
conductive pathways.166 The same group also found that metallic films are generally
better flexible transparent conductive coatings, with higher conductivity/transmission
ratios and durability.167
There is now sufficient evidence to validate, in principle, the long-held expectation
that metallic SWNTs may ultimately be used in transparent electrodes, or at least
alternatives to the ITO technology. In practice, many technical issues from materials
(separated metallic SWNTs) to fabrication have yet to be fully addressed. Beyond
transparent electrodes, metallic SWNTs may find other applications in which extremely
high electrical conductivity and excellent optical properties are both required, or even
some in which optical transparency is not necessary. Again for dye-sensitized solar cells,
as an example, great benefits for using metallic SWNTs to replace presently platinum
metal in the cathode may be expected on the basis of available experimental results.156,164
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1.3.4 Perspective
Metallic and semiconducting SWNTs, which are distinctively different in electrical
conductivity and many other aspects, are mixed in as-produced nanotube samples. While
much effort has been made to produce either metallic or semiconducting SWNTs
directly, with seemingly somewhat more success for the latter, post-production separation
methods (including those for destroying one of the two) have seen significant advances
and major achievements. The available separation methods are now capable of harvesting
separated metallic SWNTs from different production sources, with sufficiently high
enrichment and up to gram quantities for satisfying at least the needs in research and
technological explorations. Further advances in the separation methods are anticipated,
including especially the goals on higher purities (both in terms of nanotube sample and
metallic purities) and maturation for scaling up, though the latter might have to be driven
by the implementation of one or more technological applications. Among the widely
pursued applications, the separated metallic SWNTs are most promising for transparent
electrodes on both hard and flexible substrates, with the latter already competitive to the
ITO coating technology. Finally, the recent emergence of graphene nanosheets and
related materials may offer great opportunities for the development of carbon tube-sheet
hybrid nanotechnologies.
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CHAPTER 2
FACILE AND EFFECTIVE POST-PRODUCTION SEPARATION OF SINGLEWALLED 2 CARBON NANOTUBES WITH PAIRED AROMATIC
MOLECULES: A MOLECULAR TWEEZERS APPROACH

2.1 Introduction
Single−walled carbon nanotubes (SWNTs) have been extensively investigated for
their wide variety of potential applications, from serving as excellent electrical
conductors for transparent electrodes in optoelectronic devices and other energy
conversion systems,1−5 to being used in field-emission transistors or for the harvesting of
infrared photons in detectors or for hyperthermia cancer therapy.5,6 However, asproduced SWNTs are mostly mixtures as an SWNT is either metallic or semiconducting.
The population of semiconducting SWNTs in the as-produced mixtures is generally
higher than that of their metallic counterparts, with a statistically predicted ratio of 2-to-1.
Therefore, postproduction separation of metallic and semiconducting SWNTs is
important to many potential uses of the nanotubes, especially those demanding higher
electrical conductivity yet lower optical absorption.5
Significant effort and progress have been made in the development of methodologies
for postproduction separation of metallic and semiconducting SWNTs.5,7−17 These
methods mostly explore differences between metallic and semiconducting SWNTs in
loading molecular species such as DNA and surfactant or in interacting with various
carefully selected or specifically designed molecules, so as to amplify the differences to
allow subsequent applications of conventional separation techniques such as
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centrifugation. A well-established example is the supercentrifugation fractionation of
SWNTs wrapped with DNA or surfactant molecules.13,14 For the approaches more
relevant to this work, noncovalent interactions that are different between metallic and
semiconducting SWNTs with the selected separation agents, such as amino molecules,8,12
planar aromatic derivatives, 10,11,18 and other species,17 have been used to impart
significant solubility disparities between the nanotubes to enable subsequent relatively
simple gravimetric separation.
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Figure 2.1. The "molecular tweezers" approach in the separation for the harvesting of metallicSWNTs.
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Here, we report the synthesis of a molecule with a pair of planar aromatic moieties
(Figure 2.2) specifically designed to exaggerate the difference between metallic and
semiconducting SWNTs in the noncovalent functionalization and solubilization. As
demonstrated, the molecule exhibited significant selectivity toward semiconducting
SWNTs in the solubilization to allow the convenient harvesting of bulk metallic and
semiconducting fractions of high purities. The results suggest that molecules with paired
aromatic species or essentially molecular tweezers may represent a new class of agents
for more effective and also relatively simple postproduction bulk separation of metallic
and semiconducting SWNTs.
2.2 Results and Discussion
The molecule containing a pair of planar aromatic moieties was designed such that it
would be able to noncovalently functionalize and solubilize SWNTs with selectivity
toward the semiconducting ones. Because the simple pyrene derivative 1docosyloxymethyl-pyrene (DomP) was found to exhibit these desired functions and
selectivity,11,18,19 the bis-pyrene structure shown in Scheme 1 was selected for its
resembling a pair of DomP, with more structural flexibility around the pyrene moiety for
better solubility characteristics. It also contributed to the selection of the molecule
because of its relatively straightforward synthesis. Briefly, 1-pyrenebutanol was reacted
with anhydrous sodium hydride for the conversion to alkoxide, which was then coupled
with 1,1′-dibromo-p-xylene in dry THF to form the bis-pyrene compound (Figure 2.1) in
good yield (70% in terms of the purified sample). The molecular structure was
characterized in terms of 1H and 13C NMR measurements, and confirmed
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unambiguously by the matrix-assisted laser desorption ionization time-of-flight (MALDITOF) MS results (Figure 2.3).
The bis-pyrene compound was used to noncovalently functionalize purified SWNTs
in a mixture of dry THF and toluene (80/20, v/v) to form a relatively stable dispersion
(Figure 2.4).
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Figure 2.2. 1,1'-Bis-purenebutyoxyl-p-xylne (bis-pyrene)
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Figure 2.3. Observed MALDI-TOF MS trace for the bis-pyrene (in 2,5-dihydroxybenzoic acid
matrix) is compared with the prediction (Chemdraw 8.0) isotope compositions.
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Figure 2.4. Left: Photographs showing SWNts solubilized by the bis-pyrene in the THF-Toluene
mixture (80/20, v/v) before (left tube) and after (residue and supernatant, right tube)
centrifugation at 1000g. Right: AFM image on specimen prepared from the dispersion in the left
tube, with the nanotubes featured in the height analysis on the order submicrometer length.
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A specimen was prepared from the dispersion for atomic force microscopy (AFM)
analyses, and individualized SWNTs were found in the images (Figure 2.4). In a
centrifuging field, however, the dispersion could be fractionated by using different g
values. The first fraction was obtained as the sediment at 1000 g centrifugation (Figure
2.4), the middle fraction in relatively much smaller quantity as the sediment at the
subsequent 2000g centrifugation, and the remaining supernatant as the last fraction. The
three fractions thus obtained were washed thoroughly to remove the bis-pyrene for
recycling, resulting in three solid-state samples of the fractionated SWNTs.
The first and last fractions, accounting for about 32% and 62% of the starting purified
nanotube sample prefractionation, were dispersed in DMF for optical absorption
measurements. Shown in Figure 2.5 are their absorption spectra to 1300 nm right before
the solvent cutoff, thus covering the spectral region for S22 (the transition associated with
the second pair of van Hove singularity in the electronic density of states in
semiconducting SWNTs, 20 centered at ∼1015 nm for arc-discharge produced nanotubes

used in this study). The nearly absent S 22 absorption in the first fraction and the strong
band for the last fraction indicated that the first and last fractions were significantly
enriched with metallic and semiconducting SWNTs, respectively. With the starting

purified nanotube sample prefractionation containing 1/3 metallic and 2/3semiconducting
SWNTs (Figure 2.5), the calculation based on S22 absorptions of the nanotube samples
well-dispersed in DMF suggested the semiconducting content of only about 8% in the
first fraction and 97% in the last fraction. Therefore, about 94% of the starting purified
nanotube sample was separated in such a relatively simple single-step process into highly
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enriched metallic SWNTs and nearly pure semiconducting SWNTs demonstrating the
effectiveness in terms of the molecular tweezers approach for the postproduction bulk
separation of metallic and semiconducting SWNTs.
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Figure 2.5. Optical absorption spectra of the separate metallic (dashed lines, green: in DMF
dispersion and black: in solid-state thin film) and semiconducting (solid lines, red: in DMF
dispersion and black: in solid-state thin film) fractions. The same spectra on the wavenumber
scale are shown in the insert, with the S11, S22, and S33 peaks marked.
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Figure 2.6. Raman spectra (785nm excitation, with the G-band region featured in the insert) of the
preseparation SWNTs (solid line), and the separated metallic (long dashed line) and
semiconducting (short dashed line) fractions.
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Also shown in Figure 2.5 are absorption spectra of the same nanotube fractions in
solid-state thin films, extending the spectral range to cover the S11 absorption band (the
transition associated with the first van Hove singularity pair in semiconducting SWNTs).
For the S22 absorption band of the semiconducting fraction in DMF dispersion, the Beer’s
law calculation yielded an absorptivity of 5.8 (g/L)−1 cm−1 or 70 MCarbon 136 −1 cm−1
(where MCarbon denotes molar concentration in terms of nanotube carbon) at the S22 band
peak (1015 nm, Figure 2.5). By assuming the value unchanged from the DMF dispersion
to the nanotube film, the absorptivity for the S11 band was estimated as 11.8 (g/L) 140 −1
cm−1 or 142 MCarbon−1 cm 141 −1 at the peak (1840 nm, Figure 2.5). Whereas in general
agreement with those from processing multiple sets of experimental results reported by
different laboratories, 21,22 these S11 and S22 absorptivity results should be considered as
being more accurate because they were obtained from direct measurements of nearly pure
semiconducting SWNTs. Results from resonance Raman characterization of the first and
last fractions were consistent with them being substantially enriched with metallic and
semiconducting SWNTs, respectively. As compared in Figure 2.6, the G-band (peaking
around 1590 cm−1) for the first fraction is much broader than that for the starting purified
nanotube sample, characteristic of the Breit−Wigner−Fano (BWF) feature exhibited by
metallic SWNTs.23 However, the G-band for the last fraction is much narrower (Figure
2.6), consistent with the removal of metallic SWNTs from the prefractionation mixture to
yield nearly pure semiconducting SWNTs.
The middle fraction in relatively much smaller quantity was apparently a mixture
closer to the pre-separation purified sample. Its collection in a higher centrifuging field

62

after the first fraction was necessary to make the last fraction purer in DomP or the like,
the molecular tweezers approach to use a functionalization agent containing a pair of
planar aromatic moieties apparently amplifies the selectivity in the noncovalent
functionalization and associated solubilization between metallic and semiconducting
SWNTs, enabling their separation in a facile process to yield purer metallic SWNTs and
nearly pure semiconducting SWNTs.
As the separation was associated with the difference in solubilization between
metallic and semiconducting SWNTs by the bis-pyrene, it was obviously dependent on
the solvent environment. For example, in neat DMF or neat toluene, the same
fractionation process resulted in nearly no changes in the metallic-to-semiconducting
ratio in various fractions. The former is known as an excellent solvent for dispersing
SWNTs, so that the centrifugation of the dispersion in DMF (even at 3000g) yielded
essentially no precipitation (Figure 2.7).
Toluene has a lower solvent strength and more nanotube- 188 phobic, in which the
noncovalent functionalization and solubilization of SWNTs by the bis-pyrene were
apparently less effective, so that in the centrifuging field of 1000g essentially no
nanotubes remained in the supernatant (Figure 2.7). Therefore, the balance of solubility
characteristics with the 193 use of a solvent mixture in this study was more effective.
Whereas in principle other solvents or solvent mixtures might be coupled with different
centrifuging fields to yield similar or even somewhat better separation results, the
improvements are probably limited as the purities in the separated samples discussed
above are already high. Nevertheless, the solvent effects may help the understanding and
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exploitation of noncovalent interactions of molecular tweezers-like species with
nanotubes and the obvious selectivity between metallic and semiconducting SWNTs.
Carbon nanotubes are characterized by their extended π- networks, with which strong
interactions by planar aromatic molecules are logically expected and to a significant
extent supported by available experimental and computational results. It is probably no
surprise that the π−π interactions with carbon nanotubes are dependent on the electronic
structures of the nanotubes. In solution-phase carbon nanotubes are probably also
polarized to the extent that there are localized charges on surface (which may be
facilitated or enhanced by the presence of surface defects), responsible for complexation
with the planar aromatic moieties. Such polarization effect and consequently the
complexation may be different between metallic and semiconducting SWNTs. The
results presented here suggest that the different electronic structures between the two
kinds of SWNTs do manifest themselves in the π−π interactions and complexation with
planar aromatic species and that the difference can be amplified with the use of molecules
containing paired aromatic moieties (molecular tweezers). As reported above, a valuable
exploitation of the enhanced selectivity in such interactions is for the more efficient
postproduction separation of metallic and semiconducting SWNTs to yield metallicitywise pure or purer nanotube samples. Beyond the separation, however, the same
enhanced selectivity from the use of molecular tweezers may find other applications such
as more effective noncovalent functionalization and debundling of SWNTs or in sensors
and other nanotube-based devices.
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Figure 2.7. Photographs on the solubilization of SWNTs by the bis-pyrene in DMF before (left
tube) and after (right tube) centrifugation at 3000g and in toluene before (left tube) and after
(right tube) centrifugation at 1000g.
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2.2.1 Materials
The nanotube samples (arc-discharge production) were acquired from Carbon
Solutions (“AP-SWNT”, 232 carbonaceous purity 40−60%) or produced in house. 1Pyrenebutanol and 1,1′-dibromo-p-xylene were purchased from Aldrich. Nitric acid
(HNO 3) was obtained from Fisher Scientific, concentrated hydrochloric acid (HCl,
37%), anhydrous sodium hydride (NaH, 60% in oil), sodium hydroxide (NaOH), and
anhydrous sodium sulfate (Na 2SO4) from Acros, and tetrahydrofuran (THF), toluene,
ethyl acetate, and dimethyl formamide (DMF) from Mallinckrodt. The organic solvents
were distilled prior to use. Membrane filters (PVDF, 0.22 µm pore size) were supplied by
Fisher Scientific. Water was deionized and purified by being passed through a Labconco
WaterPros water purification system.
2.2.2 Measurements
Bench-top centrifuge (Fisher Scientific 5 Model 228), homogenizer (PowerGen 125),
and bath sonicator (VWR Model 250D) were used in the nanotube purification and
separation experiments. Optical absorption spectra were recorded on Shimadzu UV-3100
and UV-3600 spectropho- tometers. Raman spectra were obtained on a Renishaw Raman
0 spectrometer equipped with a 50 mW diode laser source for 785 nm excitation. Atomic
force microscopy (AFM) imaging was carried out in the acoustic AC mode on a
Molecular Imaging PicoPlus system equipped with a multipurpose scanner and a
NanoWorld Pointprobe NCH sensor. The height profile analysis was assisted by using
the SPIP software distributed by Image Metrology.
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2.2.3 1,1′-Bis-pyrenebutyoxyl-p-xylene (bis-pyrene).
A mixture of 1-pyrenebutanol (1 g, 3.65 mmol) and anhydrous NaH (60% in oil,
0.888 g, 36.5 mmol) in dry THF (100 mL) was prepared, and the mixture was heated to
60 °C for 1 h under nitrogen atmosphere. Upon its being cooled to room temperature, a
solution of 1,1′-dibromo-p-xylene (480 mg, 263 1.85 mmol) in dry THF (50 mL) was
added dropwise. The resulting mixture was refluxed at 70 °C for 48 h under nitrogen
purging, and then cooled back to room temperature. The solvent was removed on a rotary
evaporator, and the residue was extracted with chloroform and then filtered. The
chloroform solution was washed with water (4 × 25 mL), and the organic layer was
collected and dried with anhydrous sodium sulfate. Upon filtration and solvent
evaporation, the resulting yellow oil-like sample was purified on a silica gel column with
hexane as eluent. The bis-pyrene was obtained as a light-yellow solid sample (840 mg,
70% yield). 1 H NMR (CDCl 275 3, 500 MHz): δ 8.25−8.23 (d, 2H), 8.14−8.12 (d, 4H),
8.08−8.04 (m, 4H), 8.02−8.00 (d, 4H), 7.98−7.94 (t, 2H), 7.84−7.82 (d, 2H), 7.28 (s, 4H),
4.47 (s, 4H), 3.52−3.49 (t, 278 4H), 3.35−3.33 (t, 4H), 1.95−1.92 (m, 4H), 1.81−1.78 (m,
279 4H) ppm. 13C NMR (CDCl3, 125 MHz): δ 137.97, 136.92, 280 131.52, 131.01,
129.85, 128.71, 127.85, 127.61, 127.37, 127.25, 126.62, 125.85, 125.16, 125.12, 124.88,
124.73, 123.57, 72.84, 282 70.21 33.40, 29.87, 28.55 ppm. MALDI-TOF: 650 (M+).
2.2.4 SWNTs and Separation
The as-produced samples of 284 SWNTs were purified in terms of an established
procedure involving nitric acid treatment. Briefly, a sample (1 g) was heated at 300 °C with
air in a furnace for 30 min, and then suspended in aqueous nitric acid (2.6 M, 500 mL) and
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refluxed for 24 h. The mixture back at room temperature was centrifuged to retain the residue,
followed by repeated washing with deionized water until neutral pH. The purified sample was
recovered by removing water and drying in a vacuum oven for 12 h. An as-purified SWNT

sample (100 mg) was added to a solution of the bis-pyrene in dry THF-toluene (80/20,
v/v, 10 295 mg/mL, 20 mL). The mixture was homogenized and sonicated until
appearing homogeneous. Upon centrifugation at 1000g for 30 min, the sediment was
collected as the first fraction. The supernatant was further centrifuged at 2000g for 30 min to
collect the sediment as the middle fraction, and the remaining supernatant after solvent
removal was designated as the last fraction. All fractions were refluxed in THF, followed
by repeated washing with THF until no bis-pyrene was detected in the washing solution.
The bis-pyrene molecules from washing the fractions were harvested for recycling.
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CHAPTER 3
TETHERED ANTHRACENE PAIR AS MOLECULAR TWEEZERS
FOR POST-PRODUCTION SEPARATION OF
SINGLE-WALLED CARBON NANOTUBES
3.1 Introduction
Single-walled carbon nanotubes (SWNTs) have been studied extensively for a
fundamental understanding of their unique properties and also for a variety of potential
technological applications.1–5 Among widely pursued uses of SWNTs are those for
optically transparent electrodes in optoelectronic devices and other energy conversion
systems,6–10 field-emission transistors,11 and the harvesting of infrared photons in optical
detectors or in hyperthermia cancer therapy.5,12 Depending on chirality, a SWNT is either
metallic or semiconducting,5,13 and the above mentioned and many other applications
under development require for or benefit greatly from the use of nanotube samples highly
enriched with either metallic or semiconducting SWNTs. However, as-produced samples
of SWNTs are generally metallic and semiconducting mixtures. In the arc discharge or
laser ablation production for structurally more robust nanotubes, for example, the
population of semiconducting SWNTs in the as-produced mixtures is generally higher
than that of their metallic counterparts, close to the statistically predicted ratio of 2-to1.5,8 Therefore, there has been major effort on the post-production separation of metallic
and semiconducting SWNTs, especially on the harvesting of the less abundant metallic
nanotubes for relevant applications, and significant progress has been made in the
development and implementation of various separation strategies.5,14–30
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Most post-production separation methods already reported in the literature exploit
differences between metallic and semiconducting SWNTs in their interactions with
molecular species, such as DNA and surfactant molecules or more relevant to this work
planar aromatic molecules capable of p–p stacking on the nanotube surface.5
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Figure 3.1. Molecular structures of 9-docosyloxymethyl-anthracene (DomA) and 1,1'bis(anthracen-9-yl-methoxy)-p-xylene (bis-anthracene).
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For example, metallic and semiconducting SWNTs were shown to have different
capacities in the loading of DNA or surfactant molecules onto the nanotube surface,
which are therefore associated with somewhat different weight and hydrodynamic
parameters to enable separation in an ultrahigh centrifugal field.17–21 This and other
similar methods require the dispersion of the pre-separation SWNTs at the individual
nanotube level and the use of super-centrifugation, which are operational conditions
obviously unfavorable to bulk separation. In the method based on the use of molecules
with planar aromatic moieties as separation agents,15,31 on the other hand, the difference
in their interactions with metallic and semiconducting SWNTs is more pronounced, thus
without the need for super-centrifugation (relatively simple centrifugation instead for the
separation). In fact, the pyrene derivative with a long alkyl tail (9-docosyloxymethylpyrene or DomP) was shown to be able to noncovalently functionalize and solubilize
preferentially or selectively semiconducting SWNTs (leaving metallic SWNTs in the
sediment), amenable to the desired post-production separation in significant quantities.8,15
In an effort to further enhance the selectivity of planar aromatic moieties towards
semiconducting SWNTs, a tethered pair of pyrene units, dubbed “molecular tweezers,”
was used for more effective solubilization of the semiconducting nanotubes and thus
more efficient separation.31 Conceptually similar since then has been the use of aromatic
moieties attached to a polymeric back- bone for the same effect.28–30 In the work reported
here, we synthesized a derivatized anthracene (Figure 3.1) that is structurally analogous
to DomP and correspondingly another molecular tweezers with a pair of tethered
anthracene units (Figure 3.1) to examine their noncovalent interactions with metallic and
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semiconducting SWNTs, with the results contributing to an improved understanding of
the post-production separation method based on the preferential or selective non-covalent
functionalization and solubilization of semiconducting SWNTs.
3.2 Experimental Section
3.2.1 Materials
SWNT samples (arc-discharge production) were acquired from Carbon Solutions
(“AP-SWNT”, carbonaceous purity 40–60%) or produced in house. 9Anthracenemethanol (97%) and 1,4-bis(bromomethyl)benzene were purchased from
Aldrich. Nitric acid (HNO3, Certified ACS Plus) was obtained from Fisher Scientific,
anhydrous sodium hydride (NaH, 60% in oil) and anhydrous sodium sulfate (Na2SO4)
from Acros, and common organic solvents including tetrahydrofuran (THF), acetone, and
N,N-dimethylformamide (DMF) from Mallinckrodt. Membrane filters (PVDF, 0.22 lm
pore size) were supplied by Fisher Scientific. Water was deionized and purified by being
passed through a Labconco WaterPros water purification system.
3.2.2 Measurements
Bench-top centrifuges (Fisher Scientific Model 228 and Eppendorf 5417R),
homogenizer (Fisher Scientific PowerGen Model 125), and bath sonicator (VWR Model
250D) were used in the nanotube purification and separation experiments. Matrixassisted laser desorption/ionization (MALDI) experiments were performed on a Bruker
autoflex MALDI time-of-flight (MALDI-TOF) mass spectrometer. Nuclear magnetic
resonance (NMR) spectra were acquired on a Bruker Advance 500 NMR spectrometer.
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Optical absorption spectra were recorded on Shimadzu UV-3100 and UV-3600
spectrophotometers. Raman spectra were obtained on a Renishaw Raman spectrometer
equipped with a 50 mW diode lasersource for 785 nm excitation.
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Figure 3.2. The observed MALDI-TOF MS trace for the bis-anthracene compared with the
prediction (Chemdraw 8.0) reflecting isotope compositions.
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3.2.3 1,1'-Bis(anthracen-9-yl-methoxy)-p-xylene (“bis-anthracene”)
A mixture of 9-anthracenemethanol (1 g, 4.8 mmol) and anhydrous NaH (60% in oil,
in excess) in dry THF (100 mL) was prepared, and the mixture was heated to 60 C for 1 h
under nitrogen atmosphere. Upon its being cooled to room temperature, a solution of 1,1
bis(bromomethyl)benzene (0.64 g, 2.4 mmol) in dry THF (50 mL) was added dropwise.
The resulting mixture was refluxed at 70 C for 48 h under nitrogen purging. After the
reaction, the solvent was removed on a rotary evaporator, and the reaction mixture was
extracted with chloroform and then filtrated. The chloroform solution was washed with
water (25 mL) four times, and the organic layer was collected and dried with anhydrous
sodium sul-fate. Upon filtration and solvent evaporation, the resulting sample was
purified on a silica gel column with hexane–ethyl acetate (9/1,v/v) as eluent. The bisanthracene was obtained as a light-yellow solid (0.84 g, 70% yield). 1H NMR (500 MHz,
CDCl3) d 8.47 (s, 2H), 8.35–8.31 (d, 4H), 8.03–8.01 (d, 4H), 7.53–7.48 (m, 4H), 7.47–
7.45 (m, 4H), 7.42 (s, 4H), 5.51 (s, 4H), 4.74 (s, 4H); 13C NMR (125 MHz, CDCl3) d
137.83, 134.04, 131.33, 130.95, 128.89,128.33, 127.49, 126.08, 124.84, 124.24, 72.01,
63.98 ppm. MALDI-TOF: 518.1 (theoretical value 518.2 for C38H30O2).
3.2.4 Purified SWNTs and separation
The as-supplied or produced nanotube samples were purified in terms of an
established procedure involving nitric acid treatment. Briefly, a sample (1 g) was heated
in a furnace at 300 C with air for 30 min, and then suspended in aqueous nitric acid (2.6
M, 500 mL) and refluxed for 24 h. The mixture back at room temperature was
centrifuged to retain the residue, followed by repeated washing with deionized water until
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neutral pH. The purified sample was recovered by removing water and drying in a
vacuum oven for 12 h. An as-purified SWNT sample (100 mg) was added to a solution of
the bis-anthracene in dry DMF (10 mg/mL, 20 mL). The mixture was homogenized and
sonicated until appearing homogeneous. Upon centrifugation at 3000g for 10 min, the
sediment was collected as the first fraction. The supernatant was further centrifuged at
5000g for 10 min to collect the sediment as the second fraction. The procedure was
repeated two more times with centrifugations at 10 000g and 20 000g for the third and
forth fractions, respectively, and the final supernatant upon solvent removal was
designated as the fifth fraction. All fractions were refluxed in THF, followed by repeated
washing with THF until no bis-anthracene was detected in the washing solution (based on
UV/vis absorption measurements). The bis-anthracene molecules from washing the
fractions were harvested for recycling. For the separation in the ternary solvent mixture
THF-acetone-DMF (the volume ratio of 4:3:1), the as-purified SWNTs were dispersed
with the bis-anthracene in the solvent mixture via homogenization for 20 min and then
vigorous sonication. The resulting dispersion was centrifuged at 1400g for 2 min to
obtain the sediment and supernatant as two fractions. The same THF refluxing and
washing procedures were applied to both fractions to remove bis-anthracene molecules
from the nanotubes for recycling, and the two cleaned samples were characterized in
Raman spectroscopy and optical absorption measurements.
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3.3 Results and Discussion
An anthracene derivative with a long alkyl tail, 9-docosyloxymethyl-anthracene
(DomA, Figure 3.1), was synthesized in a relatively straightforward alkylation reaction,
the same as that for the pyrene analog DomP already reported in the literature.32 It was
evaluated on its interactions with metallic and semi-conducting SWNTs for any potential
selectivity in the interactions. The same experimental protocol used previously with the
pyrene analog DomP was applied,8,33 including the homogenization and then sonication
of the purified SWNTs with DomA in THF, DMF, and other solvents, and the results
suggested that the interactions of the anthracene moiety in DomA with SWNTs were
much weaker, insufficient for noncovalent functionalization to result in any meaningful
solubilization of metallic or semiconducting SWNTs. This was in sharp contrast to the
use of DomP, which exhibited significant selectivity towards the solubilization of semiconducting SWNTs,8 suggesting major differences between different planner aromatic
moieties in their non-covalent binding (commonly referred to as “p–p stacking”) with
SWNTs. A tethered pair of anthracene molecules in a molecular tweezers configuration
must be necessary for the desired noncovalent interactions and the associated nanotube
solubilization.
The “bis-anthracene” molecule (Figure 3.1) as a molecular tweezers was synthesized
by coupling two 9-anthracenemethanol molecules with one 1,10-dibromo-p-xylene
molecule under etherification reaction conditions, in which the former were first treated
with anhydrous sodium hydride for their conversion to two sodium 9anthracenemethanoxide molecules. The coupling was relatively efficient, with a high
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product yield. The bis-anthracene sample was isolated from the reaction mixture and then
purified for characterization in terms of NMR and mass spectroscopy analyses. The
expected molecular structure of the bis-anthracene is supported by both 1H and 13C
NMR results. Shown in Figure 3.2 is a comparison of the spectrum from MALDI-TOF
MS analysis and that predicted for the bis-anthracene based on isotope distributions,
again in support of the synthesis of the bis-anthracene (Figure 3.1).
The bis-anthracene was used for its molecular tweezers function to disperse SWNTs
in various solvent systems for the subsequent separation into metallic and
semiconducting fractions. The as-supplied nanotube sample was first purified in an
established protocol including the oxidative acid (HNO3) treatment.31 The purified
SWNTs were mixed well with the bis-anthracene in a selected solvent system via
homogenization, followed by vigorous sonication. Among the solvents and their various
mixtures for evaluation were THF, DMF, THF–DMF mixtures of 20%, 50%, and 75% in
DMF volume fraction, the THF–acetone mixture of 50% in acetone volume fraction, and
also the THF–acetone–DMF ternary mixture in the volume ratio of 4:3:1. In neat THF
with the bis-anthracene, the dispersion of nanotubes was not good, which hindered the
desired separation via centrifugation. The binary solvent mixtures of THF with acetone or
DMF also did not yield good separation results in general. However, a significant
separation of metallic and semiconducting SWNTs by the bis-anthracene was achieved in
neat DMF as solvent or in the THF–acetone–DMF ternary mixture.
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In neat DMF, the dispersion of the purified SWNTs assisted by the noncovalent
functionalization of the bis-anthracene was excellent (Figure 3.3). For the separation, the
solution-like dispersion of essentially bis-anthracene-functionalized SWNTs was
centrifuged at 3000g, and the sediment was collected. The supernatant was further
centrifuged at 5000g for again the collection of sediment, and the procedure was repeated
for two more centrifugations at g values of 10 000 and 20000 to yield the final
supernatant. The five fractions (four sediments from the centrifugations at four g values
and the sample from the final supernatant) were washed thoroughly to remove the bisanthracene for recycling, and the resulting nanotube samples were analyzed by Raman
and optical absorption measurements.31
As known in the literature,5,34 the tangential G-band of SWNTs centered at 1550–
1600 cm1 should be different between metallic and semiconducting fractions, with the
former being significantly broader and unsymmetrical, commonly referred to as the
Breit–Wigner–Fano (BWF) line shape.34 Among the five fractions obtained from the
sequential centrifugations, the resonance Raman spectroscopy results (Figure 3.3) suggest
that the first three are clearly enriched with metallic SWNTs, whereas the other two
corresponding to the final sediment and supernatant from the centrifugation at 20,000g
are essentially the same (namely no more meaningful separation in the final
centrifugation) and both enriched with semiconducting SWNTs. As for the
semiconducting purity in these two fractions, the Raman G-band is not as sharp and
symmetrical as that of the semiconducting fraction obtained from the previous separation
with bis-pyrene,31 suggesting potentially some residual content of metallic SWNTs.
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Nevertheless, when the first three of the five fractions were combined into one sample
and the other two fractions into another sample, the weight ratio between the two
combined samples was almost 1-to-2, close to thye statistically predicted metallic-tosemiconducting ratio (as there are twice as many ways to roll a piece of graphene sheet
into semiconducting SWNTs than their metallic counterparts).5
The two combined samples each enriched with metallic or semiconducting SWNTs
were further characterized in optical absorption measurements, and the observed spectra
shown in Figure 3.4 are consistent with the substantial enrichment as a result of the
separation. For the sample of semiconducting SWNTs, the optical absorption bands due
to the electronic transitions associated with the van Hove singularity pairs (S11, S22, and
S33) are prominent, yet these absorption features are mostly absent in the spectrum of the
other sample enriched with metallic SWNTs (Figure 3.4).
The use of DMF as solvent for the separation required relatively higher centrifugal
fields, up to 20,000g as discussed above, due largely to the known nanotube-philic
solvent characteristics of DMF. In an effort to lessen the requirement for high-speed
centrifugation and therefore simplify the processing to allow a significant increase in the
quantity of nanotubes separated, DMF-containing solvent mixtures were evaluated. It was
found that the ternary mixture in which DMF was the minor fraction, the THF–acetone–
DMF mixture in the volume ratio of 4:3:1, could also facilitate the noncovalent
functionalization of purified SWNTs by the bis-anthracene for separation. The resulting
solution-like dispersion could be fractionated in a simple bench-top centrifuge at 1400g
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to yield the sediment enriched with metallic SWNTs and the supernatant enriched with
semiconducting SWNTs according to resonance Raman spectroscopy and optical
absorption results (Figure 3.5).
As discussed in the introduction section, metallic and semiconducting SWNTs have
different affinities and/or loading capacities with respect to some molecules or biological
species, which serves as the basis for various post-production separation methods. The
mechanistic origins of these apparent differences between the two nanotube types are
largely unclear. However, based on the kinds of molecules and species which have been
used more successfully for the separation purpose, one might speculate that the
differences are due to different surface electronic properties (such as polarizability)
between metallic and semiconducting SWNTs. There has been significant experimental
evidence for polyelectrolyte-like characteristics of carbon nanotubes in a solvent
dispersion, especially after the purification procedure involving oxidative acid treatment
of the nanotubes. Such characteristics must be different between metallic and
semiconducting SWNTs, thus their different interactions with planar aromatic molecules
and correspondingly different noncovalent functionalization and solubilization outcomes.
It is interesting that while DomP (derivatized pyrene with a long alkyl tail)32 and DomA
(Figure 3.1) share essentially the same molecular structural configuration, the latter is
clearly an ineffective functionalization agent, probably due to significantly weaker
anthracene-nanotube interactions than pyrene-nanotube interactions. The difference
between anthracene (three fused benzene rings) and pyrene (four fused benzene rings)
apparently becomes much less significant when the aromatic moieties are in pairs, again
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demonstrating major advantages with the use of molecular tweezers for post-production
separation of SWNTs.5,31 The separation exploits the combined effect of preferential
interactions discussed above and the associated nanotube solubilization (manifested by
the sedimentation behavior in a selected centrifugal field), which are both dependent on
solvent properties. Between the bis-anthracene (Figure 3.1) and bis-pyrene (a pair of
tethered pyrene moieties)31 as molecular tweezers, the more favorable solvent systems for
the desired separation are different. For example, the former works reasonably well in
neat DMF, as discussed above, but the latter not at all.31 However, the solvent
requirement for the use of the molecular tweezers in post-production separation of
metallic and semiconducting SWNTs is by no means extreme, with feasible selections
including both neat solvents or mixtures, as demonstrated in this work. The separation
results obtained with the ternary solvent mixture suggest opportunities for significantly
improved separation in terms of relatively facile one-step sedimentation following the
molecular tweezers-assisted dispersion of nanotubes, which will be pursued in further
investigations. In the eventual technological development of the separation method for
bulk quantities of samples that are substantially enriched with either metallic or
semiconducting SWNTs, the “not-so-picky” nature of molecular tweezers (as recyclable
separation agents) with respect to solvent selection and the relatively benign operational
conditions (no need for ultra-centrifugation, for example) in the separation will prove
highly valuable.
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Figure 3.3. Resonance Raman (785 nm excitation) G-band features of the five fractions (#1: – – –
; #2: - - -; #3: -.-.-; #4: –..–..–; and #5: –) from the separation with the bis-anthracene in DMF.
Inset: a photo showing SWNTs solubilized by the bis-anthracene in DMF.
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Figure 3.4. Optical absorption spectra of the two combined fractions enriched with metallic
SWNTs (- - -) and semiconducting SWNTs (—, with the S11, S22, and S33 peaks marked).
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Figure 3.5. Optical absorption spectra and in the inset resonance Raman (785 nm excitation)
G-band features of the two fractions enriched with metallic SWNTs (–..–..–) and semiconducting
SWNTs (—) from the separation with the bis-anthracene in the ternary solvent mixture.
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3.4 Conclusions
Planar aromatic molecules can noncovalently functionalize SWNTs, with a
preference towards the semiconducting ones for their more favorable solubilization in
selected solvent systems. The differences in the functionalization–solubilization between
metallic and semiconducting SWNTs can be exploited for their separation. An anthracene
mono-derivative with a long alkyl tail and a molecule with a tethered pair of anthracene
species (bis-anthracene) in the molecular tweezers configuration were synthesized and
evaluated for their uses in the separation of metallic and semiconducting SWNTs. Unlike
its pyrene analog, the mono-derivative was incapable of the functionalization–
solubilization necessary for the separation, while the bis-anthracene was similar to the
previously reported pyrene molecular tweezers in the desired separation, except for the
need for different solvent systems. Therefore, for the use of anthracene as the planar
aromatic species, a pair in a molecular tweezers configuration is necessary. The results
suggest that solvent properties do play a major role in the nanotube functionalization–
solubilization and the subsequent separation via fractionation in a moderate to low
centrifugal field. Apparently, an optimal solvent system with the use of the molecular
tweezers for eventual bulk post-production separation is such that it balances sufficient
nanotube-philic characteristics for homogeneous dispersion of the nanotubes with some
instability of the resulting dispersion in terms of sedimentation in facile centrifugation,
such as the ternary solvent mixture explored in this study. Further improvements in the
combination of a specific molecular tweezers with a selected solvent system for effective
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and efficient separation of metallic and semiconducting SWNTs in significant quantities
will be pursued.
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CHAPTER 4
TOWARDS NANOSTRUCTURED BORON NITRIDE FILMS
4.1 Introduction
Boron nitride nanomaterials, often compared to their carbon-based counterparts,1-3
have attracted significant recent attention.4-13 Specifically, hexagonal boron nitride has
been exfoliated into nanosheets,5-8,14-18 again analogous to the exfoliation of graphite into
few-layer graphene nanosheets (GNs).1,19-21 For few-layer graphene nanosheets, there
have been many investigations on their serving as nano-fillers in polymeric composite
materials, especially those that exhibit much higher thermal conductivity than that of the
corresponding neat polymer matrices.1,21,22 Similarly, boron nitride nanosheets (BNNs)
from the exfoliation of hexagonal boron nitride have been dispersed in various polymers
for nanocomposite films that are thermally conductive yet electrically insulating,23 taking
advantage of the uniquely decoupled thermal and electrical transport properties in boron
nitride. Beyond polymeric composites, few-layer graphene nanosheets have been shown
as being able to form "composites" by themselves, namely the graphene nanosheets could
be dispersed in the same graphene nanosheets to form neat films of few-layer graphene
nanosheets.24-26 These films exhibited ultrahigh in-plane thermal conductivity, and also
significant mechanical flexibility,24-26 offering major application opportunities such as
replacing metals in the shielding of electromagnetic interferences.28-30 However, the neat
films of few-layer graphene nanosheets are also electrically conductive, not suitable for
uses in which a high ratio between thermal conductivity and electrical conductivity is
necessary. Thus, a logical question is whether their boron nitride analogs, namely neat
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films of BNNs, could be developed for unique thermal management needs that require
electrical insulation and also for applications that benefit from the other advantageous
properties of boron nitride, such as the wide electronic bandgap and the extreme chemical
stability even at very high temperatures.7,8,31
The similarity between graphite and hexagonal boron nitride is such that both have a
layered structure, which could be considered as being constructed from sp2-bonded
hexagonally packed sheets. In the boron nitride, however, the boron and nitrogen atoms
are alternatively bonded and positioned to form planar conjugated layers in such a
configuration that the two in the neighboring layers eclipse on top of one another due to
the polarity mismatch.8 The slightly ionic bonding both in plane and out of plane ("lip–
lip" interactions) in the boron nitride also makes it different from graphite in some
properties that are important to the preparation of high-quality thin nanosheets.
Specifically, the stronger interlayer interactions make the exfoliation of the boron nitride
into BNNs (Figure 4.1) more difficult than peeling off graphene from graphite.5-8 The
BNNs from the exfoliation are often thicker, with smaller aspect ratios, and also less
smooth on the sheet surfaces due to the forces required in breaking up the stronger interlayer interactions in the processing for exfoliation.5-8,32,33 In general, the structural and
property differences between graphite and hexagonal boron nitride make it more
challenging to prepare better-exfoliated BNNs and even more so to fabricate near films of
BNNs.
In this work, we examined various solvent systems and experimental conditions for
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the exfoliation of commercially acquired hexagonal boron nitride into BNNs and their
ability to form relatively stable dispersions. The dispersions were used for the fabrication
of neat films of BNNs in the vacuum filtration processing. The films thus fabricated were
more like thin plates, too brittle to serve the film functions as those performed by their
carbon-based counterparts (neat films of few-layer graphene nanosheets). As an
alternative approach, a small amount of graphene oxides (GOs) was used as binder for
BNNs-GOs composite films of significantly improved mechanical characteristics.
Thermal and electrical conductivities in these films were evaluated, so was the tuning of
the conductivity ratios via thermal annealing of the films. The challenges and
opportunities with the development of BNNs-derived neat boron nitride films are
discussed in light of the results from this study, and their potential technological
applications are highlighted.
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Figure 4.1. A cartoon illustration on the exfoliation for BNNs and their derived neat boron
nitride films.
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4.2 Results and Discussion
There are two related major issues in the use of boron nitride nanosheets (BNNs) for
neat boron nitride films in which thermal conductivity and electrical conductivity are
completely decoupled.5,8,34,35 One is the quality of the BNNs as precursor for the films,
and the other is the dispersion of the BNNs relevant to the film fabrication. In this work
the BNNs were obtained from the exfoliation of hexagonal boron nitride, and the
effectiveness of the exfoliation apparently had significant effect on the dispersion of the
resulting BNNs. In fact, the formation of a more stable dispersion against precipitation
for the sample of BNNs from exfoliation was generally correlated with the exfoliation
being more effective, which was therefore used as a convenient measure for the
effectiveness in exfoliation experiments. A number of solvent systems and exfoliation
conditions were explored, including the use of strong acids and the solvent- and/or
organic agents-assisted exfoliation with vigorous sonication.
For exfoliation in concentrated H2SO4 or H2SO4-HNO3 mixture, commercially
acquired boron nitride sample was sonicated with concentrated H2SO4 or H2SO4-HNO3
mixture for 24 h. The resulting suspensions appeared stable without significant
precipitation for at least many hours. They were diluted by being dropped slowly into
deionized water, and the resulting dilute aqueous suspensions also appeared stable, in
contrast to the aqueous suspension of the as acquired precursor boron nitride without the
acid treatment (Figure 4.2).
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Figure 4.2. The X-ray diffraction pattern for the BNNs recovered from exfoliation in the
H2SO4-HNO3 mixture. Inset: Photos on aqueous suspensions of the boron nitride without (left)
and with (right) the exfoliation in the acids.
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For the BNNs recovered from the suspension, the X-ray diffraction results (Figure 4.2)
suggested average thickness of about 10 nm (Scherrer equation) for the nanosheets.36
Among organic solvents evaluated for the exfoliation processing were methanol,
ethanol, and their mixtures with toluene. The evaluation of these alcohols was inspired by
their successful use in the exfoliation of graphite into few-layer graphene nanosheets in
previously reported studies.37,38 However, in this work the dispersions of the samples
from the exfoliation in the alcohol solvents with vigorous sonication were not stable, only
marginally different from that of the precursor boron nitride. This is consistent with the
known difference between boron nitride and graphite in terms of exfoliation, as the
interlayer interactions in the former are much stronger than those in the latter.8 On the
other hand, isopropanol was found as being more effective in the exfoliation for BNNs
(Figure 3), similar to what was reported previously.18,23
Other polar organic solvents evaluated for the exfoliation processing and subsequent
dispersion included oligomeric polyethylene glycol (PEG, average molecular weight ~
900), N-methyl-2-pyrrolidone (NMP), several Jeffamines (148, 220, and 230 in molecular
weight), polyethyleneimine (PEI, average molecular weight ~ 1,200), and their derived
solvent mixtures. The results with the PEG and NMP were not meaningfully better than
those with isopropanol.23 The use of the amino molecules was inspired by previous
studies suggesting that amino moieties could bind to boron in boron nitride for the
functionalization via zwitterionic interactions,7,8,39 which might aid the desired
exfoliation. However, there was no obvious advantage with the use of the Jeffamines,
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probably due to their relatively low molecular weights. On the other hand, the PEI was
relatively more effective in the exfoliation for and then the dispersion of BNNs,
especially when combined with isopropanol (such as in a PEI-isopropanol 1:10 v/v
mixture, Figure 4.4).
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Figure 4.3. Results from electron microscopy analyses of the BNNs from exfoliation in
isopropanol. Top: Transmission electron microscopy (TEM) images for a cross-sectional view
with microtomed specimen. Bottom: A scanning-TEM (Z-contrast mode) image of the BNNs on
a holey carbon-coated grid.
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Figure 4.4. Top: A photo on suspended BNNs from exfoliation in the PEI-isopropanol mixture.
Bottom: Photos on BNNs exfoliated and dispersed in thionyl chloride (left), and recovered and
re-dispersed in acetic acid (right).
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Highly acidic liquid thionyl chloride was used for the exfoliation of boron nitride.14
Experimentally, the precursor boron nitride in thionyl chloride was sonicated vigorously
to yield a milky dispersion of BNNs (Figure 4.4). According to atomic force microscopy
(AFM) analyses, the BNNs thus prepared were largely a few hundreds of nanometers in
lateral dimension and on the order of 5 nm in thickness.14 The dispersion of BNNs in
thionyl chloride could be wet-transferred to another solvent, such as 1,2-dichloroethane.
Alternatively, upon the removal of thionyl chloride, the BNNs could be recovered and redispersed in various solvents such as acetic acid (Figure 4.4).
The relatively more stable suspensions of BNNs from the various exfoliation schemes
described above were used for the fabrication of neat boron nitride films. The film
fabrication was based on the vacuum filtration method, which has been popular in the
preparation of various carbon nanomaterials-derived film configurations, such as
transparent conductive films,40 “bucky-papers” from carbon nanotubes,41,42 and neat films
of few-layer graphene nanosheets.24,25,28 This method has a number of advantages, as
discussed more clearly for carbon nanotube films in the literature,40-42 including a more
homogeneous distribution and improved packing of carbon nanotubes in the final films.
The homogeneity was attributed to the compensation effect naturally associated with the
filtration process, such that the already deposited nanotubes would reduce the flow of the
nanotube suspension to have the additional nanotubes deposited into other less dense
areas of the film, while the packing for improved contacts between nanotubes is credited
to the vacuum-pressing in the filtration.40-42 In the fabrication of neat boron nitride films,
a selected suspension of BNNs was vacuum-filtered through a polyvinylidene difluoride
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(PVDF) filter to form a white film on the filter surface. The membrane filter supporting
the film could be removed for the film to be free-standing. Shown in Figure 4.5 is a film
thus fabricated by using the suspended BNNs from the exfoliation in the PEI-isopropanol
mixture (Figure 4.4). However, the neat boron nitride films from all of the suspensions of
BNNs discussed above were very brittle, lack of any mechanical flexibility, even after
thermal annealing without or with mechanical pressing.
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Figure 4.5. A photo on a piece of neat boron nitride film (thin plate) fabricated with BNNs from
exfoliation in the PEI-isopropanol mixture.
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The neat boron nitride films from the fabrication discussed above were more like thin
plates than films, significantly different from the neat films of few-layer graphene
nanosheets.24,25,28 The brittleness of the boron nitride films (or more appropriately thin
plates) may be attributed to a combination of factors including insufficient exfoliation in
the preparation of BNNs and the characteristics of individual BNN species. Apparently
much additional effort is still required for the challenge of preparing neat boron nitride
films of mechanical properties that are comparable with those of the neat films from fewlayer graphene nanosheets.24,25,28 In this work, an alternative approach was explored for
"almost neat" films, where a small amount of graphene oxides (GOs) was introduced to
serve as "binder" for neat BNNs, with the resulting films exhibiting significantly
improved mechanical characteristics yet still structurally and composition-wise being
close to neat boron nitride films.
GOs are effectively "two-dimensional polymers", ideally suited for serving the binder
function in composite films with other two-dimensional nanomaterials, such as few-layer
graphene nanosheets,24,25,28 and in this work BNNs in an overwhelmingly large fraction
(96 wt%, for example). For the fabrication of BNNs-GOs composite films, suspensions
of the BNNs and GOs were mixed well via a combination of vigorous stirring and
sonication. The mixture was vacuum-filtered through a PVDF filter to form a film on the
filter surface, and upon the removal of the filter the film was made free-standing. Shown
in Figure 4.6 is a BNNs-GOs composite film containing 96 wt% of BNNs.
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Figure 4.6. Electrical conductivity changes for the BNNs-GOs composite films (○: 90 wt%
BNNs; □: 96 wt% BNNs) with thermal annealing at different temperatures. Inset: A photo on a
piece of the composite film with 96 wt% BNNs.
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The BNNs-GOs composite films appeared mechanically more robust, somewhat
bendable, enabling their characterizations for structural elucidation and thermal and
electrical transport properties. According to results from X-ray diffraction analyses, the
average thicknesses of BNNs in the films were on the order of 10 nm, similar to those of
the BNNs recovered from the suspensions used for the film fabrication. Since GOs are
known to be poor electrical conductors,25,43,44 their minor fractions in the BNNs-GOs
composite films hardly imparted any meaningful electrical conductivity (Figure 4.6), as
expected. The GOs are also known as being poor in thermal transport, with in-plane
thermal diffusivity less than 0.5 mm2/s,24 thus no better than those in many of the
commonly used polymers.25,43,44 However, the BNNs-GOs composite films exhibited
significant thermal conductivity, as expected for the presence of BNNs. Experimentally,
the measurements were on the in-plane thermal diffusivity of the films on a commercially
acquired instrument based on the modified laser heating angstrom method.23 For the films
containing 90 wt% and 96 wt% BNNs, the in-plane thermal diffusivity values thus
determined were 4 mm2/s and 5.1 mm2/s, respectively.
The BNNs-GOs composite films were thermally annealed at gradually increasing
temperatures to examine the relative increases in electrical conductivity vs thermal
conductivity. The thermal annealing was in an inert atmosphere (flowing argon gas).
With the annealing, the film samples became slightly darker in color, with more of a
metallic appearance. The films post-annealing at different temperatures were measured
for electrical conductivity and thermal diffusivity. There were significant increases in
electrical conductivity for the annealing temperature range 150-200 °C (Figure 4.6),
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attributable to the conversion of GOs into reduced GOs (rGOs).24 Beyond that range, a
further increase in annealing temperature had only minor effect on the film with 96 wt%
BNNs, but with some more electrical conductivity increases for the film containing 90
wt% BNNs (Figure 4.6). The thermal diffusivity was also enhanced in both films postannealing, reaching around 6 mm2/s. Thus, the relative electrical and thermal transport
properties of these composite films could be tuned by the relatively simple method of
thermal annealing in an inert atmosphere.
The results presented above further support the notion that there are significant
differences between graphite and hexagonal boron nitride with respect to exfoliation, due
primarily to the stronger interlayer interactions in the latter. Their corresponding
nanosheets from exfoliation may also have significantly different properties, especially
on the mechanical flexibility more relevant to this work. While the very brittle nature of
neat boron nitride films discussed above might be attributed logically or conveniently to
the BNNs used in the fabrication being relatively too thicker, there is no evidence
suggesting that thinner BNNs of a larger aspect ratio would result in neat films with
mechanical characteristics similar to those found in neat films of the comparable
graphene nanosheets. One might even argue that BNNs are more ceramic-like,
intrinsically brittle. More experiments on both the exfoliation and the use of wellexfoliated nanosheets for neat boron nitride films are required.
For almost neat films, GOs as unique two-dimensional polymers are obviously
effective in serving the binder function to impart substantial improvements at only a
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relatively minor fraction in the films. The decoupled thermal and electrical transport
properties in these composite films may find valuable technological applications, such as
to satisfy some of the special thermal management needs.
4.3 Experimental Section
4.3.1 Materials
The hexagonal boron nitride sample (99.5%) was supplied by Alfa Aesar. Sulfuric
acid (93%), nitric acid (73%), methanol, ethanol, hydrogen peroxide (35%), and
phosphorus pentoxide (P2O5) were purchased from Acros, isopropanol from OmniSolv,
ammonium persulfate ((NH4)2S2O8) from Aldrich, toluene and potassium permanganate
(KMnO4) from Fisher Scientific, and polyethylenimine (PEI, branched, average
molecular weight ~1,200) from Polyscience, Inc. Polyvinylidene fluoride (PVDF)
membrane filters were acquired from Fisher Scientific, the dialysis membrane tubing
(molecular weight cut-off ~3,500) from Spectrum Laboratories, and carbon- and holey
carbon-coated copper grids for electron microscopy analyses from SPI Supplies. Water
was deionized and purified by being passed through a Labconco WaterPros water
purification system.
4.3.2 Measurements
X-ray powder diffraction measurements were carried out on a Scintag XDS-2000
powder diffraction system. Electron microscopy images were acquired on Hitachi HD2000 Scanning-TEM system and Hitachi H-9500 TEM system with the specimen on a
carbon- or holey carbon-coated copper grid. In the preparation of specimen for cross-
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sectional electron microscopy analyses, a sample was embedded in epoxy resin, followed
by microtoming with the use of a Reichert-Jung Ultracut E Microtome with a 30° angle
diamond knife at room temperature for slices of less than 100 nm in thickness.
The in-plane thermal diffusivity in films was determined on an Ulvac LaserPIT
thermal diffusivity/conductivity meter operated at room temperature and in a vacuum of
0.01 Pa. The film specimen was about 30 mm x 5 mm in size, with one surface (facing
the laser in the instrument) coated with a thin layer of graphite. At least three frequencies
were used in the measurement of each film sample, and the readings were averaged for
the specific specimen.
The electrical conductivity in a film sample was measured by using the classical fourprobe method. The electrical current (I) and voltage (V) relationship for the film was
determined on the setup consisting of a multimeter (Keithley 2400 controlled by Lab
Tracer 2.0 software, both from Keithley Instruments) and a multi-height probe (Jandel).
The electrical conductivity (σ) value was calculated according to the equation σ = (ln
2/π)(I/V)/d, where d denotes the film thickness. Multiple spots were chosen in the
measurement of each film sample, with the readings averaged for each specimen.
4.3.3 Exfoliation and Dispersion
The commercially acquired hexagonal boron nitride was exfoliated in various solvent
systems for dispersed BNNs.
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4.3.4 H2SO4 and H2SO4-HNO3 Mixture
The as-supplied boron nitride sample (200 mg) in concentrated H2SO4 (20 mL) or a
H2SO4-HNO3 mixture (1:1, v/v, 100 mL) for 24 h. The resulting suspension appeared
stable for at least hours with only relatively minor precipitation. The supernatant was
added slowly to deionized water to form an aqueous dispersion that also appeared stable.
X-ray powder diffraction results suggested that the average thickness of the BNNs
recovered from the suspensions was about 10 nm.
4.3.5 Alcohols and Mixtures with Toluene
The as-supplied boron nitride (100 mg) in methanol (100 mL) or ethanol (100 mL)
was sonicated for 24 h. The resulting suspensions were not stable within hours, with a
significant amount of precipitates. X-ray powder diffraction results suggested that the
average thicknesses of the BNNs recovered from the suspensions were on the order of
15-19 nm.
In similar experiments, the boron nitride sample (100 mg) in methanol-toluene
mixture (1:1, v/v, 100 mL) or ethanol-toluene mixture (1:1, v/v, 100 mL) was sonicated
for 24 h. There was no improvement in the stability of the resulting suspensions. The Xray powder diffraction results again suggested 15-19 nm for average thicknesses of the
BNNs recovered from the suspensions.
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4.3.6 Isopropanol and PEI-Isopropanol Mixture
An as-supplied boron nitride sample (600 mg) in isopropanol or a PEI-isopropanol
mixture (1:10, v/v, 600 mL) was sonicated for 48 h. The resulting suspensions were
allowed to stand for ~4 h. A small amount of precipitant in each suspension was observed
and removed, and the remaining supernatants were sonicated for another 4 h to obtain
relatively stable suspensions. The X-way powder diffraction results suggested that the
average thicknesses of the BNNs recovered from the suspensions were about 10 nm.
4.3.7 Thionyl Chloride
An as-supplied boron nitride sample (300 mg) was added to thionyl chloride (150
mL), and the mixture was sonicated for 20 h (KQ-300DB bath sonicator, 240 W). The
resulting slurry was centrifuged at 2000−2500 rpm for 5 min for the precipitation of
larger pellets. The supernatant was collected and concentrated for a stable dispersion in
thionyl chloride, followed by slowly adding the dispersion into 1,2-dichloroethane, and
then the removal of thionyl chloride via careful evaporation on a rotovap.
4.3.8 Neat Boron Nitride Films
A suspension of BNNs from the exfoliation in the PEI-isopropanol mixture was
vacuum-filtered through a 0.2 micron PVDF filter to form a white film on the filter
surface. The membrane filter supporting the film was removed for the film to be freestanding, followed by drying the film in a vacuum oven for 12 h. The same procedure
was applied to the fabrication of neat boron nitride films with suspended BNNs from the
exfoliation in other solvent systems. Post-fabrication, some of the films were pressed by
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using a bench-top hydraulic press, but no meaningful improvements in mechanical
characteristics were observed.
4.3.9 Graphene Oxides (GOs)
The preparation was based on a slightly modified Hummers method. Concentrated
H2SO4 (10 mL) in a 500 mL flask was heated to 80 °C, to which (NH4)2S2O8 (0.9 g) and
P2O5 (0.9 g) were added. The mixture was stirred until the reagents were completely
dissolved. The graphite sample (1 g) was added, and the resulting mixture was heated at
80 °C for 4.5 h. Then, the mixture was cooled back to room temperature, diluted with
water (250 mL) and kept for about 12 h, and filtrated and washed repeatedly with water,
followed by drying in a vacuum oven. The solid sample was added to concentrated
H2SO4 (40 mL) in a 500 mL flask cooled in an ice bath. To the mixture was added slowly
KMnO4 (5 g over 40 min), during which the temperature was kept at lower than 10 °C.
The reaction mixture, with a change in color from black to greenish brown, was heated at
35 °C for 2 h, followed by dilution with water (85 mL – Caution: the temperature must be
kept at lower than 35 °C throughout) and further stirring for 2 h. Then, the mixture was
poured into a large beaker, to which water (250 mL) and then aqueous H2O2 (30%, 10
mL) were added. Bubbles from the aqueous mixture along with a color change to brilliant
yellow were observed. After the mixture was allowed to settle for about 12 h, the clear
supernatant was decanted, and the sediment was washed repeatedly with aqueous H2SO4
(5 wt%)-H2O2 (0.5 wt%) and HCl solution (10 wt%), followed by repeated washing with
water until no layer separation observed upon centrifugation. The sample was then
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dialyzed (MWCO ~ 3,500) against water for 7 days to yield a clean aqueous dispersion of
GOs.
4.3.10 BNNs-GOs Composite Films
A solution of GOs was added dropwise into a suspension of BNNs with stirring, and
the mixture was stirred for 5 h and then sonicated in a bath sonicator for 20 h. The resulting
dispersion of BNNs and GOs, which appeared homogeneous, was vacuum-filtered through
a PVDF filter to form a film on the filter surface. Upon the removal of the filter, the freestanding film was dried in a vacuum oven at 75 °C for 12 h.
For thermal annealing, an as-fabricated film was heated in an inert atmosphere (flowing
argon gas) with the temperature increase at a rate of 2 °C/min for the annealing temperature
below 300 °C and then 5 °C/min above 300 °C.
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CONCLUSION

The previous chapters have been primarily focused on the development of nanofillers
with superior electrical and/or thermal properties. More specifically, the projects reported
have emphasized the use of single-walled carbon nanotubes (SWNTs) for their electrical
conductivity (EC), or more specifically the harvesting of metallic-SWNTs for their
extremely high EC, and on the exploitation of carbon and boron nitride nano-fillers for
polymeric composites of high thermal conductivity (TC).
SWNTs as produced are a mixture of both metallic and semiconducting SWNTs.
Metallic and semiconducting SWNTs are distinctively different in electrical conductivity
and many other aspects. The post-production bulk separation of metallic- and
semiconducting-SWNTs from their mixtures in the as-produced samples (in which the
metallic-to-semiconducting ratio is about 1-to-2, so the separation is particularly relevant
to the need for metallic-SWNTs) is necessary. As a result, much effort has been made to
produce either metallic or semiconducting SWNTs directly, with seemingly somewhat
more success for the latter. Post-production separation methods have also seen significant
advances and major achievements. Postproduction separation of metallic and
semiconducting SWNTs is important to many potential uses of the nanotubes, especially
those demanding higher electrical conductivities yet lower optical absorption. The
available separation methods are now capable of harvesting separated metallic SWNTs
from different production sources, with sufficiently high enrichment and up to gram
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quantities for satisfying at least the needs of research and technological explorations.
In the aforementioned chapters, planar aromatic species are shown to have somewhat
different interactions with metallic and semiconducting SWNTs. For example, a molecule
with a pair of planar aromatic moieties, bis-pyrene (1,1′-Bis-pyrenebutyoxyl-p-xylene)
was specifically designed and synthesized to exaggerate the difference in its noncovalent
functionalization and solubilization of the two types of nanotubes. The molecule
demonstrated a significant selectivity toward semiconducting SWNTs in the
solubilization to allow the convenient harvesting of bulk metallic and semiconducting
fractions in high purities. The results suggest that molecules with paired aromatic species
or essentially molecular tweezers may represent a new class of agents for more effective
and also relatively simple postproduction bulk separation of metallic and semiconducting
SWNTs.
Similarly, an anthracene mono-derivative with a long alkyl tail and a molecule with a
tethered pair of anthracene species (bis-anthracene) in a “molecular tweezers”-like
configuration was synthesized and evaluated for the separation of SWNTs. While the
mono-derivative was incapable of the noncovalent functionalization–solubilization, the
bis-anthracene was found to be very effective. The results suggest that molecular
tweezers of a tethered pair of planar aromatic species can be coupled with the selection of
a suitable solvent or solvent mixture for effective and efficient post-production separation
of metallic and semiconducting SWNTs.
Further advances in the separation methods are anticipated, including especially the
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goals for higher purities (both in terms of nanotube sample and metallic purities) and
maturation for scaling up, although the latter might have to be driven by the
implementation of one or more technological applications. Among the widely-pursued
applications, the separated metallic SWNTs are most promising for transparent electrodes
on both hard and flexible substrates, with the latter already competitive to the ITO
coating technology. Finally, the recent emergence of graphene nanosheets and related
materials may offer great opportunities for the development of carbon tube–sheet hybrid
nanotechnologies.
Lightweight nanocomposites with superior thermal transport properties promise great
application potential, for which there has been extensive development effort. Among
widely pursued nanoscale fillers in such composites are carbon nanomaterials. For
example, carbon nanotubes are extremely thermally conductive at the individualnanotube level. More recently, single- and fewer-layer graphene sheets have been shown
to be even more advantageous than carbon nanotubes, especially for their uses in
polymeric nanocomposites of high thermal conductivity. Hexagonal boron nitride (BN) is
structurally analogous to graphite and has equally good thermal transport properties. In
fact, bulk BN has traditionally been considered as a material of choice in thermalmanagement applications.
In summary, hexagonal BN processed and suspended in organic solvent was found to
be dominated by sheets of nanoscale thickness and large aspect ratios. The BN
nanosheets were dispersed in polymer matrices to give nanocomposite films with
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superior thermal transport performance. The in-plane thermal diffusivities of epoxy/BN
nanocomposites are considerably higher than those found in the literature, and approach
the record-setting values achieved in similar nanocomposites based on fewer-layer
graphene sheets. The as-fabricated PVA/BN films are somewhat less thermally
conductive, but on being mechanically stretched to align the embedded BN nanosheets
offered high thermal conductivities at lower BN loadings. These results demonstrate great
potential for BN nanosheets in highly thermally conductive polymer nanocomposites,
with application potential competitive with or beyond those based on graphene sheet.
Boron nitride nanomaterials are often compared to their carbon-based counterparts in
properties and applications, specifically boron nitride nanosheets (BNNs) vs graphene
nanosheets (GNs). The latter were shown as being able to form "composites" by
themselves for flexible films of neat GNs that were highly conductive both thermally and
electrically. A logical question was then whether their boron nitride analogs, namely neat
films of BNNs, could be developed for unique thermal management needs that require
electrical insulation and also for applications that benefit from the other advantageous
properties of boron nitride. In this work the two related major issues on the neat boron
nitride films were identified, including the quality of the precursor BNNs and the
dispersion of the BNNs relevant to the film fabrication. These issues were explored by
examining various solvent systems and experimental conditions for the exfoliation of
commercially acquired hexagonal boron nitride into BNNs and their ability to form
relatively stable dispersions. The more stable dispersions were used for the fabrication of
neat films of BNNs, and the results suggested that the films were too brittle to serve the
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film functions as those performed by their carbon-based counterparts. As an alternative
approach, a small amount of graphene oxides (GOs) was used as binder for BNNs-GOs
composite films of significantly improved mechanical characteristics. Thermal and
electrical conductivities in these films were evaluated, so was the tuning of the
conductivity ratios via thermal annealing of the as-fabricated films. The challenges and
opportunities with the development of BNNs-derived neat boron nitride films are
discussed, and their potential technological applications are highlighted.
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