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Abstract
A combination of analytical ultracentrifugation (AUC) and fluorescence spectroscopy are utilized to orthogonally probe compositions of adsorbed surfactant layers on the surface of (7,5) species single-wall carbon nanotubes (SWCNTs) under conditions known to achieve differential partitioning in aqueous two-phase extraction (ATPE) separations. Fluorescence emission intensity and AUC anhydrous particle density measurements independently probe and can discriminate between adsorbed surfactant layers on a (7,5) nanotube comprised of either of two common nanotube dispersants, the anionic surfactants sodium deoxycholate and sodium dodecyl sulfate.  Measurements on dispersions containing mixtures of both surfactants indicate near total direct exchange of the dominant surfactant species adsorbed to the carbon nanotube at a critical concentration ratio consistent with the ratio leading to partitioning change in the ATPE separation.  By conducting these orthogonal measurements in a complex environment reflective of an ATPE separation, including multiple surfactant and polymer solution components, the results provide direct evidence for the hypothesis that it is the nature of the adsorbed surfactant layer that primarily controls partitioning behavior in selective ATPE separations of SWCNTs.  


1. Introduction
Single-wall carbon nanotubes (SWCNTs) are a family of cylindrical all-carbon nanomaterials with desirable properties for many advanced applications such as single photon sources,1 sensors,2, 3 and digital logic.4-6  For SWCNTs, the exact properties of each structure are defined by the diameter of the nanotube and the orientation of the sp2 hybridized hexagonal carbon lattice along the nanotube axis.  This orientation is often used to describe individual species of SWCNTs, colloquially referred to as chiralities, through the lattice vector (n,m) of hexagons in a hypothetical graphene sheet that would be overlayed to “roll-up” the specific SWCNT structure.  Unfortunately, while much progress has been made towards directly synthesizing specific (n,m) species SWCNTs, commercial synthetic methods produce populations containing a mixture of many (n,m) SWCNT species.  Typically, such as-produced mixtures contain > 25 (n,m) species, each having distinct electronic, optical, mechanical, and thermal properties; most (n,m) species are also present in both left- and right-handed twist enantiomeric structures.  Post-synthesis separation of SWCNTs towards refined populations of (n,m)s has thus been a subject of much research.7
[bookmark: _Ref132188840]Isolation of SWCNT populations with specific nanotube properties is a rich field of study, with multiple separation methodologies described for well-individualized dispersions in either aqueous or organic solvents.7  Most separation methods to the single (n,m) species level are performed in aqueous dispersion, and many realize control of the separation through the specification of concentrations of multiple surfactant molecule types within a gradient of time and/or space.  Such liquid phase processing methods include aqueous two-phase extraction (ATPE),8-17 gel chromatography (GC),18-21 and density gradient ultracentrifugation (DGU).22-24  Although outwardly different, in each method careful control of the compositions and concentrations of surfactants12-14 and other components15-17 yields differentiated material properties leading to spatial separation. It is hypothesized that most of these methods share a common mechanism, defined by the various surfactants competing for adsorption to the nanotube surface,11, 19, 20, 25, 26 with the dominant surfactant controlling the selective behavior supporting discriminative partitioning.  Evidence for this hypothesis is however based mostly on the commonality of the utilized surfactants and supported directly by few orthogonal measurements. The purpose of this contribution is to provide independent orthogonal evidence for the rapid and discrete exchange of the dominant surfactant molecule type adsorbed to a single SWCNT species across different ratios of two competing surfactants. Moreover, we do so for SWCNTs immersed in a complex solution environment significantly reflective of an actual separation.  
We are most interested in the competitive binding of two or more surfactants as the basis for ATPE separations, which also requires the presence of multiple other solution components that provide the framework for spatial separation such as dextran and polyethylene glycol (PEG).  In a common form of ATPE separations, it is hypothesized that SWCNT species covered with an adsorbed layer of a bile salt surfactant, such as sodium deoxycholate (DOC), selectively partition to the self-separating dextran-rich polymer phase, and SWCNT species with an adsorbed layer dominated by sodium dodecyl sulfate (SDS) partition to the opposing PEG-rich polymer phase.   This is shown schematically in Figure 1 through the concept of a separation coefficient, Ki, defined as the ratio of the concentration of the ith nanotube species separating into the top (cT,i) versus bottom (cB,i) polymer phase using a (7,5) nanotube as the example. 

[image: a schematic of the concept of a separation coefficient for the (7,5) SWCNT, defined as the ratio of its concentration in the top phase of an ATPE separation divided by its concentration in the bottom phase, along a line of increasing the concentration of a single, partition modulating, component, in this case sodium dodecyl sulfate (SDS).  At low SDS concentrations the (7,5) is coated by DOC and has a separation coefficient << 1. At high concentrations the (7,5) is coated by SDS molecules and the separation coefficient is >>1.]
Figure 1. Schematic of the surfactant exchange mechanism hypothesis for ATPE separations [11].  At a constant concentration of one surfactant, e.g., the bile salt sodium deoxycholate (DOC), the dominant composition of the adsorbed surfactant layer on the (7,5) nanotube surface depends on the concentration of the second, competing, co-surfactant, e.g., the alkyl chain surfactant sodium dodecyl sulfate (SDS).  At low concentrations of SDS, the (7,5) is covered by DOC and preferentially partitions to the bottom dextran phase in an ATPE separation, yielding Ki < 1; above a critical SDS concentration the dominant adsorbed surfactant on the (7,5) switches to SDS and top, PEG, phase partitioning occurs (Ki > 1).

[bookmark: _Hlk164239249]Many SWCNT species (i.e., the (n,m) structure), and even their enantiomeric hands, have previously been found to display an abrupt shift from the bottom to top phase of an ATPE separation at a specific ratio of surfactant concentrations.11  These concentration ratios have been determined for a number of (n,m) species and surfactant competitions by empirical tracking of separation results,12 the direct characterization of the SWCNT species concentrations present in each phase of many individual separations via spectroscopy,26, 27 and by the monitoring of SWCNT fluorescence response with surfactant concentrations in non-separating systems.28-30 Agreement between these alternate methodologies has been excellent, but each is limited by various factors, e.g., uncertainty in concentrations, interfacial aggregation and limited concentration resolution, and indirectness, respectively. This, and the large number of (n,m) structures, have kept the determination of the surfactant ratios across different experimental parameters an area of necessary active research.  Furthermore, none of the methodologies specifically reports as to the mechanism of the selectivity, and whether the presumed exchange in surfactant coverage from bile salt to alkyl surfactant is direct replacement or includes a significant window of cooperative adsorption on the SWCNT surface.  Supporting or refuting the direct exchange hypothesis is important, however, because the available phase space for manipulating ATPE separations is humongous.  It includes selection of, and potential for variation in many factors including polymer and surfactant chemistry and concentrations, the temperature, pH, oxidative environment, and the possible inclusion of other salt species or compounds as modulators.  Confirming a mechanism is also desirable for first principles-based analysis, grounded application of thermodynamic concepts, and computational experiments to explore and predict the effects of such variations. Because the observed partitioning behavior is consistent for all (n,m) structures, varying only in the surfactant ratio for ATPE transition, the determined mechanism is expected to apply to all SWCNT species with the same competing co-surfactants.
Most information to date on the structure and effects of adsorbed surfactant layers on SWCNTs comes from absorbance and fluorescence spectroscopic methods, as the energy and linewidth of SWCNT optical transitions are affected by the local average dielectric environment and the homo or heterogeneity of the interfacial region directly surrounding their exterior and interior surfaces.  Other methods such as nuclear magnetic resonance (NMR) spectroscopy31, 32 electron paramagnetic resonance (EPR)33 and small angle neutron scattering (SANS)34 have studied some systems, but not for single (n,m) SWCNT populations.  Sensitivity of these techniques for bound surfactant identification in the surfactant mixtures applicable to ATPE is also likely to be low due to the much greater quantities of non-adsorbed surfactant.
[bookmark: _Ref132191369]A non-spectroscopic method that has been used to study single (n,m) SWCNT populations in different surfactant environments is sedimentation velocity analytical ultracentrifugation (SV-AUC).35 SV-AUC and particle density-determining variations have been used to measure the amount of bound dispersant per unit length of nanotube for different combinations of dispersant molecules and SWCNT diameter ranges, as well as for specific (n,m) species, and enantiomers thereof, in both aqueous35-39 and organic solution environments.40 In SV-AUC, the time-dependent radial concentration of a solute undergoing sedimentation, in this case a SWCNT, is tracked via optical detection, using either absorbance or refractive index measurements, and this data is numerically fit using Lamm equation modelling to solve for the best fit distribution of sedimentation coefficients (s-values) present in the sample.  In more advanced application, SV-AUC experiments varying the density of the solution environment (vide infra), either by isotopic variation or inclusion of dense solution components, enable determination of the (solution defined) effective particle density of a SWCNT in the given specific medium.  The amount of adsorbed dispersant per unit length is calculated from this information, dispersant properties, and geometric factors, using a mass balance framework.
In this contribution we compare data from both indirect fluorescence measurements of the adsorbed surfactant layer on a single SWCNT species, the (7,5), with direct measurements on the same SWCNT population of the SV-AUC determined sedimentation rate and effective particle density.  We make these measurements below, across, and above the critical surfactant concentration ratio leading to a change in partition in the ATPE separation in the presence of a background ATPE-phase forming polymer previously shown to be critical for correctly determining the phase changing concentrations (PCCC values).  Evidence from AUC data directly and orthogonally indicates that the underlying exchange of surfactants in the adsorbed layer on the (7,5) species is dominated by a complete replacement process, as determined from anhydrous density measurements, and does not significantly include formation of highly mixed adsorbed micelles containing both surfactants on the nanotube surface prior to the transition.

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 NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose. 
[bookmark: _Hlk164237526][bookmark: _Hlk83131039]The (7,5)-rich SWCNT population used in this work was prepared via aqueous dispersion, centrifugation-based purification, and ATPE separation. In brief, a tip sonication-based dispersion of SWCNTs synthesized via the cobalt-molybdenum-catalyst (CoMoCat) synthesis method (SG65i grade lot 64, Chasm Nanotechnologies, USA) was purified by simple centrifugation retaining the supernatant followed by rate-zonal centrifugation and ATPE separation as previously described.12 This results in a highly purified dispersion of straight, rodlike, SWCNTs without attached catalyst particles.41, 42 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) sodium deoxycholate (DOC) in water.  
[bookmark: _Hlk83131056]Polyethylene glycol (PEG, 6 kDa) was acquired from Alfa Aesar; sodium dodecyl sulfate (SDS, BioXtra grade, ≥ 99 %) and sodium deoxycholate (DOC, BioXtra ≥ 98 %) were purchased from Sigma-Aldrich and used as received.  High purity water (18 M) was collected from a Barnstead MicroPure (Thermo Sci.); deuterium oxide (D2O, 99.8 %) was purchased from Cambridge Isotopes.
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.  The sample and reference solution were measured in separate runs and the reference spectra subtracted during data analysis. Measurements were conducted for the range of 200 nm to 1880 nm with a 1 nm step, a 2 nm bandpass, and an integration time of 0.1 s/step.  
Circular dichroism (CD) was measured on an OLIS-RSM090 CD spectrophotometer through a 1 mm pathlength cuvette at  1 nm intervals from 300 nm to 750 nm. The estimated bandpass from the manufacturer for the gratings (400 lines/mm x 500 nm blaze) and slit configuration was 2.18 nm. (1S)-(+)-10-camphorsulfonic acid (Sigma, used as received) was used to calibrate the CD signal from the monochromator. The CD signal of 10.0 g/L DOC in water was measured separately in the same cuvette and subtracted during data analysis.
Two-dimensional excitation versus emission NIR fluorescence was collected in a NS Super Chiroptical instrument (Applied NanoFluorescence, Houston, TX) in a back collection geometry across an excitation range of 405 nm to 850 nm in 5 nm steps with a 5 nm bandpass and a collection time of 2 x 3000 ms at each step. 
[bookmark: _Hlk171677271]Single wavelength laser excitation NIR fluorescence of samples was measured in an NS3 Nanospectralyzer (Applied NanoFluorescence, Houston, TX) fluorimeter, with multiple laser wavelength excitation capabilities [(532, 637, 671, and 782) nm].  For fluorescence experiments, aliquots of the stock (7,5) SWCNT parent dispersion were diluted with a constant total volume of high purity water, SDS and PEG to reach concentrations of 0.5 g/L (0.05 %) DOC, 35 g/L (3.5 %) PEG, and a specified SDS co-surfactant concentration.   Acquisition conditions were 7 × 1000 ms.  The (constant) final SWCNT concentration was specified such that re-absorption was negligible, i.e., within the linear region of signal with concentration, and to limit detector counts to within the linear range of the detector array.  During measurements, the temperature of the sample within the instrument was controlled to (20.0 ± 0.2) °C using a water-jacketed cuvette (Firefly Science) attached to a temperature monitored water reservoir.
Peak fluorescence excitation and emission wavelengths depend on the SWCNT species.  For the (7,5) SWCNT, the greatest emission intensity from the available lasers is measured for 637 nm excitation; however, due to the high enrichment, any of the four excitation wavelengths can provide high quality data to monitor fluorescence changes.  PL emission of the (7,5) SWCNT from the lowest order optical transition, S11, is at ≈ 1033 nm.  Following our prior work, fluorescence data was fit with two finite-width Heaviside functions to generate the best fit curves in Figure 3 and to extract the partition coefficient change concentration (PCCC) values. The formulation for the Heaviside fitting was taken from Agrawal et al.43 and is shown in Equation 1.
		(1)
where 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 values, respectively; PCCCi and widthi are the center point and width of the ith observed transition. 
[bookmark: _Hlk171684203]Analytical ultracentrifugation (AUC) was primarily conducted using a Beckman-Coulter XL-I analytical ultracentrifuge with an An-50 Ti rotor and 12 mm optical pathlength cells; one set of experiments was conducted using identical conditions on a Beckman-Coulter Optima AUC.  Typical sample and reference volumes in each cell were ≈ 405 L.  The rotor temperature was set to 20.0 °C, validated within the instrument accuracy specification of ± 0.5 °C by external calibration, and samples were equilibrated in the instrument for a minimum of 1 h 45 min before initiating acceleration to 2932 rad/s (28 kRPM) for measurement.  Radial concentration data was collected primarily with absorbance optics at 340 nm due to the specificity in tracking the SWCNT concentration as composed to other components. Refractive index-based detection was also collected, but only used to verify that all other components redistribute much more slowly ( 1/50th the rate) than the (7,5); SWCNTs thus sediment through an essentially uniform solution environment.36  In a typical experiment the full sedimentation process covered > 100 profiles.  A SWCNT concentration was chosen to achieve a constant initial absorbance of  0.25 A/12 mm, which is low enough to be effectively in the infinite dilution sedimentation limit for this mixed length nanotube population.  Density and viscosity values for the exact DOC and SDS solutions, and mixtures thereof, in water and D2O, and in the presence/absence of PEG, at 20.00 °C were measured using an Anton-Parr DMA 5000 M - Lovis 2000 ME densimeter-microviscometer and are reported in the Supplementary Information (SI). Intermediate compositions were calculated by linear interpolation.
Analysis of the AUC data as a function of time was conducted using the numerical fitting software SEDFIT version 16.1c using the c(s) model.44, 45 Fitting discretization was optimized for samples of different absolute velocities; a typical s-value range for PEG-free dispersions was (0 to 20) Sv (1 Sv  10-13 s) discretized with 401 values. A regularization of 0.95 was used for all data sets.  The meniscus and noise were fit for each experiment and agreed well with the apparent positions in the data.  Signal-weighted average sedimentation coefficient values (<s>) were calculated using a cutoff threshold of 20 % of the peak signal to reduce the effects of fitting low concentration tails on the determined values in line with previous contributions.
Where specified, uncertainty in this contribution is reported as one standard deviation.

3. Results and Discussion 
Spectroscopic characterization of the (7,5)-rich sample (hereafter (7,5) sample) dispersed in 10.0 g/L DOC is presented in Figure 2.  The dominant spectral features in absorbance (labelled arrows in Figure 2A) at  1033 nm, 650 nm and 340 nm and CD (inset in Figure 2A) are all attributable to the (7,5) species SWCNT.  Smaller peaks at  1120 nm and 594 nm are attributable to the (8,4) species, which can be roughly estimated using fractional S11 areas as comprising  20 % of the population. Other SWCNT species present in minor abundance, < 5 % total, such as the (9,4) and (11,1) contribute additional minor peaks.  No significant quantity of metallic species is present as these were removed in the ATPE processing scheme. The 2D excitation – emission fluorescence plot (Figure 2B) confirms the assignments of the major peak features and distribution of species present.46  A log-scale version of Figure 2B is presented in the supplementary information (SI).  From the emission peaks and the laser excitation lines available (horizontal dashed lines), it is clear that the emission intensity measured at ≈ 1033 nm can be completely attributed to the (7,5) SWCNT.  




[bookmark: _Hlk143697059]Figure 2. Spectroscopic characterization of the (7,5)-rich SWCNT dispersion in 10.0 g/L DOC in H2O. A. Absorbance spectra of the dispersion displaying dominant peak features at 340 nm, 650 nm, and 1033 nm characteristic of a water-filled (7,5) SWCNT dispersed with DOC. Insets: photograph of the (7,5) dispersion and absorbance-scaled CD spectra. B. 2D excitation – emission plot of fluorescence from the (7,5) dispersion.  Intensity peaks are attributable to SWCNT species of the closest labelled points. The plot reflects a highly enriched (7,5) population (peak value = 10) with a lesser concentration of the (8,4), (peak value < 2) and significantly lesser of the (9,4) and (11,1) species. The contour plot is presented on a scale from 0 – 5 to enable visual identification of the minor SWCNT species, as their contributions are not discerable at a full 0 – 10 intensity scale range.  A log scale intensity plot is presented in the SI.

[bookmark: _Hlk171678743]	The specific wavelength and intensity of fluorescence emission for a SWCNT species is controlled by the combined effects of the intrinsic SWCNT optical properties and extrinsic effects of the local environment around the nanotubes.  For aqueous dispersions, the effective dielectric environment experienced by the nanotube and the emission intensity, essentially defined by the susceptibility to environmental quenching of the exciton, are modulated primarily by its adsorbed surfactant layer.  A comparison of the fluorescence emission for 637 nm excitation is shown in Figure 3A for the (7,5) sample as dispersed in 10.0 g/L DOC and 10.0 g/L SDS.  At 20 C and in equilibrium with the room atmosphere, the intensity of emission from the SDS dispersed SWCNTs is significantly reduced compared to that of a DOC dispersion for the same nanotube concentration.47-49  The brief explanation for this phenomenon is that the adsorbed DOC layer significantly limits accessibility of the solvent to the nanotube surface as compared to SDS coverage, resulting in greater exciton diffusion lengths, and a greater conversion of excitons into fluorescence emission.47-49  This phenomenon enables one manner of tracking the nature of the adsorbed interfacial layer on the nanotubes, and we have previously utilized it to determine the surfactant compositions necessary for changing extraction phase in ATPE separations.28, 30, 50 
	An example of tracking the (7,5) fluorescence intensity as a function of solution surfactant composition is shown in Figure 3B.  In this figure, individual constructions of the nanotubes, surfactants, water, and PEG at constant DOC, PEG, and SWCNT concentrations were measured in a temperature-controlled fluorescence cuvette and plotted by their peak intensity from the (7,5) species (≈ 1033 nm) scaled by the intensity observed at cSDS = 0 g/L.  We have previously shown that the SDS/DOC ratios at which the fluorescence step-changes report the point at which the extraction phase changes in ATPE (PCCC value).28, 30 For the (7,5) sample used here the emission displays two transitions.  This observation reflects the fact that the chiral DOC molecule, due to biological sourcing, empirically interacts differentially with (7,5) nanotubes of left- and right-hand enantiomeric twist (handedness).  Both enantiomers of the (7,5) are present; convention assigns the nomenclature for the enantiomer based on the direction of the CD signal at the second order optical transition (S22).  The “minus” hand, written as (-)(7,5) comprises ≈ 70 % of the (7,5) population as calculated from the CD intensity using literature values in the SI.  Literature reports assign a negative CD peak for the (7,5) at S22 to the left-handed twist structure.51

[image: A two panel figure.  In panel A, the experimental data for the fluorescence emission intensity of the (7,5) SWCNT ath the same concentration but in 1% DOC or 1% SDS dispersion is compared.  The intensity in DOC dispersion is approximately 3 times larger than in SDS.
In Panel B, the observed fluorescence intensity of the (7,5) SWCNT in 0.05 % DOC, 35 g/L PEG and increasing SDS concentrations are shown.  The point data shows an emission intensity plateau until a critical concentration, at which it decreases, followed by a second brief plateau, another decrease, and a transition to a final plateau value.  The two transition points are denoted by vertical lines. ]
Figure 3. A. Fluorescence intensity line scan for 637 nm laser excitation of the (7,5) sample at the same SWCNT concentration as dispersed in 10.0 g/L DOC and 10.0 g/L SDS at 20 C. B. Maximum PL intensity as a function of the SDS concentration for the (7,5) SWCNT in the presence of a constant concentration of PEG and DOC.  The data displays transitions consistent with an interpretation of an exchange of the adsorbed surfactant on each SWCNT at an (n,m) specific critical surfactant concentration ratio. The curve is a double finite-width Heaviside fit to the data. Dashed lines represent the calculated PCCC values for the (-)(7,5) and (+)(7,5), respectively. 


Fitting the data in Figure 3B extracts PCCC and width values of 6.26 g/L and 0.31 g/L for the dominant (-)(7,5) and 7.18 g/L and 0.29 g/L for the (+)(7,5), consistent with prior reports.28, 30  Note, although PCCC values and ATPE separations have typically been presented in the literature in percentage units, due to the use of D2O in AUC experiments we report mass per volume concentration units throughout. Such units also facilitate conversion to molar concentrations using the molar masses of SDS (288.4 g/mol) and DOC (414.6 g/mol).  A 0.5 g/L DOC solution is thus  1.2 mmol/L, well below the first critical micelle concentration (CMC1) of DOC  5.3 mmol/L ( 2.2 g/L).52  The CMC1 for SDS is  8.0 mmol/L (  2.3 g/L) and CMC2 (elliptical elongation of SDS micelles) is   70 mmol/L (  20.2 g/L); PCCC values are thus in the SDS concentration range between these two transitions.32
In terms of mechanism information, the PL intensity as a function of the SDS concentration is consistent with the hypothesis of sudden surfactant exchange governing the ATPE partitioning and the observed difference in emission efficiency for a DOC versus SDS adsorbed surfactant layer as shown in Figure 3A.  However, this data is not conclusive, as the effect of mixed surfactant and/or polymer adsorbates on emission efficiency is unknown and could alternatively produce a similar data pattern.  For this reason, AUC measurements to independently investigate the composition of the adsorbed layer across the range of SDS concentrations in Figure 3 were explored.  The primary direct manner in which AUC can provide information about the adsorbed layer is through anhydrous densimetry measurements of the dispersed (7,5) SWCNT across the range of compositions.  
The anhydrous (or asolvent) density of a particle undergoing sedimentation reflects the volume-weighted density contributions of all components of the particle that do not vary in concert with density variation of the background media via isotopic modulation.  For the aqueous solutions of this effort that is accomplished by constructing sample aliquots with different ratios of H2O and D2O. The anhydrous density can be calculated from sedimentation coefficient values measured at two isotopic solution compositions using Equation 2.53  
					(2)	
In Equation 2, AN is the anhydrous particle density; si, s,i, and i are the sedimentation coefficient, solution density and solution viscosity measured for composition i, respectively.  In practice, AN is more precisely calculated using an over specified linear fit through viscosity-corrected s-values measured at multiple isotopic conditions and extrapolating for the density at which s = 0.45  A first step for utilizing the anhydrous density to track the adsorbed surfactant layer composition includes the demonstration that the anhydrous density of the (7,5) nanotube in pure SDS and DOC solutions are different.  Notably, PL measurements in this contribution, such as those in Figure 3, include 35 g/L PEG in the solution, as this is necessary to make the observed PCCC value actual separation experiments.28, 30  Direct comparison between the solution surfactant concentrations necessary for exchange of the adsorbed surfactant in the presence and absence of ATPE polymer components has not yet been systematically investigated, and so no model exists to extrapolate the PL results for conducting AUC densimetry in polymer-free dispersions.  Therefore, measurement of the SDS and DOC determined anhydrous (7,5) density in the presence of 35 g/L PEG is presented in Figure 4.

[image: A multipanel figure showing AUC measurement data and extracted results.  In panel A, point values display radial concentration profiles at different time points as measured during an SV experiment, with lines displaying the concentration profiles calculated in the fitting process.  Panel B displays a singly-peaked distribution of sedimentation coefficients that is the result of the best fit to the SV data.
Panel C displays average sedimentation coefficient values measured for three different surfactant concentrations, each measured in three different ratios of H2O and D2O but a constant concentration of PEG.  Straight lines through each set of data extrapolate to the no sedimentation x-axis intercept, yielding anhydrous particle densities of approximately 1370 kg/m3 for dispersion by 10 g/L SDS, and approximately 1500 kg/m3 and 1600 kg/m3 for 10g/L and 0.5 g/L DOC.]
[image: ]
Figure 4. A. Representative radial concentration profiles (every other) of the (7,5) SWCNT in 10.0 g/L DOC, 35 g/L PEG in H2O as measured via absorbance optics as a function of time (points) during sedimentation and the calculated profiles from Lamm equation modelling. B. The best fit sedimentation coefficient distribution for the data in panel A; the width is primarily reflective of a polydisperse length distribution. The signal-weighted average sedimentation coefficient value, <s>, is marked by a vertical line. C. Viscosity corrected <s> values plotted versus solution density for measurements in different isotopic mixtures of H2O:D2O.  The best fit linear extrapolation yields the anhydrous density, defined as the density value at which <s> = 0. Reducing the DOC concentration to ATPE conditions increases the anhydrous particle density; changing the sole dispersant to SDS dramatically reduces it.

Figure 4A and Figure 4B present representative radial concentration profiles measured as a function of time (110 scans, every 2nd scan shown) for the (7,5) SWCNT in 10.0 g/L DOC, 35 g/L PEG in H2O as measured via absorbance at its S33 optical transition and the calculated distribution of sedimentation coefficients from the c(s) model that best-fits the concentration data.  The width of the s-value distribution primarily reflects the length distribution of the (7,5) population, which remains constant across all measurements.  In Figure 4C the average sedimentation coefficients (<s>) for the (7,5) SWCNT in various compositions of H2O and D2O are plotted as multiplied by their solution viscosity versus solution density.  The s = 0 intercept values of the linear fits yield AN for the (7,5) SWCNT in the relevant concentrations of DOC or SDS while in the presence of 35 g/L PEG.  The uncertainty in the intercepts are estimated to be  25 kg/m3 -consistent with- but somewhat larger than, prior AUC measurements of SWCNT in pure single surfactant solutions.  Importantly, cylindrical particles, such as nanotubes, have a constant cross-section and thus an anhydrous density independent of their length.  For a water-filled SWCNT, only the nanotube lattice and adsorbed surfactant contribute to the anhydrous density, and the volume (mass) of adsorbed surfactant per unit length can be solved for using known parameters reported in the SI.
Focusing on Figure 4C, the very different anhydrous densities observed for SDS and DOC dispersed (7,5) SWCNTs are consistent with full coverage of the nanotube surface by each surfactant, with the difference in AN of the (7,5) apparently stemming from differences in the density of the surfactant molecules themselves.   Individual SDS molecules and micelles are significantly less dense, SDS  1228 kg/m3 and SDS-micelle  1171 kg/m3 54, than DOC molecules, DOC  1308 kg/m3.  From the density intercepts we calculate the linear surfactant density, i.e., per nm of nanotube length, as  4.5 molecules/nm and 9 molecules/nm of DOC and SDS, respectively, adsorbed onto the (7,5) in equilibrium with the bath at 10.0 g/L solution concentration (and 35 g/L PEG).  These values are consistent with values determined previously for the (6,5) and (7,6) species in 10.0 g/L DOC.
Since the goal is to unambiguously compare between the AUC and PL results, the SWCNT dispersion measured in the AUC should also include measurements at the reduced DOC concentration of 0.5 g/L (0.05 %) used for separations and PL experiments, while maintaining the same 35 g/L PEG content.  Inclusion of PEG in an AUC sample changes the absolute sedimentation rate observed, i.e., the range of s-values, but this effect is primarily due to the greater viscosity of a PEG containing solution.  Fortunately, the inclusion of the additional (PEG) component does not strongly affect the observed anhydrous density of the (7,5) in either the solely SDS or DOC dispersions (SI Figure S3). The reduction in DOC concentration from 10 g/L to 0.5 g/L does increase the observed anhydrous density somewhat (Figure 4C), broadening the difference from the SDS-coated density; this observation is consistent with a reduction of the adsorbed DOC molecules/nm on the nanotube as is expected for a molecular dispersant in equilibrium with the solution concentration.  Implications of these findings are that the PEG does not measurably participate in forming the adsorbed layer on the DOC-coated nanotube, as the low density PEG molecules ( 1209 kg/m3)55 would significantly reduce the overall observed density of the combined object, and that the DOC layer adsorbs sufficiently strongly to effectively saturate surface adsorption sites at concentrations well below (> 5 X) the solution critical micelle concentration.  Slight changes in the anhydrous density with PEG addition (comparing to the PEG-free data in the SI) are likely caused instead by very small changes in the effective particle (the volume including the nanotube, bound surfactant and hydration/slip plane differentiated from the bulk solution) being observed in the densimetry experiments.  Although the changes to the DOC-coated nanotube are minor, it should be noted that this effect can be strong, such as when additional solution components are strongly rejected from the double layer region, e.g., iodixanol.37
Having established anhydrous density values of (7,5) SWCNT with either DOC or SDS adsorbed layers in single surfactant compositions, densimetry of the SWCNTs in compositions including both surfactants in ratios greater and lesser than the critical concentration was performed.  These measurements in 35 g/L PEG for 4.5 g/L SDS, 0.5 g/L DOC and 10 g/L SDS, 0.5 g/L DOC are shown in Figure 5.  

 
[image: A two panel figure. In panel A, a similar schematic of the separation coefficient for the (7,5) SWCNT as in Figure 1 is shown, but with the transition point identified as 6.7 g/L SDS.   Two circles, denoting SDS concentrations lesser and greater than this value on the SDS axis are used as visual markers for the SDS concentrations used for the multi-surfactant AUC experiments described in the text.
Panel B.  AUC average sedimentation coefficient data for the two multiple surfactant, and PEG, compositions schematically shown in panel A as measured using different ratios of H2O and D2O.  The extrapolating straight lines reach the no sedimentation axis intercept at values close to those reported in Figure 4C.]
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Figure 5. A. Schematic of the composition space locations for anhydrous densimetry measurements compared to the PCCC value for the (7,5) SWCNT. B. Viscosity corrected <s> values plotted versus solution density and best linear extrapolation to the anhydrous density for the two surfactant concentrations above and below the PCCC values.  Vertical lines (short dashes = SDS, long dashes DOC) highlight the intercepts observed for 10 g/L SDS and 0.5 g/L DOC in the single surfactant experiments of Figure 4C.  The intercept for the condition below the PCCC (4.5 g/L SDS, 0.5 g/L DOC) is close to the SDS free (7,5) anhydrous density; the intercept for the condition above the PCCC (10 g/L SDS, 0.5 g/L DOC) is similarly comparable to the SDS (DOC free) measurement.

[bookmark: _Hlk171684967]As with the anhydrous densimetry measurements in the single surfactant measurements shown in Figure 4, both the absolute values of the corrected sedimentation and intercepts of the linear fit for the two conditions are immediately distinguishable due to their divergence.  In agreement with the mechanism hypothesis presented in Figure 1, AN for the concentration condition lesser than the PCCC value (4.5 g/L SDS, 0.5 g/L DOC),  1550 kg/m3, is highly consistent with the DOC only measurement; AN for the concentration condition greater than the PCCC value (10 g/L SDS, 0.5 g/L DOC),  1380 kg/m3, is likewise consistent with the SDS only measurement. Together these results strongly support the mechanism hypothesis governing ATPE phase selection and a sudden exchange from a DOC-dominated adsorbed interface to an SDS-dominated adsorbed layer at the critical concentration ratio for each (n,m) species.  Additional discussion showing that alternate hypotheses for the mechanism of the adsorbed layer exchange do not reproduce the experimental observations is presented in the SI.
It is unfortunately difficult and expensive to perform additional densimetry measurements closer to the observed PCCC point, although an alternative methodology (vide infra) does enable finer resolution. Experimentally, measuring the anhydrous density of a nanotube species through sedimentation in a complex environment of the polymer and cosurfactant is significantly more difficult than for single surfactant dipersions reported previously. One difficulty is that the measured sedimentation rate is directly affected by the viscosity of the dispersion solution, which is both greater in magnitude than for a typical 10.0 g/L surfactant solution, and in this instance is additionally sensitive to the exact concentration of PEG and the other three component concentrations (DOC, SDS, H2O/D2O) in the dilution measurement; i.e., the response slope of the viscosity is greater and there are more axes of variation.  These factors contribute greater shot noise into the <s> values, and thus increase the density intercept uncertainty for PEG containing samples compared to simpler nanotube AUC measurements.  It was additionally infeasible to use denser solvent solutions to reduce the uncertainty of extrapolation to the s = 0 intercept (anhydrous density).  The maximum accessible solution density using a D2O medium was  1105 kg/m3; use of D218O can typically extend the accessible range, but as less dense components are by necessity included in the complex solutions, we deemed it to be unreasonably costly for the relative gain.  Finally, unlike our previous AUC experiments in DOC solutions, sufficient SWCNT sample was not available to repeat measurements or add additional points to better constrain extrapolations.  Samples sedimented under conditions supporting an SDS dominated adsorbed layer were observed to undergo significant s-value distribution changes if measured again (post redispersion; samples in DOC can frequently be redispersed by simple shaking or agitation using a pipettor).  Such changes made them unfit for reconcentration and use in additional comparative measurements, and eventually consumed the entire material stock.  Since the distribution shapes were not affected in the initial conversion of dispersions between DOC and SDS, nor was this irreversibility previously observed for DOC-SWCNTs, the implication is that agglomeration occurs for SDS-coated SWCNTs during their residence and compression in the high concentration pellet at the bottom wall of the AUC cell.
While finer gradation in the surfactant compositions for anhydrous particle density measurements was not feasible due to the complexity and projected consumption of the sample, it is still possible to probe the effect of SDS concentration on the surfactant shell using information from SV-AUC. Having established that the anhydrous density data reflects an exchange of the adsorbed surfactant layer at the PCCC point, the absolute viscosity-corrected sedimentation coefficient can be used to determine the composition of the PCCC point.  Presented in Figure 6 are the viscosity-corrected s-values for a broad range of surfactant concentration ratios (changing SDS concentration, constant 0.5 g/L DOC) in the presence of 35 g/L PEG.  These are directly compared to the PL data of Figure 3. 
[image: A two vertical axis figure comparing fluorescence intensity and viscosity-corrected sedimentation rate of individual (7,5) samples as a function of SDS concentration for a constant DOC and PEG concentration.  The two independent methods both report sharp changes in value at coincident SDS concentrations.  Colored horizontal bars indicate that faster sedimentation and greater emission intensity corresponds to a DOC surfactant layer on the (7,5) and slower sedimentation and lesser emission intensity corresponds to a SDS surfactant layer.]

Figure 6. Intercomparison of the orthogonal results from AUC sedimentation velocity and fluorescence spectroscopy intensity measurements on the transition of the dominant surfactant species, DOC or SDS, adsorbed to the (7,5) SWCNT interface as a function of SDS solution concentration.  Lines are Heaviside fits to the data (PL data in red, AUC data in dashed black), colored regions are eye guides for the offered interpretation. With the confirmation from anhydrous densimetry that compositions above and below the transition region reflect strongly dominated adsorption to the SWCNT by a single surfactant, both data sets independently imply a strongly direct exchange from one coating to the other at the PCCC value.

[bookmark: _Hlk164420793]The viscosity-corrected sedimentation coefficient data in Figure 6 exhibits a sharp transition with SDS concentration distinctly similar to that observed in the fluorescence intensity.  Assigning those points with <s>* similar to the values at 4.5 g/L and 10 g/L SDS, for which the anhydrous density experiments were performed, results in the interpretation of a sharp transition very close to the PCCC value of the dominant surfactant adsorbed on the (7,5) nanotube.  This appears to particularly apply to the PCCC for the more abundant (-)(7,5) SWCNT enantiomer, as the corrected <s> shifts sharply in correspondence to the PL results. The direct interpretation is that the interface is a DOC-dominated equilibrium adsorbed layer, i.e., set by thermodynamics, up until essentially the PCCC SDS concentration of transition.  The corrected sedimentation coefficient then continues to fall and plateau closely in coordination with the PL, also decreasing to a new plateau value in a manner interpretable as two steps.  It is unlikely that the small difference in apparent SDS concentration of full completion of the change by PL and AUC (the fluorescence appears to shift slightly earlier) is a real difference.  Any apparent inconsistency rests on the value of few data points, and moreover, the response functions of either PL or <s> (through the density change) as attributable to each of plus and minus hands with the exchange of surfactant are unknown (and unlikely to be exactly equal).  Moreover, although the peak of the (7,5) S33 optical transition dominates the absorbance signal used for AUC measurements at 340 nm, the non-(7,5) species that partition in ATPE at slightly greater SDS concentrations than the (7,5) do contribute some optical density at that wavelength.  Thus, while the PL signal, and the majority of absorbance derived concentration are attributable to the (7,5), the AUC data will reflect some contribution from the (8,4) and other minor species to the shift in determined sedimentation rates.  Notably, other hypothetical models for the replacement of adsorbed DOC with SDS on the SWCNT surface, including SDS-adsorption onto the DOC-coated SWCNT, linear concentration-dependent replacement of DOC with SDS, or SDS micelle consumption of free DOC above the SDS CMC yielding SDS adsorption, cannot reproduce the results of Figure 6 along with the observed anhydrous density difference.  Overall, the agreement between the two independent measurement methods reports transitions in strong agreement in Figure 6 and support the mechanism hypothesis also supported by the details of the spectroscopic behavior and the observed anhydrous density values presented earlier.
[bookmark: _Hlk164420087]Further analysis of the absolute value of the viscosity-adjusted sedimentation coefficients is also possible through comparison to predictions of rod hydrodynamic theory using the known SWCNT and solution parameters and the anhydrous density values separately determined above.36, 56  Notably, such analysis finds that the cross sectional hydrodynamic size of an SDS-coated (7,5) SWCNT, i.e., in the diameter-plane, must be greater than that of a DOC-coated (7,5) to match the direct observation of slower sedimentation for at the SDS-coated condition than at low SDS concentrations. The detailed physical phenomena for the increased radial hydrodynamic cross section, estimated as  5.70 nm diameter for SDS-coverage and  5.45 nm diameter for DOC-coverage, in the PEG-included solvent environment of this work is not fully clear. Possible explanations include a greater degree of hydration for SDS-coated nanotubes or a greater interaction with the PEG molecules in the solution environment, as fractional, e.g., a time-averaged, contribution of such molecules to the effective sedimenting particle would present in a mathematically similar fashion.  Resolving this phenomenon precisely is beyond the scope of this contribution.

4. Conclusions
Two orthogonal experimental methods, AUC and fluorescence spectroscopy were used to evaluate the composition of, and transition between, the interfacial adsorbed surfactant layer on the (7,5) nanotube species in the presence of multiple surfactants and polymer components reflective of an ATPE separation experiment.  Each of the measured values determined in the characterization, absolute sedimentation velocity, anhydrous particle density, and fluorescence emission intensity report highly similar results consistent with one surfactant, DOC, dominating the adsorbed interface below a critical surfactant concentration ratio, and the other surfactant, SDS, dominating the adsorbed interface above the ratio.  In conjunction, these new results add strong support to the hypothesis that ATPE and similar separations are controlled by the dominant adsorbed surfactant layer, and new clarity to the mechanism by implying that the exchange is direct and rapid about the critical concentration ratio.  This study thus informs analytical modelling of the chemical phenomena underlying the exchange and provides new comparison data for validation of computational experiments.
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