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ABSTRACT A gel permeation chromatography system is used to separate aqueous

sodium dodecyl sulfate suspensions of single-walled carbon nanotubes (SWCNTS). This
automated procedure requires no precentrifugation, is scalable, and is found to yield
monochiral SWCNT fractions of semiconducting SWCNTs with a purity of 61—95%.
Unsorted and resulting monochiral fractions are characterized using optical absorption

and photoluminescence spectroscopy.

KEYWORDS: carbon nanotubes - gel filtration - size-exclusion chromatography - automated separation - sorting - purification

he development of new techniques
Tfor the preparation of monochiral

single-walled carbon nanotube sus-
pensions in a scalable, reproducible, and
simple manner remains an ongoing chal-
lenge to the carbon nanotube community.
Although chirality selective growth has
been shown to be possible, direct synthesis
methods remain limited to only a handful
of different nanotube species such as (6,5),
(7,6), or (9,8)." 2 In order to gain access
to the richly varying optical properties of
SWCNTs, emphasis has therefore been
placed upon the separation of raw carbon
nanotube material. These raw materials are
typically synthesized by techniques such
as arc discharge, laser ablation, or the HiPco
process and contain a complex mixture of
metallic (m) and semiconducting (s) SWCNTs
of varying diameter (D), chiral angle, or
(n, m) index.

Previously separation of (n, m) pure
SWCNTs has been achieved by various groups
utilizing such techniques as the wrapping
of SWCNTs with short sequences of single-
stranded DNA (ssDNA) and subsequent ion
exchange chromatography (IEX),* the suspen-
sion of SWCNTSs with surfactants followed by
density gradient ultracentrifugation (DGU),>~’
or gel filtration® "' Despite providing
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promising routes for the separation of
SWCNTs, each of the above methods has
drawbacks, be it the use of extended ultracen-
trifugation time, expensive density gradient
medium and ssDNA, or the large amount of
gel and gel columns required in the prepara-
tion of (n, m) pure SWCNT material. These
factors combined with difficulty in often re-
producing research results among groups
have led to (n, m) pure SWCNT suspensions
remaining on the small research scale and
accessible to only a few groups. To this end,
research has begun to develop new scalable
methods for the preparation of SWCNT sus-
pensions. For example Khripin et al.'? have
recently used immiscible polymer phases to
spontaneously separate metallic and semicon-
ducting SWCNTs on the liter scale. Likewise
Tvrdy et al.'® have also successfully separated
liter volumes of mixtures of (7,5) and (8,3) and
chirality pure (6,5), which was then used in
the fabrication of a carbon nanotube based
solar cell' Liu et al.'> achieved a single-
chirality separation of seven (n, m) SWNT
species using temperature-controlled gel
chromatography. This method used tem-
perature to selectively control the interaction
between the SDS-wrapped SWCNTs and
the allyl dextran-based Sephacryl gel. The
control of the temperature enhanced the
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differences in the interactions of various (n, m) SWCNTs
with the gel, enabling the separation of seven (n, m)
species (purities between 56% and 93%). The authors
speculate on the influence of temperature on the
separation mechanism. They suggest that reducing
the temperature may enhance the interactions be-
tween the adsorbed SDS molecules and nanotubes
of certain specific chiralities (e.g., near-armchair
SWCNTs) and therefore that this may result in the
reassembly of the SDS molecules on the nanotube
surfaces, thus altering the dielectric constant around
the SWCNTs and the absorbability of SWCNTs on
the gel.

In our contribution to scale up, we have recently
shown that the number of required Sephacryl gel
columns can be reduced to one by altering the pH of
the sodium dodecyl sulfate (SDS) eluent and demon-
strated the separation of 15 different nanotube (n, m)
species with a purity of 17—72%."® In that work we took
a centrifuged 1 wt % SDS suspension of HiPco raw
material and added it to a 14 cm high Sephacryl gel
column. By changing the pH of the SDS eluent we
showed that hydrolysis of SDS led to small quantities of
1-dodecanol being formed in solution. 1-Dodecanol is
then incorporated into the SDS micelle of the SWCNTs.
As it has been shown on graphite surfaces,'””'® the
integration of 1-dodecanol into the SDS micelle results
in a structural conversion from a continuous parallel
semicylindrical structure to a herringbone pattern. We
expect a similar structural change for SWCNTs and
attribute this structural change to a reduction in the
SWCNT/gel interaction and the mechanism responsi-
ble for the elution of different SWCNT species.
As discussed by Kataura and co-workers,'® the initial
SDS micelle of SWCNTs is strongly curvature-
dependent'® (hence also the nanotube gel/interaction
strength) due to differences in the surface -electron
states. In other words, as the curvature of the SWCNT
increases (smaller diameter), the SDS concentration/
density decreases. Subsequently Duque et al?°
have also experimentally confirmed the curvature-
dependent wrapping of SDS. Hence our method was
shown to have a strong dependence of elution order
on nanotube diameter. In a recent paper, Kataura and
co-workers follow on from our work varying the pH
of SDS but provide an alternative explanation for the
separation mechanism.>' In their work they also ob-
served the adsorbance of SWCNTs to the Sephacryl gel
to be reduced under acidic pH conditions; however
they describe the adsorbability as being related to
a band structure dependent oxidation of SWCNTs,
where oxidation confers positive charges onto the
SWCNTs, and these charges enhance the electrostatic
interactions of the SWCNTSs with SDS, thereby leading
to the condensation of SDS on the SWCNTs. This
increase in SDS density around the SWCNT then re-
duces interaction between the SWCNTs and the gel.
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Despite the exact mechanism of separation with varia-
tions in pH remaining under debate, both explanations
share one commonality, namely, changes in pH induce
changes in the SDS micelle structure, which in turn
reduces the SWCNT/gel interaction strength.

In this contribution we further build on our separa-
tion of SWCNTs by varying pH; however we apply our
approach to a gel permeation chromatography (GPC)
system. In doing so, we gain precise control over
the pH of the SDS eluent and can utilize computer-
controlled pH gradients in the separation of (n, m)
SWCNT species. This allows us to reproducibly elute
different (n, m) species with control over when (time-
based) different fractions should be collected. This is a
significant advantage over previous methods, where
a vast number of fractions would need to be collected
followed by absorption or photoluminescence spec-
troscopy to find the few (n, m) pure fractions. Our
method also has the advantage of requiring no cen-
trifugation; all raw materials are simply sonicated
prior to use. This reduces the required infrastructure
for (n, m) SWCNT sorting to a probe sonicator, a
small amount of Sephacryl gel, and any pump system
capable of dual solvent mixing.

RESULTS AND DISCUSSION

As outlined in our previous work,'® the high-
throughput separation of (n, m) pure s-SWCNTs with
a single-column size exclusion chromatography (SEC)
approach involved the use of a centrifuged 1 wt % SDS
in H,0O suspension of raw HiPco-SWCNT material that
was added to a Sephacryl S-200 gel bed under 1 wt %
SDS in H,0. This resulted in a starting material contain-
ing over 14 different (n, m) species, as shown by a
photoluminescent contour map in Figure S1(a) of the
Supporting Information. In this case centrifugation at
~100000g for 1.5 h was also necessary to remove any
remaining catalyst particles and bundled carbon nano-
tubes and most importantly produce an SWCNT raw
material with a reduced length distribution that is ideal
for SEC sorting. Despite this preparatory centrifugation
step, the resulting (n, m) suspensions afforded from
our previous sorting effort were often intermixed with
other (n, m) species and had a purity (by absorption
spectroscopy) of 17—72%. In the current work we
utilized the same raw HiPco material as before; how-
ever by tailoring the wt % of SDS we were able to limit
the number of (n, m) SWCNT species absorbed on the
gel for sorting to 1—6 species and this required no
centrifugation. By dramatically reducing the number
of species absorbed on the gel for a separation experi-
ment, (n, m) species intermixing was therefore reduced
and allowed for the preparation of much higher purity
suspensions.

Preselection. As outlined in the Methods section,
80 mL of a 2 wt % SDS in H,O suspension of raw
HiPco-SWCNT material was prepared by 15 h sonication
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at constant temperature. Such a long sonication time is
typical for the gel separation technique, where short
nanotubes are required. In this work, no attempt was
made to optimize the sonication time and thereby find
the upper or lower bound length; however sonication
represents an important third dimension to our separa-
tion process and will be investigated in the future. The
raw material was then adjusted to 1.6 wt % SDS by the
addition of H,0, and 15 mL of the solution was added to
the Sephacryl S-200 gel. The raw material was washed
through the gel with a further 1.6 wt % SDS and
collected. The diode array detector was used to monitor
the washing process, and collection was stopped
once a drop in intensity was observed. Although trace
amounts of unbound SWCNTs are washed from the gel
over the equilibrium time, collection of this entire
volume would result in a weakly concentrated SWCNT
suspension and make subsequent experiments diffi-
cult. The SWCNT material that remained absorbed to
the gel is then the “starting material” for sorting with
the GPC system. However, in order to initially under-
stand which (n, m) species remained on the Sephacryl
gel, 5 wt % SDS was added to the column to elute all
adsorbed SWCNTs. An analogous process was then
used to allow for preselection of adsorbed SWCNTs.
Specifically, the SDS concentration of the SWCNTs
initially washed through the gel (flow through) was
adjusted in decrements of 0.2 wt % to cover the range
1.6—0.4 wt % SDS. As shown in the absorption spec-
troscopy in Figure 1, this resulted in a series of “starting
materials” with increasing SWCNT diameter, where
SWCNTs with a small, medium, and large D, are desig-
nated to have a first optical transition (S11) in the
regime 900—1050, 1050—1200, and 1200—1350 nm,
respectively. Furthermore, it can be seen in Figure S2 of
the Supporting Information that as the SDS concentra-
tion is reduced from 1.6 to 0.4 wt % SDS the relative
concentration of small-diameter SWCNTs is reduced or
completely removed. Interestingly, from the complex
HiPco mixture, a suspension enriched in the (6,5)
SWCNT, the species with the smallest diameter (D, =
0.747 nm) can easily be prepared by adding the
raw HiPco material to a column with 1.6 wt % SDS.
From absorption measurements this material clearly
also contains (7,5) and (7,6) species; however such a
purity level may be useful to certain research groups.
The observation that changes in SDS concentration
can control the adsorption of SWCNTSs on the Sephacryl
gel was also recently seen in work by Blanch et al." In
their work the SDS concentration of raw HiPco material
was varied from 0.5 to 3.5 wt %, and it was found that
for low SDS concentrations (0.5—1 wt % SDS) almost all
SWCNT species in solution were absorbed on the gel
and could be eluted with sodium deoxycholate. Alter-
natively for high SDS concentrations (2—3 wt % SDS)
only small-diameter species such as (6,5), (8,3), and
(7,6) were absorbed to the gel. For SDS concentrations
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Figure 1. Absorption spectroscopy of “starting materials”
(SWCNTs absorbed on the Sephacryl gel) obtained by
sequentially reducing the SDS concentration from 1.6 to
0.4 wt %.

below 0.5 wt % complete and irreversible adsorption
to the gel was observed. However, in the work of
Blanch et al."" they took “fresh” HiPco raw material
and adjusted the SDS concentration sequentially in-
stead of collecting the “flow-through” material and
reducing the concentration. This is an important point
differentiating our work from the work of Blanch et al.
and is likely the reason for the missed potential to
sequentially adsorb certain (n, m) species to the gel,
as we have done. Likewise, Liu et al.'® investigated the
effect of SDS concentration on the adsorbance of
SWCNTs to the Sephacryl gel. They described the
decreased adsorbance at higher SDS concentrations
as being related to a higher coverage and/or thickness
of SDS around the SWCNT, which leads to a reduced
interaction with the gel. With this in mind and the
knowledge that the SDS micelle is strongly curvature-
dependent,'® it is therefore a logical conclusion that
smaller diameter SWCNTSs are less coated at relatively
higher SDS concentrations and give rise to the sequen-
tial adsorption shown in our work. However, this is
not forgetting one important requirement for the
preparation of these “starting materials”, namely, the
sequential removal of smaller diameter SWCNT spe-
cies. There exists a specific number of Sephacryl bind-
ing sites (secondary amide groups along the polymer
backbone), which may bind to an s-SWCNT. This
adsorption process has been shown to be a kinetically
driven, competitive, process'® with larger diameter
SWCNTs passing through the gel if the adsorption sites
are already taken by smaller diameter SWCNTs. Initially
this would suggest that it is not necessary to adjust the
SDS concentration and that the same result would be
achieved through simply using multiple, sequential
columns. Indeed we have tried this approach; however
we note that this does not lead to complete removal
of the smaller (n, m) species before proceeding to the
subsequent column. Furthermore, and in agreement
with the work of Tvrdy et al., the concentration of
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Figure 2. Average length of the SWCNT “starting material”
as determined by AFM measurements.

SWCNTs absorbed on the gel dramatically decreases
with sequential columns.’® The SDS concentration must
be reduced to ensure high concentration and (n, m)
species removal. The importance of (n, m) species
removal is also discussed by Liu et al., who use tem-
perature control to sort SWCNTs and note that it is
necessary to completely remove (6,4) (D, = 0.683 nm)
before proceeding to collect (6,5) (D; = 0.747 nm).

In an attempt to further understand the observed
selective adsorption we performed atomic force micro-
scopy (AFM) measurements of the material absorbed
to the gel for concentrations of 1.6—0.6 wt % SDS.
These measurements are summarized in Figure 2,
where the average length of the “starting material” is
shown for each SDS concentration. The complete set
of measurements for each SDS concentration can be
found in the Supporting Information in Figure S3.
For each “starting material” a Gaussian was fitted to
the histogram to obtain the average length. It can be
clearly seen that the relatively smaller diameter SWCNTs
absorbed to the Sephacryl gel at higher SDS concentra-
tions have relatively longer lengths compared to the
SWCNTs absorbed at lower SDS concentrations. The
implication of this observation for the adsorption of
SWCNTs to the gel still requires investigation and re-
mains speculative. However, this is an observation that is
in agreement with the work of Clar et al,*> who dis-
cussed the SDS/SWCNT interface as being highly intri-
cate. The surfactant shell around a SWCNT is dynamic,
not well-defined and is expected to be heterogeneous,
with some areas of the SWCNT completely exposed
to the gel.?? Therefore the strength of the SWCNT/gel
interaction is likely controlled by not only nanotube
diameter and SDS concentration but also length due
to the interfacial area. This is also in agreement with
Heller et al.,”®* who achieved simultaneous separation
of SWCNT length and diameter by gel electrophoresis
and column chromatography conducted on individually
dispersed, ultrasonicated SWCNTs. They proposed a
diameter-selective cutting mechanism with ultrasound
treatment that was later confirmed by Hennrich et al**
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In their mechanism the smaller diameter SWCNTs are
cut to a lesser extent compared to the larger diameters
due to the fact that strain forces associated with sonica-
tion induced cavitation scales with the square of the
nanotube length and is also supposed to be diameter
dependent. Scission of SWCNTs then stops when the
strain force falls below a critical value for nanotube
disruption.

Automated SWCNT Sorting. Upon having a defined
“starting material” obtained from different SDS con-
centrations, we then used the GPC system to apply a
pH gradient to the gel, which allowed us to separate
the trapped SWCNTs (rather than simply washing
all species off the column with 5 wt % SDS). At this
point it important to note that the pH of the parent
and daughter “starting materials” was between 7 and 8,
and all experiments were performed at 23 °C.
Figures 3 and 4 show photoluminescence (PL) contour
maps corresponding to the “starting material” (1.6—0.6
wt % SDS) absorption spectra shown in Figure 1. A PL
contour map of the 0.4 wt % SDS “starting material” can
be found in Figure S1(b) of the Supporting Information.
Upon looking at the PL contour maps the dependence
of diameter adsorption of SWCNTs to the Sephacryl
gel on changes in SDS concentration is further made
clear. For example the “starting material” obtained
at 1.4 wt % SDS (consisting primarily of (7,5), (6,5),
(7,6), and (8,4) SWCNTs) has an average diameter of
0.818 nm compared to 0.6 wt % SDS (consisting
primarily of (9,4), (9,5), (10,2), (10,3), (11,1), (8,6), and
(8,7) SWCNTs), which has an average diameter of
0.933 nm. The SWCNT diameter values were taken
from the data of Weisman et al.>®> Accompanying
the PL contour map of each “starting material” the
corresponding elution profile can also be found in
Figures 3 and 4.1n order to record these elution profiles,
the GPC system was fitted with a diode array detector
capable of measuring full spectra between 190 and
950 nm. Despite the ability to extract full spectral data
at the completion of an experiment, during a run only
two fixed wavelengths could be monitored. To ensure
sensitivity to all (n, m) species in the second optical
transition (S22) regime either 590, 650, or 720 nm was
monitored with a resolution of £10 nm.

Explanation of the elution diagrams and (n, m)
separation is best served by beginning with the most
simple situation of SWCNTSs absorbed to the Sephacryl
gel in 1.6 wt % SDS. In this instance the number of
SWCNTs to be sorted is limited to essentially (6,5) with
a small amount of (7,5) and (7,6) (as shown by absor-
bance measurements in Figure 1). In performing the
separation the GPC system was operated isocratically
in 1.6 wt % SDS with a quaternary pump mixing
1.6 wt % SDS (defined pump A) and 1.6 wt % SDS
adjusted to pH 3 upon addition of HCI (defined pump B).
The separation was then performed in the following
manner: In preparation the Sephacryl gel was placed
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Figure 3. Photoluminescence contour maps of SWCNTs absorbed to the Sephacryl gel at 1.6, 1.4, and 1.2 wt % SDS (“starting
materials”) and the corresponding elution profile diagram.
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Figure 4. Photoluminescence contour maps of SWCNTs absorbed to the Sephacryl gel at 1, 0.8, and 0.6 wt % SDS (“starting

materials”) and the corresponding elution profile diagram.

under 1.6 wt % SDS by setting pump A to 100% at
a pumping rate of 2 mL/min for 1.5 h. Fifteen milliliters
of raw HiPco material (adjusted to 1.6 wt % SDS) was

then pumped onto the Sephacryl gel and washed
through with a further 1.6 wt % SDS. Importantly the
“flow through” material was collected for subsequent
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separation steps. While maintaining a flow rate of
2 mL/min the quaternary pump was then used to bring
the column under reduced pH conditions by setting
pumps A and B in aratio of 15:75% and holding there for
1.5 h. As depicted in Figure 3 the pumping ratio was
then linearly varied to 100% pump B (pH 3, 1.6 wt % SDS)
over a period of 40 min. By setting the diode array
detector to 590 and 650 nm the elution of (6,5) SWCNTSs
can then be seen as a peak centered at 26 min (pH =
3.04) beginning at approximately 20 min (pH = 3.06) and
ending at 35 min (pH = 3.01). Despite the presence of
(7,5) and (7,6) in the “start material”, these species were
not observed to elute from the column in this region,
a typical observation for (n, m) species in low concen-
tration, such as (7,6) and (8,4) in the 1.4 wt % SDS
separation. However, upon comparison of the absorp-
tion spectra for (6,5) presented in Figure 1 (1.6 wt % SDS)
to that of Figure 7, it can be seen that the purity of (6,5)
is dramatically improved due to the removal of (7,5)
and (7,6). This procedure was then repeated for SDS
concentrations of 1.4—0.6 wt % SDS upon sequentially
adjusting the SDS concentration of the “flow through”
material. In each case the SDS concentrations of pumps
Aand B were also adjusted. Upon looking at the 1.4 wt %
SDS separation, a “start material” with now significantly
more (7,5) and less (6,5) is obtained. This is reflected in
the elution diagram with a larger peak of (7,5) eluting
at 9.5 min (pH = 3.06) and a smaller peak for (6,5) at
14 min (pH = 3.03). In reading the elution diagrams in
Figures 3 and 4, it is important to keep in mind that
despite the pump ratio being varied linearly the real pH
gradient is in fact asymptotic in nature. Furthermore
time 0 is after the 1.5 h equilibrium time.

Despite 1.6 and 1.4 wt % SDS “start materials” being
separated in the same pH window, i.e, a linear gradient
between 75% pump B (pH = 3.12) and 100% pump B
(pH = 3), as the SDS concentration was further reduced
from 1.2 to 0.6 wt % SDS the required pH window for
elution was observed to shift. For example 1.2, 1, 0.8,
and 0.6 wt % SDS “start materials” were separated in
the linear pump regime of 55—66% (pH 3.25—3.18),
33—50% (pH 3.48—3.30), 20—27% (pH 3.69—3.56), and
10—21% (pH 4—3.67) pump B. This is in agreement
with our previous work,'® where we showed that the
elution of relatively small diameter SWCNTs scaled
relative to reductions in pH. However, in our previous
work we varied the pH from 4 to 1 in order to elute the
entire HiPco (n, m) ensemble, whereas in the current
work we can work in the pH regime 4—3. This differ-
ence is attributed to previously working with a much
larger Sephacryl gel column (14 cm instead of a 2 cm
bed height) and an underestimation of the solvent
volume required to equilibrate such a large gel to a set
pH value and the speed at which SWCNTSs transverse
through the column. The use of the GPC system to
apply a controlled gradient, a smaller column, and the
ability to monitor UV in situ have allowed us to now be
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Figure 5. Single-walled carbon nanotube (SWCNT) diameter
(Dy) dependence upon (a) the pumping rate of pump B and
(b) the corresponding pH. The SDS concentration is color-
coded.

more precise with the required pH for (n, m) species
elution. This is summarized in Figure 5, where the
SWCNT diameter is plotted against (a) the required
percentage of pump B (pH 3) and (b) the correspond-
ing pH, where the peak position for each (n, m) species
was taken from the elution diagram.

Closer examination of the elution diagrams in
Figures 3 and 4 reveals the presence of certain (n, m)
species across multiple SDS concentration regimes.
A good example is the (7,5) SWCNT, which is present
in 1.4, 1.2, and 1 wt % SDS. Rather than having a fixed
pH for elution, the position of (7,5) shifts from pH 3.06
to pH 3.22 to pH 3.30 for 1.4, 1.2, and 1 wt % SDS
concentrations, respectively. This shift in position
tends to rule out the possibility for SWCNT doping or
band structure dependent oxidation?' being respon-
sible for (n, m) species elution. Rather we hypothesize
in agreement with the AFM data presented in Figure 2
that there exists different types of (7,5) within the raw
HiPco material following sonication. This (7,5) material
has different lengths and more importantly different
surfactant wrapping of the nanotube and conse-
quently different overall interaction strength and
(interfacial area per length) with the Sephacryl gel.
With this in mind, it is therefore unsurprising that the
elution point of (7,5) at different SDS concentrations
can change. Of course, another possible explanation is
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Figure 6. Photoluminescence contour maps of (n, m) fractions obtained from an automated gel permeation chromatography

(GPC) system.

simply the differing size, shape, and or thickness of the
SDS micelle around the SWCNT at different SDS con-
centrations. The interaction strength of the SWCNT
will therefore also be different and may require re-
duced micelle modification, be it through band struc-
ture dependent oxidation or 1-dodecanol addition,
for (n, m) species elution. However, we note that it is
occasionally possible to elute the same (n, m) species at
two different pH points in a fixed SDS concentration.
For example (7,5) in 1 wt % SDS is often found to elute
at pH 3.30 (23 min as shown in Figure 4) and also at pH
3.22, which would be the same pH point as required
for 1.2 wt % SDS. Such an observation gives further
weight to our speculation that the interfacial area
and nonmonotonic length distribution of SWCNTs
are also important. Another possible explanation is
the potential for enantiomers; however we have made
no attempt to verify this and believe it to be unlikely.

Contrary to typical elution diagrams from standard
GPC separations the various peaks associated with
different (n, m) species are seen to have a large degree
of overlap, making it not immediately obvious how this
method is conducive to the preparation of (n, m) pure
samples. The trick lies in choosing the appropriate
“starting material” for the (n, m) species desired. For
example, it is always much easier to harvest an (n, m)
species that has either the smallest or largest diameter
in an ensemble under investigation. The largest dia-
meter species always elutes first from the Sephacryl gel
and the smallest last. These fractions are typically free
of all other (n, m) species in the “starting material”, and
an automated collection of beginning or end condi-
tions is easily achieved. For example if (7,5) was the
desired SWCNT, this is better prepared from 1.4 wt %
SDS, where it is the leading species compared to 1.2
and 1 wt % SDS, where (7,5) is surrounded by other
(n, m) species. Likewise (8,6) is much better prepared
from 1 wt % SDS compared to 0.8 or 0.6 wt % SDS. In
the case of “starting materials” with many more (n, m)
species present the separation can begin to break
down due to the presence of multiple SWCNT with
very similar or indeed the same diameter such as (9,4)
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and (11,1) as present in 0.6 wt % SDS. In this case we
were unable to successfully separate these species,
regardless of how finely the pH gradient was adjusted.
Therefore when attempting to purify (9,4), it is better to
choose a 0.8% SDS “starting solution” where it repre-
sents the smallest diameter SWCNT species. It should
be noted that (7,6) and (8,4) were not found to elute in
this pH regime. Furthermore, it should be noted that
due to the decreased concentration of the “starting
material” and the strong interaction of the SWCNTs, we
were not able to perform a separation with 0.4 wt %
SDS “starting material”. Work to prepare the larger
diameter SWCNTs is now under way; however it is
expected that this goal is best achieved by choosing a
different raw material such as that from laser ablation,
where the larger diameter SWCNTs are in greater
proportion.

Despite the inability to prepare pure suspensions
of the larger diameter SWCNTs, we are now able to
reproducibly sort eight different (n, m) species from the
HiPco raw material as shown by photoluminescence
contour maps in Figure 6 and the corresponding
absorption measurements in Figure 7. Normalized
raw absorbance data can also be found in Figure S4
of the Supporting Information. Furthermore, the fitted
peak area from absorption measurements was used to
calculate (n, m) purity, where the major (n, m) con-
tribution was taken as a ratio of all other peaks. For this
calculation only the first optical transition peak (511)
was taken and the absorbance cross section was
assumed to be identical across all (n, m) species. Purity
data can be found in Table 1. In this work we have
managed to routinely prepare eight (n, m) species with
a purity of 61—95%. This is an improvement compared
to our previous work, where we isolated 10 (n, m)
species with a purity of 19—30%, with only two species
((8,6) and (6,5)) on the level of 60—70%. This highlights
the benefit of having a reduced (n, m) species “starting
material” and also precise control over the pH. It should
be noted that between 450 and 550 nm nanotube-
related transitions are seen in the absorption spectra.
This absorption regime is typically associated with
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Figure 7. Absorption spectra corresponding to fractions displayed in Figure 6.

TABLE 1. Purity of (n, m) Species Obtained from the Gel
Permeation Chromatography (GPC) System

(n, m) species

®3) (65 @5 (94 64 (76 (86 (87
purity (%) 64 92 61 76 76 95 88 77

m-SWCNTs; however, due to an overlap of the third
interband transition (S33) of the HiPco s-SWCNTs, it is
difficult to estimate the m-SWCNT concentration. Pre-
liminary electrical transport measurements indicate
a metallic/semiconducting-SWCNT ratio equivalent to
standard Sephacryl S-200 separations. That is to say
that 90% of all fabricated devices showed semicon-
ducting behavior with an on/off ratio of at least 1 order
of magnitude. Our fabricated devices had a gap width
comparable to the average nanotube length and a
1 um contact width with a nanotube density of 10—20
CNTs/um. From this we estimate the degree of metal-
lic/semiconducting-SWCNT separation to be >95%.
In comparison to the initial work of Liu et al.,'® who
were able to obtain 13 different (n, m) species with
purities of 39—94% our method is shown to afford
superior purities. However, in comparison to the latest
work in 2013 of Liu et al,,'> who modified their initial
approach to include temperature control and were
able to prepare seven (n, m) species with a purity of
56—93%, our work is equivalent to the current state of
the art. A trend also seen upon comparison to the work
of Tvrdy et al,,"* who prepared (6,5), (7,3), (7,5), and (7,6)
with purities of 96, 87, 56, and 64%, respectively. For an
effective sorting method it is also important to assess
the yield of the various (n, m) species. While we did
not measure this directly, it is noted that the starting
solution has a mass on the milligram level and the final
(n, m) fractions were below the ug level. This obvious
problem in yield is due to only collecting beginning or
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end material, with a large portion of the eluent dis-
carded. In the future we hope to be able to have less
overlap of the individual (n, m) species and hence
dramatically improve our yield. Upon eliminating the
need for centrifugation in our method, a question is
also raised as to the fate of impurity carbon and/or non-
SWCNT material. This material is typically removed by
centrifugation and must show up somewhere in our
separation. We note that during the 1.5 h equilibration
time (prior to the collection of (n, m) species) material is
observed to elute from the column. Upon measuring
absorbance spectra, this material is typically poorly
defined or has no SWCNT absorption characteristics,
and we have therefore attributed it to be such impurity
carbon material.

Our method allows for routine time based separa-
tion (dependent on set pump conditions) of (n, m)
species, where the users know in which region of the
elution diagram they must collect pure (n, m) fractions.
This is something that can easily become automated,
as in our case where we plan to take an automated
fraction collector and have a completely automated
process from the injection of raw HiPco material
through to the collection of (n, m) pure species. Upon
maintaining the sonication conditions constant, the
elution time and position of each (n, m) species at a set
SDS concentration remained constant between experi-
mental runs. Additionally, the gel column was found to
be reusable with preliminary tests, showing the gel to
be reusable up to 10 times. This is important if such a
method is to become industrially applicable. As dis-
cussed by Strano et al,'® the (n, m) separation of
SWCNTs is a process that is easily scalable to arbitrary
large volumes of Sephacryl gel and raw material, and
we believe our automated method will therefore form
acrucial step toward the routine separation of SWCNTs.
However, it is important to remember that upon
increasing the separation volume (amount of gel and

AR

VOL.8 = NO.2 = 1817-1826 =

2014 ACS

WWwWW.acsnano.org

1824



raw material) the elution timing will need to be ad-
justed/optimized to accommodate for the larger gel
volume and the time required for the gel to reach pH
equilibrium. In our initial experiments a 3-fold increase
in gel volume has resulted in roughly a 3—4-fold
increase in pH equilibrium time and therefore also
the time required for a separation. Furthermore, factors
such as flow rate and pressure applied to an increased
gel bed volume will need to be optimized before a
truly large-scale separation can be realized. Ideally
one should keep the column length the same and
scale the area with a fixed flow rate per area of gel. It is
also likely that the next step in (n, m) purity will also
come by combining the methodology of several
groups into one process, for example, the use of a gel

METHODS

HiPco SWCNT raw material (Nanolntegris) was used through-
out this work. In order to prepare starting suspensions, 20 mg
of raw SWCNT material was suspended in 80 mL of H,O with
2 wt % sodium dodecyl sulfate using a tip sonicator (Weber
Ultrasonics, 35 kHz, 500 W, in continuous mode) applied for 15 h
at ~20% power. During sonication, the suspension was placed
in a water-circulation bath to aid cooling.

Gel filtration was performed using 7 mL of the Sephacryl
S-200 gel filtration medium (Amersham Biosciences) in a com-
mercially available water-jacketed liquid chromatography col-
umn (XK 16/20, GE Healthcare) with 16 mm inner diameter
and 20 cm length. After applying slight compression the gel
yielded a final height of 2 cm. An Accel 250 LC water chiller
(Thermoscientific) was then used to maintain the column
temperature at 23 °C. Separation was performed with a SECcurity
gel permeation chromatography 1260 Infinity system (Agilent
Technologies). This consisted of a quaternary pump (G1311B),
an autosampler (G2258A), a diode array detector (G1315D), and
a fraction collector (CHF122SC, Advantec). The GPC system was
controlled via the WinGPC UniChrom v.8.1 software (Polymer
Standards Service GmbH). The diode array detector was used to
monitor two fixed wavelengths at either 590, 650, or 720 nm
during an experimental run with complete spectra measured
from 190 to 950 nm with a bandwidth of 10 nm and a step width
of 8 nm. Following sonication the SDS concentration of the raw
material was adjusted to the appropriate concentration by the
addition of H,0. A 15 mL amount of SWCNT suspension was then
pumped onto the gel column and washed through with further
SDS. Importantly the “flow through” material was collected for
subsequent dilution and separation steps. After loading the gel
with SWCNTSs the quaternary pump was used to mix SDS (pump
A) with SDS at pH 3 (pump B) (prepared through the addition of
the appropriate concentration of HCI). While maintaining a flow
rate of 2 mL/min the quaternary pump was then used to bring
the column under reduced pH conditions by setting pumps
A and B to the appropriate ratio and holding there for 1.5 h.
Once the gel reached equilibrium conditions, an appropriate pH
gradient was applied to the gel over a period of 20—40 min, and
2 mL fractions were collected.

For spectroscopic characterization, the doping effect of
reduced pH was removed by addition of 1 drop of 25% w/w
tetramethylammonium hydroxide aqueous solution (Alfa Aesar)
to each 2 mL fraction. This resulted in a SWCNT suspension that
was slightly basic and ensured no spectroscopic features were
missed. UV—vis—NIR absorption spectra were recorded on a
Varian Cary 500 spectrophotometer. For ease of comparison,
background subtraction of the UV—vis spectra was performed
using the freeware fityk (http://fityk.nieto.pl/). Photoluminescence
maps were measured in the emission range ~900—1700 nm and
excitation range 500—950 nm (scanned in 3 nm steps) using a
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permeation chromatography system to vary not
only pH and SDS concentration but also gel/eluent
temperature.

CONCLUSION

In conclusion, we have shown the (n, m) separation
of eight different SWCNT species with a purity of
61—95%. This separation was achieved without the
use of centrifugation and with the use of a gel permea-
tion system. The ability to achieve high-purity (n, m)
suspensions routinely with use of a computer-con-
trolled and automated system, without the need for
specialist equipment, will hopefully allow many new
research groups access to pure (n, m) suspensions and
further foster development in the field of SWCNTSs.

modified FTIR spectrometer (Bruker IFS66) equipped with a
liquid nitrogen cooled Ge-photodiode and a monochromatized
excitation light source as described elsewhere.2®

Atomic force microscopy was performed in an air environ-
ment with a multimode head and Nanoscope Il controller
(Digital Instruments), operating in tapping mode. Commercially
available silicon cantilevers with fundamental resonance fre-
quency of 320 kHz were used. Images of 10 x 10 um topo-
graphic (height) and amplitude were collected simultaneously
ata scan rate of 0.5 Hz with the parameters' set point, amplitude,
and feedback control optimized for each sample. A 0.7 uL
sample of SWCNT solution was then dropped onto a 1 cm?
silicon wafer and spin coated at 1500 rpm for 60 s.
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