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subpopulations of SWCNTs and that this methodology is effective for multiple SWCNT raw materials. Using these data, we report an empirical function for
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synthesized by electric arc synthesis (1.3—1.6 nm). We also demonstrate that SDS Contont for Upwérds Parition (%)

refined species are readily obtained from both the metallic and semiconducting

the necessary surfactant concentrations in the ATPE method for separating different SWCNTS into either the lower or upper phase as a function of SWCNT
diameter. This empirical correlation enables predictive separation design and identifies a subset of SWCNTs that behave unusually as compared to other
species. These results not only dramatically increase the range of SWCNT diameters to which species selective separation can be achieved but also
demonstrate that aqueous two-phase separations can be designed across experimentally accessible ranges of surfactant concentrations to controllably

separate SWCNT populations of very small (~0.62 nm) to very large diameters (>1.7 nm). Together, the results reported here indicate that total separation

of all SWCNT species is likely feasible by the ATPE method, especially given future development of multistage automated extraction techniques.
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eparation of single-wall carbon nano-

tube (SWCNT) species for advanced

material applications, including elec-
tronic devices' and sensor elements,? is
highly desirable. For SWCNTs greater than
1.2 nm in diameter, the isolation of indivi-
dual SWCNT species, and thus the achieve-
ment of refined and concentrated prop-
erties,> > has been a particular challenge
despite the development of multiple se-
paration strategies with differing physical
mechanisms in the past decade. The in-
creased difficulty for separations of larger
diameter SWCNT species can be traced to
two factors: (1) the geometrically increasing
number of species with similar diameters,
which also implies a reduction in number
fraction for any single species in a nonse-
lective synthesis method produced sample,
and (2) the generally presumed reduced
difference in nanotube properties between
species for larger diameter SWCNTs. The
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latter effect is thought to result from a larger
radius of curvature for the carbon lattice,
decreasing both differentiation in the elec-
tronic structure with the specific chiral vec-
tor and likely the specificity of coating by
dispersant molecules. As all commercial
sources of SWCNTSs are inherently polydis-
perse (in that they contain multiple species
of nanotubes, which are typically denoted
by the (n,m) indices that define the rolling
vector for the carbon shell), the availability
of effective separation methods to narrow
or achieve individualized species distri-
butions is necessary to refine the optical,
mechanical, and electrical properties for
applications. In this work, aqueous two-
phase extraction (ATPE)®” utilizing a simple
gradient of two cosurfactants is demon-
strated to resolve individual and reduced-
diameter nanotube populations in the lar-
ger diameter range up to approximately
1.7 nm, although the upper limit for the
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Figure 1. (A) Schematic of the ATPE process. A homogeneous mixture of polymers, surfactants, and SWCNTs spontaneously
phase separates; individual nanotube species partition between the two phases on the basis of their individual affinities for
each phase. Multiple stages of separation can be performed by pipetting the separated phases into different containers and
adding aliquots of the opposite phase (“mimic phase”, prepared separately without nanotubes) containing a different
concentration of surfactants. The spontaneous phase separation at each stage spatially distributes the SWCNTs on the basis
of their partition coefficients at the set component concentrations. For separation on the basis of diameter as described in this
contribution (two stages of separation pictured), the largest diameter SWCNTs will generally end up in the top—top (TT)
fraction, followed by increasingly smaller diameter SWCNTs in the top—bottom (TB), bottom—top (BT), and bottom—bottom
(BB) phases. (B) Photograph of a spontaneously separating mixture of polymers and surfactants (no SWCNTs) immediately
after mixing. (C) Photograph of SWCNT partitioning after phase separation; the color difference indicates the selective
partition of different (n,m) species into the top and bottom phases.

method is likely beyond this value. The ATPE®® method
demonstrated here has potential advantages over
other SWCNT separation methods, including current
industrial use for high-value macromolecules, avail-
ability of equipment for continuous processing and/
or automated high-resolution extraction,'® and the de-
monstrated ability to resolve even minor (n,m) species
at high purities.’

RESULTS AND DISCUSSION

The basis of the ATPE separation is the thermody-
namically driven segregation of otherwise miscible
and water-soluble polymers into two phases above a
critical concentration threshold. Through the choice of
polymer compositions, molecular weights, and vari-
ables such as pH or additive concentrations, the envi-
ronment of either phase can be finely tailored to be
energetically favorable for containing one or more
solute species relative to the other phase. Classically
this phenomenon has been used for the separation of
biological macromolecules such as enzymes and
proteins,’’ but has recently been applied successfully
to SWCNTs and other nanoparticles.'? In the case of
SWCNTSs, we have previously shown that selection by
either electrical property (all SWCNT diameters) or
individual (n,m) species in the small-diameter limit
(<1 nm) was possible through the use of mixtures
of bile salts,'® alkyl surfactants, and iterative extrac-
tion.2~ "% In those works, we demonstrated high-purity
resolution of 10 specific SWCNT species, the largest (by
diameter) of which was the (9,4) with a carbon center
to carbon center definition diameter (this diameter
definition is used throughout the entirety of this study)
of 0.916 nm."* Although the ATPE technique can be
performed with a broad array of dispersants, including
sequence-dependent extraction using single-stranded
DNA oligomers and polymer systems,'® in this contribution
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we focus on expanding the demonstrated potential of
the poly(ethylene glycol) (PEG)—Dextran 70—sodium
deoxycholate (DOC)—sodium dodecyl sulfate (SDS)
system we utilized in ref 9. A simplified schematic of
the process is shown in Figure 1.

Herein we demonstrate the separation of individual
species using nanotubes from four separate produc-
tion methods: high-pressure CO disproportionation
(HiPco), plasma torch (PT), laser vaporization (LV), and
electric arc (EA). In order, these sources (for the materi-
als reported) contain SWCNTs of increasingly larger
average diameter, as well as different quantities and
structures of residual catalyst and non-SWCNT carbo-
naceous impurities. Inclusively, the SWCNTs in each
source were received as dry powders and bundled
together in a mixture of lengths and containing varying
fractions of defective, damaged, and/or open-ended
nanotubes'® depending on the synthesis condition
and the methodology of any applied purification. To
enable separation by ATPE, each of the SWCNT pow-
ders was first dispersed via sonication in a sodium
deoxycholate solution followed by centrifugation (see
Methods) to remove most non-nanotube components
and larger SWCNT aggregates. This is similar to the
typical preprocessing for most liquid-phase nanotube
separation methods, including density gradient ultra-
centrifugation,’” ~* chromatography (ion-exchange,
gel column, or size exclusion),”3? electrochemical
processing,®® and selective dispersion.>*3 In the fu-
ture, this step may be replaceable by an additional
ATPE process.® For this study, an additional rate-
dependent ultracentrifugation step®” was applied after
the typical centrifugation step to remove low-number
aggregates, separate open from closed ended SWCNTSs
on the basis of their density, and reduce the fraction of
kinked/defective nanotubes*® This step, while not
necessary to enable the separations described below,
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improves the clarity of the remaining nanotube optical
properties and simplifies the extraction order as var-
ious removed contaminants would otherwise partition
into phases with desirable species.

The absorbance spectra of the four parent SWCNT
dispersions from the different SWCNT soot materials
(before application of ATPE separations) are shown in
Figure 2 (see Methods for preparation details). The PT,
LV, and EA SWCNT populations shown in the main text
are composed of empty (closed-ended) SWCNTs not
containing water in their cores;*>*’ the HiPco SWCNT
population in Figure 2 is composed of water-filled
SWCNTSs (open cores). Peaks in the absorbance spectra
are due to the optical transitions of the individual
nanotube (n,m) species present in each population.>
Each species of nanotube has multiple major and minor
excitonic optical transitions with species-dependent
extinction coefficients; primary transitions most readily
identified are, from lowest to greatest energy for the
same SWCNT diameter, semiconducting 1—1 transi-
tion (Sq7), semiconducting 2—2 transition (S,5), metallic
1—1 transition (M), and semiconducting 3—3 transi-
tion (Ss3). Sharper (narrower line width) and taller
peaks relative to the absorbance of any nonpeak
absorbance are believed to indicate less defective
and purer SWCNT dispersions. Many nanotube spe-
cies are present in each population shown in Figure 2,
but the grouping of peaks for the S;;, S22, Mq4, and Ss3
is clear (except for panel A, in which S5, My;, and Ss3
overlap in wavelength). Progressing from panel
A to D, the shift to lower energy of each labeled
optical transition type is indicative of the increasing
average SWCNT diameter across the four parent
SWCNT populations.

In general, ATPE for SWCNTSs is hypothesized to be
governed by the relative hydrophilicity/hydrophobicity
of the two polymer phases and the effective composi-
tion of the surface-adsorbed surfactant layer structure
on each (n,m) species at the specified solution compo-
sition of all species,*® although other factors can also
(strongly) affect the partition.*’*? This can be de-
scribed most simply as an SWCNT species-dependent
partition coefficient, ki, m)(Csurfactant), in Which
k(n,m)(csurfactant) = C(Mw

(n, m), lowerphase
and G; is the concentration of the i component (e.g.,
i = surfactant, i = (10,9) SWCNT, etc.). In practice,
Kn,m)(Csurfactant) is difficult to measure, as the concen-
tration of each component affects the partition of all
other components, and thus absolute partition coeffi-
cients can be determined only through direct con-
struction of the extraction system at the desired
conditions. Although measurements of the exact parti-
tion coefficient functionalities versus polymer concen-
tration, cosurfactant concentrations, and salt condi-
tions are ongoing (in all cases we assume that the
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Figure 2. Absorbance spectra of the four prepared parent
SWCNT dispersions for ATPE separation. The average diam-
eter of the SWCNTs contained in each refined parent
dispersion increases in the order (A) HiPco, (B) PT, (C) LV,
and (D) EA, which is reflected in the shift of both the metallic
and semiconductor optical transitions to longer wave-
lengths in the same order. The HiPco sample in panel A
primarily contained water-filled SWCNTSs. The populations
in panels B, C, and D contained primarily empty (closed-
ended) SWCNTs. The sharpness of the optical transitions in
each spectrum is indicative that the individual SWCNTs
were well dispersed. Furthermore, the intensity of the
optical transitions relative to the underlying background is
suggestive that relatively few impurities (except in panel B)
or optically defective SWCNTs remained after population
refinement. Horizontal bars marking the approximate loca-
tions of the distinct optical transitions for the semiconduct-
ing and metallic SWCNTs in each of the parent dispersions
are shown in each panel; labels for the bars are shown in
panel C. That the wavelengths for these transition types
overlap can be seen in the bars and in the spectra of
separated metallic (red curve) and semiconducting (blue
curve) daughter populations for the PT SWCNTSs in panel B.

nanotube concentration does not affect the phase
compositions), effective partition coefficients can be
readily constructed, assuming all surfactant compo-
nents distribute volumetrically, and that the separate
polymer phase compositions are unaffected by
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Figure 3. (A) Photograph of semiconducting and metallic separated empty PT SWCNT parent dispersion without diameter
sorting. (B and C) Photographs of SDS gradient ATPE-separated metallic (B) and semiconducting (C) fractions from left (lowest
SDS concentration for extraction) to right (greatest SDS for extraction); clear color changes are more apparent for the metallic
species than the semiconductors due to the wavelength range of human visual acuity. (D and E) Absorbance spectra of shown
metallic and semiconducting SWCNT fractions, respectively, in order of their appearance in the photographs. High resolution
of specific diameters is especially visible in the metallic fractions due to the stronger direct correlation of diameter and optical
transition wavelength for metallic SWCNTs. The central green trace in panel E is consistent with the (11,9) species. The bottom
semiconducting fraction contains primarily aggregates, but also contains the (10,5) and (8,7), which require an unusually

large SDS concentration for extraction (vide infra).

surfactant concentration. These effective partition co-
efficients are determined by sequential extraction of
(n,m) species from the initial SWCNT population utiliz-
ing additive polymer phase mimic mixtures and as-
suming volumetric distribution of the non-nanotube
components.

An example sequential extraction experiment uti-
lizing mimic phase stock solutions (see Methods) is
shown in Figure 3A—E for the PT nanotube dispersion.
To better demonstrate the diameter-based separation
that is the thrust of this contribution, the parent PT
SWCNT dispersion was first separated on the basis of
metallicity (Figure 3A). Of note is that in this process a
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significant amount of hydrophobic, non-nanotube,
impurities were removed (compare the black parent
spectrum to the two daughter spectra (red/blue) in
Figure 2B; a significant UV-absorbing component was
removed in the metal/semiconducting separation),
which contributed to the background absorbance in
Figure 2B but not to the SWCNT peak feature absor-
bance (a similar observation was made in ref 36). A
second example is shown in Figure 4 and Figure 5 for
the LV nanotube parent, and a third in Figure 7 for the
EA nanotube parent. Significant additional data, includ-
ing spectra of diameter-separated HiPco semiconduct-
ing and metallic species (parent dispersion spectrum in
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Figure 4. (A) Photograph of metallic and semiconducting
separated empty LV SWCNTs prior to diameter sorting and
of the SDS gradient ATPE-separated semiconducting frac-
tions from left (lowest SDS for extraction) to right (greatest
SDS for extraction). (B) Absorbance spectra of the sorted
semiconducting SWCNT fractions in order of their appear-
ance in the photograph in panel A (left most = penultimate
top). The topmost spectrum is of the semiconducting
parent dispersion shown in A. Significant variation in
SWCNT species distribution occurs on the basis of ATPE
separation, as demonstrated by the changes in absorbance
peak wavelengths. Several peaks are identified to particular
SWCNT species; an orange arrow indicates the absorbance
feature that leads fraction 4TBT, and not its neighboring
fractions, to be pink in color.

Figure 2A) and of ATPE separations on water-filled
SWCNTs from the PT and EA synthetic sources, are
shown in the Supporting Information (Sl). Data for the
HiPco parent dispersion are shown in the S| because
relatively few of the SWCNT species in that population
are >1 nm in diameter, and the larger SWCNTSs' overlap

FAGAN ET AL.

in diameter distribution with the PT sample that we
show can be well resolved by ATPE (vide infra). In all
cases, for notation on extracted fractions we utilize “T"
to indicate a fraction extracted from the top, PEG-rich,
phase and “B” for fractions extracted from the bottom,
dextran-rich, phase at each step. We furthermore
annotate these notations sequentially; for example,
the fraction “6TBT” indicates a fraction that partitioned
six times into the top phase, then once into the bottom
phase, then finished in the top phase (8 separate
extractions); the notation “C” refers to “collapse” of a
top phase by the addition of a small aliquot of high-
concentration DOC solution, which can be used to
collect all SWCNTSs from a large-volume top phase into
a small volume of bottom phase.

For each of the initial diameter populations (Figure 3,
Figure 4, Figure 7, and Figures S2—S11) one key
observation is the general monotonic trend in the
energy (wavelength) ranges for the optical transitions
across the sequential extractions with increasing
(or decreasing) SDS content; the change in the dis-
tribution of optical transitions causes the color differ-
ences immediately apparent in the photographs. The
changes in color are more striking and the extraction
by hand is easier for the metallic nanotubes in Figure 3
due to the fact that their optical transitions occur near
the apex of human visual acuity.”*** In contrast, for
semiconducting SWCNTs > 1 nm in diameter, only the
Ss33 transitions and some S,, transitions are typically in
the visible spectrum, and those are near the edge of
the average human visual perception range. To be
explicit, compare the spectra for the first four semi-
conducting vials in Figure 3C (orange-tinged) to those
of the second set of four (yellow-green cast). It is clear
from Figure 3E that the peak locations, and thus
SWCNT species distribution, are significantly different
in each fraction, although the color (Figure 3Q) is prac-
tically unchanged (both to the naked eye and as
captured by camera).

In general, the optical transitions shift to increasingly
longer wavelengths for SWCNTs extracted at lower SDS
concentration (purple dashed lines in Figures 3D, 3E,
and 4B); that is, larger diameter (n,m) species are
extracted at lower SDS concentration when utilizing a
constant DOC concentration. A near-optimal example
of this is in Figure 3D for the armchair metallic species
(10,10),(9,9), and (8,8), which elute in order from largest
to smallest diameter with increasing SDS concentra-
tion. Because these three species all have the same
chiral angle of 30° (the apparent “roll up” angle of the
graphene lattice relative to the nanotube long axis),
the wavelength of their M, optical transition is mono-
tonically correlated with their diameter,”® and the
correlation between SDS concentration and extracted
diameter is clearly resolved. This is consistent with the
trend we previously observed for small-diameter
(<1 nm) SWCNTs.’
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Figure 5. Excitation—emission contour plots for the ATPE-generated LV SWCNT samples in Figure 4. The parent, semi-
conducting enriched, sample (upper left) displays emission from many different species of SWCNTs. Each extracted
population contains markedly fewer emitting SWCNT species, and the distribution of these species (specified by dots and
labels from reported peak locations) changes markedly from fraction to fraction. As expected, the diameter trend in the
observed species is from larger species to smaller species when going from the 8TC to the BTBT fractions. The green angled

lines in the 8TC plot are an instrumental artifact.

A similar but slightly larger average diameter SWCNT
source than PT SWCNTs and one frequently used
in research studies is SWCNTs produced by the LV
method. Although the average diameter of LV SWCNTs
can be tuned by various synthesis parameters, for this
batch itis =1.35 4= 0.1 nm. This is reflected in the longer
average absorption wavelength for each set of SWCNT
optical transitions than in the PT sample in Figure 1. The
results of ATPE separation for the semiconduct-
ing SWCNTs from this parent are shown in Figures 4
and 5, and for the metallic LV SWCNTs in the Sl.

The larger average diameter of the LV SWCNTSs is
reflected in the color of the separated fractions in
Figure 4A; multiple fractions become visibly pinkish
rather than yellow or yellow-green as the shift of the
optical transitions to lower energies changes the ob-
served color. Focusing on the absorbance spectra in
Figure 4B, it is again clear that the distribution of optical
transitions changes dramatically from fraction to frac-
tion. Note that due to spectral congestion many spe-
cies have similar Sy4, Sy,, or Ss3 transitions, but rarely
are the transition wavelengths similar in all three
regions. To further demonstrate the degree of separa-
tion with less hindrance from the spectral congestion
in the optical absorbance measurement, near-infrared
(NIR) fluorescence spectra are reported in Figure 5 for
each of the ATPE fractions of Figure 4 as well as their
semiconducting enriched parent dispersion. NIR fluo-
rescence measurement of the species distribution,
which is applicable only to semiconducting species,
enables better resolution of the species present in each
fraction because each emission feature comes from a
unique (n,m)-dependent combination of excitation
and emission wavelengths. The main excitation range
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for the LV semiconducting SWCNT fractions is denoted
in Figure 4 through gray shading.

Using the peak locations in each contour map in
Figure 5 and tabulated data,'* the distinct species con-
tributing to the overlapping absorbance features in
Figure 4 can be assigned, and approximate values for
the average SWCNT diameter in each fraction can be
calculated. We note, however, that several species seen
in absorbance are not observable by our photo-
luminescence (PL) spectrometer because either their
emission occurs at wavelengths near or beyond the
long-wavelength limit of the detector, their peak ex-
citation wavelength is >1000 nm, or both. These
species likely including the (15,5), (16,3), and (13,8),
which appear to be present in the absorbance data,
would increase the apparent average diameter of the
observed species especially in the 8TC, 7TBT, and 6TBT
fractions, as well as the parent sample. Instead, in the
lowest SDS concentration extracted fraction, 8TC, the
largest clearly observed species is the (11,10), which
has a diameter of 1.444 nm (the (14,6) has a diameter of
1411 nm)." Figure 6 shows a plot of the apparent
average diameter of each fraction as calculated by
different methodologies (see caption) for species ob-
served in the fluorescence plots of Figure 5. The
systematic change in apparent average diameter be-
tween fractions, highlighted by a sloped trendline,
indicates clear separation across this diameter range
of nanotube species. This is despite both the limita-
tions of our instrumental observation range, which is
likely reducing the observed average diameter for low
SDS extracted fractions, and the known phenomena of
variation in both SWCNT absorbance cross sections®
and apparent quantum yield (QY) with (n,m) species.*®
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Figure 6. Plot of the average SWCNT diameter as deter-
mined by four different metrics for each extracted fraction
from the fluorescence plots shown in Figure 5. These
metrics were the diameter of the maximum intensity spe-
cies, a simple average of the diameter of all observed
species, an intensity-weighted average of all observed
species, and a thresholded intensity-weighted average of
the observed species. For the threshold averaged data set,
only (n,m) species with an apparent PL intensity > 20% of
the highest intensity species were included in the calcula-
tion. For all metrics the trend is that larger average diameter
SWCNTs were extracted to the top phase at lesser SDS
concentrations; this trend is highlighted by the green eye-
guide line. The average diameter of the parent sample
before diameter separation, as calculated by weighting
each observed species by its apparent PL intensity (no
global deconvolution), is shown by the horizontal blue line.
Note that several large-diameter (n,m) species observed in
absorbance are not observed due to instrument limitations,
which has the effect of reducing the apparent average
diameter of both the parent population and especially the
8TBT, 7TBT, and 6TBT fractions.

The latter two effects, which were not considered in the
calculation of the average diameter because neither
factor is well characterized for most of the observed
species, are reported as generally decreasing with
increasing nanotube diameter for species with known
values. Thus, incorporation of corrections for any of
these effects would likely increase only the strength of
the average diameter versus fraction trend reported in
Figure 6.

A more commonly used and larger average diameter
commercial SWCNT source than PT and LV SWCNTs is
SWCNTs produced by the electric arc method. In gen-
eral the average diameter of EA SWCNTs is =1.45 +
0.1 nm, which is reflected in a longer average absorp-
tion wavelength range for each set of SWCNT optical
transitions than in the PT or LV samples. The results of
diameter separation by ATPE for the EA SWCNTSs are
shown in Figure 7. In Figure 7A, the absorbance spectra
of the extracted fractions continue to indicate a sig-
nificant degree of separation for the large-diameter
SWCNT (n,m) species present in the EA sample. This can
be observed in that only rarely do the S;; peaks in
adjacent fractions line up (note that due to the broad
wavelength range of the x-axis, even very small looking
shifts are ~10 nm). The obviousness of this result is
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however somewhat obscured by the increasing degree
of spectral congestion across all three of the S;;, S,»,
and Ss3 optical transition ranges in the absorbance
measurements and perhaps a reduction in the resol-
ving power of the ATPE process with the particular
experimental conditions chosen (addressed below).
Close inspection, however, reveals that fractions with
similar S, peak locations display markedly different Ss3
peaks, indicating that the ATPE method continues at a
minimum to generate species separation across the
range of SDS concentrations employed. Unfortunately,
we could not construct species/diameter distributions
by measuring NIR fluorescence from these samples
due to instrumental limitations (the emission wave-
lengths of these species are outside the detector
range). Instead, we report radial breathing mode
(RBM) distributions as measured at 488 and 514 nm
using resonant Raman spectroscopy in Figure 7 panels
C and D. Consistent with the expected diameter dis-
tribution of the parent, SWCNT species across the
diameter range from approximately 1.61 nm (wggm ~
152cm™ ") 10 1.31 nm (wrem ~ 185 cm ') are observed,
with most observed RBM features in the range 164 to
170 cm ™', corresponding to a SWCNT diameter range
of approximately 1.53—1.42 nm.*’ Ideally, we would
additionally assign (n,m) indices to the observed RBM
values for each fraction to identify the SWCNTs con-
tributing absorbance peaks in each fraction. However,
the paired values for Ss3 (or potentially S44) transition
locations and RBM shift as a function of (n,m) are not
sufficiently well known for DOC-dispersed SWCNTs
with empty endohedral volumes to enable assign-
ments. Additional Raman data on the same samples
are presented in the SI.

Using spectral data from a combination of absor-
bance, photoluminescence, and Raman scattering
methods, as well as tabulated data,'**’ many of the
(n,m) species contributing to each fraction can be
assigned. Specific individual (n,m) species isolated at
particularly high purity in Figure 3, Figure 4, and the SI
include the metallic (8,8), (9,9), and (10,10) species and
the (12,4), (10,9), (12,7), and (11,9) semiconducting
species. Of particular interest is the degree of isolation
for the two largest armchair metallic species, the (9,9)
and (10,10), as there have been many theoretical and
computational efforts on the (10,10) in particular*®—"
but few experimental samples. To evaluate the success
of the ATPE process at achieving the purification of
these species, we compare the RBM region Raman
scattering spectra acquired near the M, optical transi-
tion for each sample to that of the metallic-enriched
parent from which they were isolated. These spectra
are shown in Figure 8A and B. This method of compar-
ison is important, because it is believed that Raman
scattering is a much more sensitive detection method
for minor impurities than absorbance or fluorescence
characterization, especially when the species are close
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Figure 7. (A) Absorbance spectra of ATPE-separated empty EA semiconducting SWCNT fractions. Vertical lines in the S;,
region are at 40 nm spacing to allow for comparison of peak locations. (B) Photographs of the parent semiconducting SWCNTs
and SDS gradient separated semiconducting fractions from top (lowest SDS for extraction) to bottom (greatest SDS for
extraction). Color changes mostly reflect variation in the Ss; transition distributions due to the wavelength range of human
visual acuity. (C and D) Resonance Raman spectroscopy spectra for the parent and ATPE fractions in panel A at excitation
wavelengths of 488 and 514 nm in the radial breathing mode (RBM) frequency window. Colors correspond to the (same order)
fractions as in the absorbance spectra. The parent sample's spectrum is shown in dots rather than a line plot to show the
instrumental resolution, which changes as a function of the excitation wavelength. The intensity scale is uniform for each
panel (sample absorbances were similar) to highlight that the resonant RBM peak features clearly change from fraction to
fraction. This observation indicates that although spectral congestion limits our ability to distinguish the extent of separation
via the absorbance spectra, the actual (n,m) species contributing peaks to those spectra change considerably across ATPE
fractionation. Vertical dashed lines are drawn through some of the peak features to demonstrate that peak locations are

distinct and different for each of the fractions.

in diameter or optical properties.>? In Figure 8, both
samples are demonstrated to be dramatically enriched
in either the (9,9) or (10,10) SWCNT species (as
appropriate) relative to the parent distribution. Note
that both the (9,9) spectra for 603 nm excitation and
the (10,10) spectra for 654 nm are scaled to roughly the
maximal value of the parent peak by the divisor noted
in the legend; the intensity scale is constant across
both panels. Compared to the metal-rich parent dis-
persion, in both cases most of the nonarmchair metals
are absent, and the fraction of the armchair species is
greatly increased.

The largest diameter near monochiral species that is
clearly identifiable with high confidence is the (10,10),
at 1.36 nm diameter, although other groups of two to
three (n,m) species all with diameters of >1.4 nm are
also clearly resolved (such as in the LV 8TC sample in
Figure 5). Even given the high standard of isolation to
the single (n,m) level, ATPE is thus demonstrated to
have a significantly larger resolution range than that
demonstrated for gel chromatography (GC), as the

FAGAN ET AL.

(8,7), with d ~ 1.03 nm, appears to be the largest
reported isolated species in the current literature on
GC separation.?® Our results also demonstrate that
ATPE allows resolution at diameters competitive with
DGU and polyfluorene extraction. The previous record
for DGU isolation of individual (n,m) species appears to
be the (11,10),% with d ~ 1.44 nm, or a combination of
the peak positions consistent with several (n,m)'s
including the (18,4), (19,2), and (20,0),° d ~ 1.59 nm;
polyfluorene extraction has recently demonstrated
relatively high purity isolation of the (10,9) SWCNT,
with d a2 1.29 nm.>* Furthermore, resolution via ATPE of
even larger diameter species (d > 1.4 nm) is strongly
implied in that we were able to generate different dis-
tributions of observed S;; and S,, features in Figure 7
(and as supported by the Raman data that the absor-
bance differences indicate different (n,m) distributions).
Although we are not able to specifically quantify the
change in the populations of the EA semiconducting
SWCNT ATPE fractions at this time due to instrumental
limitations, we note that driving visible change in the
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Figure 8. Resonant Raman scattering intensity as a function
of the Raman shift for the (9,9)- and (10,10)-rich samples
shown in Figure 2D, as well as for the metallic-rich parent
from which they were isolated. (A) Contour plot of the
Raman RBM resonance window for the metallic-rich parent
and the (9,9)-enriched fraction. (B) Raman spectra of the
samples with 603 nm excitation. (C) Raman spectra of the
samples with 654 nm excitation. Vast enrichment in the
target species is observed in both separated samples as
compared to the parent distribution. Observed RBM values
for both the (9,9) and (10,10), 194.4 and 175 cm ™', respec-
tively, are consistent with literature values.””> Although
small levels of impurity species are still observed, the reader
is reminded that these fractions were isolated by hand with
only two intervening fractions (see Figure 3) on the basis of
the observed color of the separated phases; thus, the
intrinsic resolving power of the method is likely significantly
greater. Note that in panels B and C the target species'
intensity was divided by a factor of 8 to enable comparison
of peak frequencies. Figure S10 shows the absorbance spectra
of these samples at a higher level of detail than in Figure 3D.

distribution still indicates significant separation, given
the geometric diameter driven increase in the number
of candidate species and a limited initial sample mass
constraining the number of practical ATPE steps (the
yield of empty SWCNTs is roughly 1/85th the initial
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mass from the utilized material after all purifications).
Separate extraction experiments on water-filled CVD
SWCNTs also show that improvement in the separation
of these and even larger species is likely achievable by
increasing the DOC concentration in the ATPE system
(SI Figures S11 and S12, shown for floating catalytic
decomposition (FCCD) SWCNTs).>>*® In those experi-
ments, having ~0.1% DOC as the extraction condition
demonstrably allowed for significant diameter resolu-
tion of large, approximately 1.6—1.8 nm diameter
SWCNTs at SDS concentrations in the 0.7—0.15%
range. These results indicate that enhanced resolution
is likely achievable for >1.4 nm diameter SWCNTs by
increasing the DOC concentration during the separa-
tion to expand the SDS-driven partitioning window.
Experiments in this direction are ongoing.

On the basis of the approximate SDS concentration
(calculated using the volumetric distribution as-
sumption) and utilizing the individuality of the nano-
tube optical transition wavelengths, we can estimate
the SDS concentration at which the partition coeffi-
cient moves from <1 to >1 for many of the species
observed in Figure 3, Figure 4, and the Sl figures; we
also include values for the small-diameter (n,m) SWCNT
separation reported in ref 9. An estimate for the relative
uncertainty in each SDS concentration (1 o) is <0.04%,
based on the nominal step size of the concentration
changes applied and the repeatability of the separa-
tions. However, this estimate is limited by the unknown
distribution of the surfactants within the two-phase,
minor variations related to the specific lots of the
chemicals used in the process and the fact that some
nanotube species elute at multiple, distinct surfactant
concentrations, likely due to enantiomeric effects.'® A
plot of SWCNT diameter for identifiable (n,m) species
versus the estimated SDS content for extraction is
presented in Figure 9.

Despite the empiricism of Figure 9, it contains valu-
able information about both the selectivity of nano-
tube species as a function of diameter and, for our
identified species, an insensitivity to other nanotube
characteristics such as whether the species is mod 1,
mod 2, or metallic. The primary observation is that
most of the plotted species fall generally onto a line
described by the empirical equation d = 0.284 nm/
SDS(%) + 0.48 nm (EA fractions were also extracted at
SDS concentrations consistent with the empirical line).

This equation can be used to estimate the resolution
limit of the ATPE method in manual separations if we
estimate our control of the solution conditions. If we
estimate that the SDS concentration can be controlled
in the multistage separation process to the level of
0.01%, then the equation predicts that ATPE (at these
conditions) should be able to resolve single (n,m)
species up to =1.62 nm in diameter (if we approximate
that individual species are distinct by an a = 0.05 nm
difference in diameter). While it is likely that the scatter
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Figure 9. Approximate concentration of SDS required to
extract specific (n,m) species of SWCNT to the PEG phase
at an approximately constant DOC concentration of 0.4—
0.5 g/L (~0.045%). The SWCNT diameter (vertical axis) is
the carbon centers' diameter. Label color indicates whether
the species is semiconducting (red = mod1, blue = mod2
species) or metallic (black, mod0). Most nanotube species
are observed to partition to the upper phase at SDS con-
centrations approximated by the green empirical curve
D/nm = 0.284/(SDS/%) + 0.48. Apparent outliers to this
trend are visible for SWCNTs = 1.03 nm in diameter (red
circle) and for the (5,4). Note that the identified extraction
conditions are sensitive to external factors such as polymer
and cosurfactant concentrations as well as temperature and
were measured for populations of unknown enantiomeric
ratio. The purple empirical curve reports the approximate
SDS concentration for partitioning even larger diameter
nanotubes when extraction is performed at a nominal DOC
concentration of 1 g/L (~0.1% DOC).

of the (n,m) species about the nominal behavior (as
described by the equation) due to the specific (n,m)
structure could increase or decrease this value near the
resolution limit, we can still use the 1.62 nm value to
estimate that species at least as large as the (14,10),
with a first optical transition energy of ~0.64 eV, should
be isolatable as individual species using ATPE at a
nominal DOC concentration of 0.4 g/L (~0.04%). Ad-
vancements such as automated extraction, generating
many theoretical plates of separation, would serve only
to increase this resolution capability.

It is probable, however, that the DOC concentration
used in the experiments of Figures 3 to 7 is not an
optimal value for the separation of all SWCNT diam-
eters. Evidence that the extraction conditions may
be modifiable to increase the effective range of size
discrimination can be seen through the demonstration
that large-diameter SWCNTs can be separated by
diameter at greater SDS concentrations with an in-
creased DOC content. As reported above, this is the
case for FCCD SWCNTs, with the estimated curve
relating the extracted diameter to the SDS concentra-
tion, at a DOC concentration of 0.1%, shown in purple
in Figure 9. If we hypothesize that the two cosurfac-
tants are in competition for adsorption sites on the
SWCNT interface, by increasing the DOC mass fraction
we are shifting the equilibrium interfacial layer to
include more DOC molecules (which in turn favors

FAGAN ET AL.

partition into the dextran phase). This idea, and the
observed curve, implies that it is possible to compen-
sate for the reduction in diameter resolution with SDS
concentration observed at 0.04% DOC by increasing
the DOC concentration. Given the reduced slope of the
purple curve, a much larger size limit for (n,m) resolu-
tion can be estimated using the same estimated
degree of control for the SDS concentration as in the
calculation based on the empirical curve for ~0.04%
DOC. Thus, the diameter limit for single-species resolu-
tion through ATPE separation is likely significantly larger
than that initially estimated above and perhaps can be
extended to other similar diameter nanotube allotropes
such as double or few-wall carbon nanotubes.

Figure 9 also allows for several other important
observations regarding the mechanisms underlying
the ATPE extraction method. For example, there is little
dependence on nanotube subtype (i.e, mod(n—m,3) =
0, 1, 2), and the order of elution is different than that
observed using the gel chromatography technique
with solely SDS solutions.?®??32 These two observa-
tions indicate that both the SDS and DOC surfactants
actively determine the partitioning in the aqueous
two-phase system, an observation highlighted by the
fact that exchanging DOC for sodium cholate (SC)
either eliminates separation (all nanotubes partition
into the PEG-rich phase) or leads to separation on the
basis of the metallic or semiconducting nature of the
SWCNT.2 Another interesting observation is of a clear
cluster of (n,m) species (red circle in Figure 9) that
partition at SDS concentrations far from the empirical
curve (as well as the (5,4)). The mechanism why these
species, all having diameters in the range of 1.0 to
1.1 nm, partition differently is of great interest, but is
currently undetermined. We hypothesize that perhaps
the packing structures of DOC molecules on SWCNT
species of this size are unusually well structured and
cooperatively attached, possibly leading to an exclu-
sion of, and/or a decrease in, SWCNT surface coverage
by SDS, which would inhibit partitioning into the PEG
phase. This hypothesis is a clear direction for further
work that can potentially be aided by such tools as
analytical ultracentrifugation.’”® Differences in the
effects of DOC and SC are likely related to differences
in binding energy of each surfactant to the SWCNT
surface, affecting accessibility for competitive adsorp-
tion of SDS or other molecules.***° To also address
the other significant outlier species, the (5,4), we intuit
that perhaps it separates out of diameter order due to
its small size (it is the smallest species we observe in
commercial SWCNT materials) or perhaps due to en-
antiomeric effects; in some extraction experiments
(not shown) fractions containing the (5,4) have also
been recovered with the (6,4) species (i.e., at much
higher SDS concentrations). Proving the cause for
either of these unusual partitioning behaviors, how-
ever, is not within the scope of this contribution.
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We close by addressing the context of this work with
regard to the potential for obtaining isolated SWCNT
samples of narrow or monochiral (n,m) distribution of
arbitrary diameter. Figure 9 indicates strongly that the
resolution limit of the ATPE method for isolating a
specific (n,m) SWCNT at optimized conditions is likely
>1.7 nm, and our observation is that this method can
be uniformly applied to all species without significant
material loss due to processing even with many stages
of extraction. Instead, the current bottleneck to gen-
erating macroscopic samples of a specific, large-
diameter (n,m) is probably in the cost (in time and
money) to the separator of isolating an SWCNT with a
small fractional concentration in its initial source soot:
the fractional concentration of any (n,m) being reduced
in the initial dispersion by the increasing number of
geometric (n,m) combinations with increasing average
diameter of the parent soot (assuming nonspecific
synthetic methods). This is a detriment in that the
low abundance of any specific (n,m) will effectively
set a maximum yield for that (n,m) from a parent soot.
Additional current issues are mass losses in dispersion
due to as-received material purity or morphology-
driven dispersion inefficiency for some/certain mor-
phologies of soot, the likelihood that chemical mod-
ifications alter the extraction behavior (limiting the
fraction of the (n,m) quantity that may be collectable),
and the occurrence of enantiomers potentially pre-
venting all variants of one (n,m) type from separating
into the same fraction. There are also limitations to the
methodology employed herein (manual extraction): (1)
cumulative inexactness in knowing the volumes and
exact compositions of the surfactants and polymers in
the two phases; (2) time limitations for how many steps
are feasible (especially when targeting separate collec-
tion of all (n,m) species in a population); and (3)

METHODS

Certain equipment, instruments, or materials are identified in
this paper in order to adequately specify the experimental
details. Such identification does not imply recommendation
by the National Institute of Standards and Technology, nor does
it imply the materials are necessarily the best available for the
purpose. HiPco (Rice University lot 107.1r), plasma torch
(Raymor Nanotech RNB-020 grade lot no. RNL13-020-016), laser
vaporization (National Renewable Energy Laboratory lot
Y140410), and electric arc (Carbon Solutions lot P2-200A, AP-I-
043012, and AP-182) SWCNTSs were procured from or donated
by the manufacturer and utilized without modification. Sodium
deoxycholate (BioXtra 98+%), sodium dodecyl sulfate (>99%),
sodium cholate (>99%), and iodixanol (sold as Opti-Prep) were
acquired from Sigma-Aldrich and used without further purifica-
tion. NaClO (10—15% solution) was acquired from Sigma-
Aldrich and diluted 1:99 with 18.1 MQ H,0 to generate a working
NaClO stock solution. Poly(ethylene glycol) (6 kDa) was acquired
from Alfa Aesar. Dextran 70 was purchased from TCl (lot no.
BMGYL-TK). Initial stock solutions of PEG and dextran were
prepared on a mass/mass basis, and stock surfactant solutions
were prepared on a mass/volume basis; iodixanol is sold as a
60% volume fraction stock solution. All solutions prepared from
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limitations on assessing the purity of a given fraction
in situ, as precise determination of the (n,m) distribu-
tion is visually challenging in the high-purity limit.
Automation and scale-up of the ATPE technique, for
which it is well suited, along with advancement in
synthetic methods for SWCNTs, should help to alleviate
these bottlenecks. These advances should enable novel
technologies, as other contributions to the literature
have indicated that reduced variation in SWCNT band
gap and tunable absorbance wavelengths (to name a
few) are desirable properties for advancing technolog-
ical applications of nanotubes.®°

CONCLUSIONS

Significant extension to the demonstrated diameter
range for single SWCNT species isolation via ATPE is
presented, with nonautomated separation achieving
significant resolution of narrow distribution and near-
monochiral (n,m) species with diameters as large as or
larger than those demonstrated using any other litera-
ture technique. Utilizing an empirical correlation be-
tween the extraction conditions and SWCNT diameter,
a lower limit for the maximal diameter (n,m) species
that could be isolated by hand was estimated to be
~1.6 nm, with this value likely to be increasable by
modifying the extraction conditions. The technique
was furthermore demonstrated to be applicable to
SWCNTSs from multiple synthetic production methods,
as well as for both empty and water-filled SWCNTs from
those populations. Isolation of specific (n,m) species
concentrates spectral density in the nanotube optical
features and may increase performance in SWCNT
applications for which well-specified properties are
desired. Automation utilizing these results may nor-
malize the production of such materials and enable
experimental evaluation of such performance.

these stock solutions were prepared by volumetric dilution,
with nominal concentrations estimated with respect to the
volumetric ratio of the dilution.

Dispersion and pre-ATPE SWCNT purification have been
reported extensively in prior work; briefly SWCNT powder
(1 mg/mL) was dispersed in DOC (20 g/L) solution via tip
sonication (30 min or 1 h, 0.9 W/mL) followed by centrifugation
(Beckman J-2 centrifuge, JA-20 rotor, 1884 rad/s, 2 h) followed
by collection of the supernatant. Aliquots (=8.2 mL) of the
supernatant were then layered on top of =28 mL of 10%
(volume/volume) iodixanol, 10 g/L DOC solution, and ultracen-
trifuged for 3 h in a VTi-50 rotor (Beckman-Coulter) at 5240 rad/s
(50k RPM) at 20 °C. Photographs of the separated SWCNTs
within the centrifuge tubes denoting the separated layers are
shown in the SI. Primary bands in the middle of each centrifuge
tube containing well-individualized and primarily rigid SWCNTSs
were collected; the top collected band has previously been
shown to contain empty, closed-ended, SWCNTs, and the lower
band water-filled SWCNTs. All collected SWCNT populations
were concentrated and adjusted toward a DOC concentration
of 10 g/L using iterative concentration dilution cycles in a
pressurized ultrafiltration stirred cell (Millipore) with either a
100 or 300 kDa MW cutoff membrane.
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To begin ATPE separations from parent dispersions contain-
ing 10 g/L DOC without using direct dilution, which results in
significant waste of materials and extra volume handling, two
preconcentration (PC) steps were typically performed. In the
first PC step, purified SWCNT sample (after either ultracentrifu-
gation sorting or metal-semi separation) was first stepped to
a 4 g/L DOC content by mixing 4 parts (by volume) parent
dispersion with 4 parts 20% Dextran and 2 parts 25% PEG,
generating a two-phase system in which all SWCNTs prefer the
lower Dextran-rich phase. A second PC step was then typically
performed to further lower the DOC content to 0.8—2 g/L and
introduce SDS at approximately half of the desired concentra-
tion for the first separation, with the most typical step being
based on a ratio of mixing approximately 1 part SWCNT to 3
parts 10% PEG/7.2% Dextran/0.6% SDS; all SWCNTs again
remain in the lower phase. These PC steps are not explicitly
necessary, but reduce consumption of solutions and in some
cases remove hydrophobic (non-nanotube) impurities. After the
two PC steps, the dextran-rich phase was then mixed with either
top phase mimic (discussed next) and PEG/water to reach the
desired surfactant concentration for first separation (0.4 g/L
DOC, various SDS %) or in the case of metal-semi separations
twice the volume of a stock solution containing 1.35% SC, 12.5%
PEG, and 0.83% SDS, followed by an addition of 10 uL/mL NaClO
working solution.

Iterative diameter separation via ATPE was performed by the
addition of known volumes of top phase or bottom phase
mimic mixtures to the SWCNT-containing opposite phase.
Aqueous mimic phase composition was 15—16% dextran, 0%
PEG, 0.05% DOC, and 0% SDS for the bottom phase and 0%
(mass/mass) dextran, 12.5% PEG, 0.4 g/L DOC, and X% SDS for
the top phase mimic, in which X was varied depending on the
desired SDS concentration delta; typical X values were 0.4%,
0.6%, and 1.2%. Iterative isolation of metallic and semiconduct-
ing nanotubes was performed as previously reported.®*? Final
fractions were typically concentrated and pushed to the top,
PEG-rich, phase to ease postprocessing and simplify optical
measurements. For fractions in the top phase, postprocessing
was performed by addition of bottom mimic phase and cooling
to ~8 °C to partition all of the SWCNTs into the lower phase. To
those fractions, along with fractions collected in the bottom
phase, a small volume of top phase mimic (or PEG and SDS
solutions) was added at an SDS concentration above that
necessary to partition all species into the top phase. The ability
to specify the relative volumes of each phase allows for the
concentration of the SWCNTs. To ensure stability and enable
optical measurements, an equal volume of 20 g/L DOC was
added to each separated fraction. To perform additional separa-
tion steps on a finalized fraction to which DOC has been added,
a sample can simply be treated as the initial parent dispersion
and reprocessed back to partitioning conditions.

UV—vis—NIR absorbance spectra were collected on a Cary
5000 UV—vis—NIR spectrometer from 1880 to 185 nm in 1 nm
increments through a 1 or 2 mm quartz cuvette with an
integration time of 0.1 s/nm (2 nm slit width). The spectra of
the corresponding blank surfactant solution were collected
separately and linearly subtracted during data analysis.

Photoluminescence excitation contour maps were measured
with a customized Thermo-Electron FT960 Raman spectrometer
equipped with a Ge detector operating at 77 K. The excitation
source was a 250 W tungsten-halogen bulb coupled to a single-
grating monochromator, and the excitation intensity was
<1 mW. Samples were excited in 1 cm cuvettes in a front face
configuration at an angle >60°. All spectra were corrected for
intensity variations in the lamp spectrum, as well as for the
responses of the system and detector.®’ Prior to fluorescence
measurements, samples were exchanged into 10 g/L DOC in
D,0 using PEG precipitation® and dilution of the pellet with
DOC-D,0 solution by a factor of ~20x.

Spontaneous Raman scatter was collected in a collinear 180°
backscattering configuration on samples dispersed in DOC with
a triple grating spectrometer (Horiba T64000) and a liquid
nitrogen cooled CCD detector. An Ar' laser (Coherent Innova
Sabre with single line visible head) provided excitation wave-
lengths of 458, 488, or 514 nm; in each case, approximately
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25 mW of power was focused to a spot size of approximately
100 um within the liquid sample volume. For 603 and 654 nm
excitation, 5 W of the Ar" laser was used to pump a dye laser
(Kiton Red (620), Exciton), applying 20 mW of excitation to the
sample volume. Benzonitrile was used in both cases as a
reference standard to ensure wavenumber accuracy. Raman
frequency shifts in the range from approximately 100 to
800 cm™' were measured, covering the RBM region of Raman
shifts. The integration time per collection (each spectra was
collected 3x) was between 10 and 60 s. After data collection,
each spectrum was scaled by its integration time, and appro-
priate nonresonant background was subtracted (varied with
excitation line): for 458, 488, or 514 nm all spectra at the same
excitation wavelength were scaled by the same divisor; for 603
and 654 nm excitation the divisor varied as presented in Figure 8.
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