
lable at ScienceDirect

Carbon 195 (2022) 349e363
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
The role of the bile salt surfactant sodium deoxycholate in aqueous
two-phase separation of single-wall carbon nanotubes revealed by
systematic parameter variations

Joeri Defillet 1, Marina Avramenko 1, Miles Martinati , Miguel �Angel L�opez Carrillo ,
Domien Van der Elst , Wim Wenseleers **, Sofie Cambr�e *

Nanostructured and Organic Optical and Electronic Materials, Physics Department, University of Antwerp, Belgium
a r t i c l e i n f o

Article history:
Received 27 January 2022
Received in revised form
25 March 2022
Accepted 30 March 2022
Available online 8 April 2022

Keywords:
Carbon nanotubes
Aqueous two-phase sorting
Chirality separation
Surfactant interactions
Bile salts
* Corresponding author.
** Corresponding author.

E-mail addresses: Wim.Wenseleers@uantwerp.b
cambre@uantwerpen.be (S. Cambr�e).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.carbon.2022.03.071
0008-6223/© 2022 Elsevier Ltd. All rights reserved.
a b s t r a c t

Aqueous two-phase (ATP) extraction has been demonstrated as a fast, scalable, and effective separation
technique to sort single-wall carbon nanotubes (SWCNTs) according to their diameter and chiral struc-
ture. The exact mechanism behind the chirality-dependent migration of SWCNTs between the two
phases is however not completely understood, and depends on many parameters (e.g., choice of sur-
factants and their concentration, pH, temperature, …), making it difficult to optimize the multivariable
parameter space. In this work, we present a systematic study of the choice and concentration of specific
surfactants on the ATP sorting, by performing a series of single-step ATP separations in which each time
only one parameter is systematically varied, while monitoring the structure-specific migration of every
SWCNT chirality between both phases with detailed wavelength-dependent spectroscopy. These sys-
tematic studies reveal that the diameter-dependent stacking of a discrete number of sodium deoxy-
cholate molecules fitting around the SWCNT circumference determines the separation order in the form
of a periodically modulated pattern as a function of SWCNT diameter. Addition of cosurfactants can be
used to compete with the bile salt surfactant to enhance the separation yields, but does not affect the
sorting order. The results are afterwards directly applied to predict the parameters required to separate
specific chiral structures in just two ATP steps.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Since their discovery in 1993 [1] the interest in single-wall
carbon nanotubes (SWCNTs) has grown exponentially. Their well-
defined structure-dependent electronic and optical properties [2]
combined with unique mechanical and thermal properties, make
SWCNTs fascinating materials for an extensive set of applications in
nanoelectronics, photonics, photovoltaics and biochemical sensing
[3]. However, a longstanding issue for their implementation in
actual devices remains that synthesis methods invariably produce
mixtures of different diameters, chiral structures, and metallic and
semiconducting tubes, each with their specific electronic and
e (W. Wenseleers), sofie.
optical properties. While significant progress is being made to
synthesize extremely narrow diameter distributions [4e8], most
synthesis methods are not yet sufficiently selective and versatile to
produce any chirality on demand, and thus an appropriate versatile,
scalable, cheap and fast separation technique is crucial to create an
industrial breakthrough. A variety of separation techniques have
been introduced in the field and were recently reviewed in
Refs. [8,9], such as dielectrophoresis [10], density gradient ultra-
centrifugation (DGU) [11,12], selective polymer wrapping [13e15],
DNA- [16,17] or surfactant- [18,19] solubilization followed by size-
exclusion chromatography and more recently aqueous two-phase
extraction (ATP) [20]. ATP in particular shows promise to become
a fast, highly scalable and easily tunable separation method. This
technique, developed in the 1980s for biochemical separations
[21e23], has more recently been successfully applied to separate
SWCNTs [24e38]. In ATP, two water-soluble, yet immiscible poly-
mers (e.g., polyethylene glycol [PEG] and dextran) are mixed
together at sufficiently high concentration, after which they
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spontaneously form two phases. The bottom, dextran-rich phase, is
slightly more hydrophilic compared to the top, PEG-rich phase,
resulting in the spontaneous redistribution of SWCNTs across both
phases [33]. Previous studies show that by choosing a specific DNA
sequence to wrap the SWCNTs [25], by changing the surfactants
and their concentration [24,26,34,38], by adding salts [34,35], by
adding hydration modulators that change the surfactant wrapping
[36] or by changing the pH [29,31] SWCNTs can be sorted by
diameter and chirality, electronic structure (i.e., metallic or semi-
conducting) [28,30] and even handedness [29,35]. For example,
enantiomers of large diameter SWCNTs (i.e., d ¼ 1.4 nm) have
recently been isolated for the first time, using a mixture of 3 sur-
factants and modulating the pH to induce separation [31].

Despite the impressive results obtained so far, the underlying
separation mechanisms are not quite understood, and ATP still has
significant room for improvement to increase simplicity, repro-
ducibility, yield and in particular predictability of the separations
[33]. In a typical ATP separation, SWCNTs are first dispersed in a
sodium deoxycholate (DOC) aqueous solution. This bile salt sur-
factant was previously found to very efficiently individualize
SWCNTs in an aqueous suspension, even without using sonication
[39]. Afterwards, a small fraction of the DOC-dispersed SWCNTs is
added to a PEG/dextran mixture, typically resulting in a very low
DOC concentration (typically ~0.05% wt/V, i.e., well below the
critical micelle concentration (CMC) of DOC inwater ~ 0.1e0.3% wt/
V [40]), and sodium dodecyl sulfate (SDS) is used as a cosurfactant
to change the effective composition of the surfactant layer adsor-
bed on the SWCNT walls. In ATP sorting of biomolecules, the sep-
aration can occur due to a difference in surface area (size-
dependent separation), a difference in hydrophilicity (since both
phases have different hydrophilicity), a different electrochemical
interaction or a specific affinity for one of the two phases (e.g.,
specific binding to one of the two polymers) [41]. For SWCNT
separations, it is proposed that the difference in hydrophilicity
governs the separation, and that depending on the specific sur-
factant layer adsorbed on the SWCNT walls, the SWCNTs are par-
titioning into a different phase [34]. Note that redox chemistry [28],
as well as changes of the pH [29] and modifying the hydration
[29,31,36] have also been employed to alter the separation out-
comes, each having their specific influence on the stacking of the
surfactants on the SWCNT walls.

While in most cases ATP separations are performed iteratively,
by replacing one of the phases by a mimicking phase and slightly
adjusting the surfactant composition and other parameters such as
pH, temperature and salts in each consecutive step (typically 6e10)
[33], it was shown that in principle, after optimization of the sorting
parameters, a two-step separation is sufficient to isolate a specific
chirality [29,31,34,38], drastically improving the reproducibility
and simplicity of the separations. Optimization of the separation
parameters can be very cumbersome, because of the many pa-
rameters involved, such as the choice of polymers, concentration
and choice of the surfactants, addition of other components such as
salts and oxidants, changes of the pH and temperature that each
have their specific influence on the sorting outcomes. In recent
works, Sims et al. [32,42] proposed to therefore perform surfactant-
exchange PL experiments inside the polymer matrices typically
used in ATP, and spectroscopically detectable shifts in PL were
assigned to possible transition points in ATP, thus providing a faster
tool to estimate the relevant surfactant concentrations for ATP
separation. More recently, this was confirmed by Podlesny et al., for
the optimization of other surfactant systems [43].

In this work, we circumvent this optimization of parameters for
each different chiral structure, by performing a series of single-step
ATP separations in which each time only one single sorting
parameter is systematically varied. By employing detailed multi-
350
excitation-wavelength optical spectroscopic characterization of
the resulting bottom and top phases combined with extensive
analysis of these spectroscopic data, one systematic variation
experiment directly yields information on the migration of a wide
range of SWCNT diameters and chiralities. In particular, we simul-
taneously obtain information on more than 30 different chiral
structures in the diameter range of 0.6e1.24 nm, allowing to study
the effect of diameter and chiral structure on the sorting outcomes.
These studies reveal that chirality-dependent interactions of the
bile salt surfactant sodium deoxycholate with the SWCNT walls
determine the specific chirality-dependent separation order in the
form of a periodically modulated pattern as a function of diameter,
indicating stacking of a discrete number of DOC molecules around
the SWCNT circumference. Finally, the obtained results are then
directly applied to develop new (optimized) sorting protocols for
specific chiral structures.

2. Materials and methods

2.1. Materials

Polyethylene glycol (PEG, Alfa Aesar, MW 6 kDa) and dextran
(Tokyo Chemical Industry Co., MW 40 kDa) were used as received.
Sodium deoxycholate (DOC, 99%), sodium dodecyl sulfate (SDS,
99%), sodium dodecylbenzenesulfonate (SDBS, 88%), Triton X-100,
Tween 60, Tween 80 and cetyltrimethylammonium bromide (CTAB,
99%) were acquired from Acros Organics. Sodium dioctyl sulfo-
succinate (DIOCT, 99%) was obtained from Sigma-Aldrich. D2O was
obtained from Cortecnet (99.8 atom%D). HiPco SWCNTs were ob-
tained from NoPo Nanotechnologies India Inc. (batch number-
2015.820).

2.2. SWCNT solubilization

Raw SWCNT powder (40 mg) was solubilized in a solution of
40 mg of DOC in 4 mL of D2O. D2O is used as solvent instead of H2O
due to its higher transparency in the IR, important for the spec-
troscopic analysis. The solution is stirred for at least 1 month, using
a small bar magnet inside the solution and putting the vial on a
magnetic stirring plate at room temperature. To enhance the con-
centration of isolated SWCNTs in the sample, a brief sonication
(15 min) was applied in a bath sonicator the first 3 days of the
stirring procedure (BRANSONIC, 1510E-MTH). Afterwards, the
samples were centrifuged in a tabletop centrifuge (Sigma 2-16KCH)
at 16215 g (14000 rpm) for 4 h using a swing-out rotor, to remove
undissolved material. The supernatant was collected and used for
the separations, and if needed for the subsequent separation, the
SWCNT concentration was increased by concentrating the samples
in an Ultra centrifugal filter. The final DOC concentration in the
samples was each time checked by absorption spectroscopy of the
SWCNT solution, in which the DOC surfactant has a distinguishable
absorption band at 2300 nm (see Fig. S1 in the Supporting Infor-
mation). This final check was required to improve reproducibility,
as the concentration step sometimes results in slightly altered DOC
concentrations.

2.3. Preparation of stock solutions and systematic ATP separations

To be able to perform the systematic ATP separations, different
stock solutions of various concentrations were prepared such that
these stock solutions can be mixed together with the SWCNT
samples to obtain a systematic variation of the concentrations.
Examples of such experiments are provided in Table S1 e S4 in the
Supporting Information, yielding the different concentrations and
volumes that are mixed together to get the desired surfactant
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concentration for sorting. For simplicity and for easy conversion of
the concentrations from D2O to H2O, we chose to define the con-
centrations of each of these stock solutions as mass per added
volume: for example, a 20% wt/V PEG solution thus corresponds to
mixing 200 mg of PEG with 1 mL of D2O. For the variation of SDS
concentration at a fixed DOC concentration, a stock solution of 20%
wt/V PEG, 20% wt/V dextran, and 10 and 20% wt/V SDS were pre-
pared. In each of the separations, the total volume was not changed
(assuming no volume change upon mixing), such that the phase
separation remains the same. The final DOC and SDS concentra-
tions, and their ratio, was then determined by assuming a volu-
metric dilution over both phases. Note that such a volumetric
dilution is not the reality, as absorption spectroscopy highlights
that the surfactants do not distribute evenly over the two phases
(Fig. S1), which is important when designing a multi-step separa-
tion approach. Nevertheless, for a single-step separation like pre-
sented in this work, the used surfactant concentrations at the start
of the experiment can be accurately determined.

2.4. Spectroscopic techniques

The absorption spectra were measured with a Varian Cary 5000
UV-VIS-nIR spectrometer in the range of 175e2500 nm. Before
measuring, each bottom and top phase was diluted by a factor of 2
with a 4% wt/V DOC in D2O solution to raise the final DOC con-
centration above 2% wt/V. As such, changes in Raman cross sections
and PL quantum efficiencies due to a different surfactant sur-
rounding can be avoided. Note for example that the Raman cross-
section of the (5,3) SWCNT is largely quenched at low DOC con-
centrations and also the PL efficiency as well as the peak positions
of the SWCNT electronic transitions are strongly dependent on the
surrounding surfactant layer, whereas dilution to 2% wt/V DOC
results in similar peak positions in each of the samples. The mea-
surements were all performed in 60 mL micro-cuvettes with an
optical path length of 3 mm.

The PLE experiments were performed with a dedicated, in-
house developed setup comprising a high-power pulsed Xenon
lamp (Edinburgh Instruments, custom adapted Xe900/XP920) for
the excitation and a liquid-nitrogen cooled extended InGaAs diode
array detector for the detection (Princeton instruments OMA
V:1024/LN-2.2, sensitive up to 2200 nm). The PLE maps were
collected in a 90-degree geometry, inside the above-mentioned
3 mm / 60 mL microcells. Gratings and slits of the excitation and
emission spectrometers (Acton Spectrapro 2355 and 2156,
respectively) were chosen to provide for an average resolution in
emission of 10 nm and 8 nm in excitation. Spectra were calibrated
for spectral sensitivity of the detector, and spectral and temporal
variations of the lamp intensity. Additionally, PLE maps were cor-
rected for the inner-filter effect of both excitation and emission
paths. With highly concentrated bottom and top phases, the sam-
ples were additionally dilutedwith a 2%wt/V DOC stock solution, to
allow for such an inner-filter effect correction.

The Raman spectra were measured with a Dilor XY800 triple
spectrometer with liquid nitrogen cooled CCD detection and a se-
ries of laser excitation wavelengths coming from an Arþ (457 and
502 nm) and Krþ-ion laser (647 and 676 nm), a tunable Ti:sapphire
laser (710, 725, 785 and 824 nm) and a tunable rhodamine 6G dye
laser (570 nm).

2.5. Fitting models

The 2D RRS and PLE data are fitted simultaneously for all sam-
ples within one systematic separation series by using previously
developed models for single-wavelength Raman spectra [44e46]
and wavelength-dependent PLE spectra [31,47e50] of SWCNTs.
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In case of Raman spectroscopy, the fitting model is composed of
a sum of Lorentzians of which the peak positions and linewidths are
shared for all the Raman spectra within a systematic separation
series. While the peak positions and linewidths of these Lor-
entzians are obtained through a numerical least-squares fitting
algorithm, the relative amplitudes of each of the peaks in each of
the different samples are calculated analytically by linear regres-
sion. As such, the amplitudes are not numerically optimized fitting
parameters, and all RRS spectra are thus fitted with two parameters
for each Lorentzian. We include both Lorentzians for empty and
water-filled SWCNTs in resonance with the different laser excita-
tion wavelengths. This approach results first of all in a much better
determination of the Raman frequencies and linewidths of the
different Lorentzians, since they are now defined by taking into
account all the Raman spectra inwhich they are observed and since
their relative amplitudes vary in between spectra due to the ob-
tained chirality sorting. In addition, such a simultaneous fitting
procedure allows us to determine with the highest precision the
amplitudes of each chirality even in spectra with very low
intensities.

For PLE spectroscopy, a 2D wavelength-dependent fitting model
was previously developed, comprising an emission and excitation
line shape. The emission profile is fitted using a Voigt line shape
with the emission energy (E11) and its linewidth as fitting param-
eters. The excitation profile is fitted using both excitonic and band-
to-band transitions, as well as a phonon side band in excitation. The
number of fit parameters is reduced, bymaking assumptions on the
position and relative amplitudes of these phonon sidebands, for
which more details can be found in Refs. [31,47e50]. Importantly,
all PLE maps are then fitted simultaneously, with shared peak po-
sitions and linewidths that are optimized numerically, but similarly
as in the Raman maps, with varying amplitudes that are obtained
through linear regression and thus not optimized numerically.
Again, this approach allows for fitting the PLE peaks of each chiral
structure more accurately, and for determining the amplitudes of
each chiral structure in each PLE map to the highest precision.

Moreover, to account for imperfections of both RRS and PLE fit
models, which could lead to non-normally distributed residuals
around zero, we reduced the effective number of degrees of
freedom used in the calculation of the fit errors to the number of
zero-crossings in the residuals, which is typically much lower. This
effectively results in larger but more accurate error bars on the fit
parameters and amplitudes.
2.6. Theoretical modelling

For constructing the molecular models, first the geometry of an
isolated DOC molecule was optimized at the semi-empirical level
using the AM1 Hamiltonian in MOPAC 2016 [51]. Then, these DOC
molecules were placed one by one around the circumference of a
SWCNT and each time partly relaxed at the molecular mechanics
OPLS level in HyperChem 7.52 [52] to ensure that the cholesterol
groups stacked at van der Waals distances from each other and
from the nanotube. For the geometry of the nanotube, standard
carbon-carbon distances of 1.421 Å were used. Atomic charges of
the DOC molecules used in the OPLS calculation were derived from
the AM1 calculation. The process of adding DOC molecules was
repeated until the entire circumference of the SWCNT was filled.
The final geometry was partly relaxed at the OPLS level to a root-
mean-square gradient of <0.0001 kcal/(Å mol). The geometry of
the flexible polar tails of the DOC molecules was not optimized in
the OPLS calculation (but it was in the preceding higher level AM1
calculation). The geometry of the SWCNT was also kept fixed.
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3. Results and discussion

For the systematic studies performed in this work, we start by
preparing a stock solution of SWCNTs synthesized by the high-
pressure CO-conversion method (HiPco) by dispersing the raw
SWCNTs in a 1% wt/V DOC solution in D2O through bath sonication
and magnetic stirring, followed by a centrifugation to obtain a so-
lution of well isolated SWCNTs (see methods section for complete
details). PEG and dextran stock solutions were prepared by adding
200 mg of PEG (resp. dextran) to 1 mL of D2O, here referred to as a
20% wt/V PEG and dextran solution. Similarly, DOC and SDS stock
solutions in D2O were prepared at different concentrations, e.g., 1%
wt/V DOC, 5% wt/V DOC, 10% wt/V SDS and 20% wt/V SDS etc. Note
that for simplicity, all concentrations in this work are calculated
with respect to the added volume of the liquid, and notwith respect
to the total volume (nor weight) of the resulting solution, the main
reason being the easy exchange of surfactant concentrations when
doing separations in H2O or D2O. Here, deuterated water was
chosen instead of H2O for its much better optical transparency in
the IR, allowing the full characterization of the resulting samples by
optical spectroscopy.

For each experiment, at least 20 different Eppendorf centrifuge
tubes were filled with a two-phase mixture of PEG and dextran (i.e.,
700 mL of the PEG and 300 mL of the dextran stock solutions). Based
on previous ATP sorting results [24,26,34,38], in the first experi-
ment we vary the concentration of SDS, while keeping the DOC
concentration constant at 0.0507% wt/V, closely matching the DOC
concentration typically used in literature for single-chirality sorting
of SWCNTs [24,26,34,38]. To this end, varying volumes of D2O and
the SDS surfactant stock solutions were added to the Eppendorf
tube (keeping the total volume constant) and mixed with PEG and
dextran using a vortex mixer. Finally, the same volume of the
SWCNT stock solution was added to each Eppendorf tube (see
Table S1 in the SI) and everything was again mixed with a vortex
mixer. Table S1 e S4 in the Supporting Information (SI) present the
variation of parameters and resulting surfactant concentrations.
After mixing, the samples were centrifuged for 10 min. at 5000 g
(Eppendorf microcentrifuge with fixed angle rotor) to speed up the
phase separation resulting in Fig. 1(a). The resulting bottom and top
phases were collected manually using a syringe. Each of these
fractions was further characterized using a combination of optical
absorption, resonant Raman scattering (RRS) with multiple exci-
tation wavelengths and wavelength-dependent IR fluorescence-
excitation (PLE) spectroscopy to determine the concentration of a
wide range of SWCNT chiralities in the resulting fractions.

3.1. Systematic ATP separation with 0.0507% wt/V DOC and a
varying SDS concentration

Fig. 1(a) presents a photograph of a discrete set of phase-
separated samples where the R# marks the approximate ratio of
the SDS versus DOC concentrations in each separated sample (e.g.,
R10 corresponds to a SDS/DOC ratio of 9.87). Starting from sample
R10 up to R42, it can be seen that the bottom phase becomes lighter
in color, indicating that SWCNTs migrate to the top phase. For
sample R0 however (i.e., no SDS added), it seems that most SWCNTs
are separated into the top phase. To verify this visual observation,
we can look at the absorption spectra of the different bottom and
top phases, where the SDS concentration is varied from 0 up to 2.1%
wt/V in steps of 0.1% wt/V while keeping the DOC concentration
fixed at 0.0507%wt/V. Fig.1(bec) presents the absorption spectra of
the bottom phases and Fig. 1(dee) of the top phases. Without
adding SDS (black curves in Fig. 1(b, d)) most SWCNTs indeed
separate into the top phase. As soon as very small aliquots of SDS
are added to the two-phase mixture and up to an SDS/DOC ratio of
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approximately 8, SWCNTs migrate to the bottom phase, and thus
disappear from the top phase (Fig. 1(b, d)). For higher SDS con-
centrations, SWCNTs start to migrate to the top phase again with
some chiralities moving at lower SDS concentrations than others
(Fig. 1(c, e)). Although not obtaining detailed chirality-dependent
information from these absorption spectra, several observations
can thus already be made. First of all, without adding SDS, and
using a DOC concentration of 0.0507% wt/V, most SWCNTs separate
into the less hydrophilic PEG-rich top phase indicating that the
surrounding surfactant layer is not sufficiently covering the
SWCNTs thereby the entire hybrid structure is less hydrophilic.
Note that DOC, being a bile salt surfactant, by itself shows a com-
plex aggregation mechanism, where the critical micelle formation
does not correspond to a discrete concentration but occurs over a
certain concentration range with first the formation of primary
micelles with low aggregation numbers (N ¼ 2), followed by sec-
ondary micelles, the latter forming tubular structures at sufficiently
high concentration [40]. A DOC concentration of 0.0507% wt/V is
well below the primary micelle formation of DOC in water at room
temperature (typically occurring at ~0.1% wt/V) and even more
below the formation of secondary micelles (typically occurring at
~0.3% wt/V). This shows that at the concentrations used, no DOC
micelles are present in the solution. On the other hand, SDS has a
critical micelle concentration of 0.2% wt/V [53], hence for SDS/DOC
ratios above 4, SDS micelles will be present in the solution.

When adding SDS, we can observe two different regimes. At
sufficiently low SDS concentrations, SWCNT-surfactant systems
become more hydrophilic when adding SDS, i.e., migrate to the
bottom phase, while at much higher SDS concentrations they
become less hydrophilic and hence separate back into the top
phase. The fact that SDS-covered SWCNTs are less hydrophilic
compared to DOC-covered SWCNTs was also previously confirmed
by Subbaiyan et al., who found SDS-solubilized SWCNTs to separate
always in the top phase, whatever the concentration of SDS in the
two-phase mixture [34]. To understand this better, we characterize
all samples inmore detail with PLE and RRS, monitoring the specific
chirality composition in each of the different phases (vide infra).

To describe the partitioning of a specific chirality with chiral
indices (n,m) in the two phases, we determine in each fraction the

relative partition coefficient Ktop
ðn;mÞ (resp. Kbottom

ðn;mÞ Þ and define it as

the intensity of the (n,m) chirality in the top (resp. bottom) phase
divided over the maximum intensity in that phase over the
measured surfactant concentration range. These relative PL and
Raman intensities are proportional to the varying SWCNT concen-
tration in the different samples, as long as the PL efficiencies and
Raman cross sections do not change between the different samples.
Before characterizing the samples by optical spectroscopy, each
bottom and top phase was therefore diluted by a factor of 2 with a
4% wt/V DOC solution to raise the final DOC concentration above 2%
wt/V. As such, changes in Raman cross sections and PL quantum
efficiencies due to a different surfactant surrounding can be avoi-
ded, because these high DOC concentrations replace all the SDS
molecules on the SWCNTwall, evidenced by the fact that we do not
observe any changes in peak positions and linewidths throughout
the different bottom and top phases.

Note also that throughout the entire series, we monitor that no
drastic change in the phase separation itself occurs (e.g., volumetric
changes, and composition of the phases), which might be the case,
for example, at too high surfactant concentrations. Since PEG,
dextran and the different surfactants have characteristic absorption
peaks in the IR range of the spectrum (see Fig. S1 in the SI) these
absorption peaks can be used to assess the relative concentration of
all components in the different samples and as such monitor that
the PEG/dextran ratio does not change e.g., when adding more



Fig. 1. Systematic ATP separation by varying the SDS concentration at a fixed DOC concentration of 0.0507% wt/V. (a) Selection of photographs of different SDS/DOC ratios showing
the redistribution of the CNTs among the two phases. The specific SDS/DOC ratio is indicated by the R# on the centrifuge tubes (e.g., R10 corresponding to an SDS/DOC ratio of 9.87).
(b,c) Absorption spectra of the top phases for varying SDS/DOC ratios showing first a decrease of concentration (panel b) and afterwards an increasing concentration (panel c) with
increasing SDS/DOC ratio. (d,e) Analogous absorption spectra for the corresponding bottom phases, showing first an increase and afterwards a decrease of SWCNT concentrations. (A
colour version of this figure can be viewed online.)
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surfactants. Note that the absorption spectra indicate that also the
surfactants do not distribute evenly between the two phases, and
e.g. the SDS concentration in the bottom phase can be up to a factor
of 6 lower compared to the assumed equal distribution of surfac-
tants amongst phases (see Fig. S1), which is very important to
realize when performingmulti-step separations inwhich each time
amimicking new top phase is added to extract other chiralities, as it
is difficult to keep track of the actual surfactant concentrations
[24,29,31,33].
Fig. 2. Selection of PLE maps of 4 bottom and 4 corresponding top phases at different SDS/
color scale) of bottom (resp. top) phases of the different SDS/DOC ratios can be directly comp
other PLE maps can be found in the SI. (A colour version of this figure can be viewed onlin
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Fig. 2 presents a set of selected PLE maps of bottom and top
phases for different SDS/DOC ratios (the complete series is pre-
sented in Figs. S2 and S3 in the SI). Similarly, as in the absorption
spectra, in the absence of SDS, some chiralities separate in the top
phase and some in the bottom phase. When adding slight amounts
of SDS, all SWCNTsmigrate to the bottom phase. At higher SDS/DOC
ratios, SWCNTs migrate to the top phase in a non-monotonous
manner with diameter. To analyze the migration of each chirality
in the different samples, we can extract the PL intensities of each
DOC ratios (indicated by the R# in the titles). Absolute intensities (represented by the
ared (but not between bottom and top phases due to the different dilution factors). All
e.)
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chirality by integrating the PLE maps over a discrete emission and
excitation wavelength range, as previously done in Ref. [44].
However, more accurate intensities can be obtained when fitting
the 2D PLE maps using our empirical 2D PLE fitting model
[31,48e50]. This fitting model is based on an accurate, empirical
description of the complicated excitation line shape associated
with both excitonic and band-to-band excitations as well as
phonon side bands for the SWCNTs and allows for fitting the exact
peak positions, linewidths and intensities for each of the chiral
species present in a particular PLE map. For fitting the series of PLE
maps, a simultaneous fit of all PLE maps from the bottom and top
phases was performed, in which SWCNT peak positions and line-
widths are optimized but shared for all the PLE maps, and only
intensities were allowed to vary between the different PLEmaps. As
such, muchmore accurate peak positions and linewidths for each of
the chiralities can be obtained, and amplitudes for each chirality in
each of the different PLE maps can be readily extracted. Typical fits
of a few PLE maps can be found in Fig. S4 in the SI, showing
excellent agreement between fit and experiment. After the peak
positions and linewidths are accurately determined, the intensity
(amplitudes of the PLE fits) of each SWCNT chirality is determined
by a simple linear regression and can be plotted for both the bottom
and top phase as a function of added SDS concentration (vide infra
Fig. 4).

PLE spectroscopy can unfortunately not be used to access the
smallest (and largest) diameter semiconducting SWCNTs as well as
the metallic SWCNTs present in the sample due to the too low (or
absent) emission from these chiralities. Therefore, in addition to the
PLE analysis, we also performed resonant Raman measurements at
different excitation wavelengths to extract data for 31 different
SWCNT chiralities (see Table S5 in the SI), focusing in particular on
the smallest diameters present in the samples (e.g., (5,3) and (7,2))
as well as on specific armchair SWCNTs ((6,6) and (7,7)) and other
metallic SWCNTs (e.g., (7,4), (8,5) and (9,3)). In addition, we also
measured several SWCNT chiralities that overlap with those ob-
tained from the PLE analysis, to cross-check the relative abundance
changes based on the PLE and RRS intensities.

Fig. 3 presents an example of Raman spectra of the bottom and
top phases excited at 725 nm, in resonance with (11,4), (8,7), (8,6)
(9,4) and (10,2) SWCNTs. Intensities for each of the chiralities as a
function of increasing SDS concentration were obtained by fitting
the Raman spectra with a sum of Lorentzians, with shared peak
positions and linewidths for all the spectra but varying intensities
(see methods for more details on the fitting model). All other
Raman spectra obtained at other excitation wavelengths (with
other SWCNTs in resonance) are presented in the SI Figs. S5eS19.
Note that the Raman spectra even allow us to also extract the
migration of empty (closed) and water-filled (opened) SWCNTs in
the two-phasemixture, due to their slightly shifted radial breathing
mode (RBM) vibrational frequencies [45,46,54]. Nevertheless, we
found that the difference between empty and water-filled SWCNT
migration is extremely small in these separations, and thus that
filling does not seem to have a significant impact on the separations
in this work. Moreover, for some chiralities the RBMs of empty and
water-filled SWCNTs are not sufficiently resolved to accurately
determine the fraction of empty and water-filled tubes in each
sample, and slight variations in the spectrometer calibration can
strongly change these relative intensities. Therefore, a RRS partition
coefficient curve of a particular chirality represents the much more
accurate sum of the corresponding curves of empty andwater-filled
SWCNTs.

Fig. 4 then presents the resulting intensity variations obtained
from both RRS (circles) and PLE (squares) for a selected set of
SWCNT chiralities, i.e., related to the relative partition coefficients
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Ktop
ðn;mÞ and Kbottom

ðn;mÞ , as a function of increasing SDS/DOC ratio, for the

SWCNTs in the bottom phase (shown in blue) and top phase
(denoted in orange). The full set of partition coefficient curves is
presented in the SI, Fig. S20. For each of the chiralities, the partition
coefficient curves cross each other at about half the intensity,
proving that when a SWCNT disappears in the bottom phase, it
directly appears in the top phase. Note also that the small scatter on
the data points of subsequent ATP separations, i.e., each data point
in Fig. 4 corresponding to a different single-step ATP separation,
shows the very high accuracy and reproducibility of these single-
step ATP separations. While the scatter between data points gives
us information on the reproducibility of the single-step ATP sepa-
rations, the error bars plotted on the individual data points give us
information on the accuracy of the intensity determination from
the different fitting routines for RRS and PLE (see methods section).
Our observations in absorption spectroscopy that without SDS,
some chiralities are already in the top phase, then move to the
bottom phase when SDS is added, and then move again to the top
phase when even more SDS is added, can be nicely seen for each of
the examples presented in Fig. 4. Indeed, the first data point in each
of the panels (i.e., 0% wt/V SDS) shows a significant intensity in the
top phase, while adding only 0.2% wt/V of SDS immediately shifts
all intensity to the bottom phase.

At much higher SDS concentrations, the SDSmolecules will start
to compete with the DOC molecules, partly replacing them and
thereby making the hybrid structure less hydrophilic, resulting in a
migration to the top phase. Note that previously it was indeed
found that SDS-covered SWCNTs always separate into the top
phase, and at sufficiently high concentrations DOC-covered
SWCNTs separate into the bottom phase [38], further supporting
the above hypothesis that once SDS molecules start to replace DOC
molecules, the SWCNTs move to the top phase. Most importantly,
the exchange of DOC with SDS molecules on the SWCNT surface,
occurs in a diameter-dependent manner, and thereby allows for a
diameter-dependent separation of SWCNTs with ATP. Similar
competition between another bile salt surfactant sodium cholate
and SDS was studied in references [55,56]: it was shown that at
high SDS concentrations bile salt micelles are penetrated by SDS
molecules, changing the SWCNT environment.

Since this first separation step at very low SDS concentrations,
moving all chiralities from top to bottom phase, seems to occur for
all the chiralities at a very low SDS concentration (i.e., in our ex-
periments occurring in the first SDS concentration step), this first
step is obviously not of interest for us from a chirality-sorting point
of view. Therefore, in the following we mainly focus on the
chirality-dependent phase changes at higher SDS concentration,
where SWCNTs move from bottom to top phase with increasing
SDS concentration. The resulting concentration variations in both
phases, as presented in Fig. 4, were therefore fitted (neglecting the
data point at 0% wt/V SDS) with an error function or a comple-
mentary error function to obtain the transition points, as well as the
steepness of the transition, defined as the standard deviation or
width s of the Gaussian distribution corresponding to the error
function (i.e., meaning that 68% of the transition occurs within this
concentration range). If available, RRS and PL partition coefficient
curves were fitted simultaneously for the same phase in order to
obtain the best values for the transition points for each chirality. In
some cases, if no experimental data point is present within the
transition, the position and, in particular, thewidth of the transition
is difficult to determine by means of a fit as the fit is under-
determined, resulting in vast errors on the position and the width
where such a transition takes place. In those cases, we estimated
the width as the widest visible boundaries of the transition curve
(i.e., the first points at a lower and a higher concentration than the



Fig. 3. Resonant Raman scattering of bottom and top phases measured as a function of SDS/DOC ratio excited at 725 nm displaying from left to right the (11,4), (8,7), (8,6) (9,4) and
(10,2) SWCNTs (denoted with dashed white lines). Experimental spectra are shown either as interpolated color maps (left panels) or individual and vertically shifted spectra (black
curves in the right panels). The resulting fits are shown also either as interpolated color maps (middle panels), or superimposed on the Raman spectra (right panels) with individual
components shown in green and total fits shown in red. (A colour version of this figure can be viewed online.)

Fig. 4. Normalized PL (squares) and Raman (circles) intensities (i.e., equal to Ktop
ðn;mÞ and Kbottom

ðn;mÞ ) for a selected set of SWCNT chiralities as a function of increasing SDS/DOC ratio
(while keeping the DOC concentration constant at 0.0507 % wt/V), in the top (orange) and bottom (blue) phases. The fit components (see main text) for the bottom and top phases
are shown with blue and yellow solid lines, respectively; their sums are shown in darker colors. Note that error bars on the data points are obtained directly from the fit of the
Raman/PLE maps but are typically smaller than the size of the marker symbols. The full set of data for 37 studied chiralities is presented in Fig. S20. (A colour version of this figure
can be viewed online.)
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transition).
It is worth noting that approximately two-thirds of all consid-

ered chiralities show only a one-step transition (like (10,6) in Fig. 4)
while the partition coefficient curves for the other chiralities show
more than one transition point, typically two (e.g., see (6,5), (11,1)
and (10,2) in Fig. 4). For 3 chiralities, we even observe 3 steps
((12,1), (12,6) and (13,4) in Fig. S20). Observing two steps for some
chiralities is not surprising, given that similar surfactant combi-
nations have been found to allow for sorting different enantiomers
from each other [27,31e33,57]. Indeed, the bile salt surfactant used
is a natural chiral surfactant, therefore only one of the two enan-
tiomers of the surfactant is present, that could wrap differently
around the two different SWCNT enantiomers, leading to a ‘better’
or ‘worse’ wrapping by DOC and thus, in our above model, a more
difficult or more easy replacement by SDS, respectively. Interest-
ingly, in most cases the two steps represent about 50% of the total
intensity, which is to be expected for a racemic mixture of both
enantiomers. A deviation from this 50% intensity could on the other
hand be originating from a different Raman or PL cross-section for
both (surfactant-wrapped) enantiomers and doesn't mean that the
specific SWCNT sample has a different concentration of the two
enantiomers.

While the origin of the two steps can be evidently ascribed to
the two enantiomers, the observation of a third step is less obvious.
Notably, this third step, if present, can always be found at an SDS/
DOC ratio higher than 23 (1.16% wt/V SDS concentration), it is broad
and low in its relative intensity. We assign it to a transition of
(small) bundles because the third step is clearly seen only in RRS
partition coefficient curves and (almost) absent in the PL ones, in
line with the expected quenching of PL for bundles. Therefore, we
only add this transition to our fitting model to fit the other tran-
sitions better, but they are not taken into account further on in the
text. Besides, it sometimes happens that, for a particular chirality, in
the PL partition coefficient curve only one transition is present
while the RRS curve shows two transitions. In that case, the second
transition that is clearly visible in RRS but (almost) absent in PL is
also attributed to bundles for the same reason described above (see,
for example, the second transitions of (7,5) and (7,6) in Fig. S20).
Naturally, such a transition is also used only for fitting purposes.

Furthermore, it is important to note that in all cases, relative PL
and RRS intensities of some transitions may be different for the
same chirality (like for (6,5) in Fig. 4, top phase) which can be a sign
of different PL and Raman cross-sections of the two enantiomers in
the different polymer environments.

Coming back to the two-step transitions, we notice that one step
is always steeper than the other (see, for example, the first broad
and second sharp step of (6,5) and the first sharp and second broad
step of (11,1) in Fig. 4). The difference in the widths of the two
transitions for the same chirality can also be explained by the fact
that DOC is a chiral and natural surfactant, with a semi-rigid
cholesterol building block as the apolar part that stacks in a very
ordered way on the SWCNT surface of the ‘best-fitting’ handedness,
leading to steeper transitions, while more irregular structures
logically lead to more inhomogeneous stacking configurations and
thus broader transitions for the enantiomers with opposite hand-
edness. Unfortunately, it is not always possible to resolve both
transitions well, and that is why for approximately half of the
studied chiralities we observe only one transition. Note that the
steeper a transition is, the more interesting it is for the separation
purpose (vide infra), although using only one transition out of two
does not allow to sort 100% of SWCNTs of a particular chirality,
drastically reducing the separation yield. Interestingly, (6,4) and
(12,2) SWCNTs (Fig. S20) clearly show a non-zero intensity in the
bottom phase at the highest SDS concentrations used, and the
second transition is therefore not yet reached, because the SDS
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concentration cannot be further increased without making the
SWCNT solubilization unstable [58]. However, since their transition
is far from those of other chiralities, one can easily separate them
from the other chiralities by moving all other chiralities to the top
phase, and keeping these chiralities in the bottom phase, as pre-
viously demonstrated in Ref. [34].

Finally, the results for transitions as a function of SWCNT
diameter (based on the bottom phase data) are summarized in
Fig. 6(a) (transitions based on the top phase data are presented in
Fig. S21, and numerical values of the transition points are presented
in Tables S6 and S7). To highlight both the accuracy of the deter-
mination of the transition point and the width of the transition,
each data point has two error bars associated to it. The colored,
solid line error bars represent the accuracy of the determination of
the transition point, which is obtained from the fit taking into ac-
count the experimentally obtained error on the individual data
points presented in Fig. 4. The grey dashed error bars, on the other
hand, represent the widths of the transitions, determined as the
standard deviations or linewidth of the corresponding Gaussians.
The steepest transitions (or the only one for those chiralities
showing only a single separation step) are shown with blue circles
and are the most important ones for developing future sorting
methodologies. All other transitions (if present) are denoted with
red squares. Surprisingly, an intriguing trend towards periodic
modulation (shownwith a dashed green line as a guide to the eye)
with two maxima at approximately 0.71 and 1.03 nm SWCNT
diameter can be clearly seen, which will be further investigated in
the next sections. In addition, Fig. S22 demonstrates that there is no
prominent dependence of partition coefficients on SWCNT chiral
angle that is in correspondence with previous gel chromatography
studies where it was found that DOC-based separations also occur
there in a diameter-dependent manner [59].

3.2. Variation of cosurfactants

Previously it was postulated that mainly the ratio of both sur-
factant concentrations (i.e., SDS/DOC ratio) determines the sepa-
ration outcomes, and consequently, that in principle the DOC
concentration could be changed when similarly changing the SDS
concentration to keep the ratio constant [26,34], but typically this
was difficult because of the above-mentioned upper limit for SDS
SWCNT solutions to be stable [58]. Indeed, first attempts by Fagan
et al. [26] showed that increasing the DOC concentration to ~0.1%
wt/V DOC and thereby also increasing the SDS concentrations could
result in a significant improvement in diameter resolution, in
particular for larger diameter SWCNTs. Increasing the DOC con-
centration would also have the advantage that the SWCNT con-
centrations in the separations can be increased, as typically
SWCNTs are first dispersed in 1% wt/V DOC and then diluted in the
subsequent ATP separations, which would drastically affect sepa-
ration yields. Note that 0.05% wt/V DOC is the lowest concentration
at which SWCNT solutions are stable [40,60]. In the framework of
our proposed model that is presented in Fig. 5, we started looking
for other cosurfactants than SDS that can better compete with the
DOC wrapping and thereby more quickly replace the DOC mole-
cules and induce phase transitions at much lower added cosur-
factant concentrations, which is useful as the needed low DOC
concentration and the corresponding high SDS concentrations are
limiting the yield of the separations.

The choice of this cosurfactant is based on two of its properties.
First, the surfactant needs to be capable of solubilizing the CNTs,
wherewe based ourselves on the extensive set of surfactants tested
in Ref. [39], and secondly, it needs to separate the CNTs in the top
phase in a one-surfactant ATP separation, so that it can compete
with the bile salt surfactant DOC and move CNTs from the bottom



Fig. 5. Schematic representation of the sorting mechanism when starting from a sufficiently low DOC concentration and systematically adding higher SDS concentrations. As an
example, the migration curves for the (11,1) chirality are shown on the left. (A colour version of this figure can be viewed online.)

Fig. 6. Transition points from bottom to top phase with increasing SDS concentration as determined from the bottom phase data for SWCNTs in SDS/DOC (at a fixed DOC con-
centration of 0.0507% wt/V) (a) and with increasing sodium dodecylbenzensulfonate (SDBS) concentration as determined from the bottom phase data for SWCNTs in SDBS/DOC (at a
fixed DOC concentration of 0.1% wt/V) (b) as a function of SWCNT diameter, obtained by fitting the PL and RRS intensities of the bottom phase with a complementary error function
(as presented in Fig. 4). Blue circles correspond to the transitions that are either the only one (for all the chiralities that show one transition) or the steepest one (for all the chiralities
that have two- or three-step transition curves). The second transition, if present, is shown with red squares. Blue and red solid-line error bars are 1s errors of the peak position fit.
Dashed grey error bars are the transition linewidths obtained from the fit procedure (defined as the standard deviation or width (s) of the corresponding Gaussians). If available,
RRS and PL partition coefficient curves were fitted simultaneously for the same phase to obtain the best values for the transition points. If it was difficult to determine parameters of
a transition (position, width) by means of fitting, e.g., in case no experimental data point was present in the transition and the fit gave vast errors due to an underdetermined fit, we
estimated the width of the transition from the nearest neighbor data points from the transition at lower and higher SDS/DOC ratio (corresponding points are shown with open
symbols). The green dashed curve is a line to guide the eye, showing a trend towards periodic modulation, while schematic illustrations in the upper part of the figure illustrate an
explanation of this trend. Note that for SDS/DOC the (6,4) and (12,2) SWCNTs have not fully transferred yet to the top phase at the highest SDS concentrations (respectively 50% and
20% of the maximum intensity left, see also Fig. S20). Similarly, for SDBS/DOC, the (6,4) SWCNT has not yet fully transferred (approx. 60% at the highest SDBS concentrations, see
Fig. S26). We therefore take the lowest possible concentration at which the transition takes place as the data point and extend the grey dashed lines to the highest concentrations
without showing an upper error bar. (A colour version of this figure can be viewed online.)
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phase to the top phase based on the partial exchange of the DOC
surfactant layer. In principle, one could expect that the better a
cosurfactant competes with DOC, the more DOC (and therefore CNT
solution) can be added to the two-phase system, as a result
increasing the separation yield. To this end, six other surfactants
were found to obey the above criterion that they separate CNTs into
the top phase, and were then compared to SDS, namely sodium
dodecylbenzensulfonate (SDBS), polyethylene glycol sorbitan
monostearate (TWEEN60), polyethylene glycol sorbitan mono-
oleate (TWEEN80), Polyoxyethylene octyl phenyl ether (TRITON
X100), Cetyltrimethylammonium bromide (CTAB) and sodium
dioctyl sulfosuccinate (DIOCT). We performed seven identical ATP
separations with a cosurfactant/DOC ratio of 10 and a DOC con-
centration of 0.05% wt/V. Fig. 7 shows the PLE maps of the bottom
and top phases for the different cosurfactants. While for SDS barely
any of the SWCNT chiralities have migrated to the top phase at this
cosurfactant/DOC ratio (see also Fig. 5), we find that for SDBS,
TWEEN60 and TRITON X100 all SWCNTs have migrated to the top
phase, showing these surfactants to be better competitors for DOC
than SDS. However, while the same concentrations of SWCNTs
were used in all separations, the absorption spectra of separations
with TWEEN60 indicate a lack of SWCNT transitions in top and
bottom phase, indicating that the SWCNTs have aggregated. Sec-
ondly, the PL intensity of SWCNTs with CTAB and TRITON X100 is
severely quenched with respect to the PL intensity for the SDBS
separations (note that in this case, we did not dilute to a 2% wt/V
DOC concentration for conducting the PLE experiments, to show
this effect). Also, by comparing the absorption spectra of these top
and bottom phases (see SI Fig. S23), the reason for the observed
quenching of the PL is most likely the interaction with the envi-
ronment for TRITON X100 and CTAB, as the concentration of iso-
lated tubes is very similar to the SDBS separations. Both CTAB,
DIOCT and TWEEN80 give intermediate competitionwith DOC, and
thus SDBS was chosen as a cosurfactant for further experiments
(possibly TRITON X100 would have been a similarly suitable co-
surfactant (based on absorption) but was not tried further in this
work because of the quenched PL). Note that the exceptional
competitive properties of SDBS have been previously studied in
combinations with other surfactants in Ref. [61].

We carried out two sets of systematic single-step ATP experi-
ments for the SDBS/DOC combination with varying SDBS concen-
trations, first using the same 0.05% wt/V concentration of DOC as
with SDS, and afterwards one where we deliberately increase the
DOC concentration to 0.1% wt/V, the concentration where primary
DOC micelles are starting to form [40]. Similar as previously, we
took PLE maps and Raman spectra of each of the fractions, fitted
Fig. 7. PLE maps of the bottom (lower row) and top (upper row) phases for the different
intensities in all bottom (top) phases can be directly compared to each other, while the PL in
dilutions in the two phases (the top phase having a larger volume than the bottom phase
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these experimental data to extract intensities as a function of SDBS
concentration in the different phases and defined the transition
points using the above-described methodology. The difference
between these two DOC concentration cases is illustrated in Fig. 8,
by plotting the partitioning in the bottom phase for a few repre-
sentative chiralities, while the overview of the transition points is
summarized in Fig. 6(b) and Fig. S24(a), as well as in Tables S8 and
S9 for 0.1% wt/V and 0.05% wt/V DOC concentration, respectively.
For 0.05% wt/V DOC concentration, we observe that SDBS competes
so stronglywith DOC that even adding the smallest aliquots of SDBS
(SDBS/DOC ratios lower than two) result in the first/only transition
to already take place, in agreement with the results in Fig. 7 that at
a ratio of 10 all CNTs have already moved to the top phase. The
transitions are usually extremely steep, and occur between two
measurement points, which makes them difficult to be accurately
fitted. The second, less steep transitions are present only for one-
third of the examined chiralities. Clearly, 0.05% wt/V DOC concen-
tration in combination with SDBS is not a suitable choice for sep-
arations as it would require the concentrations of SDBS to be
extremely accurately pipetted for the separations to match a spe-
cific transition point. Interestingly however, as it can be seen in
Fig. S24(a), the order of the chirality separation does show the same
trend as the one observed for SDS/DOC, with a very similar periodic
modulation depending on SWCNT diameter. Fortunately, when
increasing the DOC concentration to 0.1% wt/V, all transitions shift
to higher SDBS concentrations, while remaining highly resolved
(i.e., steep transitions as required for good separations) (Fig. 8).
Interestingly again, the trend towards periodic modulation is seen
again (Fig. 6(b)) also for this higher SDBS concentration, with
approximately the same position of themaxima (0.72 and 1.02 nm),
pointing to DOC being the origin of this periodic modulation.

To further clarify the role of DOC in the periodic modulation, we
also performed one additional systematic single-step ATP experi-
ment, in which only DOC without any cosurfactants was used. Its
results are summarized in Fig. S24(b) and Table S10, while different
types of partition coefficient curves are shown in Fig. S25. However,
in this case an additional complication appears. Half of the studied
chiralities demonstrate their first, steep transition at DOC concen-
trations below 0.04% wt/V (see (6,5), (7,5), (12,6) in Fig. S25). Then,
for approximately one-third of the considered chiralities, bundling
due to too low DOC concentration occurs before moving to another
phase that results in ‘unfinished’ partition coefficient curves like
the ones for (13,2) and (10,6) (Fig. S25) and very wide upper limits
for transitions, i.e., their exact positions cannot be determined since
a full transition has not occurred yet at the lowest DOC concen-
trations. Note that the 0.05% wt/V concentration at which most ATP
cosurfactants (SDS, SDBS, TWEEN60, TWEEN80, TRITON X100, CTAB, DIOCT). The PL
tensities between bottom and top phases are different due to the different volumetric
after phase separation). (A colour version of this figure can be viewed online.)



Fig. 8. Normalized PL (squares) and Raman (circles) intensities (i.e., Ktop
ðn;mÞ and Kbottom

ðn;mÞ ) for a selected set of SWCNT chiralities as a function of increasing SDBS/DOC ratio (bottom
phases). The individual fit components for the cases of 0.05% wt/V and 0.1% wt/V DOC concentrations are shown with yellow and blue solid lines, respectively; their sums (overall
fits) are shown in darker blue and orange respectively. Error bars on the Raman and PL intensities are not visible because they are typically smaller than the data symbols. (A colour
version of this figure can be viewed online.)

Fig. 9. Molecular model of the stacking of DOC around (6,4) (left) and (12,2) (right)
SWCNT chiralities, demonstrating a tightly fitting surfactant layer, with 7 and 8 DOC
molecules fitting around the circumference, respectively. (A colour version of this
figure can be viewed online.)
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separations so far have been conducted, is at the limit of having
most of the SWCNT chiralities residing in the bottom phase, and
thus increasing the DOC concentration for future experiments, by
using another cosurfactant, will drastically help in keeping the
SWCNT chiralities stable during the separations. Due to these
complications, it is very difficult to observe the diameter-
dependent modulation in these separations for DOC itself in
Fig. S24(b). Note that in this case, the ‘peaks’ in the modulation
curves (green dashed lines in Fig. 6) should correspond to ‘dips’ as
the separation is now different, i.e. in the previous case (with
cosurfactant/DOC combinations), the better-wrapped SWCNT chi-
ralities move to the top phase at higher cosurfactant concentrations
while here (with DOC alone) the SWCNT chiralities that are better
covered by the DOC molecules, will be the last ones to separate to
the top phase when reducing the DOC concentration. Indeed, when
looking to the red data points in Fig. S24(b), we observe a minimum
around 0.72 nm, similarly as for the SDS/DOC (00507% wt/V) and
SDBS/DOC (0.1% wt/V) separations presented in Fig. 6. The second
‘dip’ at about 1.02 nm is more difficult to observe, because all of the
chiralities above 0.96 nm show very wide and unfinished transi-
tions with DOC, thereby their exact transition points could not be
determined.

3.3. Origin of the periodic modulation

The above systematic characterizations with different co-
surfactants and without cosurfactants, point at DOC and its
chirality-dependent stacking on the SWCNT walls to determine the
separation order, while the competition with cosurfactants can be
used to enhance the differences between the different transition
points, i.e., ‘rescaling’ the observed periodic modulation pattern.
The latter statement is clearly illustrated by comparing the two
(most representative) data sets from this work in Fig. 6.

We have also compared our results with SDS/DOC transition
points reported by J. Fagan et al. [26,32], which were derived
empirically from subsequent ATP steps in a multi-step separation
methodology [26] and by surfactant exchange PL experiments [32]
(see Fig. S27). In that work [26], a monotonous, 1/diameter relation
was postulated with increasing SDS concentration, with a few
chiralities disobeying this 1/diameter trend. Although this seems
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contradictory to our findings, when plotting the literature transi-
tion points on top of our experimental data, they are in fact in
excellent agreement with our results. The main difference why the
periodic modulation was not found in previous work is the much
broader range of chiralities studied here, including in particular
smaller diameter chiralities, possible through the proposed sys-
tematic studies, pointing at a more complicated, periodically
modulated pattern.

So, the question that could be raised is why for SWCNTs with a
diameter of approximately 0.72 nm and 1.02 nm, the DOC mole-
cules wrap the SWCNTs more effectively, such that a higher
cosurfactant concentration is needed to separate those chiralities to
the top phase. To this endwe devised amolecular model, consisting
of a (6,4) and (12,2) chirality, with approximately those diameters,
surrounded by DOC molecules, which is presented in Fig. 9. First,
the geometry of the DOC molecules was optimized using the OPLS
force field [62,63] and atomic charges from a semi-empirical
calculation with the AM1 Hamiltonian [64] (see section 2.6 for
the details). Then, these optimized DOC molecules were placed
around the SWCNT, and the geometry partly relaxed using the OPLS
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force field, so that also the distance between the molecules and the
SWCNTs, and between the different molecules converged to their
equilibrium van der Waals distances.

The model shows that 7 DOC molecules precisely fit around the
circumference of a (6,4) SWCNT, while 8 DOC molecules fit tightly
around the (12,2) chirality, showing indeed that the two maxima
found in the transition points with diameter (Fig. 6) correspond to
those SWCNT diameters that correspond to a discrete number of
DOC molecules fitting exactly around their circumference. Inter-
mediate diameters result in holes in the DOC layer, and thus in a
more hydrophobic structure. These holes will be easily filled up by
the (less hydrophilic) cosurfactant, and the less perfect DOC
stacking will more easily allow for DOC to be replaced further by
the cosurfactant, resulting in SWCNT migration at lower added
cosurfactant concentrations.

Interestingly, note that similar diameter-dependent modula-
tions have been observed before in the density of sodium-cholate-
coated SWCNTs in density gradient ultracentrifugation experi-
ments [65,66]. However, those results cannot be directly compared
with the present work, because of the different surfactant and
much higher surfactant concentrations, and different diameter
range considered in those studies.

3.4. Application of these results to develop new sorting
methodologies

To develop new sorting methodologies based on the above re-
sults, the following procedure can be used. Typically, one can start
with a first separation where the chirality of interest is just sepa-
rated into the bottom phase, i.e., by selecting an SDS/SDBS con-
centration just below the transition point. The bottom phase can
then be collected. Then, in a second step, a mimicking top phase can
be added, of which the composition can be obtained by measuring
the top phase of the first step in absorption spectroscopy and
determining the concentrations of each of the components (PEG,
dextran and surfactants as presented in Fig. S1 in the SI), while the
SDS/SDBS concentration can be increased just above the transition
point, thereby moving only this one chirality to the top phase.

These results thus demonstrate that in order to separate a
specific chirality to the highest purity, its transition point needs to
be far from those of other chiralities and should preferably also be
very steep. The periodic modulation observed is thus essential for
the success of the separation, but also identifies only a few chiral-
ities that can be sorted to the highest precision (those with di-
ameters closely matching the ‘peaks’ of the periodic modulation).
In particular, our results explainwhy in previous work the (6,5) and
(6,4) SWCNTs could be particularly well separated [24]. Indeed, our
results indicate that this is possible due to the periodic diameter
modulation induced by DOC, which results in the transition point of
(6,4)/(6,5) chiralities at the highest cosurfactant concentrations,
sufficiently distinct from those of other chiralities. Thus, when
taking the above results into account, we can develop a two-step
sorting protocol that results in the purification of (6,5) SWCNTs
and compare the effect of using different cosurfactants (SDS or
SDBS) on the separation purity and yield.

We first compare the results for SDS/DOC (0.05% wt/V DOC) and
SDBS/DOC (0.1% wt/V DOC) when adding the same quantity of
SWCNT solution. When looking in Fig. 6(a), an SDS/DOC ratio of 29
results in most of the other chiralities separating in the top phase,
while (6,4), (6,5) and (11,3) separate in the bottom phase, and the
ideal ratio for SDBS/DOC (0.1% wt/V DOC) is found to be 12. The
exact quantities for the different separations can be found in
Table S11. First, all the surfactants and polymers are added together
and mixed, then the SWCNTs are added, and the suspension is
remixed after which a low-speed centrifugation is applied to
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accelerate the phase separation. Afterwards, the bottom phase is
collected, and an absorption spectrum of the top phase is acquired
to estimate the concentration of PEG and dextran in this top phase.
For both separations, the top phase was found to be composed of
13.66% wt/V PEG and 2.41% wt/V dextran.

Since the absorption spectrum of DOC is not sufficiently
distinctive for the low concentrations used, it is difficult to obtain
the exact concentration and therefore we assume an equal distri-
bution of DOC among bottom and top phase. On the other hand, it is
possible to estimate an upper limit for the concentration of SDS/
SDBS in the bottom phase after the first step, being 1.3% wt/V for
SDS and 0.8% wt/V for SDBS (with typical error of the estimation of
approximately 0.1% wt/V). To estimate this upper limit, we start
from the surfactant concentrations used in the separation assuming
equal distribution of the cosurfactants across both phases (i.e.,1.45%
wt/V and 1.2% wt/V for SDS and SDBS respectively) and subtract the
surfactant absorption spectra (with the concentration as a scaling
factor) from the absorption spectrum of the bottom phase, typically
resulting in negative absorption peaks in the bottom phase corre-
sponding to SDS/SDBS. Then, we reduce the SDS/SDBS concentra-
tion until the negative absorption peaks are no longer observed,
representing the above-mentioned upper limit of the concentra-
tion. Accordingly, the concentration of SDS/SDBS needs to be
increased in the mimicking top phase to reach the desired sepa-
ration concentration in the second step. The exact composition for
the mimicking top phase used in the second step is also provided in
Table S11, assuming a ratio of 175 mL from the mimicking top phase
and 75 mL of the bottom phase in the second step. For the SDS/DOC
separation, the top mimicking phase is made at an SDS/DOC ratio of
43.6, so that after mixing and before phase separation an SDS/DOC
ratio of approximately 38 is reached, such that the (6,5) chirality
moves to the top phase, and the (6,4) chirality remains in the
bottom phase. Similarly, for SDBS/DOC, the top mimicking phase is
made at an SDBS/DOC ratio of 18, so that after mixing and before
phase separation the SDBS/DOC ratio amounts to approximately 15.
Note that the data point for (6,4) marked in Fig. 6 is the lowest
estimation of the transition point (since (6,4) did not fully migrate
to the top phase within the measured cosurfactant concentration
range, see Fig. S26) such that at this SDBS/DOC ratio the (6,5) tube
moves completely to the top phase and a significant fraction of the
(6,4) chirality remains in the bottom phase. Both two-step sepa-
rations result in highly pure (6,5) SWCNT samples with similar
purity and yield, as exemplified in Fig.10(a) (absorption spectra, red
and blue curves) and Fig. 10(b) (PLE maps).

However, as the DOC concentration in the SDBS/DOC separation
is a factor of 2 higher, twice the amount of SWCNTs can be added to
the same 2-phase polymermixture, thereby allowing for enhancing
the overall yield/volume, without changing the purity of the sam-
ples. The absorption spectrum of such a separation is also shown in
Fig. 10(a) (black curve).

4. Conclusions

To conclude, we present a new systematic methodology to
investigate the effect of various parameters on the sorting of
SWCNTs by ATP. Themethodology consists of performing a series of
single-step ATP separations in which surfactant concentrations are
systematically varied one by one, while monitoring the migration
of each SWCNT chirality between the two phases using a combi-
nation of absorption, resonant Raman and PLE spectroscopy.
Importantly, in this manner, sorting information is obtained from
more than 30 different chiral structures spanning a diameter range
from 0.6 to 1.24 nm.We find a periodic modulation of the transition
points as a function of diameter and relate it to the structure-
specific and diameter-dependent stacking of sodium



Fig. 10. (a) Absorption of the two-step (6,5) separations using SDS/DOC (blue curve),
SDBS/DOC using the same quantity of SWCNTs (red curve), and SDBS/DOC with twice
the amount of SWCNTs added (black curve). (b) PLE maps of the SDS/DOC and SDBS/
DOC separations showing the high and very similar purity of the samples. (A colour
version of this figure can be viewed online.)
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deoxycholate, depending on how an integer number of molecules
fit around the circumference of the SWCNTs. For example, we found
that the diameter of (6,4) SWCNTs exactlymatches the stacking of 7
DOC molecules, while 8 DOC molecules fit around a (12,2) chirality.
Addition of cosurfactants aids in separating the different transition
points and as such allowing for a separation of individual chiralities.
The methodology is demonstrated for the separation of (6,5)
SWCNTs, resulting in higher yields per volume of the polymers
when using SDBS instead of SDS as a cosurfactant, where SDBS
outperforms SDS in view of competition with DOC.

Since these results indicate that the size of the bile salt surfac-
tant molecules determines which SWCNT diameters show a
distinct transition point and, as a result, can be efficiently sepa-
rated, future work thus requires this bile salt surfactant to be
altered to allow for other chiralities to be purified to the highest
purities in a two-step procedure. Also, the influence of other pa-
rameters, such as addition of salts, temperature and pH, can be
studied in the same systematic manner to allow for a future pre-
dictive sorting of specific SWCNT chiralities. Since the specific
stacking of surfactants around the SWCNT circumference will also
influence the density of the SWCNT-surfactant hybrids, and the
interaction of the SWCNT-surfactant hybrid with its environment,
we expect the results of this work to be broadly applicable to other
sorting methodologies as well, in particular, density gradient ul-
tracentrifugation [66] and gel chromatography [67].
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