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Abstract

Quantitative determination of the effects of surfactant chemistry and polymer chain length on the
concentration conditions necessary to yield extraction of specific single-wall carbon nanotube (SWNCT)
species in an aqueous two-polymer phase extraction (ATPE) separation are reported. In particular, the
effects of polyethylene glycol (PEG) chain length, surfactant ratios, and systematic structural variations
of alkyl surfactants and bile salts on the surfactant ratios necessary for extraction were investigated using
a recently reported fluorescence-based method. Alkyl surfactant tail length was observed to strongly
affect the amount of surfactant necessary to cause PEG-phase extraction of nanotube species in ATPE,
while variation in the anionic sulfate/sulfonate head group chemistry has less impact on the
concentration necessary for extraction. Substitution of different bile salts results in different surfactant
packings on the SWCNTs, with substitution greatly affecting the alkyl surfactant concentrations required
for (n,m) extraction. Finally, distinct alkyl-to-bile surfactant ratios were found to extract specific (n,m)
SWCNTSs across the whole effective window of absolute concentrations, supporting the hypothesized
competitive adsorption mechanism model of SWCNT sorting. Altogether, these results provide valuable
insights into the underlying mechanisms behind ATPE-based SWCNT separations, towards further

development and optimization of the ATPE method for SWCNT chirality and handedness sorting.
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1. Introduction

Aqueous two-polymer phase extraction (ATPE) [1, 2] is a leading method for the separation of
individual single-wall carbon nanotube (SWCNT) (n,m) species from the polydisperse mixture of species
present in commercial sources [3-5]. Initially developed for the separation of biomolecules, ATPE exploits
differential chemical affinities of solutes for two spontaneously self-separating polymer phases to
produce spatial separation of those solutes at a macroscopic length scale. For SWCNTs, and focusing on
ATPE utilizing surfactant concentrations to control the affinity of each (n,m) for the two polymer phases
rather than specific DNA sequences, the method is scalable, requires only low-cost chemicals, and is
highly tunable for selective purification [3]. Surfactant-controlled ATPE on SWCNT populations has been
shown to enable isolation of individual SWCNT (n,m) species in both the small diameter (< 1 nm) [6-8]
and large diameter (> 1 nm) [9, 10] regimes, is applicable to both metallic and semiconducting species,
and can resolve populations to the ultimate level of single (n,m) enantiomers in both ranges [10].

Similar to other SWCNT separation methods utilizing surfactants such as density gradient
ultracentrifugation (DGU) [11, 12] and gel chromatography [13-17] the phase space of possible variations
to optimize ATPE separations is large. Optimization for each of these techniques has been tedious due
to the need to perform and characterize actual separations to determine the outcomes. This is
particularly limiting because actual separations take significant time, often have detection issues for low
abundance species, and inherently introduce confounding effects such as mass transport limitations or
interfacial deposition. Despite this, significant investigation of the capabilities of ATPE for SWCNT
resolution in particular have been established based on the conduct of many, distinct, separation
experiments [3, 18]. These include investigations on the use of co-surfactants [19], surfactant choice and
modulator addition (e.g., salts [20], acids [21], bases [22]) that enable rapid selection of many SWCNT
(n,m)s.

Recently, we reported a method to evaluate the SWCNT (n,m) species specific experimental
conditions, such as surfactant and co-surfactant concentrations, necessary to shift that species from
partition to the bottom phase to partition into the top-phase of an ATPE separation without conducting
a separation [23]. The experimental conditions for these transitions were called partition coefficient
change conditions (PCCCs), and importantly were shown to be determinable by measuring the

dependence of the near-infrared (NIR) fluorescence for each (n,m) with the solution environment.



Advantageously, these fluorescence measurements take only a few seconds, are amenable to strict
environmental control (i.e., temperature), and require minimal (< 1 pg/mL) SWCNT concentrations for
strong (n,m)-specific signal collection. In terms of the measurand, changes in the emission intensity of
specific (n,m) SWCNTs were shown to be governed by the nature of the surfactant primarily adsorbed
on the nanotube’s surface. For the pair of surfactants most often competed in ATPE separations, sodium
dodecyl sulfate (SDS) and sodium deoxycholate (DOC) [24], the change in the fluorescence identified
dominant adsorbate directly corresponds to the polymer phase to which that nanotube (n,m) partitions
in ATPE [23]. A DOC dominated interfacial layer led to partition into the dextran (DEX)-rich phase of a
polyethylene glycol (PEG)-DEX ATPE separation, and an SDS dominated interface to partition into the
PEG-rich phase. This new measurement methodology enabled quantification of effects that were
previously purely observational for the ATPE system, including the effects of experimental parameters
such as the temperature and PEG concentration to the PCCCs of several (n,m) SWCNT species.

In this contribution the effects of variations in the molecular mass of PEG and the chemistry of
the primary (bile salt) and secondary (alkyl chain) surfactants on the PCCCs of several commonly isolated
(n,m) SWCNT species are reported. The results show that the PCCCs of each (n,m) are strongly
dependent on the chemistry of the chosen surfactants, support the interpretation that the mechanism
determining partition in surfactant ATPE is competition of surfactants for adsorption to the SWCNT

interface, and provide insight into chemical selection for the optimization of separations.

2. Materials and Methods

Certain commercial equipment, instruments or materials are identified in this paper in order to
adequately specify experimental details. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology (NIST), nor does it imply that the
materials or equipment are necessarily the best available for the purpose.

Preparation details for the SWCNT populations utilized in this work were previously reported. In
brief, both the samples were purified by liquid-phase processing of dispersed SWCNT populations
generated from cobalt-molybdenum-catalyst (CoMoCat) synthesis method SWCNT soot (Southwest
Nanotechnologies now Chasm Nanotechnologies, Norman, OK, USA). The (7,6)/(7,5) sample was

isolated from SG76 lot 24 by a multistep purification series including rate-zonal centrifugation and ATPE



separation [25]. The (6,5)-rich sample (also containing (8,3)) was purified from SG65 soot by a multistep
process including a rate-zonal centrifugation length separation step [26] and a density gradient
ultracentrifugation (DGU) separation [11]. Polyethylene glycol (PEG) of various molecular weights were
acquired from Alfa Aesar (1.5 kDa, 6 kDa, 20 kDa) and Sigma (3 kDa). Sodium dodecyl sulfate (SDS, C-12,
BioXtra, 2 99 %) and sodium tetradecyl sulfate (STS, C-14, 95 %) were acquired from Sigma. Sodium n-
undecyl sulfate (SUS, C-11, 99 %) was obtained from Santa Cruz Biotechnology. Sodium n-tridecyl sulfate
(StS, C-13, 99 %), sodium n-decyl sulfate (SdS, C-10, 99 %), sodium n-nonyl sulfate (SNS, C-9, 99 %), and
sodium n-octyl sulfate (SOS, C-8, 99 %) were purchased from Alfa Aesar. Sodium
dodecylbenzenesulfonate (SDBS, technical grade) was obtained from Sigma and Sodium 1-
undecanesulfonate (SUSOs, > 98 %) was purchased from Alfa Aesar. Di-hydroxy bile salts sodium
deoxycholate (DOC, BioXtra = 98 %), sodium taurodeoxycholate (TDOC, BioXtra, = 97 %), sodium
glycodeoxycholate (GDOC, SigmaUltra, 2 97 %), and sodium chenodeoxycholate (CDOC, 2 97 %), and the
tri-hydroxy sodium cholate (SC, BioUltra, = 99 %) were purchased from Sigma-Aldrich. All PEG polymer
and surfactant powders were used as received.

Stock SWCNT dispersions were stored in 10.0 g/L DOC in water (1.0 % mass/volume) and diluted
with appropriate additions of the polymer and co-surfactant solutions to reach the specified surfactant
concentrations of each measurement; each fluorescence data point comes from a single direct sample
preparation from the parent dispersion. Stirred ultrafiltration cells (Millipore) were used several times
to (re)concentrate and exchange the previous diluted and measured SWCNT samples to equivalent (by
absorbance and fluorescence measurements) parent dispersions; this process removes the added PEG
and co-surfactants, and (re)sets the DOC concentration to 10.0 g/L. Centrifugal ultrafiltration units
(Microcon, 30 kDa molecular weight cutoff filters, Millipore) were used to exchange DOC for the other
bile salts (SC, CDOC, GDOC, TDOC) as the primary dispersant of a parent dispersion at a smaller volume
scale by sequential concentration and back dilution. The final concentration of exchanged bile salt in the
SWCNT dispersion was 10.0 g/L (1.0 %) with DOC << 0.1 g/L (0.01 %). These bile salt variant SWCNT
dispersions were then likewise appropriately diluted with additions of the polymer and co-surfactant
solutions (further diluting any remaining DOC) to reach the specified surfactant concentrations of each

measurement.



Absorbance spectra were measured on a Cary 5000 UV-visible-near infrared (UV-vis-NIR)
absorbance spectrophotometer through 1 mm path length cuvettes at room temperature. Samples and
reference solutions were measured in separate runs and the reference spectra subtracted during data
analysis. Measurements were conducted for the range of 200 nm to 1400 nm with a 1 nm step, a 2 nm

bandpass, and an integration time of 0.1 s/step.

Near-infrared (NIR) fluorescence of the samples was measured in an NS3 Nanospectralyzer
(Applied NanoFluorescence, Houston, TX), with multiple laser wavelength excitation capabilities [(532,
637,671, and 782) nm]. All the fluorescence data in the main contribution was collected on single-phase
liquid samples containing SWCNTSs, varied concentrations of surfactant (vide infra) and PEG polymer in
aqueous dispersion. Prior to measurement, samples were pre-incubated at 20.0 °C in a temperature-
controlled dry bath (Torrey Pines Sci.). During measurements, the temperature of the sample within the
instrument was controlled to (20.0 + 0.2) °C using a water-jacketed cuvette (Firefly Science) attached to
a temperature monitored water reservoir. The flowrate from the reservoir through the cell as driven by
a small pump was measured at = 200 mL/min. The total volume of sample used for each measurement
was typically 900 pL. Acquisition conditions for NIR fluorescence detection were between 7 x 400 ms
and 7 x 1500 ms depending on the emission intensity of each sample. A uniform SWCNT concentration
was used for each experimental series that was sufficiently low to limit detector counts to within the
linear range of the NIR detector array under all conditions. Fluorescence intensity data was acquired
using each of the four different laser lines. The observed intensity in each collection was then linearly
corrected for the simultaneously recorded laser power and then scaled by the maximum observed
intensity (= 10, Arb. Units) for its data set. The resultant data are generally shown as scaled fluorescence
intensity versus the alkyl co-surfactant (AcS, e.g., SDS) concentration data plots at the wavelength of
peak E11 emission for each respective (n,m) species at a fixed bile salt and polymer concentration (e.g.,
0.5 g/L (0.05 %) DOC, 35 g/L (3.5 %) 6 kDa PEG). The peak emission wavelength depends on the SWCNT
species and were = 1035 nm for (7,5), = 1131 nm for (7,6), = 963 nm for (8,3), and = 984 nm for (6,5).
Due to the high enrichment of the samples, generally any of the four excitation wavelength data sets
can be used to monitor the fluorescence of the primary species; the specific wavelength for analysis was

chosen based on considerations of laser power and stability, as well as (n,m) cross-section and



abundance differences. With these considerations in mind, 637 nm excitation data was used for the

(7,5), (7,6), and (6,5) data plots, while 671 nm excitation data was used for the (8,3) data plots.

Finite-width Heaviside functions were fit to the fluorescence intensity versus AcS concentration
plots to generate the curves seen in Figures 3, 4A, 5, 7 and Figures S5-S8, S10, S12, S15-18 and to extract
the PCCCs reported in Tables S1-S6. The formulation for the Heaviside fitting was taken from Agrawal et

al. [27] and is shown in Equation 1.
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In Equation S1, cacs is the concentration of AcS, /(cacs) is the observed fluorescence intensity, and |y, I3, I3,
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are the intensity of the initial plateau, intermediate plateau, and final plateau, respectively; PCCC; and
width; are the partition coefficient change concentration (PCCC) and width of the it observed transition.
Of note is that the minimization surface for most of the fit parameters is affected by the presence or
absence of specific data points, and by the anticipated measurement uncertainty in the data. While
guantitative values are reported, a precise uncertainty is difficult to quantify, thus reported values
should be considered central estimates. For consistency with the separations literature, all PCCCs
throughout the text are presented as mass/volume percentage of alkyl co-surfactant (AcS, e.g., SDS) in
solution unless otherwise stated.

To better illustrate emission wavelength shifting as a result of surfactant binding effects, the
fluorescence data are sometimes shown as SDS concentration versus Eii fluorescence emission
wavelength 2D contour plots, where the z-scale is the scaled fluorescence intensity. These contour plots
are shown in Figures 6 and 8 and Figures S13, S14, and S19. The (7,6)/(7,5) contour plots use 637 nm
excitation data, while the (6,5)/(8,3) contour plots use 671 nm excitation data to better highlight the
behavior of the minor (8,3) component. In these contour plots, the labeled dashed lines represent the
wavelengths of peak E11 emission for each of the (n,m) species at 0.5 g/L (0.05 %) DOC, 35 g/L (3.5 %) 6
kDa PEG [= 1035 nm for (7,5), = 1131 nm for (7,6), = 963 nm for (8,3), and = 984 nm for (6,5)], with peak-
shifting due to non-DOC surfactant interactions described as blue- or red-shifted with respect to these
wavelengths.

Where specified, uncertainty in this contribution is reported as one standard deviation.



3. Results and Discussion

Our previous contribution demonstrated proof-of-concept that the fluorescence-based
methodology could rapidly and accurately determine the experimental conditions (PCCCs) that yielded
top-phase extraction of specific (n,m) species without performing a physical ATPE separation [23]. Having
a quantitative manner to determine PCCCs, the effect of basic experimental parameters such as
temperature and PEG concentration on the resultant PCCCs of the SWCNTs was explored, and those
conditions necessary for excellent agreement between actual ATPE separations and the NIR fluorescence
determined PCCCs were verified. In this contribution we focus on using the same PCCC determination
methodology to evaluate the effects of different molecular mass PEG on the PCCCs and notably on the
chemistry of the (generally two) competing surfactants whose competitive binding to the nanotube
surface drives the ATPE selectivity. The chemical structures of each surfactant analyzed in this
contribution are shown in Figure 1, with the alkyl sulfates and sulfonates (alkyl co-surfactants, AcSs)
shown in Figure 1A and bile salt variants shown in Figure 1B. More details on the surfactant comparisons
are contained within their respective sections (vide infra). As in the prior effort, only the PCCCs of
semiconducting SWCNT (n,m) species can be determined via NIR fluorescence measurements, as

metallic SWCNTs do not display fluorescence.
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Figure 1. A) Schematic showing the molecular structures and points of variation for the alkyl
sulfate/sulfonate co-surfactants. The primary variation investigated is the effect of the number of repeat
units, n, in the alkyl tail. B) Schematic of the bile salts used in this contribution. The circles and boxes
highlight the chemical moieties that are different or present/absent across the shown set. The most
commonly competed ATPE surfactants are SDS and DOC.

3.1 Optical Characterization of SWCNT Samples

Absorbance spectra and representative fluorescence spectra of the (7,6)/(7,5) and (6,5)/(8,3)
parent dispersions in 10.0 g/L DOC are presented in Figures 2A and B respectively. As previously reported
[25, 28, 29], both samples display the characteristics of high quality SWCNT dispersions in absorbance
measurements [30], sharp optical transition features and a large ratio of peak to background
absorbance. Fluorescence excitation similarly results in strong, distinguishable, emission assignable to
single (n,m) species [31]; the feature size is different between the two techniques due to differences in
fluorescence cross-section of each (n,m) species at the chosen excitation wavelengths [32]. Additional
spectroscopic characterization is reported in Figures S1-S4. Of note, we empirically know the minor (7,5)
component in the (7,6)/(7,5) sample to be heavily enriched in one enantiomer (positive CD signal at Ey,

i.e., the + enantiomer) from its separation process and published results [23, 25, 33]. Presenting



fluorescence titration results for this species thus simplifies the data presentation and observability of
experimental parameter variation effects. Titration plots for the other three SWCNT species [(7,6), (8,3),

and (6,5)], which contain discernable quantities of both enantiomers, are primarily reported in the SI.
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Figure 2. A) Absorbance spectra of the (6,5)/(8,3) rich (purple) and (7,6)/(7,5) rich (blue) parent
dispersions as measured in 10.0 g/L DOC. The (8,3) is a small shoulder on the (6,5) lowest energy optical
transition (E11) at = 985 nm, but is visible in fluorescence measurements due to its much larger
fluorescence cross-section to the 637 nm laser excitation. B) Fluorescence emission for dilute aliquots
of the (6,5)/(8,3) rich (purple) and (7,6)/(7,5) rich (blue) parent dispersions at 637 nm excitation.

3.2 PEG Molecular Mass Effect

Our previous work determined that the presence of PEG in the dispersion environment plays an
important role in modulating the adsorbed surfactant shell on the SWCNTs, with PEG concentration
significantly affecting the determined PCCCs values [23]. A 6 kDa PEG concentration of = 33 g/L in the
fluorescence measurement provided the best match to the PCCCs from typical experimental ATPE
separation conditions. From a phase diagram of the experimental system, such a PEG concentration
appears to correspond to the concentration experienced by SWCNTSs previously residing in the DEX phase
at the instigation of ATPE microphase separation. As such, when evaluating the effects of PEG molecular
mass on SWCNT PCCCs, the concentrations of the four different PEG molecular masses (1.5 kDa, 3 kDa,
6 kDa, 20 kDa) compared were set at 35 g/L to better match the actual ATPE separation conditions across
all PEG samples. This slight increase has minimal effect on the PCCCs for the 6 kDa PEG results.
Modulation of the molecular masses of the two polymers (PEG and DEX) are potentially useful to

optimize phase viscosities and volume fractions for large scale or automated ATPE processing [33] and
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so evaluation of the molecular mass driven effects is important. However, we previously demonstrated
that the DEX concentration does not significantly affect the PCCCs. Focusing on the molecular mass
effects of PEG, fluorescence intensity plots of the +(7,5) SWCNT are shown in Figure 3 as functions of
SDS concentration for different molecular mass (but 35 g/L concentration) PEG polymers with a constant

concentration of DOC in the dispersions at 20.0 °C.
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Figure 3. Fluorescence intensities of the +(7,5) SWCNT (637 nm excitation) as functions of SDS

concentration for different molecular mass PEG polymers at a constant concentration of 35 g/L (3.5 %),
with a constant DOC concentration of 0.5 g/L (0.05 %) at 20.0 °C. The effect of PEG addition to the PCCC
is significant but is only weakly dependent on its molecular mass. Curves are double finite-width
Heaviside fits to the data. PCCCs from Heaviside fitting are listed in Table S1.

In Figure 3, the amount of SDS necessary to change from a DOC-dominated interface to an SDS-
dominated interface increases with the increased molecular mass of PEG in solution. This transition (i.e.,
the PCCC point), is responsible for the sharp reduction in fluorescence intensity that is attributed to a
more porous adsorbed interfacial surfactant layer for SDS allowing quenching by dissolved oxygen
species [34]. The magnitude of the induced shift in PCCCs is however relatively small and appears to
taper off at higher molecular masses. A similar result is also seen for the two (7,6) enantiomers (Figure
S5), with the calculated PCCCs also being slightly higher than that of the +(7,5) SWCNT (Table S1), in
agreement with the observation of the +(7,5) SWCNT extracting just before the (7,6) SWCNTs under the
typical (SDS vs. DOC) ATPE experiment used for diameter-based (n,m) sorting of SWCNTs. While both the
size and number of the dispersed polymer molecules changes with the molecular mass, one hypothesis
for the weak observed effect is that for a constant mass concentration, the number of ethylene glycol
repeat units is constant. This implies that the surfactant binding is likely more affected by phenomenon

such as a PEG-defined redox environment [35] than, for instance, osmotic pressure effects or binding of
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the PEG to the surfactant. This result importantly implies that engineering-lead choices of PEG molecular
mass should not strongly alter the anticipated ATPE fractionation of SWCNT (n,m) species in scaled

separations.

3.3 DOC Concentration Effect

After the two-phase separation phenomenon driven mostly by the thermodynamics of the
polymer solution, the competition of the present surfactants for the nanotube surface is the most
important phenomenological effect enabling ATPE separations of SWCNTs. While many variations of
ATPE separation have been reported, systematic probing of the surfactant effects have not been
reported at otherwise uniform experimental conditions. Thus, we next consider the impact of surfactant
chemistry on the observed PCCCs, particularly for the DOC — alkyl surfactant combination to elucidate
mechanistic information. Considering that typical ATPE separations are performed at 0.50 g/L DOC, we
used that concentration as our reference value and experimented with evenly spaced (0.15 g/L) DOC
concentrations above and below that value (0.20 g/L, 0.35 g/L, 0.65 g/L, and 0.80 g/L). Given that DOC
adsorbs more strongly to the nanotubes than SDS, we expect that a decrease or increase in initial DOC
concentration would require a lesser or greater SDS concentration in solution to displace the DOC and
thus lead to partitioning to the top-phase (PEG-rich) in an ATPE separation, which we monitor here by
the sharp decrease in fluorescence intensity associated with the PCCC value. Figure 4A shows
fluorescence intensity plots of the +(7,5) SWCNT as functions of SDS concentration for different
concentrations of DOC in dispersions with a constant 6 kDa PEG concentration of 35 g/L at 20.0 °C. As
expected, the amount of SDS necessary to change from a DOC-dominated interface to an SDS-dominated
interface increases with the concentration of DOC in solution. Importantly, this functionality is
monotonic and well-fit by a linear trendline. This strongly implies, at least for the SDS-DOC pair, but
potentially for other surfactant pairs, that the competition for adsorption to the SWCNT interface is
dominated by the simple molar concentrations of the surfactants in solution, and does not include
significant contributions from potential alternative mechanisms, such as micellar sequestration of the
DOC. The same linear relationship is also seen for the other three SWCNT populations [(7,6), (8,3), and
(6,5)] (Figures S6-8) analyzed. In addition, the calculated PCCCs for the SWCNTs at a particular DOC

concentration increase in the order +(7,5), (7,6), (8,3), and (6,5) (Table S2), in agreement with the sorting

11



order of these SWCNTSs under the typical (SDS vs. DOC) ATPE experiment used for diameter-based (n,m)

sorting [9]. The linear relationships for each of the SWCNT species are shown in Figures 4B and S9.
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Figure 4. A) Fluorescence intensities of the +(7,5) SWCNT (637 nm excitation) as functions of SDS
concentration for different concentrations of DOC in the dispersion with a constant 6 kDa PEG
concentration of 35 g/L at 20.0 °C. Curves are double finite-width Heaviside fits to the data. Values for
the fluorescence transition concentrations from Heaviside fitting are listed in Table S2. The amount of
SDS necessary to change from a DOC-dominated interface to an SDS dominated interface increases with
the concentration of DOC in solution. B) PCCCs for the +(7,5), and both enantiomers of the (7,6), (8,3),
and (6,5) SWCNTs as a function of DOC concentration show a consistent linear trend (slope), reflecting
that the PCCC occurs at an SDS:DOC mass ratio = 15:1 for the +(7,5) SWCNT, and on average 15.6:1 for
the (7,6) SWCNTSs, 22.6:1 for the (8,3) SWCNTSs, and 25.4:1 for the (6,5) SWCNTSs species (separate values
for both enantiomers are provided in Table S2).

Another result to highlight in Figure 4B is that the PCCCs for the two enantiomers of each (n,m)
species are resolvable; the difference in PCCCs for the two enantiomers also varies species to species.
Depending on the literature work being compared to, the difference in separation conditions of
enantiomers is typically unaddressed. In mass concentrations, the PCCC surfactant ratios for separating
both hands of several commonly isolated SWCNT species are = 15:1 for the +(7,5) SWCNT, 15.59:1 and
15.66:1 for the (7,6) enantiomers, 21.73:1 and 23.54:1 for (8,3) SWCNT enantiomers, and 23.95:1 and
26.80:1 for the (6,5) enantiomers; molar ratios for these species are shown in Table S2. The averages of
these values, i.e., 15.6:1, 22.6:1, and 25.4:1 (all mass basis), are a good match to literature reports [9,

20, 36], albeit we can now state that enantiomer driven differences should be considered for separation

development. It is also worth noting that the quantity of surfactant bound to SWCNTSs in the dispersion
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is an insignificant fraction of the total surfactant mass, of either surfactant, at any of the experimental
concentrations.

Several studies have also investigated the SWCNT surface binding competition between
surfactants in a binary system using thermodynamic models such as the Hill equation [37-39]. However,
it is difficult to quantitatively apply this type of thermodynamic model to the systems described in this
contribution due to the presence of PEG as a 3™ component in our systems. As shown in our previous
work [23] and also seen here (Figures 3 and S5), the concentration of PEG in the system has a strong
effect on the thermodynamics of the system and strongly shifts all of the titration curves from those
observed in a binary, surfactant-only system. As such, we have chosen to only fit the data to extract the
transition points, as they affect the design of separation experiments, and for qualitative discussion of
the binding competition. Quantitative description will require further model development and validation

for applicability to the complex environment necessary to represent ATPE separations.

3.4 Alkyl Co-Surfactant (AcS) Variation Effect

SDS is the most commonly used co-surfactant along with a bile salt for (n,m) sorting of SWCNTSs,
with application in density gradient ultracentrifugation, column chromatography and ATPE and other
methods [4, 40]. The straightforward measurement platform of this contribution, however, allows for
evaluation of closely related alkyl tail surfactants and their competition with DOC for the diameter
separation of SWCNTs. The commonality of SDS, however, does not necessarily imply that it is the
optimal choice for such separations. As such, we sought to understand the effect of the alkyl tail length
(for alkyl sulfate surfactants) on the PCCCs of SWCNTSs, using SDS as our reference point. As shown on
the left side of Figure 1A, the alkyl sulfates examined differ only by the number of CH;-units in their tails,
ranging from seven (sodium octyl sulfate, SOS, C-8) to thirteen (sodium tetradecyl sulfate, STS, C-14),
with the SDS reference having eleven CH-units (C-12). This tail length range covers the functional limits
of variation for this molecule type at room temperature conditions, as the short tail chains exhibit
weaker surfactant functionality and longer tail length species exhibit greatly diminishing solubility and
so also become ineffective.

Fluorescence intensity plots of the +(7,5) SWCNT as functions of AcS variant concentration at a

constant 6 kDa PEG concentration of 35 g/L, with a constant DOC concentration of 0.5 g/L at 20.0 °C are
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shown in Figure 5A. The titration curves follow the expected trend, where the shorter chain alkyl sulfates
(SOS, SNS, sdS, SUS) require greater concentrations than SDS in order to displace the initial DOC coverage
and lead to fluorescence intensity decreases, owning to their less hydrophobic nature [41]. Conversely,
the more hydrophobic longer chain alkyl sulfates (StS, STS) require lesser concentrations than SDS in
order to displace the DOC, also as expected [41]. The (7,6) SWCNTs likewise feature the same trend
(Figure S10A), with the calculated PCCCs being slightly higher than that of the +(7,5) SWCNT (Table S3).
The calculated PCCCs for each alkyl sulfate are compared with their respective critical micelle
concentration (CMC) values in Figure S11, which shows that although each PCCC is above the respective
CMC (Table S4), they are poorly correlated. This is in agreement with the notion that the CMC value of a
particular surfactant is not a decisive factor in determining that surfactant’s interactions with SWCNTs
[41]. Focusing on the (7,6) PCCCs, it appears that STS, StS, and SOS lack the ability to resolve the (7,6)
enantiomers, whereas the distinct PCCCs and two-step behavior of the remaining titration curves
highlight the ability of SUS, SdS, and SNS to resolve the (7,6) enantiomers, alongside the reference
surfactant SDS. The rationale behind the inability of STS, StS, and SOS to resolve the (7,6) enantiomers
appear rooted in their binding properties, but for the opposite reasons. STS and StS, being more
hydrophobic than SDS, appear to replace the adsorbed DOC on the SWCNTs sufficiently more readily
that either this replacement disrupts the enantiomeric differences in the DOC binding, or occurs too
close together to resolve. Handed interactions could perhaps be accentuated by competition with a
greater concentration of bile salt (vide infra), however the limited solubility of STS and StS preclude this
strategy. The binding mechanism for STS and StS may additionally follow a different path of replacement
or incorporation into the adsorbed surfactant layer at the PCCC transition, as reflected in a different
observed fluorescence transition shape (vide infra), than for the shorter tail AcS molecules. Note that a
stronger apparent interaction of the STS and StS molecules with the nanotube, as compared to SDBS
(vide infra), does not necessarily imply a lesser decrease in fluorescence. The fluorescence decrease will
sensitively reflect the permeability of the specific resulting adsorbed structure, which can vary for AcS
molecules based on the specific density and orientation of the adsorbed layer [42, 43]. Conversely, the
short tail SOS is far less hydrophobic and more soluble, and exhibits a much wider PCCC transition width
compared to the other alkyl sulfates. This suggests that it has much weaker binding interactions with

the SWCNTs and precludes more accurate PCCC determination. Given this weak binding, obtaining
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enantiomeric resolution using SOS, while potentially possible, is probably impractical for actual
separations. Significantly, although unexplored in this contribution, these results indicate that a single
alkyl surfactant is likely to provide the optimal resolution for any given separation. Thus, the chemical

purity of the alkyl co-surfactant is of significant importance for reproducible separations.
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Figure 5. Fluorescence intensities of the +(7,5) SWCNT (637 nm excitation) as functions of AcS variant
concentration at a constant 6 kDa PEG concentration of 35 g/L, constant DOC concentration of 0.5 g/L,
and T = 20.0 °C. In A, the concentration of alkyl surfactant necessary to reach the PCCC increases
significantly with decreasing AcS tail length, but with similar functionality for tail lengths of 9 to 12
carbons. In B, the unique behavior of SDBS (blue) is shown in comparison with its structurally similar
analogues (STS, StS, SDS), which are replotted from A. In both plots the curves are double finite-width
Heaviside fits to the data. PCCCs from Heaviside fitting are listed in Table S3.

We also anticipated that the minor chemical variations of the surfactants could impact the
packing structure of the adsorbed dispersant layer on each SWCNT species’ surface and not just
modulate the PCCCs. As shown in our previous contribution and elsewhere, it is well known that SWCNT
surface coverage by a different surfactant molecule can substantially alter not just the observed intensity
(which the PCCCs are correlated with), but also the wavelength of the NIR fluorescence emission from
the same SWCNT species. To better illustrate the wavelength shifting of the fluorescence emission
because of different surfactant binding, we also plotted the fluorescence data as AcS concentration vs.
fluorescence emission wavelength 2D contour plots, where the z-scale is the scaled fluorescence
intensity. Three of these contour plots are shown in Figure 6, which show this relationship for the

(7,6)/(7,5) SWCNT sample under 637 nm excitation for SDS (C-12), StS (C-13), and STS (C-14), with the

dashed lines representing the wavelengths of peak emission for the two SWCNT species at the initial
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experiment conditions of 0.5 g/L (0.05 %) DOC, 35 g/L (3.5 %) 6 kDa PEG [~ 1035 nm for (7,5), = 1131 nm
for (7,6)]. Looking at the leftmost of these plots in Figure 6, beginning at the initial conditions and
increasing the SDS concentration (left to right) results in fluorescence intensity decreases for the +(7,5)
at = 0.79 % SDS and a two-step decrease along the (7,6) line, with the first step at = 0.82 % SDS and a
second step at = 0.84 % SDS. As previously stated, these values represent the PCCCs for these SWCNTs
under the experimental conditions, with the two-step behavior of the (7,6) SWCNTSs attributed to the
two enantiomers (7,6) and (6,7). Monitoring the fluorescence wavelength during this process results in
a = 1.5 nm blue-shift in the +(7,5) SWCNT after the PCCC point and a = 1 nm red-shift in the (7,6) SWCNTs
after the last PCCC point. Similar results with respect to wavelength shifts are also seen in the contour

plots of the shorter tail alkyl sulfates (SOS, SNS, SdS, SUS; data not shown).
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Figure 6. Alkyl tail length variant AcS concentration vs. fluorescence emission wavelength (637 nm
excitation) 2D contour plots for the (7,6)/(7,5)-rich sample, where the z-scale is the scaled fluorescence
intensity, at a constant 6 kDa PEG concentration of 35 g/L, with a constant DOC concentration of 0.5 g/L
at 20.0 °C. The labeled dashed lines represent the wavelengths of peak emission [= 1035 nm for (7,5), =
1131 nm for (7,6)] for each (n,m) species at 0.5 g/L DOC, 35 g/L 6 kDa PEG. Differences are observed in
the peak emission wavelengths at AcS concentrations above the PCCC (intensity transition) that depend
on the choice of AcS.

However, as shown in the middle and rightmost contour plots shown in Figure 6, for the longer
chain alkyl sulfates StS and STS, the observed wavelengths post-PCCC are quite different. Here,
monitoring the fluorescence wavelength during the AcS titration (left to right) results in a = 5 nm blue-
shift in the +(7,5) SWCNT after the PCCC point and a = 3 nm blue-shift in the (7,6) SWCNTs after the last

PCCC point, with respect to the initial DOC coverage. Combining these results yields two important
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observations: 1) that +(7,5) and (7,6) coverage by the longer chain alkyl sulfates StS and STS yieldsa = 4
nm blue-shift in fluorescence emission wavelength compared to SDS (and the shorter chain alkyl
sulfates); 2) confirmation of previous literature results that enantiomers of the same SWCNT species
experience differences in competitive dispersant binding when at least one of the dispersants is also
chiral. While the longer chain alkyl sulfates STS and StS have not been well studied, it is understood that
their increased hydrophobicity should lead to increased binding affinity for the SWCNTSs relative to the
shorter chain alkyl sulfates [41]. This increased binding affinity would presumably lead to a denser
surfactant coating on the SWCNTs and the subsequent blue-shifts in fluorescence emission [39, 44].

We also tested alkyl sulfonates (having an SOs head group), including sodium 1-
undecanesulfonate (SUSOs) and sodium dodecylbenzenesulfonate (SDBS), to monitor the effect of
anionic head group chemistry on the observed PCCCs (right side of Figure 1A). Fluorescence intensity
curves and contour plot for the (7,6)/(7,5) SWCNT sample with SUSOs as the competing surfactant are
shown in Figures S12 and S13, respectively, alongside replotted results for the structurally similar alkyl
sulfates (SUS and SdS) for contrasting purposes. The PCCCs for SUS and SUSOs are quite similar (Table S3
and S4), as are the wavelength shifts past the PCCC point (Figure S13). This result, when combined with
the alkyl tail length study above, suggests that the PCCC-shifting effect of the anionic sulfate/sulfonate
head group is very minor relative to the length of the alkyl tail in this class of surfactants, in agreement
with the literature [44].

The fluorescence intensity curves of the +(7,5) and (7,6) SWCNTs with SDBS as the competing
surfactant are shown in Figures 5B and S10B, respectively, alongside replotted results of the structurally
similar alkyl sulfates (SDS, StS, and STS) for contrasting purposes. These curves show that SDBS behaves
most similarly to the 13-carbon StS in terms of PCCCs (Table S3), with both having more in common with
STS than SDS. This result is sensible given that the alkylbenzene tail of SDBS is closer in physical length
to STS and StS. Likewise, the fluorescence wavelength contour plots for the (7,6)/(7,5) SWCNT sample
with SDBS as the competing surfactant are shown in Figure S14, again with replotted results of the
structurally similar alkyl sulfates (SDS, STS) for comparison. The magnitude of blue-shifting from SDBS is
almost identical to those of StS and STS, with the +(7,5) SWCNT blue-shifting = 4.5 nm after the PCCC
point and the (7,6) SWCNTSs blue-shifting = 3 nm after the last PCCC point. This result is consistent with

previous reports of SDBS forming a denser coating on SWCNTSs than SDS due to a greater relative binding
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affinity [44]. A denser surfactant layer, in general, reduces the effective dielectric constant experienced
by the nanotube by excluding water molecules, resulting in decreased screening of the exciton and bluer
optical transition energies. Unlike the three alkyl sulfates, the fluorescence intensity decrease at SDBS
concentrations greater than the PCCCs is also greatly reduced, which is also consistent with the
formation of a dense, oxygen species excluding, surfactant layer by the SDBS. Interestingly, on close
inspection of the SDBS curves, the fluorescence intensities of both SWCNT species probed fluctuate at
the PCCC point, dropping to a sudden minimum before settling at a greater relative intensity (both SDBS
covered SWCNT intensities are still lower than the initial intensities associated with DOC coverage). Our
results above suggest that the SO3 head group (instead of SO4) could explain the slightly higher than
expected PCCC for SDBS based on its alkyl(benzene) chain length being longer than StS and STS, but this
would not be expected to dramatically alter the magnitude of the fluorescence. We're thus compelled
to believe that the presence of the benzene ring in the surfactant tail results in modified binding of the
surfactant to the SWCNTSs, with a unique surfactant exchange phenomenon occurring at the PCCC point
during the replacement of the DOC-covered surface by SDBS. Molecular dynamics simulations have
shown that when SDBS is present on the SWCNT surface at low concentrations, both the alkyl tail and
benzene ring tend to adsorb to the surface [45]. However, when the SDBS concentration increases, it
was shown that the anionic head group tends to pull the benzene ring away from the SWCNT surface
[45]. This surface coverage-dependent SWCNT-benzene ring interaction could explain the fluorescence
modulations observed at the PCCC point, if perhaps complicated by our system also containing DOC as
a competitor for the SWCNT surface.

Altogether, these results suggest that the anionic sulfate/sulfonate head group only has a minor
effect on the PCCCs of the SWCNTSs, with both the SUSOs- and SDBS-covered SWCNTSs having PCCCs very
close to their most structurally similar alkyl sulfate analogues. For SDBS however, the nature of the
binding interactions is different from its structurally similar analogues, featuring a more complex surface
replacement mechanism, presumably due to the presence of the benzene ring. Further modeling of

these differences is beyond the scope of this contribution but warrants further investigation.

3.5 Bile Salt Variant Effect
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Although DOC, or the tri-hydroxy sodium cholate (SC), are the most commonly used bile salts for
SWCNT dispersion and processing, multiple other bile salt molecules are commercially available
including variations with a different -OH group location, such as chenodeoxycholate (CDOC), or
appended tail functionality, such as taurodeoxycholate (TDOC) and glycodeoxycholate (GDOC).
Molecular structures of the five bile salts used in this work are shown in Figure 1B, where the points of
variation are identified by circles (for the hydroxy group locations) or boxes (for the appended tail group).
Specifically, GDOC and TDOC are identical to DOC, except the carboxylate tail in DOC (red box) is replaced
by glycine- (purple box) and taurine- (blue box) conjugates, respectively. Likewise, DOC (with 3a and 12a
hydroxy groups) and CDOC (which has 3a and 7a hydroxy groups) are isomers differing only in the
locations of their hydroxy groups (orange and green circles); the tri-hydroxy SC (hydroxy groups at 3a,
7a, and 12a) has hydroxy groups in both locations. For comparison to the separations literature, all
solutions of bile salts investigated were constructed on a mass/volume basis of 0.5 g/L. Due to molecular
mass differences amongst the molecules, the molar concentrations are somewhat different for a
consistent mass concentration (by (4 to 26) % on a molar concentration basis, as compared to DOC) for
the various bile salts.

Fluorescence intensity plots of the +(7,5) SWCNT as functions of SDS concentration for the
different bile salts at a constant concentration of 0.5 g/L, with a constant 6 kDa PEG concentration of 35
g/L at 20.0 °C are shown in Figure 7, with the PCCCs listed in Table S5. A version of this figure as projected
for a constant molar concentration of the bile salt is reported in Figure S18 (with projected PCCCs in
Table S6). With either scaling, but focusing on Figure 7, the order in terms of requiring higher SDS
concentrations to reach the PCCCis: DOC > GDOC > TDOC >> CDOC > SC. The order is maintained for the
other three SWCNT populations [(7,6), (8,3), and (6,5)] (Figures S15-517), with the calculated PCCCs for
the SWCNTSs with respect to a particular bile salt generally maintaining the SWCNT sorting order of (7,5),
(7,6), (8,3), and (6,5) (Table S5), of the typical (SDS versus DOC) diameter-based (n,m) sorting ATPE
experiment. It is worth noting that this is not an exhaustive set of (n,m) structures, and that different
separation orders have been reported primarily for 3+ surfactant mixtures or broader (n,m) sets [46, 47].
Some differences are seen when comparing the SDS titration curves of the respective bile salts, with the
TDOC curves generally featuring relatively larger fluorescence intensity decreases at the PCCC points, or

the CDOC curves having much wider PCCC transition widths compared to the other bile salt curves, which
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feature more rapid PCCC transitions. We now compare the five bile salt variants by focusing on the
aforementioned structural differences: 1) the appended tail triad of DOC, GDOC, TDOC and 2) the
hydroxy position triad of DOC, CDOC, and SC.
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Figure 7. Fluorescence intensities of the +(7,5) SWCNT (637 nm excitation) as functions of SDS
concentration for different bile salts at a constant concentration of 0.5 g/L, with a constant 6 kDa PEG
concentration of 35 g/L at 20.0 °C. Curves are double finite-width Heaviside fits to the data. PCCCs from
Heaviside fitting are listed in Table S5.

Focusing on the appended tail triad, the PCCC order is DOC > GDOC > TDOC, which is maintained
across the four SWCNT species. The glycine- and taurine- conjugation of DOC leads to increasingly
weaker binding to the SWCNTs owing to their less hydrophobic character, as recently reported by
Yomogida et al. [16] using hydrophobicity data from Heuman [48]. As noted earlier, the TDOC curves
feature lower fluorescence intensities past the PCCC when compared to DOC and GDOC, although all
generally feature sharp transitions at the PCCCs. When the bile salt (DOC, GDOC, TDOC) is the dominant
surfactant, the initial SWCNT fluorescence is expected to be identical (or at least very similar) with the
intensity decreases at the PCCCs also being consistent. Why this is not the case for TDOC is unclear, but
could be the result of co-micellization, with the TDOC potentially disrupting the SDS coverage on the
SWCNTs.

When examining the fluorescence contour plots of both the (7,6)/(7,5) and (6,5)/(8,3) SWCNT
samples (Figure S19), we focus now on the initial wavelengths corresponding to fluorescence emission
arising from SWCNT coverage by the bile salt variant. Here, the emission wavelengths for the GDOC and
TDOC are the same as DOC for the three mixed enantiomer SWCNTS [= 1131 nm for (7,6), = 963 nm for
(8,3), and = 984 nm for (6,5)], yet GDOC- and TDOC-covered +(7,5) are blue-shifted = 1 nm relative to
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DOC-covered +(7,5). We attribute the slight shift seen only for this SWCNT species to it being the sole
single handed SWCNT species, with the three mixed enantiomer SWCNTS likely experiencing competing
blue- and red-shifting effects owning to their mixed enantiomer populations experiencing different
interactions with the chiral bile salt surfactants. When competing SDS against these surfactants and
monitoring the fluorescence wavelength (going left to right across each contour plot), no discernable
shifts in the +(7,5) or (7,6) emission wavelengths are seen when both the TDOC and GDOC surfactants
are replaced by SDS at the PCCC point (recall the respective slight blue- and red-shifts for DOC as
described in the AcS variant section above). However, the (8,3) SWCNTs experience a = 1 nm blue-shift
after the PCCC point, while the (6,5) SWCNTSs experience a = 3 nm red-shift when covered by SDS; these
shifts are the same for all three bile salts discussed here (DOC, GDOC, TDOC). Given the similarities in
fluorescence emission wavelengths and character of fluorescent intensity plots between the three bile
salts, our results support the generally accepted mechanism that the hydrophobic face of the bile salt
(the tetracyclic ring complex with methyl groups) plays the major role in SWCNT binding interactions
[49], with the conjugated tail mainly impacting surfactant-surfactant interactions (and hence, PCCCs) by
way of hydrophobicity differences.

We next turn our attention to the hydroxy positioning triad of DOC, SC, and CDOC, where the
PCCC order is DOC >> CDOC > SC, which is again generally maintained across all four SWCNT species.
Again, the increasingly less hydrophobic characters of the CDOC and SC would account for the
increasingly weaker SWCNT binding [16, 48], resulting in a lower SDS concentration needed to displace
the bile salt surfactants and lower PCCCs. However, the unique observations seen in the CDOC results
below highlight the importance of molecular geometry in the SWCNT-bile salt interactions, especially as
CDOC and TDOC have approximately equal hydrophobic indices [48], but very different interactions with
the SWCNTSs. As mentioned earlier, the CDOC curves have much wider PCCC transition widths compared
to DOC and SC, which feature more rapid PCCC transitions. The broadness of the CDOC curves, in addition
to their single smooth decrease in fluorescence suggests CDOC lacks the ability to resolve SWCNT
enantiomers. Although SC is a weaker binding surfactant than DOC (and CDOC), the SDS titration curves
against SC generally feature two step decreases in fluorescence intensity (similar to DOC), however
poorly resolved in the curve fitting calculations due to the small widths of the PCCC transitions. The

fluorescence contour plots of the (7,6)/(7,5) and (6,5)/(8,3) SWCNT samples (Figure 8) reveal interesting

21



differences between the binding interactions of DOC, SC, and CDOC. Again, focusing on the initial
emission wavelengths, the three mixed population SWCNTs each experience red-shifting when covered
by SC relative to DOC. The (7,6) red-shifts by = 3 nm, the (8,3) red-shifts by = 1 nm, and the (6,5) red-
shifts by = 4 nm, with the +(7,5) maintaining the same emission wavelength as DOC. However, when
covered by CDOC, each of the (7,6), (8,3), and (6,5) SWCNTSs feature = 1.5 nm blue-shifts, with the +(7,5)
SWCNT blue-shifting by = 3 nm.
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Figure 8. SDS concentration vs. fluorescence emission wavelength 2D contour plots for the two SWCNT
samples, where the z-scale is the scaled fluorescence intensity, for different bile salts at a constant
concentration of 0.5 g/L with a constant 6 kDa PEG concentration of 35 g/L at 20.0 °C. The (7,6)/(7,5)-
rich sample emission under 637 nm excitation is shown at the top and the (6,5)/(8,3)-rich sample
emission under 671 nm excitation is shown at the bottom. The dashed lines represent the wavelengths
of peak emission [= 1035 nm for (7,5), = 1131 nm for (7,6), = 963 nm for (8,3), and = 984 nm for (6,5)] for
each (n,m) species at 0.5 g/L DOC, 35 g/L 6 kDa PEG. Note the initial emission wavelength shifts due to
different bile salt coverage, with additional wavelength shifting during the transition to SDS coverage for
SC and CDOC.

22



Even more interesting are the modulations in fluorescence emission wavelength during the SDS
titrations as the bile salt surface is replaced by SDS. In the case of SC, invariant of the SWCNT species,
the emission wavelength blue-shifts by up to = 5 nm on approaching the PCCC point, before red-shifting
and interestingly returning to the initial wavelength, although the SWCNT surface should now be
dominated by SDS. Similarly curious wavelength shifts are seen in the case of CDOC, where the +(7,5)
and (7,6) SWCNTSs both blue-shift by = 1 nm, with the (6,5) blue-shifting by = 2 nm and (8,3) blue-shifting
by = 4 nm on approach to the PCCC point, with each red-shifting by = 3 nm from these blue-shift
maximums, resulting in net red shifts for the +(7,5), (7,6) and (6,5) SWCNTs and a net 1 nm blue-shift for
the (8,3) when covered by SDS after initial CDOC coverage. Another fascinating observation is that the
wavelength shifts during SDS titration for both SC and CDOC parallel the fluorescence intensity increases,
with the maximum observed intensities coinciding with the maximum wavelength shift before the PCCC
point. It is readily apparent that a complex surfactant exchange process is occurring on approach to the
PCCC point when either the SC or CDOC is replaced by SDS. A recent study involving the SC-SDS
competition pair, Yang et al. suggested the formation of a mixed micellar coating, affecting the effective
permittivity and water accessibility, as a possible explanation for such observations in this complex
exchange process [17]. Alternatively, an explanation for the wavelength shifts could be torsion exerted
on the SWCNTs by adsorbed chiral bile salt surfactants, which would relax upon replacement by SDS;
such an effect was previously seen in flavin mononucleotide (FMN) studies [50, 51]. Pursuing the exact
mechanics of these transitions is however beyond the scope of this contribution, but we concur with the
prompt for additional studies into this mechanism.

Unlike the conjugated tails of GDOC and TDOC, which are likely too distal to have significant
impact on the surfactant-SWCNT binding interface, the hydroxy group locations, seen in comparing DOC,
SC, and CDOC, have dramatic effects on the surfactant-SWCNT structure, with differences in SC vs. DOC
binding [28] and the impact on SWCNT sorting previously shown in the literature. Unlike SC and DOC,
very little has been published on the interactions of CDOC with SWCNTSs, with no structural insights
previously presented in the literature. CDOC is a particularly interesting ligand to study, as its lack of the
12a hydroxy present in both SC and DOC, allows for evaluation of this functional group’s impact on
SWCNT binding. Likewise, CDOC having a 7a hydroxy along with SC, allows for evaluation of this hydroxy

group’s importance in SWCNT binding given its absence in DOC. It is important to note that all three bile
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salts likely adopt the previously reported binding orientation [49], with the hydrophobic face (the
tetracyclic ring complex with methyl groups) wrapping around the SWCNTs and the hydrophilic face
(hydroxy and carboxylate groups) towards aqueous solution. As such, it is expected that the presence or
absence of a particular hydroxy group will likely have little impact on the surfactant-SWCNT interface
but may be more likely to modulate SWCNT binding (and PCCCs) by altering surfactant-surfactant
interactions. The broadness of the CDOC curves compared to the sharper curves of SC or DOC (and the
conjugated tail DOC analogues, GDOC and TDOC), suggest the absence of the 12a hydroxy results in a
surfactant packing structure where the CDOC layer is more gradually removed by the competing
surfactant SDS. Likewise, the presence of the 7a hydroxy in both SC and CDOC (which is absent in DOC
and its conjugated tail analogues) could explain the observed fluorescence emission wavelength
modulations seen in their SDS titration curves, where the wavelengths first blue-shifted, then red-shifted
with increasing SDS concentration. Both of these observations are perhaps indicative of the initial
formation of a mixed micellar coating, as recently proposed by Yang et al. for the SC-SDS competition
pair [17]. Additional experimental, such as analytical ultracentrifugation [25, 28], and simulation studies
of these SWCNT-surfactant interactions, especially for CDOC, could prove useful in elucidating the
observed optical behavior. Finally, it should be noted that the number of SWCNT species surveyed here
is not sufficient to determine whether different bile salt variants could be more or less optimal for
isolation of different groups of (n,m) species. Similarly, further research is necessary with respect to
multiple bile salt mixtures and the potentially complex interactions in such systems. As previously
mentioned, it is well-known that bile salt interactions with SWCNTs depend on several complicating
factors, including diameter [52], electronic character, chiral angle, and handedness [40]; thus, it would
not be unexpected that different bile salts (or combinations therein) would yield different outcomes for

SWCNT species not tested in this contribution.

3.6 Implications for ATPE Method Development

The results above report PCCC variation as a function of solution conditions and surfactant choice
for only a limited number of (n,m) species, albeit frequently targeted species, but still offer significant
implications for optimizing ATPE separations. In addition to the earlier highlighted preference for high

purity alkyl surfactants, these implications include utilizing increased DOC (or more broadly bile salt)
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concentrations when attempting high fidelity separations of, in particular, larger diameter SWCNT
species. Explicitly the alkyl surfactant concentration necessary to reach the PCCC point will increase with
the bile salt concentration, and spread, in absolute concentration phase space the difference between
species to enable better separation fidelity. There are known limits to this strategy, however, in that
nanotube colloidal stability has been found to decrease above certain absolute surfactant concentration
values [3, 7].

Another significant result is the measured relative insensitivity of the PCCCs to the molecular
mass of the PEG phase molecule. While large scale or automated ATPE separations [3, 33] are beyond
the scale of this contribution, these separations should benefit from optimization of the polymer
components that result in lower viscosity polymer phases, bulk compositions that require less total
polymer for the desired phase separation, and that are robust to minor variation in the utilized polymers.
The observed relative insensitivity implies that the polymer composition optimization can be engineered
without fundamental changes to the expected (n,m) selectivity.

This data set is the first to report comparative values for the PCCC of given species for different
bile salt variants. Within even this set, at a single temperature, differences in selectivity of enantiomers
of (n,m) species can be observed. Optimization of separations for the end goal, whether for separate
isolation of (n,m) and (m,n) enantiomers, or simultaneous extraction of both hands in one fraction for
greatest mass efficiency when enantiomeric effects are unimportant, can now be considered. The
sharpness of the observed fluorescence intensity transitions, and thus of the PCCC for separations, is
also important. Sharper transitions in surfactant coating are preferable for separations as they enable
greater discrimination and require fewer steps to isolate different species and enantiomers. Of the bile
salts, the steep transitions observed for DOC and its appended tail conjugates (particularly TDOC) point
to the greatest potential for single (n,m) and enantiomeric enriched isolations amongst the compared
variants. Conversely, competition with AcS molecules that do not yield sharp transitions are less likely to
provide adequate separations. Lastly, although the cost on a mass basis of DOC is currently less than
some of the variant bile salts, it is possible that the near equally selective TDOC, or an as yet unexplored
bile salt variant, could offer better global cost optimization by the reduction of necessary co-surfactant

concentrations.
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4. Conclusions

In conclusion, fluorescence detection of the adsorbed surfactant composition on the nanotube
interface at solution conditions reflective of ATPE separation was used to provide the first broad and
guantitative comparisons of surfactant chemistry and concentration effects on PCCCs without
conducting actual separations. The reported data set provides strong constraints towards exact
description of the underlying mechanism for ATPE separation, as well as guidance towards optimization
of ATPE for individual (n,m) SWCNT species and their enantiomers. We also identify new complexity in
the apparent transition of the surfactant layer near the PCCCs and differences in the behavior of the bile
salt variants that are yet unexamined by molecular modelling for attribution to the bile salt structure.
Future work is expected to report more complete data sets of PCCCs for fixed surfactant type
combinations, expanding the reported values and implications established in this contribution to larger

diameter SWCNT species.
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