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Abstract 

A significant advance in rate and precision of identifying the co-surfactant concentrations leading to 

differential extraction of specific single-wall carbon nanotube (SWCNT) species in aqueous two-polymer 

phase extraction experiments is reported.  These gains are achieved through continuous titration of co-

surfactant and other solution components during automated fluorescence measurements on SWCNT 

dispersions.  The resulting fluorescence versus concentration curves display intensity and wavelength 

shift transitions traceable to the nature of the adsorbed surfactant layer on specific SWCNT structures 

at the (n,m) species and enantiomer level at high resolution.  The increased precision and speed of the 

titration method resolve previously invisible complexity in the SWCNT fluorescence during the transition 

from one surfactant dominating the SWCNT interface to the other, offering insight into the fine details 

of the competitive exchange process.  For the first time, we additionally demonstrate that the 

competitive process of the surfactant switch is direction independent (reversible) and hysteresis-free; 

the latter data effectively specifies an upper bound for the time scale of the exchange process.  Titration 
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curves are compared to literature results and initial advanced parameter variation is conducted for 

previously unreasonable to investigate solution conditions. 
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1. Introduction 

Competitive binding of two or more surfactants in the presence or absence of multiple other 

solution components is the basis for several manners of single-wall carbon nanotube (SWCNT) species 

separation [1, 2], including density gradient ultracentrifugation [3, 4], gel chromatography [5, 6], and 

aqueous two-polymer phase extraction (ATPE) [7-9]. Originally developed for the separation of 

bioparticles [10, 11], ATPE leverages the spinodal decomposition of an aqueous solution of polymers 

into two phases, each with a differential affinity for the dispersed SWCNTs. In common ATPE separations, 

SWCNT species covered with an adsorbed layer of a bile salt surfactant are selectively partitioned to a 

dextran (DEX)-rich polymer phase, and SWCNT species with an adsorbed layer dominated by sodium 

dodecyl sulfate (SDS) partition to a polyethylene glycol (PEG)-rich polymer phase [12-14]. Each SWCNT 

species, and even enantiomeric handedness, has previously been found to display an abrupt shift in its 

dominant adsorbed surfactant at specific ratios of surfactant concentrations, which appears to be the 

underlying mechanism behind the selective SWCNT partitioning in ATPE [15, 16].  

Previous work has shown the optical properties of SWCNT species are strongly influenced by their 

surrounding environment [17-19], such as differences in the composition and packing structure of 

adsorbed surfactants on the SWCNT surface. For semiconducting SWCNT species, which fluoresce, both 

the emission peak intensity and location are dependent on the dominant surfactant, with bile salt 

covered SWCNTs generally displaying brighter fluorescence than the same SWCNTs covered by SDS [20, 

21]. Recently, we demonstrated the use of single-phase near-infrared (NIR) fluorescence measurements 

to monitor the emission intensity of various SWCNT species as a function of the SDS-bile salt surfactant 

ratio, enabling direct quantification of solution conditions that select for PEG-phase extraction of various 

(n,m) species without conducting physical ATPE separations, which we termed as partition coefficient 

change conditions (PCCCs) [22]. This methodology development enabled us to conduct faster 

quantitative evaluations of ATPE experimental parameters, such as temperature, polymer 

concentration, and surfactant chemistry, on these PCCCs for several (n,m) SWCNTs [16, 22], leading to 

improved understanding of the governing principles behind the ATPE method.  

While these reports yielded significant progress towards optimizing ATPE systems for isolation of 

individual (n,m) SWCNT species and their enantiomers, the phase space of possible systematic variations 

in ATPE separations is extremely large. Despite the recent improvements in measurement speed and 
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quantitation, it is still difficult to investigate the many possible variations in surfactant chemistry, 

combinations of surfactants, addition of components such as salts or oxidants, or other factors including 

pH and temperature, that might yield improved SWCNT separations [16, 23-28]. As such, there is a need 

for even faster and more precise approaches for screening different ATPE systems for SWCNT 

separations.  

In this contribution, we detail the development and evaluation of a new automated gradient 

titration method for determining SWCNT PCCCs via NIR fluorescence spectroscopy. By incorporating an 

automated titration system into our existing fluorescence monitoring methodology, we succeed in 

increasing both the measurement throughput and data resolution by over a factor of 5, while vastly 

reducing the quantity of SWCNT sample needed for experiments. While significant in of themselves, 

these measurement enhancements also reveal previously unseen fluorescence phenomena during the 

surfactant exchange process, with correlative probing of SWCNT-surfactant interactions. We additionally 

present results of initial screening of complex ATPE systems, such as multi-surfactant mixtures and 

monovalent electrolyte additions, demonstrating the ability to rapidly identify new ATPE mixtures that 

may better isolate difficult to separate (n,m) species and their handed enantiomers. This methodology 

advance has massive potential for accelerating SWCNT separations development and facilitating SWCNT 

technologies. 

 

2. Materials and Methods 

Certain equipment, instruments, software, or materials, commercial or non-commercial, are 

identified in this paper in order to specify the experimental procedure adequately. Such identification is 

not intended to imply recommendation or endorsement of any product or service by the National 

Institute of Standards and Technology (NIST), nor is it intended to imply that the materials or equipment 

identified are necessarily the best available for the purpose.  

The SWCNT populations utilized in this work were prepared similarly to those of previous reports 

[7-9]. In brief, samples were purified from tip sonication-based dispersions followed by liquid-phase 

processing of SWCNTs synthesized via the cobalt-molybdenum-catalyst (CoMoCat) synthesis method 

(CG400 grade, Chasm Nanotechnologies, USA) or high-pressure CO disproportiation (HiPCO) synthesis 

method (NoPo Nanotechnologies). Polyethylene glycol (PEG, 6 kDa) was acquired from Alfa Aesar. 
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Sodium dodecyl sulfate (SDS, BioXtra grade, ≥ 99 %), sodium deoxycholate (DOC, BioXtra ≥ 98 %), sodium 

cholate (SC, BioUltra, ≥ 99 %), and sodium thiocyanate (NaSCN, ACS Reagent, ≥ 98.0 %) were purchased 

from Sigma-Aldrich. Sodium chloride (NaCl, ACS Reagent grade, ≥ 99 %) was acquired from VWR. Cesium 

chloride (CsCl, 99.99 % metals basis) was acquired from Alfa Aesar. All salts, and PEG polymer and 

surfactant powders were used as received. Ultrapure water (18 MΩ·cm resistivity, Barnstead MicroPure, 

Thermo Scientific) was used in the preparation of all solutions.  

Briefly, SWCNT dispersions were formed by tip sonication (30 min, 93 % amplitude yielding  1 

W/mL, in an ice bath) of received soot at a concentration of 1 mg/mL in a solution of 20.0 g/L DOC in 

H2O.  Each dispersion was then subjected to a multistep purification series including centrifugation, rate-

zonal centrifugation and ATPE separation as described in prior work [29].  Stirred ultrafiltration cells 

(Millipore) were used to iteratively remove solution components (e.g., iodixanol, ATPE polymers) and to 

concentrate and exchange via back dilution the SWCNT populations into set surfactant solution 

concentrations such as to 10.0 g/L (1.0 % mass/volume) DOC. 

Absorbance spectra were measured on a Cary 5000 UV-visible-near infrared (UV-vis-NIR) 

absorbance spectrophotometer through a 1 mm path length cuvette 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), with multiple laser wavelength excitation capabilities [(404, 532, 637, 671, 

and 782) nm]. For fluorescence-titration experiments, stock SWCNT dispersions were diluted with 

appropriate additions of the polymer and co-surfactant solutions to reach the specified starting 

surfactant concentrations of each measurement.  A known volume (800 L) of SWCNT solution was then 

added to a water-jacketed 10 mm path length fluorescence cuvette (Firefly Science) and the titration 

apparatus and stirrer (Spectrocell) attached. The titration apparatus consists of a titrant-filled plastic 

syringe (BD) with Luer-Lok attached polyethylene tubing (Scientific Commodities) controlled by a syringe 

pump (Braintree Scientific). During measurements, the temperature of the sample within the instrument 

was controlled to (20.0 ± 0.2) °C using the water-jacketed cuvette attached to a temperature monitored 

water reservoir (PolyScience).  The flowrate from the reservoir through the cell as driven by a small pump 
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was measured at ≈ 100 mL/min and was verified to be sufficient to maintain the temperature of the 

liquid in the cell at the set point throughout all measurements.  Titration of the surfactant and other 

solution components was achieved using the syringe pump to add to the total volume of liquid in the 

sample cuvette at set rates; addition rates were set at 20 L/min unless otherwise specified.  A maximum 

titrant volume addition equal to the starting dispersion volume (800 L) was used to maintain a constant 

final dilution factor of 2. Each titrant solution was constructed to maintain all other solution components 

at constant concentration during titration, e.g., fixed bile salt and polymer concentration. Typical values 

unless otherwise specified were 0.5 g/L (0.05 %) DOC, and 35 g/L (3.5 %) 6 kDa PEG; these conditions will 

be referred to in the text as “standard conditions”. Our previous work has shown that using this 6 kDa 

PEG concentration in fluorescence measurements resulted in very strong agreement to the PCCCs from 

physical ATPE separations under typical conditions, which is thought to be the PEG concentration 

experienced by SWCNTs residing in the DEX phase immediately before partitioning to the PEG layer in 

the overall ATPE microphase separation [16, 22]. A new syringe was used for each titrant and the titration 

tubing was flushed several times with water when preparing a new titrant for experiments. The cuvette 

was likewise rinsed with water several times between each titration experiment. Several experiments 

were conducted during method development and validation (data not shown) to determine apparatus 

assembly and equipment settings to ensure sufficient solution mixing during titrant addition. A diagram 

of the titration apparatus setup, with an accompanying picture of the actual cuvette assembly, is shown 

below in Figure 1. 
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Figure 1. A) Schematic of the automated gradient titration setup housed within the fluorescence 
spectrophotometer. A stirrer provides rapid mixing of the SWCNT solution during titrant addition, while 
a temperature bath sets and maintains a fixed solution temperature. Fluorescence is measured in a front 
face collection geometry. B) Photograph of the actual cuvette assembly, with titrant inlet, stirrer, and 
water jacket temperature control lines noted. 
  

NIR fluorescence detection acquisitions were set at 3 × 250 ms, with the SWCNT concentration 

set to be sufficiently low to limit detector counts to within the linear range of the NIR detector array 
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under all conditions. Unless otherwise noted, automated acquisition of fluorescence data was set to be 

acquired every 9.6 s during the titration, which when combined with the titrant addition rate (20 

L/min), means that 3.2 L of titrant is added between each data point under typical experiment 

conditions. The peak fluorescence emission wavelength depends on the SWCNT species and were ≈ 

1032.5 nm for (7,5) and ≈ 1125 nm for (8,4). Given that the (7,5) was the primary species in the sample, 

637 nm excitation data was used for all data plots. The observed intensity at each timepoint was linearly 

corrected for the simultaneously recorded laser power and the dilution factor of the nanotube 

concentration due to the known added titrant volume; after point corrections were applied, the entire 

data set is then scaled by the maximum observed intensity (= 10, Arb. Units) for the data set, which 

typically resulted from the (7,5) signal (≈ 1032.5 nm). The resultant data are generally shown as scaled 

fluorescence intensity versus SDS concentration plots at the wavelength of peak E11 emission for each 

respective (n,m) species.   

Finite-width Heaviside functions were fit to the fluorescence intensity versus SDS concentration 

data to extract the PCCCs reported in the text and Tables S1-S3. The Heaviside fitting formula was taken 

from Agrawal et al. [30] and is shown in Equation 1. 

𝐼(𝑐𝑆𝐷𝑆) =
𝐼1+𝐼3

2
+ |

𝐼1−𝐼2

2
| 𝑒𝑟𝑓 (

𝑃𝐶𝐶𝐶1−𝑐𝑆𝐷𝑆

𝑤𝑖𝑑𝑡ℎ1
) + |

𝐼2−𝐼3

2
| 𝑒𝑟𝑓 (

𝑃𝐶𝐶𝐶2−𝑐𝑆𝐷𝑆

𝑤𝑖𝑑𝑡ℎ2
)  (1) 

In Equation 1, cSDS is the concentration of SDS, I(cSDS) is the observed fluorescence intensity, and I1, I2, I3, 

are the intensity of the initial plateau, intermediate plateau, and final plateau, respectively; PCCC i and 

widthi are the partition coefficient change concentration (PCCC) and width of the ith observed transition. 

For consistency with the separations literature, all PCCCs throughout the text are presented as 

mass/volume percentage of SDS in solution unless otherwise stated. 

To better illustrate emission wavelength shifting due to surfactant binding effects, the 

fluorescence data are sometimes also shown as SDS concentration versus E11 fluorescence emission 

wavelength 2D contour plots, where the z-scale is the scaled fluorescence intensity. In these contour 

plots, the labeled dashed lines represent the wavelengths of peak E11 emission for the noted (n,m) 

species under the standard conditions [≈ 1032.5 nm for (7,5), ≈ 1125 nm for (8,4)] with peak-shifting due 

to 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. 
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3. Results and Discussion 

 
3.1 Optical Characterization of the (7,5)/(8,4)-enriched SWCNT Sample 

 
Representative absorbance and fluorescence spectra of the (7,5)/(8,4)-enriched parent 

dispersion in 10.0 g/L DOC are presented in Figures 2A and 2B, respectively.  Through absorbance 

measurements, the sample displays the characteristics of a high quality SWCNT dispersion [31], featuring 

sharp optical transitions and a large ratio of peak to background absorbance, as seen in previous reports 

[29, 32, 33]. Fluorescence data likewise result in strong emissions assignable to specific (n,m) species 

under excitation [34]. The feature sizes are different between the two techniques due to differences in 

the fluorescence cross-section of each (n,m) species at the chosen excitation wavelength (637 nm) [35].   

Additional spectroscopic characterizations, namely 2D excitation-emission contour and circular 

dichroism (CD) data plots, for the sample are reported in Figures S1 and S2.  Although multiple SWCNT 

species are present in the sample, presented fluorescence results will focus on the ≈ 1035 nm emission 

from the (7,5) species to simplify the presentation of data and discussion of experimental variables. The 

presence of other (n,m) SWCNTs are included by design, and utilized in later figures to demonstrate 

differential behavior due to the inclusion of additional solution components, and the capacity of the 

fluorescence-based method for multiplexed measurements.  

 
Figure 2. A) Absorbance spectra of the (7,5)/(8,4)-rich parent dispersion as measured in 10.0 g/L DOC.  
B) Fluorescence emission for dilute aliquots of the (7,5)/(8,4) rich parent dispersion at 637 nm excitation.  
 

 

3.2 Validation of the Automated Gradient Titration Method 
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In our previous contributions [16, 22, 36], we monitored the fluorescence intensities of 

individually prepared SWCNT solutions with increasing SDS concentrations (at fixed 0.5 g/L (0.05 %) DOC 

and 35 g/L (3.5 %) 6 kDa PEG concentrations, hereafter referred to as “standard conditions”) in a point-

by-point manner. Representative (7,5) SWCNT fluorescence intensity data from the (7,5)/(8,4) sample 

using this approach is shown in Figure 3 (black diamonds). Increasing the SDS concentration (left to right) 

results in two distinct fluorescence intensity decreases, which represent the PCCCs for the two 

enantiomers of the (7,5) SWCNT under the experimental conditions; the naming convention is that the 

left-handed twist is the (7,5) and right-handed twist is the (5,7) [sometimes termed (12, -5)] respectively 

[37]. Although our previous approach offered quantitation for these PCCCs, improved precision in the 

determination of the PCCC values is of importance for situations where the PCCCs only vary by a small 

amount, such as enantiomeric pairs of certain (n,m)s [(7,6) for example], or where multiple species 

feature intertwined PCCCs (such as (7,5) and (8,4) as discussed further below).  

To illustrate the improved resolution enabled by the developed automated gradient titration 

method, especially near the PCCC transition region, a gradient titration data set at the same standard 

conditions is also shown in Figure 3 (blue circles). That the new method provides a substantial increase 

in data density and hence, resolution is immediately apparent. Both PCCC transition regions are now 

covered by at least 7 data points (versus 1 before), facilitating a more accurate and precise quantitation 

of the PCCC values. These were calculated to be ≈ 0.688 % SDS and ≈ 0.747 % SDS for the two (7,5) 

enantiomers (denoted by dotted lines), which agree very well with previous literature results (Figure S3) 

[9, 16, 22, 23, 38]. As such, for the remainder of the text, we now simply display the individualized data 

points from the automated gradient titration method, with the Heaviside function used as a determinant 

of the PCCC values rather than included on top of the plotted data. The automated method also allows 

us to probe potential directionality-dependence in the transition in surfactant coverage at the PCCC 

point by reversing the direction of the gradient titration, i.e., by titrating from greater SDS to lesser SDS 

concentration. We can now show, for the first time, that the surfactant exchange process is independent 

of direction and is free of hysteresis within, thus highlighting the consistent thermodynamics and kinetics 

of the surfactant competition (Figure 3, red squares). This observation further supports the proposed 

simple competitive surfactant adsorption mechanism as the underlying principle driving ATPE 

separations [15]. 
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Figure 3. Fluorescence intensity of the (7,5) SWCNT for different experimental method variations as a 
function of the SDS concentration at a constant concentration of 35 g/L (3.5 %) PEG, and 0.5 g/L (0.05 %) 
DOC at 20.0 °C using the automated gradient titration setup. The fluorescence intensity curves overlap 
and yield the same PCCC values regardless of the titration direction: increasing SDS concentration 
(forward, blue circles) or decreasing SDS concentration (reverse, red squares). Data points from 
individually prepared solutions (black diamonds) are shown to illustrate the vast improvement in data 
density and resolution gained from the automated gradient titration method. 

 

The increased data density and resolution of the automated gradient titration method not only 

enables more accurate determinations of the SWCNT (n,m) PCCCs, but also allows for the observation 

of previously unseen phenomena during the surfactant exchange process. Shown again in Figure 4a is a 

representative fluorescence intensity plot of the (7,5) SWCNTs as a function of SDS concentration under 

the standard conditions. With the automated method’s increased resolution, we can now observe slight 

secondary inflections (denoted by the arrows in Figure 4a) where the rate of fluorescence intensity 

decreases deviates. Fascinatingly, these secondary inflections correlate with the calculated PCCC values 

at the exact midpoints of the transitions. This observation suggests that at the secondary inflection 

points during the transitions, there is a perturbation in the SWCNT-surfactant interaction, possibly 

attributable to rearrangement on the nanotube surface. To probe this anticipated perturbation in the 

surfactant shell, we now compare fluorescence spectra at five key points (shown in Figure 4b) during the 
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titration process: 1) the DOC-dominant region prior to the 1st PCCC (black); 2) the secondary inflection 

point during the 1st PCCC transition (blue); 3) the “plateau” in-between the two PCCCs (purple); 4) the 

secondary inflection point during the 2nd PCCC transition (red); 5) the SDS-dominant state region after 

the two PCCCs (orange).  

Starting with the 1st region where DOC covers both (7,5) enantiomers, the fluorescence intensity 

is near the relative maximum (≈ 9.7, arb. units), with an emission wavelength of ≈ 1032.5 nm (noted in 

Figure 4b by the dotted line). At the 1st PCCC secondary inflection, the fluorescence intensity has 

decreased (≈ 8.0, arb. units), but the emission wavelength has now red-shifted ≈ 1.0 nm to ≈ 1033.5 nm. 

By the third region in between the two PCCS, the fluorescence intensity has slightly decreased (≈ 7.2, 

arb. units), with the emission wavelength now settled at ≈ 1034.5 nm, a net ≈ 2.0 red-shift relative to the 

initial value. At the 2nd PCCC secondary inflection, the emission wavelength now blue-shifts ≈ 1.0 nm 

back to ≈ 1033.5 nm with a correlated sharper intensity decrease (≈ 4.9, arb. units). Finally, in the SDS 

dominated region, the emission intensity is lower (≈ 3.7, arb. units) with an additional ≈ 1.0 nm blue-

shift back to the initial ≈ 1032.5 nm emission wavelength. The corresponding full SDS concentration 

versus fluorescence emission wavelength 2D contour plot is shown in the SI (Figure S4). 

 

   
Figure 4. A) Fluorescence intensity of the (7,5) SWCNT as a function of SDS concentration at a constant 
6 kDa PEG concentration of 35 g/L and constant 0.5 g/L DOC concentration at 20.0 °C. The color 
highlighted regions correspond to the B) fluorescence spectra of the sample taken at various points 
during the titration experiment. Note the presence of secondary inflections within the primary PCCC 
transitions in panel A and the shifting of the (7,5) emission wavelength during the titration experiment 
in panel B; the dotted line in panel B is at 1032.5 nm. 
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As shown in our previous contributions [16, 22] and elsewhere [17, 20, 21], replacing the initial 

SWCNT surface coating with a different surfactant can change not just the observed intensity (with which 

the PCCCs correlate), but can also shift the observed wavelength of fluorescence emission from the same 

(n,m) species. However, it is also known that the two enantiomers of the same (n,m) species can 

experience differences in their binding interactions with surfactants when those surfactants are also 

chiral [39-41], such as DOC (and other bile salt surfactants). In our experiments here, the observed 

fluorescence emission wavelengths were consistent at concentration regions in which both (7,5) 

enantiomers were expected to be dominated by either DOC (low SDS) or SDS (high SDS) coverage, with 

wavelength shifting only observable over the transition regions. This suggests the primary phenomena 

behind the wavelength shifting is the enantiomer-dependent differential binding of the surfactants, 

particularly the chiral DOC that (in typical experiments) initially covers the SWCNT-solution interface. 

With the knowledge that the 1st PCCC is assignable to the (7,5) enantiomer, we can assert that in the 

“plateau” region after the 1st PCCC point, the primarily DOC-covered (5,7) enantiomer is the greater 

contributor to the fluorescence signal, with the (7,5) enantiomer covered primarily by SDS and having 

relatively lesser fluorescence. However, the surfactant coating identity effect would presumably still 

contribute. 

We also tested the robustness of the automated gradient titration method by varying the 

measurement and titration rates of the experiments. As described in the Methods section, under typical 

conditions, the titration rate is 20 µL/min with 9.6 s intervals in data acquisition, resulting in 3.2 µL of 

titrant addition between each data point. To probe any kinetic effects in the experiment, we tested 

increased measurement rates (i.e., once per 4.8 s, 2.4 s, 1.2 s), with correlated increased titration rates 

(40 µL/min, 80 µL/min, 160 µL/min); note that in each case the titrant addition between points is the 

same, 3.2 µL. We compared these increased rate experiments, noted in Figure 5a as 2x, 4x, or 8x 

measurement rates to the typical conditions (noted as standard rate) for a representative experiment 

with the same experimental conditions and overall concentration gradient. As seen in Figure 5a, the 

agreement between all four conditions is practically quantitative, with only minor deviations seen in 

even the 8x rate experiment. These results demonstrate that the solution is sufficiently well mixed on 

the standard measurement time scale, while additionally serving to highlight the repeatability of the 

experiments and the possibility of increasing the experimental throughput beyond what is primarily 
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reported in this contribution. Being able to run the automated method even quicker will likely be 

important for accurate testing of kinetically sensitive effects, such as manipulation of the redox 

environment [15, 27]. 

 

  

Figure 5. A) Fluorescence intensities of the (7,5) SWCNT as functions of SDS 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 using the 
automated gradient titration setup. The fluorescence intensity curves overlap irrespective of 
measurement/titration rate. B) Fluorescence intensities of the (7,5) SWCNTs at constant DOC 
concentration of 0.5 g/L (0.05 %), in the absence of 6 kDa PEG, as a function of SDS concentration using 
the automated gradient titration setup at 20.0 °C. Note the reduced PCCCs in the absence of PEG. 

 

Another benefit of the new automated titration method and its additional resolution is a much-

improved applicability to thermodynamic analysis of the binding affinities of competing surfactants in 

solution. For most (n,m) species, resolution of such competitive binding was indeterminable within the 

previous point by point method experimental uncertainty for measurements in the absence of PEG [22]. 

Shown in Figure 5b is data from the automated method in the absence of PEG, in which the PCCCs of the 

two (7,5) enantiomers occur at significantly reduced (compared to standard conditions) SDS 

concentration. Although close together, distinct signals contributed from both (7,5) enantiomers are 

observed by the gradient method. This increased resolution should enable comparisons to and 

expansions of previous literature reports, since the DOC versus SDS system has been modelled by two-

component isotherm models such as the Hill equation [39, 40, 42]. Although beyond the scope of this 

contribution, we anticipate forthcoming results to directly model the DOC/SDS surfactant pair 

competition for multiple (n,m) SWCNTs with resolution of their handed enantiomers.   
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It is also important to note of this methodology that the large degree of dilution possible for 

fluorescence experiments, combined with composition control of the titrant solution, enables either 

type of experiment described above to be trivially conducted in a D2O solution environment if desired.  

Utilizing a D2O environment improves observation of emission from larger diameter SWCNTs, and 

enables measurement of those (n,m) species emitting at wavelengths ≤ 1600 nm in our instrument.  An 

example of an experiment conducted on a sample of such species is shown in the Supplemental 

Information as Figure S5. 

 

3.3 Evaluation of ATPE Parameters via the Automated Gradient Titration Method 
 
The dramatic increase in measurement speed and data density enabled by the automated 

gradient titration method most directly facilitates more efficient screening of ATPE parameters, 

especially combinations that would be very laborious to explore with physical separations. To 

demonstrate the automated methodology’s capacity to screen the vast phase space of ATPE 

preparations more efficiently, we herein report initial studies on various three-component (DOC, SDS, 

3rd component) systems to evaluate advanced parameter effects on SWCNT PCCCs.  These experiments 

are chosen to demonstrate the potential of the new methodology for rapid screening and new 

exploration rather than intended as complete studies. 

Due to the large phase space of potential ratios of combination, few studies have systematically 

explored three-surfactant competition systems for ATPE.  One that has seen development consists of 

SDS, DOC, and the tri-hydroxy bile salt sodium cholate (SC) [25, 28, 36, 37, 43], this system has shown 

promise for improved separation of similar diameter SWCNT species and improved resolution of left- 

and right-hand twist enantiomers of some single species [(n,m) vs. (m,n)]. Figure 6 shows an example of 

screening the effects of adding a constant SC concentration to the DOC/SDS system in comparison to the 

standard condition run; titration curves are shown for both the (7,5) and the (8,4) species (blue circles 

and purple squares, respectively). It is immediately apparent that the addition of 9 g/L (0.9 %) SC 

significantly changes the SWCNT-surfactant interactions, as illustrated by the very different curve shapes 

and PCCC values for both species and their enantiomers (Figure 6, green triangles, and magenta 

diamonds, respectively). Changes to the SWCNT-surfactant interface perturbation are also illustrated by 

shifts in the emission wavelengths during the titration compared to the standard conditions (Figure S6). 
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Importantly, divergent behavior is observed for the shifts in the PCCCs of the two (n,m)s. Both (7,5) 

enantiomers shift to requiring higher SDS concentrations, with the magnitude of this shift varying for the 

two enantiomers, while the PCCCs for the (8,4) enantiomers are shifted to requiring lower SDS 

concentrations. In addition, the (8,4) curve also has a third fluorescence decrease (at ≈ 0.78 % SDS); we 

believe this transition is contributed by the small fraction of (7,6) or (9,4) SWCNTs in the sample. These 

species both have E11 emission wavelengths near that of the (8,4) (Figure S1). While we do not focus on 

it in this contribution, spectral deconvolution of fluorescence signals from mixed species populations is 

a goal of our future efforts. 

 

Figure 6. Fluorescence intensities of the (7,5) and (8,4) SWCNTs as functions of SDS concentration in the 
absence (blue circles and purple squares respectively) and presence (green triangles and magenta 
diamonds) of 9 g/L SC 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. Importantly for separations, the addition of SC shifts the (7,5) PCCCs 
to higher SDS concentrations, while shifting the (8,4) PCCCs to lower SDS concentrations. PCCCs from 
Heaviside fitting are listed in Table S2. 

 

It is well-known that SWCNT-bile salt interactions depend on several complicating factors; most 

importantly for the (7,5)/(8,4) sample discussed here, diameter and chiral angle [44]. While the (7,5) has 

a slightly narrower diameter than the (8,4), it features a larger chiral angle; these offsetting traits are 

illustrated in the empirical difficulty in separating the two species from each other (and supported by 
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their intermingled PCCC values as seen in Figure 6). However, the addition of SC resulted in a significant 

decrease in the (8,4) PCCCs concurrent with a slight increase in the (7,5) PCCCs, presumably yielding an 

overall ease of separating the two species using the three-surfactant DOC/SC/SDS mixture versus a two-

surfactant mixture of SDS with either bile salt. Ascertaining the underlying physicochemical principles 

behind this effect is beyond the scope of this work, but a significant improvement in chirality sorting with 

such a three-surfactant system was also seen in work by Li et al., who used a DOC/SC/SDS mixture (of 

differing absolute concentrations) to isolate multiple species of SWCNTs with larger diameters than 

described here [25, 28]. As stated in those works, and discussed elsewhere [16, 36, 38], this improvement 

is thought to be dependent on the differences in surfactant coating owning to the slight structural 

differences between DOC and SC, namely the presence of the 7α hydroxy in SC affecting the bile salt 

electrostatics with further impacts on packing densities and thus susceptibility to replacement by SDS. 

While DOC is thought to be a stronger contributor to diameter-based sorting, SC is thought to have a 

greater sensitivity to chiral angle and enantiomeric handedness. However, when the two bile salts are 

used in tandem, the various influencing properties make it currently difficult to rank these competing 

preferences, As summarized in Li et al., ATPE separations of SWCNTs are extremely sensitive to subtle 

differences in surfactant coatings [28]. It is even possible from the intensity signal information only in 

this experiment that the order of (5,7) and (7,5) transition changed; other experiments have not found 

this to be the case for the (7,5) species with SC addition, but the possibility should be appreciated in 

performing broad surfactant combination and concentration phase space explorations.  The preliminary 

data presented here represents an initial step toward a large enough data set to evaluate these complex 

interactions within these multi-surfactant ATPE systems, facilitating improved separations of different 

groups of (n,m) species. Such evaluations are ongoing and will be described in future contributions. 

Another, almost completely unexplored, axis for modulating an ATPE system is the addition of an 

electrolyte component, such as NaCl [29, 45, 46]. Shown in Figure 7 are fluorescence intensity plots of 

the (7,5) as a function of SDS concentration under the standard conditions but increasing the 

concentration of NaCl. In the different runs, as the NaCl concentrations is increased, the PCCC values 

decrease. It was previously stated in Subbaiyan et al. that increasing the NaCl concentration in the ATPE 

system created a more favorable environment for SDS to compete with DOC [46] and our results agree 

with that observation. Notably, even though the absolute PCCC values decreased with increased NaCl 
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concentration, the presence of NaCl had no observable effect on the fluorescence emission wavelength 

of the (7,5) (Figure S7). This suggests that the addition of up to 50 mmol/L NaCl has no significant impact 

on terminal behavior of surfactant adsorption to the SWCNT surface, for either DOC or SDS. This 

compares very well with previous results from Duque et al., which noted no changes to DOC adsorption 

on SWCNTs at concentrations up to 40 mmol/L NaCl (with the DOC concentration held constant) [47]. 

Our observations are also consistent with Lam et al., which used analytical ultracentrifugation to 

determine that the anhydrous density of DOC-coated (7,6) SWCNTs in the presence of increased NaCl 

concentrations was constant at least up to 50 mmol/L NaCl; that observation implied that the SWCNT-

DOC interactions were constant regardless of NaCl content [29].  

As for why the PCCC values decrease, one hypothesis is that it could be coupled to the reduction 

in hydration shell thickness with ionic strength also previously measured for DOC coated SWCNTs by Lam 

et al.  [3, 29]  For SWCNTs, this shell is defined primarily by the bound layer of surfactant and its counter-

ion cloud and is sufficiently structured by the electrostatic potential to exclude uncharged molecules, 

such as iodixanol used in the Lam et al. measurements, from approaching the SWCNT surface. Within 

the ATPE system, an increasingly shrunken hydration shell with increasing NaCl concentration would 

presumably allow for greater permeability of the anionic dodecyl sulfate groups to the SWCNT surface, 

potentially explaining the observed decrease in PCCCs. 
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Figure 7.  Fluorescence intensities of the (7,5) SWCNT as functions of SDS concentration for different 
concentrations of NaCl in the dispersion with a constant 6 kDa PEG concentration of 35 g/L and constant 
DOC concentration of 0.5 g/L at 20.0 °C. The amount of SDS necessary to change from a DOC-dominated 
interface to an SDS dominated interface decreases with increasing concentration of NaCl in solution. 
PCCCs from Heaviside fitting are listed in Table S3. 

 

Having demonstrated the effects of salt concentration, it is an immediate and obvious question 

as to whether the specific anions and cations comprising any given electrolyte are observed to affect the 

PCCC values. Such a question is the focus of Figure 8, which shows a direct effect of the cation choice, 

and a lesser effect of anion choice for the shown traces; additional ongoing work beyond the scope of 

this contribution mostly follows such a trend, albeit with exceptions. In Figure 8 the fluorescence 

intensity is plotted for the (7,5) as a function of SDS concentration under the standard conditions, but 

with the inclusion of 25 mmol/L concentrations of other monovalent electrolytes (NaSCN and CsCl). The 

immediate observation is that the PCCCs of the NaSCN system is very similar to that of NaCl, while the 

PCCCs of the CsCl mixture are notably decreased compared to the NaCl mixture. Neither NaSCN nor CsCl 

appear to impact the fluorescence emission wavelength of the (7,5), a similar result as the NaCl 

experiments (Figure S8). That the presence of the salts doesn’t cause a fluorescence shift may imply that 

the specific ion has little separate effect on the SWCNT-surfactant interaction, however, the differing 

0.4 0.5 0.6 0.7 0.8
1

2

3

4

5

6

7

8

9

10

11

SDS Concentration (%)

In
te

n
s

it
y

  
(A

rb
. 

U
n

it
s
)

(7,5) - Standard

(7,5) - 50 mmol/L NaCl

(7,5) - 25 mmol/L NaCl

(7,5) - 10 mmol/L NaCl



   
 

20 
 

PCCC values and differences in fluorescence intensities during the titration suggest that there are 

surfactant-solution effects correlated with the identity and concentration of ions in the mixture. 

 

  

  
Figure 8.  Fluorescence intensities of the (7,5) SWCNT as functions of SDS concentration with 25 mmol/L 
concentrations of different monovalent electrolytes in the dispersion with a constant 6 kDa PEG 
concentration of 35 g/L and constant DOC concentration of 0.5 g/L at 20.0 °C. The amount of SDS 
necessary to change from a DOC-dominated interface to an SDS dominated interface is impacted by the 
presence of electrolytes. PCCCs from Heaviside fitting are listed in Table S3. 

 

Exploring anion versus cation effects, for the anion variation comparing the NaCl and NaSCN 

experiments, it is not surprising that the anion should have less of an impact on the observed PCCC 

values. While these anions are anticipated to contribute to the diffuse electrostatic double layer 

surrounding the SWCNT surface their incorporation is expected to be significantly less in the tightly 

bound layer at the SWCNT interface most likely to affect competitive binding. The reason for observation 

of the significant difference in reduction of the fluorescence intensity at the PCCCs for NaSCN experiment 

compared to the NaCl experiment is currently unknown; while Cl- and SCN- have the same ionic charge, 

their diameters, and thus other properties are different.  Additional variation may elucidate the source 
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of this phenomenon.  Interestingly for the cations the observed changes are effectively reversed. 

Comparing the NaCl and CsCl experiments, there is a significant difference (≈ 0.11 % SDS shift) in the 

measured PCCC values, but only a minor difference in the fluorescence intensity changes. Empirically, it 

appears that Cs+ better enables dodecyl sulfate replacement of the initial DOC coating than Na+. 

Previously, Duque et al. found that Cs+ could associate with and bind a greater number of anionic dodecyl 

sulfate groups, which if applied here would presumably increase the localized concentration of dodecyl 

sulfate groups near the SWCNT surface and could explain the large decrease in PCCC values [47]. This 

rationale is further supported by Suttipong et al., whose results suggested that cesium dodecyl sulfate 

was a more effective (i.e., stronger) SWCNT stabilizing agent than SDS [48]. That work also found that 

Na+ being much smaller in size than Cs+ (and consequently, having greater surface charge density) 

allowed it closer access to the SWCNT surface, with Cs+ not being found in contact with the SWCNT 

surface. It should be noted that most of these previous studies on electrolyte effects on SWCNT optical 

properties were single surfactant (either DOC or SDS) studies, thus it is likely that any minor differences 

presented here are founded in the more complex mixed surfactant system in this work. Additional 

studies on the effects of various electrolytes on SWCNT sorting in the DOC/SDS system are ongoing and 

will be presented in future work. 

 

4. Conclusions 

In summary, we describe the development of a new automated titration fluorescence 

spectroscopy method for determining solution conditions leading to differential extraction of SWCNTs 

in ATPE systems. Compared to our previous method, the new setup results in significant increases in 

both the experimental throughput and resolution, while dramatically reducing the SWCNT sample 

required for experiments. These improvements help reveal previously unobserved complexities in the 

SWCNT-surfactant interface during the surfactant exchange process, while facilitating the evaluation of 

complex ATPE systems. Initial experiments on multi-component ATPE systems highlighted the ability to 

rapidly identify ATPE mixtures that could better isolate difficult to separate (n,m) species and their 

handed enantiomers. For the first time the effect of various monovalent electrolytes on SWCNT 

partitioning conditions in the mixed DOC/SDS ATPE system are reported. The addition of electrolytes is 

generally found to dramatically reduce the amount of SDS required to initiate PEG-phase partitioning, 
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with promising implications for ATPE scaling costs. Future work is expected to expand the screening of 

complex, multicomponent ATPE systems providing insights into new and unique types of ATPE-based 

SWCNT separations. 
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from Heaviside fitting. 
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