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ABSTRACT Electron paramagnetic resonance of single-walled carbon nanotubes (SWCNTs) has been
bedevilled by the presence of paramagnetic impurities. To address this, SWCNTs produced by laser ablation with
a nonmagnetic PtRhRe catalyst were purified through a multiple step centrifugation process in order to remove
amorphous carbon and catalyst impurities. Centrifugation of a SWCNT solution resulted in sedimentation of carbon
nanotube bundles containing clusters of catalyst particles, while isolated nanotubes with reduced catalyst particle
content remained in the supernatant. Further ultracentrifugation resulted in highly purified SWCNT samples
with a narrow diameter distribution and almost no detectable catalyst particles. Electron paramagnetic resonance
(EPR) signals were detected only for samples which contained catalyst particles, with the ultracentrifuged SWCNTs
showing no EPR signal at X-band (9.4 GHz) and fields < 0.4 T.
KEYWORDS: single-walled · nanotubes · electron paramagnetic resonance ·
ultracentrifugation

arbon nanotubes are ideal for the
production of spintronic1 devices
owing to the long electron spin lifetimes and high Fermi velocity.2 It is vital to
understand the magnetic properties of electrons in single-walled carbon nanotubes
(SWCNTs) in order to effectively utilize them
in spintronics. Electron paramagnetic resonance (EPR) is an ideal method for providing insights into the spin properties of
SWCNTs as it can probe conduction electrons and unpaired spins. EPR of SWCNTs
was reported by Petit et al.,3 and a strong
signal attributed to conduction electrons
was observed. Bandow et al.4 reported experiments on multiwalled nanotubes and
SWCNTs that indicated a relationship between contacting nanotube bundles and
the EPR line shape. Contrary to the experiment by Petit, no signal associated with the
presence of conduction electrons was detected. Salvetat5 irradiated SWCNTs with 2.5
MeV electrons, inducing defects, in order
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to detect conduction electron spin resonance. However, the EPR spectrum was
dominated by magnetic catalyst impurities.
In an attempt to solve this problem of magnetic catalyst particle impurities Corzilius
et al.6 used carbon nanotubes grown using
chemical vapor deposition (CVD). These vertically aligned forests of nanotubes can be
removed from the substrate, leaving behind
the residual catalyst. Low temperature measurements found sharp EPR lines that were
attributed to conduction electrons trapped
inside nanotube defects. However, the lack
of in-depth structural characterization by
high resolution transmission electron
microscopy (HRTEM) makes it difficult to
link EPR properties with specific structural
features of the SWCNTs. EPR has also been
employed to study SWCNT peapod
structures7,8 elucidating charge transfer between metallofullerenes and SWCNTs, and
hydrogen absorption9 of nanotubes preferentially at defect sites, causing the EPR signal to diminish.
These often discordant results of SWCNT
EPR highlight the need for ultrapure
samples free from metal impurities and the
application of multiple characterization
techniques in order to build a balanced
and deep picture of the structure⫺EPR relationship. SWCNTs have generally been
grown using magnetic transition metal
catalyst particles,3⫺5 which contribute
strong EPR signals, and efforts to remove
magnetic particles often leave the SWCNTs
highly defective.6 Preparation of high quality pristine SWCNTs are essential for the investigation of the origin of SWCNT EPR.
SWCNTs processing requires the removal
www.acsnano.org
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Figure 1. HRTEM images illustrating the composition of the SWCNT samples through each step in the purification process: (A-i) lowmagnification image of raw laser ablation PtRhRe SWCNTs; (A-ii) high-magnification image of raw SWCNTs showing amorphous carbon coating the nanotube surface; (B-i) low-magnification image of annealed PtRhRe SWCNTs; (B-ii) high-magnification image of annealed SWCNTs showing clean nanotubes and catalyst particles; (C) sonicated PtRhRe SWCNTs coated with surfactant; (D) centrifuged
SWCNT supernatant showing a reduction in catalyst particles; (E) low-magnification image of centrifuged SWCNT sediment showing
large clusters of catalyst particles; (F) HRTEM image of DGU treated SWCNTs showing minimal catalyst particle content.

of amorphous carbon and catalyst particles with minimal damage to the nanotube structure.
Here, we utilize two different purification methods to remove amorphous and graphitic carbon,
and catalyst particle impurities, based upon high
vacuum high thermal annealing and
ultracentrifugation.10,11 Kitaura et al.10 annealed
raw SWCNTs at 1200 °C for 24 h under high vacuum
to remove amorphous carbon and vaporize Fe catalyst particles. Superconducting quantum interference device (SQUID) magnetometry of the thermally
annealed SWCNT sample showed minimal magnetic
susceptibility over the temperature range, demonstrating the removal of Fe catalyst particles while retaining nanotube structure. Ultracentrifugation allows for facile separation of nanotubes and catalyst
particles without damaging the carbon nanotube
structure. Density gradient ultracentrifugation (DGU)
has been developed as a large scale method for the
separation of SWCNTs into semiconducting and metallic chiralities, primarily focusing on smaller diameter nanotubes.12,13 Larger diameter SWCNTs are
more challenging to separate into different chiral
forms due to the broad overlap of diameter for semiconducting and metallic species. We have concentrated on larger diameter SWCNTs because they can
be filled with spin-active metallofullerenes to form
1D peapod systems.7
www.acsnano.org

RESULTS AND DISCUSSION
Nanotube Composition. HRTEM was performed to image the composition of all SWCNT samples in each of
the purification methods, comparing the nanotube
structure and the level of catalyst particles, amorphous
carbon and defects present. Figure 1 panels a-i and a-ii
show the HRTEM images from the raw PtRhRe SWCNTs
containing catalyst particles, amorphous and graphitic
carbon. The SWCNTs were annealed in air at 300 °C for
2 h to remove the carbon impurities. Figure 1 panels b-i
and b-ii show the annealed PtRhRe SWCNTs with reduced amounts of amorphous carbon either on the surface of the nanotube or surrounding the catalyst particles. A solution of annealed SWCNTs in 2% SC/DOC
[4:1 ratio] was prepared and then sonicated for 4 h.
HRTEM presented in Figure 1c shows SWCNTs and catalyst particles coated with surfactant. The sonicated
SWCNT sample was centrifuged for 1 h at 41 krpm, resulting in the supernatant (top 85%) containing dilute
SWCNT solution with the bottom containing a residue
of sediment SWCNTs. The “supernatant SWCNT”, Figure
1D, shows a reduction in the amount of catalyst particles and more isolated SWCNTs. In contrast, Figure 1E,
the “sediment SWCNT” sample, showed considerable
increase in the level of catalyst particles. The supernatant SWCNT sample was further purified through a 17 h
ultracentrifugation using a 20⫺40% iodixanol density
gradient based upon the DGU method explained in ref
VOL. 4 ▪ NO. 12 ▪ 7708–7716 ▪ 2010

7709

ARTICLE
7710

diameter distribution and purity of SWCNTs
in the ultracentrifugation purification process. UV⫺vis absorption of SWCNT films between 400⫺2200 nm showed two semiconducting peaks, around S11 ⫽ 1900 nm and
S22 ⫽ 1050 nm, and the first metallic peak,
around M11 ⫽ 700 nm (see Supporting Information). For comparative analysis, the full
width half-maximum (fwhm) diameter distribution, calculated using Kataura plot,18 and
the relative purity obtained from the S22
peak was examined for all samples (shown
in Figure 3a). The mean diameter remained
consistent, approximately ⬃1.45 nm, for all
SWCNT samples in the purification process.
The SWCNT sediment has the broadest
fwhm diameter distribution, shown in Figure 3b, while the SWCNT supernatant and
DGU SWCNT material have narrower fwhm
diameter distribution. Surprisingly the
SWCNT sediment and sonicated SWCNT
contain narrow nanotubes with diameters
⬍ 1.2 nm. These narrow diameter nanotubes may bundle together and cause them
Figure 2. (A) Low-magnification HRTEM image of aqua regia treated SWCNTs showing
to sediment. Centrifugation of SWCNT soluclean nanotube bundle with some catalyst particles; (B-i) HRTEM image of Meijo SO
tions should force heavy nanotube bundles
SWCNTs showing a residual catalyst particle, highlighted with dotted circle; (B-ii) high
magnification HRTEM of highlighted catalyst particle showing lattice fringes; (C) lowto sediment, and isolated nanotubes to form
magnification HRTEM image of large bundles of Meijo FHP NTs with no visible catalyst
in the supernatant. SWCNT purity is a meaparticles; (D) HRTEM image of Meijo FHP NTs refluxed in HNO3, showing bundles of NTs
sure of the absorption of SWCNT against immaintaining pristine structure.
purities in the sample as explained in ref
12. The resulting sample, Figure 1F, contains many iso19. Relative to the sonicated SWCNT sample the purity
lated SWCNTs with almost no visible catalyst particles.
increases for the centrifuged supernatant and DGU
The centrifuge purification process has been developed SWCNT sample, which has the highest relative purity.
as an alternative method to the currently employed
The sediment SWCNT sample has the lowest relative
aqua regia purification method.7,14,15 Aqua regia inpurity, which is reflective of the high levels of catalyst
volves harsh acid treatment to remove the catalyst par- particles as illustrated in the HRTEM, Figure 1E. Meijo
ticles, but, as shown in Figure 2a, a significant amount
FHP CNTs produced a broad UV⫺vis absorption specof catalyst particles remains. Hot thermal annealing
tra due to a very large diameter distribution, therefore
has been previously employed as a purification method a fwhm and purity could not be determined.
for arc-discharge nanotubes.16 HRTEM of Meijo SO
Structural Analysis. Atomic force microscopy (AFM) proSWCNTs, shown in Figure 2b, indicates the presence of vided a further insight into the affect of the centrifugasome residual catalyst particles. Figure 2c shows the HR- tion purification process on the length and bundling of
TEM image of Meijo FHP CNTs with a combination of
the PtRhRe SWCNTs. HRTEM only provides a qualitasingle-walled and double-walled nanotubes and almost tive idea of the length distribution of the SWCNTs
no magnetic catalyst particles. Several hours were spent samples, so it is important to use AFM as an additional
using TEM to scan a region of more than 0.01 mm2 of
analytical technique. AFM of raw PtRhRe SWCNT, centriFH-P SWNT networks that was found to be catalyst free. fuged SWCNT supernatant, and Meijo FHP SWCNT are
The Meijo FHP NTs were refluxed in HNO3 for 2.5 h in or- shown in Figure 4 panels a, b, and c, respectively, and
der to produce defects;17 Figure 2d shows the refluxed analyzed in Figure 4d,e. All samples were prepared in
Meijo FHP sample still retaining its nanotube structure
2% SC/DOC [4:1 ratio] solution and to ensure good disand no magnetic particles visible.
persions raw PtRhRe SWCNTs and Meijo FHP CNTs were
Purity Analysis Using Absorption Spectroscopy. Van-Hove
sonicated for 1 h. Raw PtRhRe SWCNTs have a mean
singularities in SWCNTs produce distinctive absorption
length of 1.41 m and the majority of nanotubes with
peaks from semiconducting and metallic transitions.
length between 1 and 2 m. For the SWCNT supernaUV⫺vis absorption spectroscopy was used to measure
tant the distribution of nanotube lengths peaks at
the absorption peaks from the metallic and semicon0.5⫺1 m with an average nanotube length of 0.77
m. The shorter nanotube length is due to the 4 h hornducting SWCNTs and yield information regarding the
VOL. 4 ▪ NO. 12 ▪ ZAKA ET AL.
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Electron Paramagnetic
Resonance. X-Band CW EPR measurements for each of the
SWCNT species in the centrifugation purification process
were performed at 5 K using
microwave power of ⬃1 mW
(well below the saturation
power of ⬃2 mW). EPR
samples were prepared with
a similar quantity of SWCNTs
in order to compare the relative number of spins. Figure 5
compares the EPR intensity of
the various SWCNT samples.
Raw PtRhRe SWCNTs, Figure
5a, gave a strong single peak
in the EPR, with a g-factor of
2.0034 ⫾ 0.0005 and line
width ⬇ 3.0 ⫾ 0.1 G, but when
the SWCNTs were annealed
this signal was no longer detected. We attribute this loss
of EPR signal to the removal of
amorphous carbon in the annealing process. Centrifugation of the sonicated PtRhRe
SWCNT sample decreased the
catalyst content and improved the purity of the
SWCNT supernatant sample
compared to the SWCNTs
sediment. The sonicated and
Figure 3. (a) UVⴚvis absorption showing the normalized S22 peak for the SWCNTs
sedimented SWCNT samples
sample, indicating the fwhm for each sample; (b) fwhm diameter distribution (red) and
relative purity (blue) relative to sonicated SWCNTs sample for SWCNTs samples, with the show an EPR signal, Figure 5b,
S22 peak used as a comparison for all samples.
with a Lorentzian line shape
and similar linewidths of ⬃5.0
tip sonication of the nanotube which is known to cut
⫾ 0.1 G. The g-factor for sonicated and sediment
20,21
and shorten SWCNTs.
The height profile distribuSWCNTs are 2.0029 ⫾ 0.0005 and 2.0017 ⫾ 0.0005, retion for raw PtRhRe peaks between 2 and 4 nm (i.e.,
spectively. The marginal difference is possibly due to
bundles), compared to the lower value of the SWCNTs
bundling of nanotubes in the SWCNT sediment. The
supernatant, with the majority of the height profile discentrifuged supernatant shows negligible EPR signal
tribution less than 2 nm. This indicates that the SWCNT
with a similar g-factor of 2.0026 ⫾ 0.0005 and line width
supernatant contains principally isolated nanotubes,
of ⬃5.0 ⫾ 0.1 G. We can deduce that the EPR signal is
which is a direct result of the surfactant encapsulation
linked to the presence of catalyst particles present in
and centrifugation of the SWCNT. Meijo FHP CNTs are
the sonicated and sediment samples. DGU SWCNTs
much shorter in length than Raw PtRhRe SWCNTs, with showed minimal EPR signal, further indicating that the
a mean length of 0.57 m. Meijo FHP CNTs have a
observed EPR signal is related to the presence of catalarger height profile distribution compared to raw
lyst particles. SWCNTs purified by aqua regia microwave
PtRhRe SWCNT, due to the larger diameter of the Meijo digestion have been shown to contain catalyst parFHP CNTs and the presence of both single-walled and
ticles through HRTEM (Figure 3a). Figure 5b shows the
double-walled nanotubes. AFM data indicate that both EPR signal of the aqua-regia-treated SWCNTs, which is
supernatant SWCNTs and Meijo FHP NTs have sufficient similar to the signal of the sonicated and sediment catamean length to produce isolated NT field effect transis- lyst containing SWCNTS, emphasizing the relationship
tor (FET) devices as explained in ref 22. Percolated net- between the catalyst particle impurities and EPR.
works of short NTs, ⬃200 nm mean length, have been
Figure 6a shows the observed EPR from Meijo SO
SWCNTs, Meijo FHP, and refluxed Meijo FHP CNTs. Low
employed to produce thin film transistors.23
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Figure 4. (A) AFM image of raw PtRhRe SWCNTs; (B) AFM image of SWCNTs supernatant; (C) AFM image of Meijo FHP nanotubes; (D) distribution of nanotube length for nanotube samples; (E) height profile distribution of nanotubes.

temperature (5 K) EPR measurements of Meijo SO
SWCNTs show a large single peak with Lorentzian line
shape and a g-factor of 2.0012 ⫾ 0.0005 and ⬃5.1 ⫾ 0.1
G line width. This EPR signal can be attributed to the
presence of residual magnetic catalyst particles. Meijo
FHP CNTs have negligible magnetic catalyst particle
content and contain a combination of primarily

Figure 5. (A) 5 K EPR spectra of raw PtRhRe SWCNTs; (B) 5 K EPR
spectra of annealed, sonicated, sediment, supernatant, DGU, and
aqua regia SWCNTs (microwave power, 1 mW; modulation frequency, 100 kHz; modulation amplitude, 1 G).
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SWCNTs and some double- and triple-walled nanotubes and show no observable EPR signal. This further
supports the notion that the SWCNT EPR signals observed at X-band are linked to the presence of catalyst
particles. Meijo FHP NTs are clean catalyst-free graphitic
systems, differing from DGU SWCNTs as they are larger
in diameter and contain double-walled and triplewalled nanotubes. Since no EPR signal is observed at
the X-band for either nanotube sample, this suggests
that changes in nanotube diameter and the number of
walls do not produce an observable X-band EPR signal.
Meijo FHP CNTs were refluxed to induce defects into
the nanotube structure. The refluxed Meijo FHP CNTs
showed no EPR signal at low temperature, similar to the
raw Meijo FHP sample, indicating the minimal effect of
defects on the EPR signal.
To further confirm the notion that ultrapure SWCNTs
do not produce an observable signal in low temperature (5 K) EPR at X-band, we examined 95% purified
semiconducting and 95% purified metallic SWCNT
samples produced by Nanointegris using the DGU
method.12 No signal was observed from these samples
as shown in Figure 6b. To our knowledge this is the first
report of the EPR examination of pure metallic (and
semiconducting) SWCNTs. This reveals that the EPR associated with possible conduction electrons is not seen
at X-band and may require larger field strengths and
higher microwave frequencies. This is highly challenging and is the subject of our further work.
Vibrating Sample Magnetometry. A vibrating sample magnetometer (VSM) was used to characterize the magnetic properties of the nanotube samples by measuring any magnetization arising from magnetic catalyst
www.acsnano.org
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D peaks of the SWCNT samples to determine any effects the centrifugation purification process had
upon SWCNT defects. The ratio of the D peak
(⬃1330 cm⫺1), defects in sp2 carbon network, and
the G peak (⬃1590 cm⫺1), arising from semiconducting and metallic nanotubes, is used to measure the degree of disorder in the SWCNTs.25 Similar D/G ratios were obtained for DGU SWCNTs, 0.059,
and raw SWCNTs, 0.058, while smaller D/G ratios
were obtained for aqua-regia-treated SWCNTs,
0.028, and Meijo SO SWCNTs, 0.032. The D peak for
DGU SWCNTs may be slightly higher due to the
horn-tip sonication process which may create defects through the process of cutting nanotubes. The
relatively low D/G ratio for all the SWCNTs samples
illustrates the high quality of the SWCNTs.25,26
Paramagnetic Properties. Purified DGU SWCNTs and
Meijo FHP NTs free from catalyst particles show negligible EPR signals at X-band. EPR signals were only
detected in samples containing catalyst particles indicating there may be some interactions between
the metal catalyst and surrounding carbon which
contributes to the EPR signal. Nicolau et al.27 investigated the paramagnetic behavior of platinum catalyst deposited on charcoal. They investigated sevFigure 6. (A) The 5 K EPR of Meijo SO (dashed), Meijo FHP (solid),
and refluxed Meijo FHP (dotted); (B) 5 K EPR of metallic SWCNT eral compositions of platinum and charcoal and
(blue) and semiconducting SWCNT (purple) (microwave power, found that mixed Pt⫺C complexes produced EPR
1 mW; modulation frequency, 100 kHz; modulation amplitude,
signals, with linewidths between 3.9 and 5.4 G and
1 G).
a g-factor of 2.0034, around that of a free electron
particles and to further demonstrate that Meijo FHP
and similar to the observed g-factors in Figures 5 and
nanotube were free from magnetic catalyst particles.
6. The observed EPR signal was attributed to interaction
Figure 7a shows the VSM of raw PtRhRe, Meijo FHP, and between charcoal and the platinum, and a relationship
Meijo SO SWCNTs. The PtRhRe catalyst particles are
between the EPR intensity and platinum content was
nonmagnetic and therefore no magnetization curve is
observed, indicating that electrons remain unpaired on
observed in the VSM. Meijo SO and FHP CNTs are synthe platinum catalyst. These observations facilitate an
thesized using ferromagnetic catalysts, Ni/Y and Fe, re- understanding of the obtained EPR signals in our exspectively, and undergo high vacuum thermal annealperiments. Annealing raw PtRhRe SWCNTs removes
ing with the aim of removing catalyst particles.16 Meijo amorphous carbon surrounding the nanotube and
SO SWCNTs are single-walled and have a similar diamcatalyst particle surface. The cleansed catalyst particles
eter distribution to raw PtRhRe SWCNTs. The VSM of
no longer form Pt⫺C interactions with the removed
Meijo SO SWCNTs shows trace amounts of catalyst par- amorphous carbon, explaining the absence of an obticles, as determined by the weak hysteresis curve. As
servable EPR signal for annealed SWCNTs. Wang et al.28
a comparison, the inset in Figure 7a shows the VSM of
performed density functional theory (DFT) calculations
Carbolex SWCNTs heavily coated with ferromagnetic
to ascertain the binding energies of Pt clusters on carcatalyst particles; the strong hysteresis curve is indicabon nanotubes. Binding energies on point defects on
tive of the presence of soft magnetic catalyst particles
CNTs were determined to be more than three times
(cf. ref 24). Meijo FHP nanotubes are of a larger diamhigher than on defect-free CNTs. Stronger orbital hyeter and contain single-walled and double-walled nano- bridization between Pt atoms and carbon in defective
tubes. They are more stable to higher temperatures for CNTs was determined to cause the increase in the bindannealing, resulting in maximum removal of magnetic
ing energy. Importantly Wang et al. elucidated that
catalyst particles; they therefore show no magnetic sig- larger charge transfer occurred between Pt and carbon
nals in VSM. These observations account for the origin
in defect CNTs. Sonication of SWCNT surfactant solution
of the detected EPR signal in Meijo SO SWCNTs, which
has been shown to cut nanotubes, and Lu et al. elucicontain magnetic catalyst particles, and the absence of dated the mechanical damage that can potentially arise
any EPR signal for catalyst particle-free Meijo FHP NTs.
from ultrasonication, producing defects in the nanoRaman Spectroscopy. Raman spectroscopy, shown in Fig- tube structure.21,28,29 Shorter nanotubes with potential
ure 7b, was performed at 532 nm to measure the G and defects could provide more preferential binding sites
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shown to be a pure graphitic system, an ideal nanotube structure which has been lacking in preceding EPR studies, and shows no trace of conduction electrons. Theoretical calculations predict a
doublet peak for SWCNTs EPR due to spin⫺charge
separation; however, neither of our purified
samples show this phenomenon at X-band.30
Kuemmeth et al.31 measured spin orbital coupling
of 84 GHz for a single 5 nm diameter SWCNT.31
On the basis of their measurement of the spin orbit (SO) coupling and theoretical study of ref 32,
we can estimate a SO coupling for the nanotubes
studied here (DGU SWCNTs diameter ⬇ 1.4⫺1.6
nm, and Meijo FHP NTs, diameter ⬇ 2 nm) to be
approximately 260⫺300 GHz and 190⫺230 GHz,
respectively. Given these values for SO coupling,
we would expect no EPR signal from the conduction electrons at X-band (10 GHz) and at a modest
magnetic field. Furthermore the range of nanotube diameters could lead to substantial broadening and therefore make it difficult to observe any
signal. Studying aligned SWCNTs at higher EPR frequencies could reveal the conduction electron
spin resonance.
SUMMARY
The multistep centrifugation purification
process has successfully produced highly pure
SWCNTs which can be implemented in spintronic devices. Centrifugation of SWCNT solutions provides an effective approach to removing catalyst particles compared to aqua regia
treatment. HRTEM, UV⫺vis, and AFM provided
Figure 7. (A) VSM of raw PtRhRe (circle), Meijo FHP (square), and Meijo SO (trievidence for the significant improvement of the
angle) SWCNTs. (Inset) VSM of Carbolex raw SWCNTs containing many catalyst
SWCNTs through each step in the purification
particles. (B) Raman spectroscopy of Raw SWCNTs, DGU SWCNTs, aqua regia
SWCNTs, and Meijo SO SWCNTs showing the G peak (⬃1590 cmⴚ1) and D peak
process. EPR tracked any modifications the pu(⬃1340 cmⴚ1).
rification methodology had on the SWCNTs
sample. The comparative analysis of the sedifor Pt catalyst particles to interact with the CNT and pro- ment and supernatant SWCNT samples has revealed
vide an explanation of the reappearance of an EPR sig- that metal catalyst carbon complexes were the cause
nal for the sonicated SWCNTs sample. We centrifuged
of the observable EPR signal.
the sonicated SWCNT sample, producing two SWCNTs
HRTEM and UV⫺vis established the difference besystems with varying Pt catalyst content, as determined tween the two samples, the SWCNT sediment conby HRTEM. An EPR signal is observed for sediment
taining a substantial amount of catalyst particles and
SWCNTs, heavily coated with catalyst particles, due to
the SWCNT supernatant containing more isolated
the Pt⫺C interactions. Supernant and DGU SWCNTs,
SWCNTs with considerable reduction in catalyst parcontaining predominantly nanotubes, yielded no obticle content and a narrower diameter distribution.
servable EPR signals at X-band due to the absence of
EPR of the two contrasting SWCNT samples highPt⫺C interactions. Observed EPR signals arise from the lights a strong correlation between the level of catainteraction between the Pt catalyst particle and the
lyst particles and the detected EPR signal. Purified
CNTs, and centrifugation has successfully demonstrated supernatant and DGU SWCNTs show no EPR signal
an avenue to reduce catalyst content from the nanoat X-band, whereas the sonicated and sediment
tube system.26,27 High vacuum thermal annealing of
SWCNTs, containing higher levels of catalyst parmagnetic catalyst particles from Meijo FHP CNTs highticles, both produced an EPR signal. Since aqualighted another approach to remove catalyst particles,
regia-purified SWCNTs contain residual catalyst parwhich otherwise produce an EPR signal as seen for
ticles they therefore produce an EPR signal.
Ultracentrifugation of raw PtRhRe is a viable method
Meijo SO SWCNTs.10,16 Meijo FHP CNTs have been
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METHODS
SWCNTs were grown using laser ablation with nonmagnetic
catalyst particles (PtRhRe) using a previously reported method.14
Purification to remove catalyst content was performed either
by aqua-regia microwave digestion or through centrifugation.15
Centrifugation involved multiple steps to purify the raw PtRhRe
SWCNTs, as shown in the schematic diagram in Figure 8. The
SWCNTs were annealed in air at 300 °C for 2 h in order to remove amorphous carbon. Annealed SWCNTs were dispersed in
an aqueous solution of 2% sodium cholate (SC)/deoxy cholate
(DOC) [ratio 4:1] to a concentration of 0.5 mg mL⫺1. The SWCNT
2% SC/DOC solution was sonicated for 4 h using a horn-tip sonicator (Cole Parmer ultrasonic processor). The sample was placed
in an ice bath to prevent thermal damage to the SWCNTs. The
sonicated SWCNT solution was centrifuged for 1 h at 41 krpm using a swing bucket SW41Ti rotor and Beckman Coulter ultracentrifuge model L100-XP. The upper 85% of the solution was collected and is termed “SWCNT supernatant”. The material at the
bottom of the centrifuge tube was also collected and is termed
“SWCNT sediment”. The SWCNT supernatant was concentrated
using centrifugal filters (Amicon 30 kDa, Millipore), for 7 min at 5
krpm, (Labofuge 200 Heraues). The concentrated SWCNT supernatant sample was further centrifuged for 17 h at 41 krpm using
an iodixanol density gradient (20⫺40% linear gradient with 2%
sodium cholate/sodium dodecyl sulfate [ratio 2:3]). The process
of using density gradient ultracentrifugation (DGU) is employed
with the primary function of isolating catalyst-free SWCNTs. The
separated fractions from the DGU were isolated, and the bulk
black nanotube suspension was collected and termed “DGU
SWCNT”. Meijo FHP and SO SWCNTs were produced by Meijo
Nano Carbon, Inc, via arc-discharge using magnetic catalyst particles Fe and Ni/Y, respectively. As-grown arc-discharge SWCNTs
were air oxidized at 400 °C and further purified in hydrochloric
acid. High temperature annealing was performed between
1100⫺1400 °C at a vacuum pressure of 10⫺3⫺10⫺4 Pa for 6⫺24
h. To understand the affect of nanotube defects on the EPR signal Meijo FHP SWCNTs were refluxed in nitric acid HNO3 for 2.5 h
at 130 °C in order to induce defects. DGU separated ultrapure
semiconducting (IsoNanotube-S) and metallic (IsoNanotube-M)
SWCNT buckypapers (95% purified) for EPR analysis were purchased from Nanointegris.
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to obtain catalyst-free
SWCNTs. Meijo SO and
FHP NTs illustrate analogous results. High thermal
annealing of Meijo FHP
NTs purged magnetic
catalyst particles, as
shown in VSM, whereas
Meijo SO show the presence of magnetic particles
in VSM. Meijo FHP nanotubes are highly pure,
with HRTEM and VSM giving no indication of any
catalyst particle present in Figure 8. Schematic diagram indicating the multiple steps involved in the purification process of the
SWCNTs.
the sample. The presence
of catalyst particles in
Meijo SO is demonstrated
X-band either. We can conclude that in general highin the EPR in Figure 6a, with the magnetic catalystquality ultrapure SWNTs do not exhibit an EPR sigfree Meijo FHP CNTs showing no EPR signal. Ultranal at the X-band and that signals detected arise
pure DGU separated metallic and semiconducting
from metal catalyst particles interacting with carSWNTs did not show any detectable EPR signal at the bon or in poor quality SWNT samples.

UV⫺vis absorption spectroscopy was measured for SWCNT
films between 400 and 2200 nm using a Jasco V-570 UV/vis/NIR
spectrometer. Vibration sample magnetometer measurements
were performed using a Lakeshore 7400 VSM and EM4-HVA electromagnet. Atomic force microscopy (AFM) was performed using a Park Scientific instrument CP-II AFM. AFM samples were
prepared by spin coating SWCNT solutions on functionalized
Si/SiO substrates.33 For high resolution transmission electron
microscopy (HRTEM), SWCNT solutions were washed with
methanol, and this washing repeated 5 times to ensure that the
surfactant was removed. HRTEM was performed on a JEOL
4000EX operating at 80 kV. All samples for EPR were pumped
to remove oxygen and sealed in a quartz tube under vacuum.
EPR measurements were performed using a Bruker EMX spectrometer at 9.4 GHz at 5 K in an Oxford ESR900 cryostat. Raman
spectroscopy was measured using a JY Horiba Labram Aramis
Raman microscope using a frequency doubled Nd:YAG laser at
532 nm.
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Acker, J.; Hoffmann, V.; Gemming, T.; Büchner, B.; Pichler,
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