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ABSTRACT In this report we demonstrate the separation of raw
carbon nanotube material into fractions of double-walled (DWCNTs)
and single-walled carbon nanotubes (SWCNTS). Our method utilizes
size exclusion chromatography with Sephacryl gel S-200 and yielded
two distinct fractions of single- and double-walled nanotubes with
average diameters of 0.93 £ 0.03 and 1.64 & 0.15 nm, respectively.
The presented technique is easily scalable and offers an alternative to
traditional density gradient ultracentrifugation methods. CNT frac-

tions were characterized by atomic force microscopy and Raman and

absorption spectroscopy as well as transmission electron microscopy.
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ouble-walled carbon nanotubes
D (DWCNTSs) are a unique intermediate

between single-walled carbon nano-
tubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTSs) and are therefore of
fundamental interest to the carbon nano-
tube community. Due to the extraordinary
electronic, physical, and optical properties
of SWCNTs, a myriad of SWCNT integrated
devices for sensing applications can be found
in the literature.' > However, for the develop-
ment of advanced biosensors the integration
of a biosensitive element is often necessary.
Of course biomodification can be achieved
through noncovalent functionalization, such
as the wrapping of SWCNTs with DNA,** or
the incorporation of molecules within the
surfactant shell® but sometimes it is also
desirable to have covalent functionalization
avenues available. In this regard, the use of
SWCNTs becomes difficult due to degrada-
tion of their electronic properties from cova-
lent modification, where disruption of the
pristine sp>hybridized network is a require-
ment.” DWCNTSs offer a unique solution to this
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problem, where covalent modification can
be performed on an outer-wall nanotube only
with the inner-wall nanotube remaining pris-
tine and available for signal transduction.®

In order to realize this application or indeed
alternatives such as field effect transistors®'®
or atomic force microscopy (AFM) tips,"" the
ability to prepare highly pure DWCNTs is
a requirement. Despite research efforts to
develop growth processes that favor DWCNT
formation, unwanted SWCNTs are still found
to be present in the raw material.'>'3 Research
efforts have therefore been directed toward
methods to isolate and purify DWCNTs.
One very successful method was pioneered
by Hersam and co-workers in 2009." Their
process utilized density gradient ultracentri-
fugation (DGU) to separate surfactant-
wrapped CNTs by their number of walls
upon exploiting differences in the buoyant
density. In 2010, Huh et al. utilized this
method to not only separate DWCNTs but
also isolate narrow length distributions.'”
This was done by altering both the density
gradient and the vertical starting position of
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Figure 1. (a) Time-lapse photography (1 h) of the introduction of raw unsorted DWCNT material to the S-200 gel column for
the separation of DWCNTs from SWCNTs and (b) diameter vs length of SWCNTs and DWCNTs as determined by AFM.

the unsorted material, creating a substantially greater
than average density of the dispersed DWCNTSs,
thus exploiting the length-dependent translation of
the nanotubes in response to applied centrifugation.
They also reported the first hint of DWCNT separation
according to the electronic character of the outer
nanotube through the use of cosurfactants at different
concentrations throughout the gradient medium.
Hersam and co-workers later reported the preparation
of high-quality semiconducting and metallic DWCNT
fractions in 2011, by conducting sequential DGU,
resulting in controlled separation of DWCNTSs accord-
ing to outer-shell electronic character.'® They achieved
very high outer-wall nanotube purity with reports of
96% and 98% for sorted semiconducting and metallic
DWCNTs, respectively. While DGU has demonstrated very
high quality separation, for many research groups with-
out an ultracentrifuge or the technical expertise in the
preparation of intricate density gradients, the preparation
of high-purity DWCNT material remains unachievable.
For this reason the development of alternative prepara-
tion methods is still of fundamental interest.

In this work we describe the use of Sephacryl gel
column chromatography to separate SWCNTs from
DWCNTs. The use of Sephacryl gel chromatography,
developed by Moshammer et al. in 2009, has already
been shown to be extremely successful in the prepara-
tion of SWCNT suspensions. This method allows for
the high-throughput separation of metallic (m-) from
semiconducting (s-) SWCNTs and in some cases, even
enriches zigzag and (n, 0) species.'® The work of Liu
et al,' Tvrdy et al.,”® and our group®'** has then
further developed this technique to afford highly
pure single-chirality suspensions. It is therefore a logical
extension to apply Sephacryl gel techniques to DWCNTSs.

RESULTS AND DISCUSSION

As outlined in the Methods section, 125 mL of a
2 wt % sodium dodecyl sulfate (SDS) in H,O suspension
of as-prepared DWCNT material was sonicated for 8 h
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at 15 °C to yield the raw DWCNT starting solution. This
solution was then applied to an S-200 Sephacryl gel
bed and washed through with further 2 wt % SDS with
the “flow-through” material collected. Figure 1a shows
time-lapse photographs of the Sephacryl gel column
before addition of the starting material and at various
times after addition. Despite a significant portion of
the raw material passing through the column, a small
fraction remained adsorbed to the gel at the top of the
column (absorption spectra of raw and flow-through
material can also be found in Figure S1 of the Support-
ing Information). This is consistent with the previous
work of Blanch et al.>® and Flavel et al,”* who have
shown that for HiPco SWCNTs in relatively high SDS
concentrations (1.6—2 wt %), only a small amount of
the overall nanotube population is adsorbed to the
gel, compared to relatively low SDS concentrations
(0.4—0.8 wt %). This “flow-through” band is highlighted
in green in Figure 1a. Upon addition of 0.5 wt % sodium
cholate (SC), the adsorbed CNTs were then eluted from
the gel column. This is consistent with previous work,'”
where surfactant exchange results in a reduced inter-
action of the nanotubes with the gel and subsequent
elution. During elution the previously adsorbed
DWCNTs and SWCNTs are observed to separate into
two distinct bands that are highlighted purple and
blue in Figure 1a, respectively. As can be seen in
Figure 1a, the DWCNTs travel faster through the S-200
gel compared to the SWCNTs and therefore elute first
from the column. Furthermore, the initially tight band
of DWCNTs is found to spread out as it passes through
the column, whereas the SWCNTs remain roughly
confined in a band of the similar size. Despite the
extensive use of Sephacryl S-200 size exclusion gel in
the separation of SWCNTs,'9~22 the exact mechanism
remains under discussion. This is highlighted in the
recent work of Tvrdy et al,*® who identify the separa-
tion process of SWCNTs as a selective adsorption
and not the expected size exclusion chromatographic
(SEC) process, which would have retention time
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Figure 2. Diameter and length populations determined by AFM of sorted SWCNTs (top) and DWCNTs (bottom) with a
Gaussian fit to indicate contribution from individually dispersed tubes and bundles.

dependence. We believe our work to be consistent
with the adsorption mechanism proposed by Tvrdy
et al.; however in the case of the DWCNTs it could be
suggested that the spreading of the DWCNT band is
due to a size-selective interaction on the gel. Absorp-
tion spectra of sequential fractions for the DWCNT and
SWCNT material can be found in Figures S2 and S3.
Upon inspection of Figure S2, it can be seen that only
the leading edge of the “DWCNT band” contains a high
content of DWCNTs, with a decrease in both the
concentration and optical properites for later fractions.
AFM investigation of the DWCNT sample for later
fractions is shown in Figure S4 of the Supporting
Information, in this case, the fraction labeled “Fraction
5" of the “DWCNTSs band”. It can be seen that there are
indeed CNTs present with an average diameter of 1.05 +
0.02 nm, which is therefore suggestive of SWCNTs. These
SWCNTs have an average length of 910 £ 11 nm, similar
to that of the DWCNT sample, which is discussed below.
However, as there are no SWCNTs visible in the absorp-
tion measurement of “Fraction 5", we believe that they
must be highly defected. In absorption measurements
we see only a low concentration of DWCNTSs, indicating
that this nonedge band of DWCNTs is a combination of
DWCNTs and defected SWCNTs. It is also important to
note at this point that in the near-edge band of DWCNTs
(used for all subsequent experiments) no SWCNT ma-
terial was found by AFM or transmission electron micro-
scopy (TEM). Hence in this case it is the separation of
pristine DWCNTSs from defected material with reduced
adsorption properties that is observed, rather than size
exclusion within the DWCNT population.

Likewise the clear separation of the SWCNT and
DWCNT bands could also be due to size-dependent
retention times on the gel. In Figure 2, AFM measurements
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comparing the SWCNT and DWCNT fractions are shown
(representative AFM images can be seen in Figure S5 of
the Supporting Information). In the case of the SWCNTSs, a
Gaussian can be fitted to the histograms of both the
diameter and length with an average diameter of 0.93 +
0.03 nm and average length of 310 + 28 nm. It is apparent
that the SWCNT sample consisted predominantly of
individually dispersed nanotubes, without the presence
of large bundles. In the case of DWCNTs, however, there
are clearly two subpopulations for both diameter and
length distributions, corresponding to individually dis-
persed DWCNTs and bundles. The increased affinity for
DWCNTs to form bundles compared to SWCNTs is be-
lieved to be due to the significantly longer tube length
and increased diameter, which would lead to increased
van der Waals interactions.”*? The average diameter and
length of the individually dispersed DWCNTs is 1.64 +
0.15 nm and 725 + 250 nm, respectively. A further
observation from AFM is that the average diameter of
the DWCNTs is larger than that of the SWCNTs by 0.71 nm,
very close to twice the literature value of the intertube
distance (344 A)* indicating that the SWCNTs are
approximately equivalent to the size of the inner tubes
of DWCNTs. It is therefore possible that the presence of
SWCNTs has origins in sonication-induced exfoliation of
DWCNTs, as well as being present in the raw material.'>">

It is well known that raw DWCNT material contains
not only small-diameter SWCNTs but also large-
diameter SWCNTs and MWCNTs. Indeed it is therefore
entirely possible that the additional peak that we have
attributed to bundled DWCNT material could simply
be attributed to MWCNTs or large-diameter SWCNTs.
The only way to verify this is with TEM measurements.
From TEM measurements we were unable to locate any
MWCNTs in either the SWCNT or DWCNT fractions.
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Figure 3. HRTEM micrograph of an individual DWCNT with
an outer diameter of 1.7 nm.

Of course this does not rule out the possibility of their
existence in either of the fractions due to TEM provid-
ing only a limited overview of the entire sample
population. However, we note that as we did not
see any MWCNTs in TEM, it is unlikely that MWCNTs
are present in a high enough concentration to afford
the second peak in the AFM diameter distribution
of DWCNTSs. It is therefore more likely bundling of
DWCNTs. A representative TEM image of the DWCNT
material can be found in Figure 3, where a free
suspended DWCNT can clearly be seen. Furthermore,
additional TEM of DWCNT films/bundles can also be
found in Figure S5 of the Supporting Information. TEM
has also allowed us to determine the location of any
large-diameter SWCNTs after the separation process.
Within the DWCNT material we were unable to locate
any large-diameter SWCNTSs; however they were found
to be present in the small-diameter SWCNT fraction. This is
shown in Figure S6 of the Supporting Information, where
two SWCNTs with a diameter of ~2 nm can be seen.

The observation of DWCNTs being longer than the
SWCNTs initially appears to be in disagreement with
our recent work?? and the proposed selective cutting
mechanism of Hennrich et al.?’ and Heller et al.,*® who
suggested smaller diameter CNTs are cut to a lesser
extent by sonication compared to those with larger
diameters. The DWCNTs have a much longer tube
length, over twice that of the SWCNTSs. From a purely
diameter-dependent perspective it would be expected
that the DWCNTs (larger diameter) would be shorter
than the SWCNTs (small diameter). However, we note
that all previous work was performed purely on SWCNTSs,
and it is unclear what role an additional carbon inner
core may play in aiding stability during sonication.
Furthermore, in the work of Hersam et al.'* DWCNTs
were also found to be ~44% longer than their SWCNT
counterparts.
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Despite discussions on the cutting mechanism
being dependent on wall number, the separation of
these two species of CNTs by gel filtration is in agree-
ment with Heller et al.”® who prepared length- and
diameter-separated SWCNTs using both gel electro-
phoresis and column chromatography. They proposed
the mobility of CNTs through the gel matrix to be
largely length dependent, as it contributes to the
majority of size differences in nanotubes. This is cer-
tainly true in this case and is highlighted in Figure 1b; it
suggests that the sonication process is of vital impor-
tance to enable SEC of DWCNTSs. In this work, the raw
material contained both SWCNTs and DWCNTs pro-
duced in the same CVD synthesis, thus producing tubes
of comparable defect contribution. If we make the
assumption that the initial length of both tube types
is the same, then the longer length of the DWCNTSs can
be attributed solely to the introduction of a secondary
wall, which provides increased structural stability. If we
do not assume that the initial length of both tube types
is the same, then it may not necessarily be true that the
DWCNTs are more stable and shortened at a slower
rate. Unfortunately AFM of the raw material cannot be
used to determine the initial tube lengths, as it contains
a complex mixture of both SWCNTs and DWCNTs, as
well as other carbonaceous material that is removed
from the sample during separation. Thus, lengths de-
termined from the raw material would not be an
accurate representation of the enriched DWCNT and
SWCNT samples collected. However, one must consider
the mechanics of sonication-induced scission. Initially
the nanotubes experience a certain strain force, which
makes it unstable in the ultrasonic environment and
scission occurs. This continues to occur until the strain
force is below the critical value for nanotube disruption
and the tube can no longer be shortened.?” In this work
the nanotubes were probe tip sonicated for 8 h, which
is a considerable amount of time in such a disruptive
environment. We speculate that after this time the CNTs
are very close to reaching this critical value, essentially
the minimum length, if they have not already. Thus, the
rate of scission is unimportant, as given enough time,
the nanotubes will reach their minimum length regard-
less. In this case, it is then only the value of the critical
strain force that is relevant, which is determined by the
initial size of the nanotubes, determined by tube
diameter, initial length, or the number of tube walls.
Irrespective of the initial size of the nanotube popula-
tions, after sonication there are two very distinct sub-
populations, namely, DWCNTs and SWCNTs. If simply
the difference in nanotube size was responsible for
the separation observed in this work, one would also
expect that the same result would be achievable for raw
DWCNT material suspended in sodium cholate applied
toan S-200 gel column. As a control we have performed
this experiment and note that no separation of DWCNTs
from SWCNTs is observed. This is summarized in
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Figure 4. Absorption spectra of the resulting SWCNT and DWCNT fractions in 2 wt % sodium cholate solution. For ease
of comparison, the DWCNT spectrum has been subtracted. Details of the background subtraction process can be found in

Figure S8 of the Supporting Information.

Figure S7 of the Supporting Information. This tends to
suggest that despite the DWCNT and SWCNT fractions
having very different size distributions, the mechanism
is not a simple size exclusion process. A likely explana-
tion is that once CNTs become trapped on a Sephacryl
gel column in SDS, it is the large-diameter CNTs that
are first solubilized by sodium cholate with the small-
diameter CNTs eluting last. In this case we certainly
have two distinctly different diameter regimes, and the
true mechanism is likely a combination of diameter-
dependent solvation by sodium cholate and length-
dependent size exclusion.

The collected SWCNT and DWCNT fractions were then
analyzed by absorption spectroscopy. Figure 4 shows
typical spectra of SWCNT and DWCNT suspensions in
0.5 wt % sodium cholate. The SWCNT spectra can be
divided into two distinct regions, namely, 900— 1250 nm
and 550—900 nm, which correspond to the first (S¢4)
and second (S,,) optical transition of SWCNTSs, respec-
tively, and are in agreement with literature for small-
diameter HiPco process prepared SWCNTs.'?~22 With
the use of data from Weisman and co-workers,? this
corresponds to CNT diameters of ~0.8—1.2 nm and is in
agreement with our AFM measurements. Likewise the
DWCNTs can also be divided into two regions; however,
compared to SWCNTs, the peaks in the region of
950—1250 nm are distinctly broader. While this region
most likely consists of some S;; transitions due to the
presence of smaller diameter inner-wall nanotubes, this
region is predominately dominated by the S,, optical
transitions of large-diameter outer-wall nanotubes with
~1.5—2 nm diameter. The region 500—900 nm then
consists of a mixture of S,, transitions of inner-wall
nanotubes and Ss3 transitions of outer-wall nanotubes.
Due to the strong absorption of water above 1400 nm,
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it was not possible to probe S;; transitions of the
DWCNT fraction in solution (without the use of D,0).
Therefore, we prepared thin films of DWCNTs and
SWCNTSs on glass substrates via vacuum filtration. > These
thin films in the dry state allowed us to perform absorp-
tion spectroscopy of the DWCNT and SWCNT fractions up
to 2500 nm, as shown in Figure 5 (solid lines). Here it is
important to remember that thin film measurements
cannot be directly compared to solution measurements
(highly dispersed CNTs) due to the excitonic properties of
nanotubes being greatly affected by many-body interac-
tions, Coulomb interaction, and charge transfer between
adjacent nanotubes in bundles (thin CNT films). However,
the presence of a clear S;; absorption (1600—2200 nm)
can be seen for the DWCNTs that is not seen for SWCNTs.
This large broad peak is a superposition of many carbon
nanotube diameters ranging from 1.5 to 2 nm and is
consistent with solution measurements.

The use of CNT thin films also allowed us to further
verify the presence of DWCNT and SWCNT fractions
via a method outlined by Hersam and co-workers'*'®
using thionyl chloride doping.

The treatment of CNT thin films with thionyl chloride
has been shown to suppress small band gap optical
transitions upon shifting the CNT Fermi level into
the HOMO band."*® In this way, the S;; and perhaps
even some S,, transitions (for large-diameter CNTs)
appear to be quenched in absorption spectroscopy
measurements. Thionyl chloride doping experiments
are represented by a dotted line in Figure 5. The broad
Sq1 (1600—2200 nm) and S,, (900—1250 nm) regions
and the S;; (900— 1250 nm) region were suppressed for
the DWCNTs and SWCNTs, respectively, upon thionyl
chloride treatment. Interestingly, for the DWCNTs
two peaks in the region 900—1250 nm remain after
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Figure 5. Absorption spectra of sorted DWCNT (top) and SWCNT (bottom) films, before and after treatment with thionyl
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Figure 6. Raman spectra of the radial breathing modes of SWCNTs (left) and DWCNTs (right) with 785, 638, and 532 nm laser
excitation before and after treatment with thionyl chloride (solid and dashed lines, respectively).

thionyl chloride doping, which are indicated by aster-
isks. These peaks are also seen in the SWCNT film
(indicated by carats) before doping, and it can clearly
be seen that these S,; transitions from nanotubes of this
diameter are doped by thionyl chloride. The fact that
peaks remain in this region for the DWCNT sample can
only by explained by the presence of smaller diameter
inner-wall SWCNTs. In this case the outer wall has shielded
the inner wall from chemical doping by thionyl chloride.

Raman analysis was then further used to analyze the
DWCNT and SWCNT thin films. In the work of Hersam
and co-workers,'*'® it was demonstrated that when
the CNTs were treated with concentrated sulfuric acid,
the exposed outer-wall nanotubes reacted at a signifi-
cantly faster rate than the inner-wall nanotubes, where
the outer wall acts as a protective shield for the inner
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wall. This was concluded from observing the CNT
radial breathing modes (RBM) before and after acid
treatment. This experiment has been reproduced in
our work and can be seen in Figure S9 of the Support-
ing Information; however as it is unclear if one is only
etching the outer wall, we have opted for a nondes-
tructive approach to demonstrate the effect of inner-
tube shielding. In this case, Raman spectra were recorded
for each film before and after treatment with thionyl
chloride. As mentioned previously, thionyl chloride
quenches the small band gap energy transitions, resulting
in significant changes in absorption. Figure 6 shows Ra-
man spectra for SWCNTs (left) and DWCNTs (right) at the
three different excitation wavelengths of 785, 638, and
532 nm. The use of different wavelengths allows for
different diameter tubes to be probed and affords an
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accurate representation of the carbon nanotube popula-
tion. The peak position of the RBM can be used in
conjunction with the Kataura plot*'*? and Weisman data®®
to determine the nanotube chiralities present in each
sample and can be seen in the Supporting Information.

Peaks in the shaded region of Figure 6, below
200 cm~', are a result of excitation of tubes with
diameters greater than ~1.2 nm, which in the case of
DWNTs correspond to outer-wall tubes. Inversely, the
region above 200 cm™' corresponds to tubes with
diameters between 0.50 and 1.2 nm. Before treatment,
there are an abundance of peaks in each sample;
however, there are slightly more peaks in the DWCNT
case. This is expected, as the more complex structure
of the DWCNTSs gives rise to an increased number of
nanotube types. Upon looking at the shaded regions of
Figure 6, it is also evident that there are more peaks
corresponding to large-diameter tubes present in the
DWCNT sample. This is particularly apparent in the case
of 785 and 638 nm laser excitation. As can be seen at
532 nm excitation, there are large-diameter SW tubes
present in the SW fraction, which is confirmed by TEM
(see Figure S6 of the Supporting Information). How-
ever, they are presumably very low in quantity, as there
is not a significant S, absorption visible in the absorp-
tion spectra of the film and AFM analysis shows mini-
mal tubes with diameters above 1.4 nm. After thionyl
chloride treatment there is a reduction in peak inten-
sity for all SWCNTSs peaks with only a few low-intensity
peaks remaining at ~195, 290, and 240 cm ™' at 532,
638, and 785 nm laser excitation, respectively. How-
ever, it is noted that these peaks are reduced in
intensity by ~91%, 97%, and 97%, respectively, with
all remaining RBMs no longer present. This is expected
in the SWCNT case, as all nanotubes are exposed to
the thionyl choride chemical environment. A curious
feature noted in the Raman measurement of undoped
SWCNTs at 785 nm was a peak at 375 cm™' corre-
sponding to the (8,0) nanotube. This tube has a very
small diameter of 0.626 nm and can be considered
small enough to be contained within a DWCNT. How-
ever, after treatment this peak is completely removed,
indicating it had been exposed to the thionyl chloride,
and hence is a single small-diameter nanotube. Indeed
the AFM histogram of SWCNT diameters in Figure 2 shows
the presence of a small portion of individualized CNTs
with diameters ranging between 0.4 and 0.6 nm. Whether
this nanotube was initially present inside a DWCNT and
removed via sonication remains speculative.

In the case of the DWCNT spectra, the effect of
thionyl chloride is much more complex, with many

METHODS

The DWCNT raw material (average diameter ~2 nm) used
in this work was supplied by Unidym, lot no. OE-130807.
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peaks persistent after doping. From the 785 nm laser
excitation spectrum, it is clear that the majority of the
outer-wall nanotube RBMs, assigned as (15,6), (18,0),
and (17,1) have been quenched (shaded region).
Conversely, the peak at 270 cm™" (11,0) retained 24%
of its original intensity, an indication that this tube
has been semiprotected from the doping agent. The
638 nm spectrum shows three clear outer-wall nano-
tube peaks at ~158 (16,6), 174 (18,0), and 200 cm™"
(9,9). These outer-wall nanotube peaks are then once
again quenched upon exposure to thionyl chloride.
The peaks above 200 cm ™' at ~220 (11,5), 258 (11,1),
290(7,5), and 340 cm ™ (6,4) retain 46%, 27%, 24%, and
50% of their peak intensity, respectively, indicating
that they are all inner-walled tubes, semiprotected
from the thionyl chloride. Lastly, if one considers the
spectra at 532 nm, there are two clear peaks associ-
ated with outer-wall nanotubes at ~162 (16,5) and
195 cm ™ (16,0), which after thionyl chloride treatment
are reduced by ~73% and 100%. However, the inner-
wall nanotube at ~273 cm™' (12,0) is reduced in
intensity by only ~57%. The observation of thionyl
chloride to influence both the outer and inner wall
(although to a significantly reduced extent) was un-
expected by us but points out that the outer-wall shield-
ing is not 100%. This has been observed previously by
Kalbac et al., who also observed that chemical doping of
the inner tubes was strongly dependent on its electronic
character, with metallic inner tubes doped more easily
than semiconducting inner tubes® The inner wall is
obviously not completely isolated from the outer wall,
and itis hence possible to see changes in the surrounding
environment in the optical properties of both nanotubes.

CONCLUSION

In this work we have demonstrated the separation of
DWCNTs from SWCNTs containing starting material
using fast, easily scalable, and financially viable gel
column chromatography. It was determined from ex-
tensive AFM analysis that the raw DWCNT material
contained two CNT populations of distinctly different
length and diameter, namely, DWCNTs and SWCNTs. This
distinct difference in size may initially lead one to believe
that a typical size exclusion process is responsible for the
separation of DWCNTs from SWCNTs; however control
experiments show that it is more likely a combination of
diameter-dependent solvation by sodium cholate and
length-dependent size exclusion. Regardless of the me-
chanism responsible for separation, this work provides a
convenient avenue to prepare enriched DWCNTs in a
straightforward and easily scalable manner.

Suspensions of raw material for size exclusion chromatography
were prepared by suspending 50 mg of DWCNT powder in
125 mL of H,0 with 2 wt % of SDS (Sigma-Aldrich) using a tip
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sonicator (Bandelin, 200 W maximum power, 20 kHz, in pulsed
mode with 100 ms pulses) applied for 8 h at ~20% power. During
sonication, the suspension was placed in a 500 mL water bath to
dissipate excess heat, without additional cooling. The CNT
suspension was then ready to be introduced into the column.

Gel filtration was performed as previously®' described with
only a few changes using S-200 gel filtration medium
(Amersham Biosciences) in a glass column 30 cm in length and
2 cm inner diameter. The column was filled with filtration
medium and compacted slightly by applying pressure with
compressed air to yield a final gel height of ~25 cm. For the
separation, ~10 mL of as prepared DWCNT raw material solution
was added to the top of the column, and subsequently, a
solution of 2 wt % SDS in H,O was washed through the column
under applied pressure to ensure a flow rate of ~1 mL min~".
During this step, single- and double-walled CNTs became
trapped on the gel matrix. Once all starting material had been
washed through, ~10 mL of 0.5 wt % sodium cholate was added
to the column, which subsequently removed the DWCNTs
followed by the SWCNTs from the gel medium. These two
species were collected as 4 mL fractions for characterization.

Spectroscopic characterization of the sorted material was car-
ried out by UV—vis—NIR spectroscopy and Raman spectroscopy.
UV—vis—NIR absorption spectra of the sorted fractions were
recorded on a Varian Cary 500 spectrophotometer. Raman
absorption spectra were taken with an XploRA confocal micro-
scope (Horiba) with laser energies of 1.58 eV (785 nm), 1.94 eV
(638 nm), and 233 eV (532 nm) under a 50x objective.
Power and gratings were optimized appropriately for each
wavelength.

TEM samples were prepared by drop-casting suspensions
containing the nanotubes in water onto lacey carbon coated
copper grids (Quantifoil GmbH), dried using silica gel. Subse-
quently they were washed three times followed by drying under
a silica gel environment.

SWCNT TEM investigations were performed in a ZEISS Libra
200FE transmission electron microscope operated at 200 kV and
equipped with a field emission gun, an in-column filter (Omega-
filter), a high-angle annular dark-field (HAADF) detector, and
an energy-dispersive X-ray (EDX) spectrometer (SiLi detector,
Noran). DWCNT TEM analysis was performed using an image-
corrected FEI Titan 80-300 microscope operated at 300 kV and
equipped with a Gatan US1000 CCD camera for TEM imaging
and electron diffraction. All micrographs were taken with a
4K x 4K CCD camera and analyzed with the software package
Digital Micrographs (version 1.71.38, Gatan Company).

Films of the sorted SWCNTs and DWCNTs were prepared
by vacuum filtration®® and then transferred onto clean glass
substrates. Treatment of the films with 95—98% sulfuric acid
(Sigma-Aldrich) was done by placing a few drops on the film and
allowing 10 min for the reaction to occur. After exposure, the
excess acid was removed with a pasteur pipet and the CNT
sample allowed to dry in air for several days.

Films were doped with SOCI, (Sigma-Aldrich) by coating the
surface with a few drops of SOCI, and allowing to air-dry for
several minutes.

To prepare the AFM samples, 10 uL of CNT solution was spin
coated onto 1 x 1 cm? clean silicon surfaces (ABC-Gmbh) at
1500 rpm for 1 min, then gently rinsed with H,O0. AFM tapping
mode images were taken in ambient conditions with a multi-
mode head and a NanoScope Ill controller (Digital Instruments)
using silicon cantilevers (Mikromasch) with a fundamental
resonance frequency between 250 and 400 kHz. Topographic
height and phase images were obtained simultaneously with
feedback controls optimized for each sample.
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