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T
he unique and remarkably diverse
electronic and optical properties
of single-wall carbon nanotubes

(SWCNTs) have proven to be extremely
interesting for various applications.1 Syn-
thesis methods, however, generally pro-
duce inhomogeneous mixtures in chirality,
diameter, band gap, etc. This is a critical
problem for some applications that demand
nanomaterials with more uniform proper-
ties. Since electronic and optical properties
depend critically on the SWCNT structure,
there is a significant interest in postsynth-
esis methods to separate SWCNTs to obtain
single- or few-chirality dispersions. Numer-
ous separation methods that provide nearly
single-chiralities have been reported, such
as selective dispersibility using short DNA
segments followed by ion exchange chro-
matography,2 selective dispersibility by de-
signed polymers,3 and suspending the
SWCNTs with surfactants in aqueous disper-
sions followed by gel chromatography4 or

density gradient ultracentrifugation (DGU).5

These techniques, however, have their
drawbacks, such as high cost and low ac-
cessibility (e.g., DNA-based ion exchange
chromatography, selective dispersibility),
numerous iterations to achieve high purity
(gel chromatography, DGU) and long se-
paration times, thereby preventing low-cost
scale-up of the method.
Recently, a new method has been intro-

duced showing promise of an easily acces-
sible and highly scalable route for gen-
erating a wide range of enriched chirality
materials.6 The aqueous two-phase (ATP)
separation method7 is based on the spon-
taneous redistribution of carbon nanotubes
into two aqueous phases with relatively
different hydrophobicity. The two phases
are formed by mixing two water-soluble
polymers, such as polyethylene glycol
(PEG) and dextran, in appropriate concen-
trations. The top phase, mainly containing
PEG, is less hydrophilic than the bottom,
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ABSTRACT Aqueous two-phase extraction has recently been

demonstrated as a new method to separate single-wall carbon

nanotubes (SWCNTs). In this work, we determined that the

mechanism of separation is driven by the hydrophobicity of the

surfactant, or combination of surfactants, at the SWCNT surface. This

knowledge allowed us to develop a simple approach for obtaining

highly enriched single-chirality suspensions in only 1 or 2 steps.

These results were obtained by strategically combining multiple

surfactants with different diameter-dependent binding affinities for SWCNTs and salts that readjust the surfactant structure within the mixed micelle

surrounding the SWCNTs. The procedure is successfully applied to SWCNTs from different sources (CoMoCAT and HiPco) with various diameter distributions

(from 0.53 to 1.2 nm). Each separation step is characterized by optical absorption, resonant Raman, and photoluminescence excitation spectroscopies. By

determining the SWCNT sorting mechanism, we were able to develop a new set of parameters that separated another chirality.
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dextran-rich phase. Initially it was hypothesized that
the SWCNT separation was driven by the intrinsic
hydrophobicity of the SWCNT chiralities, independent
of surfactant concentrations.6 However, in recent
work,8 it has been shown that by varying the concen-
tration of sodium deoxycholate (DOC) and sodium
dodecylsulfate (SDS), SWCNTs show diameter-depen-
dent separation. In fact, controlled stepwise changes in
DOC and SDS concentrations result in highly enriched
SWCNT suspensions of specific small diameters no
matter the chiral type (metallic/semiconducting),8 sug-
gesting there is more than just intrinsic SWCNT hydro-
phobicity driving the ATP separations. Similarly, in DGU
separation, systems containing multiple surfactants
are known to form mixed micellar structures (SDS:
DOC9 or SDS:SC10) that alter the density surrounding
the SWCNT allowing a type separation by density.
These micelle structures are strongly dependent on
the exact ratio between the two surfactants.
ATP separation of SWCNTs is a newly introduced

technique with significant room for improvement:
fewer steps to achieve a desired chirality should in-
crease yields and simplicity (previously 6�10 steps8),
determining the overall surfactant concentrations re-
quired to obtain one specific chirality will improve
reproducibility and reduce the number of steps, and
expanding the technique to a wide range of starting
materials will enhance method versatility (previously,
single-chirality ATP separations have only been de-
monstrated on CoMoCAT SG65i samples with a rather
narrow diameter/chirality distribution8). Mechanistic
understanding of the process should lead to simple
parameter adjustments to “dial-in” a chirality of
interest.
In previous work, we have demonstrated that elec-

trolyte addition is capable of adjusting both the sur-
factant structure and equilibrium concentrations
surrounding the SWCNTs. In particular, after NaCl
addition, diameter-dependent aggregation due to
surrounding surfactant depletion was observed11 and
density-based separations were improved through
surfactant density reorganization.12 Therefore, these
salt-dependent phenomena, which have shown dia-
meter-dependent selectivity, should provide a new
tuning parameter to improve and better understand
the ATP separation method.
In this work, we unravel the ATP mechanism by

carefully tuning the specific co-surfactant concentra-
tions and introducing salt as a means to alter the
surfactant structure around the SWCNTs. We are able
to achieve nearly single-chirality (6,5) dispersions in
only two steps from various source materials, drama-
tically improving the yield of the separation. With only
two required steps and precise control of ingredient
concentrations, this approach is simple to reproduce
and scale up. Furthermore, we systematically studied
the effect of each ingredient on the separation process

during both steps. Specifically, the addition of NaCl is
critical in isolating (6,5) from different sources, even
those in which the (6,5) chirality represents a minority
fraction. Also, the relative chirality separation is extre-
mely sensitive to DOC and SDS concentrations. In fact,
we find that the formation of mixed micelles, which
strongly depends on the specific SDS:DOC ratio, and
the resulting surface structure of the surfactants in the
presence of salt, determines the overall hydrophobi-
city, which drives the separation. Detailed understand-
ing of the sorting mechanism leads to a rational
adjustment of our two-step procedure to separate
other chiralities (e.g., the (7,5) SWCNT) as well.

RESULTS AND DISCUSSION

SWCNTs are known to be polydisperse in diameter/
chirality when produced, leading to variability in the
starting material chirality distributions with respect to
production batch and method. Therefore, three
SWCNT batches, known to vary in chiral distribution
(CoMoCAT SG65i, HiPco 164.4 and HiPco 195.2), are
studied in this work (see Figure 1A). CoMoCAT SG65i
material (black trace) predominantly consists of (6,5)
SWCNTs (absorption at 980 nm for the first optical
transition (E11) and 570 nm for the second optical
transition (E22), as indicated by the dashed lines in
Figure 1A), HiPco 164.4 material (blue trace) only
contains a very low percentage of (6,5) SWCNTs and

Figure 1. (A) Absorption spectra of the three different
SWCNT samples dispersed in 1.04% (m/v) DOC in H2O. The
first and second absorption features of the (6,5) tube are
indicated by the dashed lines; (black) CoMoCAT SG65i
SWCNTs, (red) HiPco 195.2 batch, and (blue) HiPco 164.4
batch. Themain difference between the samples is the ratio
of (6,5) tubes to larger diameter tubes in the sample
(highlighted by the green box). Spectra are normalized to
the (6,5) absorption feature at E11 and vertically shifted for
clarity. (B) Sample images after SP1 and SP2, for the
CoMoCAT SG65i batch. (C) Absorption spectra of the SP1B
and SP1T for the different SWCNT suspensions. Spectrawere
normalized to (6,5) absorption feature at E11 in the bottom
fraction, and SP1T absorption spectra are vertically shifted
for clarity. (D) Absorption spectra of SP2T and SP2B fractions
for the different SWCNT suspensions. Spectra were normal-
ized to the (6,5) absorption feature at E11 in the top fraction,
and SP2T absorption spectra are vertically shifted for clarity.
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a significant number of larger diameters (absorption in
the range of 1000�1500 nm, indicated by the shaded
area in Figure 1A), and HiPco 195.2 material (red trace)
contains a large percentage of both (6,5) and larger
diameter SWCNTs.
The separation procedure described here consists of

two steps (SP1 and SP2); a resulting image at the end of
each step is shown in Figure 1B (see Methods section
for detailed information and separation procedure).
For each step, we prepared a stock solution (STOCK 1
and STOCK 2), composed of SDS, DOC, sodium cholate
(SC), NaCl, dextran and PEG. In SP1, an aqueous SWCNT
dispersion in 1.04% mass by volume (m/v) DOC was
mixed with STOCK 1 and diluted with nanopure H2O to
achieve a final DOC concentration of 0.047% (m/v)
(below its critical micelle concentration (CMC) of
0.09�0.27%m/v at room temperature13). The resulting
suspension was then benchtop-centrifuged for 5 min
to induce phase separation (see Methods section). A
select subset of small-diameter chiralities preferentially
distributes into the bottom fraction (SP1B), as shownby
the changes in color of the dispersion in the image and
by the absorption spectra, Figure 1B,C. After SP1, all the
larger diameters (d > 0.76 nm), other than (11,3), have
been redistributed into the top phase (SP1T, Figure 1C
and Figure 4A). Thus with only one step, a large
separation occurs, leaving a small subset of chiralities
in the bottom phase (de 0.76 nm, optical density (OD)
of the E11 of (6,5) ∼0.3 (2.5) in 3 mm path-length
for HiPco 195.2 (CoMoCAT) batch. (Note that after
SP1, the OD of (6,5) is difficult to define accurately
due to cross-contamination with (7,3) E11 absorption.))
In SP2, STOCK-2 is mixed in equal volumes with SP1B
and centrifuged resulting in the chirality distribution in
each phase (SP2B and SP2T) presented in Figure 1D.
SP2B mainly contains (6,4) and (7,3) SWCNTs, while
SP2T mainly consists of (6,5) SWCNTs (OD of the E11 of
(6,5) ∼0.07 (0.3) in 3 mm path-length for HiPco 195.2
(CoMoCAT) batch). Similar results were obtained re-
gardless of nanotube source (CoMoCAT, HiPco), and
thus diameter distribution, highlighting the versatility
of this process. Unless otherwise stated, from this point
forward, all results are discussed using the HiPco 195.2
material.

Spectroscopic Analysis. The chiral composition of each
phase produced from the two separation steps was
analyzed by combining the absorption spectra (pre-
sented in Figure 1) with photoluminescence excitation
(PLE) and resonance Raman spectroscopy (RRS). In
particular, RRS at various excitation wavelengths al-
lowed the evaluation of the presence of metallic
SWCNTs, which is not possible to determine via PLE,
as well as larger diameter semiconducting species,
which have a lower photoluminescence (PL) quantum
efficiency.14 The RRS spectrum of the starting HiPco
195.2 suspension is compared to the spectra of the
top and bottom fractions SP1B, SP1

T, SP2B and SP2T

(Figure 2 and additional spectra in Figure S1). The
spectra provide an accurate overview of the chirality
redistribution over the different phases (for details see
Table S1). The results support a strong diameter-based
separation, independent of metallicity, with a clear-cut
occurring at 0.747 nm in SP1 and at 0.696 nm in SP2.

Starting from a total of 30 identified chiralities in our
spectroscopic window, 9 are isolated in the SP1B
fraction. In SP2, 5 remain in the top phase and 6 in
the bottom phase, with some SWCNTs present in both
phases. The highly enriched (6,5) sample (SP2T) con-
tains small amounts of (9,1), (11,3), (7,4) and (8,3)
SWCNTs. As evaluated from absorption spectra, nearly
all the (6,5) SWCNTs separate into this phase or are lost
at the interface (see section Separation Yield). The
separation technique is so effective that even HiPco
164.4, with minimal (6,5) population, can be signifi-
cantly enriched in (6,5) (Figure 1), as shown by the
reversal of the absorbance ratio of (6,5) to (11,3) (E11
wavelength at 1200 nm) between the starting HiPco
suspension and SP2T. The highly enriched (6,4)/(7,3)
suspension (SP2B) contains also (9,1) and (5,4) and a
minimal amount of (8,3) and (12,2) SWCNTs, mostly
removed in SP1.

The PLE maps of the different fractions are pre-
sented in Figure 3. When these PLE maps were inte-
grated for each chirality over well-defined emission-
excitation intervals (Figure S2), the distribution of
semiconducting SWCNTs in the different samples was
obtained (Figure S3), in full agreement with the RRS
observations of diameter-based separation. In particu-
lar, the PLE data for SP2T further indicate the high
degree of (6,5) enrichment. We also observed that the

Figure 2. Resonant Raman spectra of the radial breathing
modes (RBMs) of the starting HiPco 195.2 suspension
(black) and the different fractions after separation, SP1B
(red), SP1T (blue), SP2B (magenta), and SP2T (green). Spectra
are vertically shifted for clarity. RRS spectra were obtained
at (A) 570 nm, (B) 785 nm, (C) 725 nm, and (D) 514.5 nm.
Additional RRS spectra excited at 650, 488, and 457.9 nm
can be found in Figure S1.
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PL quantum efficiency of the (7,3) SWCNTs is much
lower than that of the (6,4) SWCNTs, although both
have similar optical densities (Figure 1D). This further
demonstrates the importance of having nearly single-
chirality dispersions to study the optical properties of
SWCNTs.

Separation Yield. To obtain a better understanding of
the separation yield, the absorption spectra are re-
scaled appropriately in Figure 4. We start with a mass
balance:

MS ¼ MT þMB þMI (1)

where Mj is the mass of the SWCNTs in the starting
dispersion (S), top phase (T), bottom phase (B) and the
interface (I). The mass can be determined from absorp-
tion through an extinction coefficient, ε:

Mj ¼ aj
εj
Vj (2)

where aj is absorption and Vj is the volume of the
respective phase. Assuming the extinction coefficient
does not change significantly in each phase, eq 1 can
be rearranged to compare absorbances:

aS ¼ VT
VS

aT þ VB
VS

aB þΔQ (3)

where ΔQ is the loss of material at the interface. For
SP1, VS = 215 μL, VB = 900 μL and VT = 3820 μL, while for
SP2, VS, VB, and VT are all 1 mL. Figure 4A,B presents the
absorption spectra of the starting SWCNT suspension
(normalized by (6,5) E11 resonant absorption) and the
rescaled absorption spectra of the SP1B, SP1

T, SP2B and
SP2T fractions according to eq 3. For further compar-
ison, these absorption spectra were multiplied by a
certain factor (shown in Figure 4C,D legends) so that
the sum of SP1B and SP1T would give the initial
dispersion absorption spectra; similarly, the sum of

SP2B and SP2T would give the SP1B absorption spectra.
Thus after SP1, approximately 77% of the (6,5) SWCNTs
can be found in the bottom phase and about 67% of
the larger diameters in the top phase. All othermaterial
is lost at the interface. In SP2, about 60% of the (6,5)
SWCNTs are lost at the interface, while the (6,4) and
(7,3) SWCNTsmaintain their concentration giving over-
all yields of 31%, 77%, and 77% for the (6,5), (6,4), and
(7,3) SWCNTs, respectively. These results show that
when the (6,5) SWCNTs pass through the interface to
redistribute from the bottom to the top phase in SP2, a
significant fraction of the SWCNTs remains at the
interface (see also the image in Figure 1B where a dark
band is observed at the interface for both separations).
Thus, to increase the yield of the separations, it is
crucial to limit the number of consecutive steps.

Concentration Effects of Each Component on ATP Separation.
To understand the separation mechanism, we isolated
the contribution of each component (SDS, SC, NaCl,
DOC) in STOCK-1 and STOCK-2 mixtures by varying the
concentration (one at a time) and performing the
separation procedure. To assess these separations,
absorption spectra of SP1B were obtained (Figure 5,
see also Table S2, Figures S4�S10).

SDS Contribution. SP1 separation is very sensitive
to SDS concentration (Figure 5A).Without the presence
of SDS in STOCK-1 (black curve in Figure 5A), no
separation was observed and all SWCNTs remain in
the bottom fraction. Upon adding SDS, larger diameter
SWCNTs are the first to be removed from the bottom
phase and for an optimized amount of SDS (i.e., 1.117 g
in 100mL of STOCK-1) only the smallest diameters (de
0.76 nm) remain in the bottom phase. Upon further
addition of SDS, (6,5) SWCNTs distribute into the top
phase, resulting in a bottom phase that is highly
enriched in (6,4)/(7,3) suspension in one step.

Figure 3. PLE spectra for (A) the starting SWCNT solutions
(HiPco 195.2), (B) SP1B, (C) SP2B, and (D) SP2

T. Peak positions
of the most prominent species are indicated in the figure.
The diameter-cut for SP1 (red dotted line) and for SP2 (red
dashed line) are also indicated in panel A. Spectra were
normalized by maximum signal to better identify SWCNT
chiralities present.

Figure 4. (A and B) Absorption spectra of the starting HiPco
195.2 SWCNT suspension and the different fractions after
SP1 and SP2 separation. Absorption spectra are rescaled
according to eq 3. (C and D) Absorption spectra additionally
rescaled according to the legend, such that the sum of the
two spectra after separation matches the starting absorp-
tion spectrum. It should be noted that the absorption
spectra for the top phase are red-shifted and broadened
with respect to the starting SWCNT suspension.
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DOC Contribution. SP1 separation is also highly
sensitive to DOC concentration (Figure 5B). In the
absence of DOC, all SWCNTs separate into the top
phase (Figure S4, test 8 and Figure S5), while for a high
DOC concentration, all SWCNTs remain in the bottom
phase (Figure S4, test 7). As the concentration of DOC
decreases, the larger diameter SWCNTs begin to sepa-
rate to the top phase (not shown), while the smaller
diameters remain in the bottom phase (Figures 5B and
S6). An ideal DOC concentration for (6,5) isolation in the
presence of all other components in STOCK-1 occurs at
0.047% (m/v), corresponding to the addition of 215 μL
of the 1.04% (m/v) SWCNT dispersion to the STOCK-1
mixture. Below this concentration, (6,5) SWCNTs reside
in the top phase. This suggests that tuning the DOC
concentration can control the chiral type separation. In
fact, only a 0.003% difference in DOC concentration
changes the outcome of the separation (Figures 5B and
S6). By stepwise reducing the DOC concentration, it is
shown that different chiralities gradually separate into
the less hydrophilic top phase, starting with the largest
diameters.

SC Contribution. SC has a slightly different chemical
structure than DOC (only differs in one hydroxyl
group), but has been shown to behave quite differently
in metal/semiconducting and chirality separations of
SWCNTs by DGU, indicating a very different surfactant
wrapping around the SWCNTs.5,15�17 Although the
chemical structures are similar, we find the chiral type
separation is less sensitive to the SC concentration
(Figure 5C) in comparison to DOC. A final SC concen-
tration above the CMC (in the absence of DOC, see
Figure S4, test 9) results in all SWCNTs partitioning into

the bottom phase (similar to DOC); however, a final
concentration below the CMC results in all the SWCNTs
separating into the top phase, while for the same DOC
concentration, nearly all SWCNTs remain in the bottom
phase (Figure S5B). We find that the effect of adding SC
primarily increases the yield of (6,5) SWCNTs in the
separation by almost a factor of 2 (see inset Figure 5C)
and a faster removal of the larger diameters to the top
phase (Figure S7). This suggests that SC preferentially
wraps small-diameter SWCNTs, increasing their yield in
the bottom phase, while enabling an increase in the
SDS coverage of large-diameter SWNTs, thus moving
them to the top phase. Noteworthy is the fact that
while the yield of the (6,5) SWCNTs is increased by the
SC addition, the absorbance of the metallic SWCNTs
stays constant, thereby increasing the ratio of (6,5) to
(7,4) SWCNTs in this fraction, suggesting a possibility of
metallic separation. By analogy, mixed micelles of SDS
and SC have shown metal/semiconducting separation
with DGU.5,10

Salt Contribution. Finally, as observed in Figure 5D,
the addition of NaCl helps to separate large diameter
SWCNTs into the top phase, and this phenomenon is
not very sensitive to the salt concentration. Only at
much higher salt concentrations do the (6,5) SWCNTs
redistribute into the top phase (Figure S8).

Even though the ATP separation is highly sensitive
to the SDS and DOC concentration, we find that the
SDS:DOC ratio defines the separation. Specifically, a
ratio of 20.4:1 is optimal for (6,5) separation with mini-
mal presence of other chiralities. (Since DOC concen-
tration is much lower than SDS, all SDS:DOC ratios will
be greater than 1, so hereafter wewill present a ratio of
20.4:1 as just 20.4.) This is confirmed by changing the
absolute SDS and DOC concentrations, while maintain-
ing a constant SDS:DOC ratio and achieving the same
separation (Figure S9, tests 20�21). Increased absolute
throughput is possible by allowing more DOC-
dispersed SWCNTs to be addedwhen a greater amount
of SDS is used in STOCK-1. However, the absolute
concentrations are limited by stability of SWCNTs at
higher SDS concentrations (between 3 and 5%).18

In addition, we performed the same separation using
SC- or SDS-dispersed SWCNTs and we prepared the
STOCK-1 solutions in such away that the SDS:DOC ratio
in the final separation is the same. We obtained the
same separation (Figure S10, tests 22�23) indepen-
dent of the dispersing surfactant for the initial SWCNTs,
verifying that the SDS:DOC ratio determines the sepa-
ration.

Components in SP2. As with SP1, SP2 is highly
sensitive to the specific SDS:DOC ratio (see Figure 6).
Reducing the SDS concentration (Figure 6A) or increas-
ing the DOC concentration (Figure 6B) to ratios below
20.8 causes all SWCNTs to collect in the bottom phase.
Conversely, lowering the DOC concentration (ratio of
47.2 after mixing) or increasing the SDS concentration

Figure 5. Absorption spectra of SP1B, using the HiPco 195.2
batch. One-by-one variation of (A) SDS, (B) DOC, (C) SC, and
(D) NaCl concentration, while keeping all other parameters
fixed. SDS:DOC ratios in the final mixture are also provided.
The spectrum of the ideal STOCK-1 solution for each graph
is presented in red. For SDS, SC, and NaCl, the weight added
to 100 mL of the STOCK-1 solution is presented, while for
DOC, the final concentration after all components is pre-
sented. Arrows highlight the regions in the absorption
spectra that are most affected by the variation of the
surfactants.
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(ratio of 41.9 after mixing) causes all SWCNTs to move
to the top phase. Full separation of (6,5) and (6,4)/(7,3)
SWCNTs can be achieved by increasing the SDS:DOC
ratio in the range of 23.6 to 29.2; in our case, a final DOC
concentration of 0.047% (m/v) and SDS concentration
in the range of 1.27�1.8% (m/v) in STOCK-2. We find
that addition of SC or NaCl to STOCK-2 has no effect on
the yield of the separation or removal of large diameter
SWCNTs, unlike in SP1, and were therefore omitted
from STOCK-2.

Separation Mechanism. Surfactant and Salt Behavior.

Previous reports show that DOC is a much better
surfactant for dispersing SWCNTs than SDS, forming a
very homogeneous micelle structure around the
SWCNTs, resulting in an increased solubility for indivi-
dual SWCNTs and an enhanced resolution in optical
spectroscopy.19 DOC tends to stack with its semi-
rigid, hydrophobic, cholesterol-type backbone on the
SWCNTwalls, while having its flexible polar tail pointed
outward to the aqueous environment.20 In contrast,
SDS favors a disordered micellar structure,21 which in
the presence of salts can reorganize into a more
densely packed and more highly ordered surface
structure.12,22

By performing single surfactant ATP separation, we
find that DOC-wrapped SWCNTs tend to preferentially
reside in the more hydrophilic bottom phase, while
SDS-wrapped SWCNTs preferentially reside in the
top phase indicating that DOC-SWCNTs are more
hydrophilic than SDS-SWCNTs (Figure S5A-B). Even
upon addition of salt (up to 60 mM where surfactant

reorganization increases the PL QE12,22), SDS-covered
SWCNTs always separate into the top phase, showing
that no matter the structural reorganization, SDS-
wrapped SWCNTs are less hydrophilic. At similar salt
concentrations, DOC covered SWCNTs remained un-
affected (Figure S4), in agreement with previous
results.22 Due to the different hydrophilic nature of
pure DOC and SDS micelles, we believe that the exact
SDS:DOC ratio and the resulting surfactant structure
should influence the ATP separation. Although ATP
separation was less sensitive to SC concentration, we
performed single surfactant ATP separation of SC-
wrapped SWCNTs and found a less definite hydropho-
bicity effect (Figure S5C). A small amount of all nano-
tubes remains in both phases, with more small-
diameter SWCNTs in the bottom phase and larger
diameters in the top phase. This explains our observa-
tion that SC increases the yield of small-diameter
SWCNTs in the bottom phase and helps separate
large-diameter SWCNTs into the top phase.

Indeed, by performing multisurfactant ATP separa-
tion, we find that the SDS:DOC ratio determines the
specific diameter-cut in the separation. At low SDS:
DOC ratios (<20), the larger diameter SWCNTs
(>0.76 nm) begin to separate to the top phase, while
the smaller diameters remain in the bottom phase
(Figures 5B and S6). At higher SDS:DOC ratios (>40),
i.e., increasing the SDS concentration, smaller-diameter
SWCNTs (<0.76 nm) begin to separate into the top
phase. When SC is added, as discussed above, the yield
of small-diameter SWCNTs (d e 0.76 nm) is improved.
Due to preferential wrapping of SC, smaller diameters
are covered mostly by a mixture of SC and DOC (with
minimal SDS), while large-diameter SWCNTs are cov-
ered by a mixture of SC, DOC, and SDS.

Finally, the multisurfactant separation is improved
by the addition of NaCl, in particular, large-diameter
SWCNTs from smaller diameters. Incremental addition
of salt results in broadening and slight red-shifts of the
optical transitions of the SWCNTs in the top phase
(Figure S8). Simultaneously, the higher salt concentra-
tions, as previously reported,11,12 cause larger dia-
meters to partially aggregate, supported by RRS at
785 nm,23 resulting in further broadening and greater
red-shifts (Figure S8). At high enough salt concentra-
tions, smaller diameter SWCNTs begin to separate into
the top phase. As salt concentration increases, the SDS
restructuring creates amore favorable environment for
SDS on smaller diameter SWCNTs, thus making SDS
more competitive with SC to incorporate into the DOC
micelle structure, causing these SWCNTs to distribute
into the top phase.

Diameter Separation. The mechanism of ATP
diameter separation is governed by the surfactants
wrapping the SWCNTs, specifically the composition-
dependent hydrophobicity of the mixed micelles
that are formed. The behavior of the mixed micelle is

Figure 6. Absorption spectra of SP2T, while varying the SDS:
DOC ratio through additionof (A) SDS or (B) DOC in STOCK-2
(in 100 mL H2O). The ratios leading to the best separations
are presented in red in the legend. The (6,4) (870 nm) and
(7,3) (1007 nm) absorption in the top phase increases at
higher SDS:DOC ratios indicating more SDS causes smaller
diameter SWCNTs to separate into the top phase.

A
RTIC

LE



SUBBAIYAN ET AL. VOL. 8 ’ NO. 2 ’ 1619–1628 ’ 2014

www.acsnano.org

1625

defined by a combination of three intrinsic properties
of DOC, SC, and SDS: hydrophobicity of the micelles,
their relative diameter-dependent SWCNT affinity, and
structural reorganization with salt.

We observe that in single surfactant systems each
surfactant has different hydrophobicity behavior:
DOC is found to be the most hydrophilic surfactant
followed by SC and SDS, as evidenced by all DOC-
wrapped SWCNTs residing solely in the bottom phase
(independent of diameter). In contrast, SDS-wrapped
SWCNTs separate into the less hydrophilic top phase,
with or without addition of salts. We find that SC also
acts as a hydrophilic wrapping, but its behavior is more
complex than that of DOC, likely arising from its higher
affinity toward the smallest diameters (d e 0.76 nm).
Our results thus also indicate that diameter-dependent
differences in binding affinity of the different surfac-
tants will play a role in defining the relative hydrophi-
licity of themixed-micelle structures. In agreement with
previous reports on surfactant-dependent solubility
of tubes,19,24 we find that SC and DOC have stronger
affinities for smaller diameter tubes (with SC the stron-
ger), while SDS has a slightly greater affinity toward
larger diameters. This contrasting affinity of SC, DOC,
and SDS for different diameter SWCNTs suggests that an
increased incorporation of SDS into the large diameter
mixedmicelles can bepossible, resulting in an increased
hydrophobicity relative to small diameter SWCNTs.

The addition of salt results in more large-diameter
SWCNTs distributing into the top phase (particularly
important for separation of the HiPco 164.4 batch
containing a significant amount of larger diameters)
and at increased concentrations, smaller diameters
begin to move toward the top phase or get trapped
at the interface. Different factors can play a role in this.
First, salt-induced bundling may occur, potentially
impacting larger diameters first,11 causing those to
either be trapped at the interface or distribute into
the top phase. Additional results on surfactant ex-
change (see below) indicate, however, that salt-
induced bundling likely plays only a minor role for
the (6,5) SWCNTs. Second, at lower salt concentrations
(those used in these experiments), the structural re-
organization of the SDS molecules on the SWCNT
surface makes SDS more compatible with the DOC
and SC wrapping, even for smaller diameters. The
combined diameter-dependent affinity of the surfac-
tants and SDS structural tunability with salts make the
mixed micelle formation critically depend on the re-
lative concentrations of SDS, DOC, SC and salt, which
define the exact structure formed on the SWCNT sur-
face. The hydrophilicity of the resultant mixed micelle
then drives the separation, where greater SDS incor-
poration, i.e., larger diameters, separate into the less
hydrophilic top phase.

Further insight into the mechanism can be ob-
tained by comparing the PL of the (6,5) chirality

residing in the bottom (SP1B) and top (SP2T) phases
(Figure S11A,B) before and after exchanging the
SWCNT/STOCK-1 and -2 dispersion with an aqueous
1% (m/v) DOC solution. In the dextran phase (SP1B), no
differences in PL peak position and line width are
observed, indicating that little change in surface com-
position has occurred. This result confirms that after
SP1, the (6,5) SWCNTs are mostly covered by DOC
molecules (or a mixed micelle of DOC, SC, and possibly
insignificant amounts of SDS), and therefore are well-
isolated from their environment. For the (6,5) SWCNTs
in the PEG phase (SP2T), however, the PL spectrum is
clearly red-shifted and broadened compared to the
same (6,5) SWCNTs after surfactant-exchange to DOC.
Similar red-shift and broadening was obtained upon
addition of SDS and salt to a DOC-dialyzed (6,5) SWCNT
dispersion (Figure S11C), indicating that the SWCNTs
that distribute to the top phase contain SDS within
their surfactant layer, after restructuring the SDS in the
presence of salts (without the presence of salts, the
red-shift is not observed). Such differences in PL with
respect to surfactant coverage have also been seen in
single surfactant systems.25,26 Therefore, these results
further support the fact that the specific surfactant
coverage of the SWCNTs determines their hydropho-
bicity and that mixed SDS-DOC-SC micelles distribute
into the top phase, while mixed micelles with insignif-
icant SDS distribute into the bottom phase.

The SP2 separation follows the samemechanism as
described above for SP1. Figure 5A,B shows that at
sufficiently high SDS:DOC concentration ratios, above
22.0, the (6,5) SWCNTs tend to redistribute into the top
phase. In SP2 the increased SDS:DOC ratio results in
more SDSmolecules coating the (6,5) SWCNTs, causing
them to distribute into the top phase. Similarly, further
increasing the ratio moves the even smaller diameter
(6,4) and (7,3) SWCNTs to the top phase, confirming
that whenever SDS is prevalent in the mixed micelles
the SWCNTs reside in the top phase.

In summary, we find the ATP diameter selectivity is
governed by the composition of the mixed micelles
surrounding the SWCNTs, which in turn is defined by
the SDS:DOC concentration ratio. SC and salt are key
additives necessary to enhance the separation and
yield, and reduce the number of steps in the separa-
tion technique; without these, some large-diameter
SWCNTs (>0.76 nm) in a diameter-polydisperse sample
would remain in both phases. Thus, we were able to
separate (6,5) SWCNTs from HiPco batch 164.4, having
a larger average-diameter distributionwith only a trace
amount of (6,5) SWCNTs.

Because the surface species are labile, they can be
readily interchanged. The specific mixed micelle com-
positions and structures that are dependent on SDS:
DOC ratio are thus easily adjusted, even after the phase

separation, to redistribute specific chiralities into an-
other phase. To prove this, we deliberately added less
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SWCNT/DOC dispersion (SDS:DOC = 24) in SP1, result-
ing in (6,5) SWCNTs coated with more SDS molecules
and separating into the top phase. We then added
more SWCNT/DOC dispersion to make the overall SDS:
DOC ratio 20.4 (same as in our standard SP1) and briefly
remixed the separated dispersion and centrifuged
again. The (6,5) tubes redistributed into the bottom
phase, achieving the same separation yield as if it
started with 0.047% DOC (Figure S12). This result
indicates that, for these smaller diameter SWCNTs,
the spectral shifts noted earlier for the top phase solely
arise from surfactant reorganization and not bundling.
Thus, for obtaining maximum separation yields, the
surfactant concentrations can easily be tuned to the
desired values. Although themethod is highly sensitive
to precise surfactant ratios, the relative concentrations
can be changed, remixed, and centrifuged to obtain a
different separation without decreasing the yield.

Other Chiralities. Overall, changing the SDS:DOC ratio
allows very accurate tuning of SWCNT surfactant cover-
age and thus hydrophobicity, thereby achieving highly
enriched chirality dispersions in just 2 steps. By under-
standing how the different surfactants and salt influ-
ence the hydrophobicity, this method can be easily
expanded to isolate other chiralities. In Figure S13, we
present the variation of the SDS:DOC ratio in SP1
toward (7,5) isolation. An ideal SDS:DOC ratio of 11.7
serves to efficiently transfer (7,5) to the bottom phase
after SP1, while limiting other tubes in the bottom
phase. In SP2, tuning of the SDS:DOC ratio, similar to the
(6,5) separation, allows isolation of both (7,5) and (8,4)
(Figure S13, ratio = 11.1) or mainly (7,5) (Figure S13,
ratio = 10.4) SWCNTs into the top phase (Figure 7A,B,
OD of the E11 of (7,5)∼0.06 (0.08) in 3 mm path-length
for HiPco 195.2 (CoMoCAT) batch). Thus, by making
small changes in surfactant concentration, we success-
fully separated two chiralities with very small diameter
difference (d = 0.83 and 0.84 nm), showing the versa-
tility of our technique and feasibility to apply it to
separate any chirality in just two steps.

Scale-Up. ATP metallic/semiconducting separation,
a similar technique, was shown to easily scale up on a
1-L scale for arc discharge nanotubes.6 Here, we easily
scaled up our single-chirality method by a factor of 10

(Figure S14), obtaining 4mL of separated (6,5) SWCNTs
after SP1 (OD of E11 = 0.25 in 3 mm path-length) in just
15min. This scale-up was only limited by the size of the
centrifugation tubes and benchtop centrifuge avail-
able. We also investigated scale-up by increasing the
initial SWCNT concentration. Normally 1 mg/mL of raw
SWCNTs is used to create a dispersion. We varied the
starting concentration from 0.15 to 2.5 mg/mL and
found no significant effect on the purity of the (6,5)
separation; however, the yield did not scale linearly
with starting concentration and no longer increased
above 1mg/mL. Since this technique is not detrimental
to SWCNT dispersions, when starting with a (7,5) pro-
tocol, the (6,5) SWCNTs in SP2B can be further sepa-
rated by adjusting the specific SDS:DOC ratios, as
shown previously in reference 8; however, we have
accurately determined the specific SDS:DOC ratio ne-
cessary to fulfill this separation.

CONCLUSIONS

We have determined that the mechanism for ATP
SWCNT separation is driven by the hydrophobicity of
the surfactants' composition on the SWCNT surface
and not the intrinsic SWCNT hydrophobicity, as pre-
viously hypothesized.6 In particular, when using a
mixture of surfactants that have a different diameter-
dependent affinity for SWCNTs, we were able to
achieve highly enriched single-chirality dispersions of
small diameter SWCNTs in just 2 steps, thereby im-
proving chiral sorting of SWCNTs.
We found that DOC micelles create a more hydro-

philic surrounding for the SWCNTs compared to SDS,
therebyDOC-covered SWCNTs distribute into themore
hydrophilic bottom phase while SDS-covered SWCNTs
separate into the top phase. Since at low SDS:DOC
ratios all SWCNTs are found to be preferentially cov-
ered by DOC, no separation occurs. Increasing the SDS:
DOC ratio creates competition between both surfac-
tants resulting in mixed micelle coverage and a less
hydrophilic surfactant-SWCNT system. Addition of SC
results in the formation of mixed SC-DOC micelles for
the smaller diameters, andmixed SC-DOC-SDSmicelles
for the larger diameters, redistributing the latter ones
into the less hydrophilic top phase.
Furthermore, addition of salt causes restructuring of

the SDS micelles such that SDS is more competitive
with SC to cover the SWCNTs, thereby removing the
larger diameters and enhancing the chirality separa-
tion. We have developed a one-pot procedure to
control the surfactant coverage that drives ATP separa-
tion and allows isolation of highly enriched (6,5),
(6,4)/(7,3) and (7,5) dispersions.
The proposedmethod is extremely versatile and can

be used for various source materials (CoMoCAT or
HiPco) to even sort SWCNT chiralities that represent
only a minority fraction of the starting material. More-
over, the SDS:DOC ratio can be adjusted at any stage to

Figure 7. (A) Absorption spectrum of SP2T after the (7,5)
separation from HiPco 195.2 batch and (B) PLE spectrum of
the same fraction. Both spectra nicely show the high purity
of the (7,5) separation achieved in only two steps.
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separate a desired chirality and the one-pot method is
easily scalable. Also, unlike lengthy DGU separations,
the short time required for our separation has enabled
us to perform many control experiments essential for
elucidating a clear separationmechanism. Our findings
on the mixed micelle formation will also aid in under-
standing and improving DGU separations. Further-
more, the understanding of surface interactions
presented can be extended to a broader range of

chemical systems, including the separation of other
nanoscale, low-dimensional systems. Additionally, po-
larizability differences of small-diameter SWCNTs can,
in principle, affect the surfactant structure12 and com-
position on their surfaces (as shown also in DGU
separations27). Thus, by specific surfactant tuning,
ATPmetal/semiconducting separation of these smaller
diameters should be possible, as performed previously
on larger diameter arc-discharge nanotubes.6

METHODS
CoMoCAT SG65i SWCNTs (SouthWest Nanotechnologies, Lot

no. SG65i-L39) and HiPco SWCNTs (Rice University) batch 195.2
and batch 164.4, sodium deoxycholate (DOC, AMRESCO Lot no.
0331C075), sodium cholate (SC, Sigma, Lot no. 040M0156
Aldrich), sodium dodecylsulfate (SDS, Sigma Aldrich, Lot no.
SLBD2186V), sodium chloride (Sigma Aldrich C1254), polyethyl-
ene-glycol (PEG, MW 6000 Da, Alfa Aesar Lot no.10173268) and
dextran (DX, MW 64000�76000 Da, Sigma Aldrich, Lot no.
091M1434V) were used as received
SWCNTs were dispersed in a 1.04% (m/v) DOC solution in

nanopure H2O (F = 18.3MΩ 3 cm) at an initial nanotube con-
centration of 1 mg/mL, by sonication for 1 h with a tip sonicator
(Sonic Vibra Cell with tip CV18-9909, 8W) while immersed in an
ice bath. Afterward, the tip-sonicated suspension was centri-
fuged using an ultracentrifuge (Thermo-Scientific WX-80 Ultra
Series with TH-641 rotor) for 2 h at 39191 max g and 20 �C. The
supernatants (i.e., top 80%) containing the isolated SWCNTs
were used for chiral separation.
For SP1, STOCK-1 solution is prepared containing: (i) 14.1 g of

PEG, (ii) 4.9 g of dextran, (iii) 0.49 g of SC, (iv) 1.117 g of SDS, (v)
0.142 g of NaCl, and (vi) 100 g of nanopure H2O. It was mixed
overnight using a platform shaker at 150 rpm (New Brunswick
Scientific, model C2) to allow all the components to dissolve
properly. A total of 215 μL of the 1.04% DOC/SWCNT dispersion
and 425 μL of nanopure H2O are then added to 4080 μL of the
STOCK-1 solution, shortly mixed either by shaking or using a
vortexmixer, and centrifuged for 5min at 6000g in a fixed angle
centrifuge (Thermo-Electron, model 1EC MultiRF), to induce the
phase separation. After mixing the two polymers, microscopic
phase-separation occurs immediately, but to separate these
phases macroscopically, benchtop centrifugation is suggested.
In principle, PEG and dextran alone should separate into two
phases without centrifugation; however, in the presence of
surfactants and salt, the macroscopic separation of the two
phasesmay take days and therefore the centrifugation stepwas
performed to speed up the process. Top and bottom phases
were removed manually from the aggregated interface using a
syringe. All separations were performed at room temperature
(22 ( 2 �C). At higher temperature (30 �C), the separation yield
of (6,5) SWCNTs after SP1 is decreased due to partial separation
into the SP1T phase, while at lower temperature (10 �C), large
diameter SWCNTs are distributed into the SP1B phase (see
Figure S15), which can be attributed to the temperature-
dependent surfactant dynamics on the SWCNT surface. Further-
more, small variation on surfactant concentration, i.e., the use of
different pipetters, can result in unwanted separation; however,
as stated before the separation can be easily fixed by readjust-
ing the surfactant concentrations.
To obtain the variations of SDS, SC and NaCl as presented

in Figure 5 (and Supporting Information), different stock solu-
tions were prepared, each time varying one component in the
STOCK-1 solution. For these specific separations, the amount of
SWCNTs was kept fixed, and thus intensities can directly be
compared with each other. For the DOC variation in Figure 5B,
the specific amount of the SWCNT dispersion and H2O that is
added to the stock solution was changed, while keeping the
total volume constant to get the desired final concentration.
Thus, absolute intensities cannot be compared, but relative

intensities of different SWCNTs present in the suspension after
sorting can.
For SP2, STOCK-2 is prepared containing: (i) 2.33 g of dextran,

(ii) 14.5 g of PEG, (iii) 0.0473 g of DOC, (iv)1.8 g of SDS and (v)
100 g of nanopure H2O. An equal amount of the bottom phase
from SP1 and STOCK-2 are mixed and centrifuged as in SP1.
Analogously, each parameter in STOCK-2 was changed (same as
above), to obtain the spectra presented in Figure 6.
For the (7,5) separation, in SP1 we used a different SDS

concentration in the STOCK-1 (0.89 g, all other parameters the
same concentration) and we added 330 μL of the SWCNT
dispersion and 310 μL of H2O to make a total of 4720 μL. In
SP2, the stock solution had lower SDS concentration (0.46 g). All
other concentrations and separation procedures remained the
same.
Dialysis of the separated SWCNT phases was performed using

a pressurized filtration/stirring cell equipped with regenerated
cellulose, 100 kDa membranes (Stirred Ultrafiltration Cell,
Millipore). Each phase was filtered until 10% of the volume
remained and then 1% (m/v) DOC solution was added to dilute
the remnants by a factor of 10 leading to aminimum dilution of
105 for PEG, dextran and other ingredients after five cycles of
filtration and dilution.
Absorption spectra were recorded with a UV�vis-NIR spec-

trophotometer (Cary 6000i) in the range of 200�1700 nm, using
quartz cells with an optical path length of 3 mm or 1 cm.
PLE maps were acquired in a Horiba spectrometer consisting

of a Gemini 180 excitation spectrometer, an iHR320 emission
spectrometer and a liquid nitrogen cooled InGaAs detector.
Spectra were corrected for lamp excitation, detector sensitivity,
filter transmission and wavelength accuracy of the detection
system.
Resonant Raman spectra were excited at multiple laser

wavelengths originating either from an Arþ-ion laser or from
tunable Rhodamine 6G dye laser, Kiton-red dye laser or a Ti:
sapphire laser. Spectra were recorded in backscattering geo-
metry using a 5-5-5 Princeton Instruments TriVista triple Raman
spectrometer.
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