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Abstract 

Hydrogel microsphere media allows for post-synthetic purification of single-walled carbon nanotubes 

(SWNTs), affording characterization and application of their unique (n,m) chirality-dependent properties. 

This work reports the characterization of five hydrogel resins, Sephacryl S-100, S-200, S-300, S-400, and S-

500, and the implementation of each as a SWNT purification medium. The physiochemical properties of 

each resin were explored spectroscopically, through elemental analyses, and with both light and electron 

microscopy. Both surface porosity and hydrogel swelling ratio were found to increase as the concentration 

of component allyl dextran (aDEX) decreased, each with increasing Sephacryl S-number. Conversely, 

invariant properties included hydrogel microsphere size distribution and concentrations of components 

methylene bis acrylamide and ammonium persulfate. When employed within gel-based SWNT 

purification schemes in overloading conditions, Sephacryl formulations of larger S-number adsorbed 

fewer SWNTs, but the chirality dependence of SWNT adsorption and elution efficiency were 

approximately consistent across all resins. In underloading conditions, approximately one third of 

introduced SWNTs passed through each resin unabsorbed, while the resins showed varying chirality-

dependent adsorption efficiencies. These observations collectively identify aDEX-rich gel regions as 

responsible for SWNT purification, along with a SWNT-exclusive parameter other than chirality 

(speculated as length) that convolutes the effectiveness of gel-based single-chirality purification.  
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Introduction 

Single-walled carbon nanotubes (SWNTs) are one-dimensional analogues of graphene that, 

depending on the per-tube geometric chiral wrapping vector (n,m), can exhibit metallic or semiconducting 

properties.1 Approximately two-thirds of bulk-synthesized SWNTs are semiconducting, with bandgaps 

that correspond with the (n,m), or chirality, of each tube.2 Further, semiconducting SWNTs exhibit 

relatively large absorbance cross sections3 with narrow absorbance and emission bandwidths in the near 

infrared region of the spectrum.4 Collectively, the diverse properties of SWNTs, coupled with their 

exclusive composition of earth abundant carbon, make them ideal materials for a wide range of electronic, 

sensing, imaging, thin film, and structural devices.5–10 However, because current methods of bulk-scale 

SWNT production necessarily generate many SWNT chiralities simultaneously, post-synthetic purification 

is needed to isolate (n,m) chiralities with electronic or structural properties to match the needs of a given 

application. Among the various strategies developed to achieve such purification,11–25 iterative hydrogel-

based interactions26,27 have emerged as an effective, scalable, and cost effective approach.28 The work 

presented herein focuses on both quantifying and understanding the purification ability of the 

commercially available Sephacryl series of gels, with a specific focus on correlating per-gel chemical and 

physical properties with SWNT chiral selectivity and overall process efficiency. Results reported herein 

advance the understanding of chirality specific SWNT interactions with hydrogels, information which will 

collectively be used in the rational design of novel, SWNT-specific hydrogel purification media.  

Beds of hydrogel microspheres were first used by Kappes and coworkers to purify SWNTs based on 

electronic type, using gradients of sodium dodecyl sulfate (SDS) surfactant, to control adsorption and 

subsequent elution of SWNTs to agarose-based gels.26 Kataura and coworkers then modified this 

approach by combining Sephacryl S-200 with concentrated SWNT suspensions to create overloading 

conditions capable of isolating a handful of SWNTs (n,m) with exceptionally high single-chirality purity.27 

Both modeling29,30 and experimental modulations of this approach involving perturbation of the 



3 
 

temperature,31 surfactant,32 Sephacryl S-200 microsphere diameter,33 and ultrasonication processing 

procedure34 have afforded advancements in both understanding and realization of single-chirality SWNT 

purification. However, the role of the hydrogel media remains relatively unexplored, with each of the 

aforementioned studies exclusively using Sephacryl S-200, a porous material manufactured for the 

chromatographic purification of proteins with a size exclusion limit of 250 kDa for globular proteins. 

Conversely, our group has recently demonstrated that SWNT interactions with Sephacryl S-200 are 

relegated to the surface of the gel microspheres,33 suggesting that the chirality-specific interactions 

between SWNTs and gel that afford SWNT purification are driven by the physiochemical surface 

properties of the gel as opposed to its interior porosity. This phenomenon has been further demonstrated 

by reports from our group35 and others36–39 that show unique, less chirally selective, interactions between 

SWNTs and hydrogels other than Sephacryl S-200. Here, we focus on the unique chemical and physical 

properties among the five commercially available types of Sephacryl, namely S-100, S-200, S-300, S-400, 

and S-500, and how each performs as SWNT purification media. 

Dextran-based hydrogels (such as Sephacryl) were developed in the late 1950s and 1960s by Per 

Magnus Flodin and coworkers at Pharmacia AB (Uppsala, Sweden)40 as novel materials capable of 

chromatographic isolation of biomolecules41 based on variations of its interior porosity. Presently, 

Sephacryl is sold commercially by Cytiva® and is available in five different formulations, each exhibiting a 

different biomolecule fractionation range (pore size). Each Sephacryl formulation is sold as a slurry of 

hydrogel microspheres with a reported average diameter of approximately 25 - 75 µm, which can be 

packed within a column, as commonly utilized within Fast Protein Liquid Chromatography (FPLC) schemes. 

Previously, our group used an atomistic model informed by experimental elemental analysis to 

approximate the chemical formulation of Sephacryl S-200, which is comprised of allyl dextran (aDEX) 

crosslinked with methylene bis acrylamide (MBA), collectively formed through free-radical polymerization 

using ammonium persulfate (APS) free radical  initiator.42 Given the remarkable effectiveness of Sephacryl 
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S-200 at generating chirally-pure aliquots of several small diameter chiralities, and because all Sephacryl 

resins are reported to be crosslinked copolymers of aDEX and MBA,  it is worthwhile to assess the physical 

and chemical properties of each Sephacryl resin and correlate such with their performance as a SWNT 

purification medium. 

This work presents the characterization of each of five Sephacryl resins by interpretation of elemental 

analysis within an atomistic framework of the Sephacryl formulation, Fourier transform infrared 

spectroscopy (FTIR) analysis, assessment of hydrogel swelling ratio, and direct imaging of both the gel 

microsphere size distribution by light microscopy and the nanoscale surface morphology by electron 

microscopy. These per-gel properties are compared with the ability of each resin to adsorb and elute 

SWNTs in a chirally selective manner, which was performed experimentally under both overloading (# 

SWNTs >> # gel binding sites) and underloading (# gel binding sites >> SWNTs) conditions.  Importantly, 

strong correlations between Sephacryl surface morphology and total SWNT uptake, as well as between 

Sephacryl aDEX content and SWNT chiral selectivity are noted, and a case for using Sephacryl S-100, and 

not S-200, as the standard SWNT purification media is presented.  Collectively, this work stands to benefit 

both researchers seeking to effectively purify SWNTs for implementation within novel devices and 

schemes, as well as those seeking to understand and advance gel-based SWNT purification methods.   

Materials and Methods 

Materials. Sephacryl S-100 (High Resolution, Lot: 10288932), Sephacryl S-200 (High Resolution, Lot: 

10240334), Sephacryl S-300 (High Resolution, Lot: 10290265), Sephacryl S-400 (High Resolution, Lot: 

10289140), and Sephacryl S-500 (High Resolution) were purchased from Fisher Scientific and used as 

received, homogenizing each using repeated gentle inversion. Single-walled Carbon Nanotubes, 

synthesized using the CVD-based CoMoCAT method were obtained from Sigma Aldrich (Signis SG65i, 

773735-1G, Lot: MKCP4753) and reported to contain approximately ≥95% semiconducting species 
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enriched 41% in the (6,5) chirality. Sodium dodecyl sulfate (≥99.0%, 74255-250G, Lot: STBK5566), sodium 

borohydride (98%, 45,288-2, Lot:CO10711MI), and N,N’-methylene bisacrylamide (MBA, 99%, 146072-

100G, MKCL1331) were each purchased from Sigma Aldrich and used as received. Dextran (Alfa Aesar, 

J63789, Lot: M10G032), allyl-bromide (Alfa Aesar, 99%, A11766, Lot: 10194833), sodium hydroxide (S318-

500, Lot: 142402), and ammonium persulfate (BP179-100, Lot: 197012), were each purchased from Fisher 

Scientific and used as received. Aqueous suspensions employed deionized water (15MΩ resistivity). 

Analysis of Sephacryl Resins. The spectroscopic (Fourier transform infrared spectroscopy, iD7 attenuated 

total reflectance attachment, spectral resolution < 1.0 cm-1 with Ordinate linearity < 0.15% deviation), 

surface (Scanning electron microscopy (SEM), Tescan VEGA3 SEM, VegaTC software), and compositional 

(Carbon, Hydrogen, Nitrogen, and Sulfur elemental analysis; Atlantic Microlabs; Norcross, GA; uncertainty 

of ±0.3%) characteristics of hydrogels were determined following flash freezing of a small volume (~ 1 mL) 

of hydrated gel using liquid nitrogen and subsequent lyophilization using a Savant SC110 SpeedVac 

chamber affixed to a Savant RVT4104 vapor trap held at -110°C. For SEM analysis, hydrogels were 

sputtered with an approximate gold thickness of 8.5 nm using a Standard Denton Desk V deposition 

system affixed with a gold target and integrated JB Industries DV-85N-250 Platinum Series Vacuum pump. 

For spectroscopic comparison between each Sephacryl resin and its synthetic components, allyl dextran 

was synthesized,43 purified, and characterized by 1H NMR (400 MHz, Bruker Biospin Corp.) to determine 

a substitution of σ=0.26 pendant allyl groups per dextran ring.42 

To afford direct comparison between SWNT uptake and the elution properties of hydrogels with 

different compositions, each gel was characterized in terms of its microsphere surface per volume of 

homogenized gel suspension using: 

𝐴𝐴𝑁𝑁 = ∑ 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠.𝑓𝑓𝑠𝑠.𝑔𝑔.
6
𝑑𝑑𝑖𝑖
𝑃𝑃(𝑑𝑑𝑖𝑖)Δ𝑑𝑑𝑖𝑖𝑖𝑖  (1) 
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where 𝐴𝐴𝑁𝑁 is the normalized surface area of a homogenized suspension of hydrogel microparticles in units 

of 𝑐𝑐𝑐𝑐2 𝑚𝑚𝑚𝑚−1, 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 is the fractional contribution of the hydrogel volume in a homogenized suspension of 

particles, 𝑓𝑓𝑠𝑠.𝑔𝑔. is the fraction of particulate gel volume amongst a bed of packed hydrogel, and 𝑃𝑃(𝑑𝑑𝑖𝑖) is the 

probability of observing a particle of diameter 𝑑𝑑𝑖𝑖 withing bin size Δ𝑑𝑑𝑖𝑖. Homogenized suspensions of 

hydrogel microspheres were allowed to settle under gravitational force to determine 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠, while 𝑓𝑓𝑠𝑠.𝑔𝑔. is 

assumed to be 0.64 given irregular packing of spherical particles.44 The distribution of gel microsphere 

diameter for a given resin, 𝑃𝑃(𝑑𝑑𝑖𝑖), was determined at 1 µm increments using optical microscopy (Leica 

DM750 M Binocular Materials Microscope, Leica ICC50 HD Camera, Leica Application Suite LAS EZ) and an 

image-based circular shape recognition script written in Mathematica. Additional details on hydrogel bed 

normalization by particle surface area is provided in our previous works.33,42  

Preparation of Single-walled Carbon Nanotube Suspension. SWNT suspensions at 1 mg/mL in 70 mM SDS 

were created by transferring 20 mg of raw SWNT powder into a vial containing 10 mL of 70 mM SDS. The 

vial was bath sonicated (Fisher Scientific FS5) for 10 minutes to break apart large pieces of SWNT soot and 

transferred to a 50 mL jacketed beaker (Chemglass CG-1103-01). Two additional 5 mL aliquots of 70 mM 

SDS were then used to wash the vial and transfer residual SWNT into the jacketed beaker. The liquid was 

subjected to tip-horn sonication (Branson Digital Sonifier 250, 20kHz, ½” tip) at 20W (approximately 30% 

amplitude) for 4.0 hours while circulating chilled water (13°C, LM6 Benchtop Chiller) through the jacketed 

portion of the beaker. Immediately after sonication was completed, the suspension was ultracentrifuged 

at 185,701 average ×g (50k rpm, Sorvall MX 120 Plus Micro-Ultracentrifuge, S50-ST rotor) for 2.0 hours at 

25°C, after which the top ~90% of liquid from each centrifuge tube was retained and assumed to contain 

individualized SWNTs in 70mM SDS. Following ultracentrifugation, the SWNT suspension was subjected 

to hydrogel pretreatment (a process described elsewhere42) to remove amorphous carbon and afford 

quantitation of SWNT uptake and elution with a single column scheme.  
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Column-based Purification of Single-walled Carbon Nanotubes. Each experiment was carried out in 

triplicate, with either direct or propagated error reported as the standard deviation of parallel 

measurments. Each hydrogel resin of known and normalized surface area was loaded into its own fritted 

column (Thermo Scientific 29920), alongside a control column absent of gel. All columns were equilibrated 

with three passes of 70 mM SDS of volume approximately 10 times that of the settled gel to remove 

storage solution and prepare the gel for interaction with SWNTs. A pretreated SWNT suspension was 

diluted with 70 mM SDS to achieve a maximum optical density in the E11 region of ~3.0 (Agilent 8453 

absorbance spectrometer; 1 cm path length Sub-micro Quartz Spectrometer Cell, Starna Cells), 1.5 mL of 

which was introduced to the top of each column, allowed to pass via gravitational force, and collected. In 

the case of overloading conditions, the collected SWNTs were passed through the gel bed twice more to 

ensure equilibration of the SWNT suspension with the gel, while only a single pass was used in 

underloading conditions. After the final passage through each column, both the hydrogel beds (and gel-

free control) were washed with 1.5 mL of neat 70 mM SDS which is collected in the same vial as the passed 

SWNTs. This washing step both ensured that any residual non-adsorbed SWNTs present in the interstitial 

space of the gel microspheres were removed, and that resulting SWNT suspensions were diluted to a 

maximum optical density ≤1.5, affording accurate characterization by absorbance spectroscopy. 

Differential analysis of the absorbance spectrum of the SWNT passing through the control column versus 

that passing through a gel-containing column afforded calculation of the absorbance characteristics of 

materials adsorbed to the gel. A fraction of adsorbed SWNTs were eluted from each gel-containing column 

through addition of 1.0 mL of 175 mM SDS, its passage via gravitational force, and its collection for 

spectroscopic analysis.  

Quantitative Analysis of Absorbance Spectra. The absorbance spectrum of a typical SWNT suspension is 

comprised of peaks as associated phonon sidebands associated with electronic transitions from each 

chirality present, along with a featureless background from amorphous carbon. Absorbance spectra of 



8 
 

SWNT suspensions were analyzed with an in-house written Mathematica program. Briefly, this program 

seeks a least squares best-fit between a measured absorbance spectrum and sum of individual chiral 

contributions combined with a linear amorphous carbon background. An in-depth approach to this 

algorithm is detailed by Watts et al.45 Because the SWNTs used were reported to contain ≥95% 

semiconducting species, only semiconducting species—specifically, the (6,4), (6,5), (7,3), (7,5), (8,3), (9,1), 

and (10,2) species—are fitted in the E11 region (850 nm – 1100 nm). Each E11 transition and an associated 

phonon sideband were fit with Lorentzian line shapes. The absorbance characteristics of each of the 

chiralities present in appreciable amounts within the SWNT material used in this study is fully 

characterized at wavelengths ≤ 1100 nm,45 affording relatively straightforward characterization with 

silicon-based detectors.  

Results and Discussion 

As-purchased Sephacryl resins S-100, S-200, S-300, S-400, and S-500 were characterized in terms of 

both their chemical composition and physical properties. These materials represent each type of 

Sephacryl presently available for purchase. As the focus of this work is the interaction of each of these 

gels with SWNTs of varying (n,m) chirality, characterization was carried out in terms of the potential of 

each resin to interact with SWNTs within gel-based purification schemes. Specifically, SWNTs of varying 

(n,m) chirality are purified from a suspension of individualized (unbundled) tubes, each surrounded by a 

quasi-micelle of SDS molecules. Gel-based purification relies on surfactant concentration- or surfactant 

type-dependent interactions between SWNT and the hydrogel surface. The mechanism behind the 

dynamic interaction between SWNTs, surface-bound surfactant, and the hydrogel surface that affords 

SWNT purification is of great interest, and the role of the gel in this process is at the center of this work.  

The chiral dependence of SWNT/gel interaction that affords gel-based purification may be due to the 

SWNT itself (SWNTs are electron accepting46,47 and exhibit chirality dependent band structure2), the 
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properties of the surfactant associated with each tube (the SDS headgroup imparts a negative 

electrostatic charge to SWNT,48 with the charge density of each tube—the number of SDS molecules per 

SWNT length—likely chirally dependent49), or some combination thereof. In contrast, the hydrogel media 

used to purify SWNTs—the focus of this work—can be thought of as having chemical properties that 

include the nature, density, and charge of its functional groups, in addition to physical properties that 

include the shape and porosity of its surface and interior. The following two subsections describe the 

chemical and physical characterization of each of five Sephacryl resins in terms of the properties expected 

to most significantly impact SWNT interaction. Following characterization of each gel, the next subsection 

describes how each resin performs as SWNT purification media, and the final subsection interprets such 

performance in terms of the characterizations made in the earlier parts of this work and an overarching 

mechanism of SWNT/gel interactions.  

Characterization of Chemical Properties of Sephacryl Series Hydrogel Media. In chemical terms, the 

primary component of Sephacryl microspheres is, as is with hydrogels generally, water. Non-aqueous 

components of Sephacryl have been described as “the copolymer obtained by cross-linking allyl dextran 

with N,N’-methylene bis acrylamide by radical polymerization directly on to the allyl groups.”50 A recent 

study conducted by our group used elemental analysis and an atomistic model of the Sephacryl S-200 

formulation to estimate the relative abundance of its non-aqueous components: allyl dextran (aDEX), 

methylene bis acrylamide (MBA), and radical initiator ammonium persulfate (APS), respectively.42 The 

aDEX, MBA, and APS content of each of the five Sephacryl gels were assessed here using both Fourier 

transform infrared (FTIR) absorbance spectroscopy and elemental analysis. 

First, all five Sephacryl gels were subjected to lyophilization and characterized using FTIR. Obtained 

spectra, along with those of aDEX, MBA, and APS (for comparison) are shown in Fig. 1A (following page).  

The spectral features of MBA include C=O stretching at 1657 cm-1, C=C stretching at 1624 cm-1, and N-H 

scissoring at 1521 cm-1.51–54 The spectral feature of APS includes S=O stretching at 1440 cm-1, while 
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features of aDEX include bending of the C-O-C bond and glycosidic bridge at 1153 cm-1, the C-O bond at 

the C4 glucose position at 1106 cm-1, chain flexing of the α(1,6) linkage 1012 cm-1, and the α-glycosidic 

bond at 915 cm-1.55–57 A qualitative comparison of the intensity of these spectral features suggest that the 

concentrations of components MBA and APS are approximately unchanged across the five resins, while 

the concentration of aDEX generally decreases with increasing Sephacryl S-number.   

A more quantitative assessment of the per-gel aDEX, MBA, and APS content was made through 

elemental analysis data terms of an atomistic 

model of an APS-initiated MBA-crosslinked 

water-free network of aDEX polymer. 

Experimentally, each as-received Sephacryl resin 

was washed thoroughly with water, lyophilized, 

and analyzed by C, H, N, S elemental analysis 

(Atlantic Mircolab; Norcross, GA), the results of 

which are specified in Table 1 (following page). 

Two reasonable assumptions make it possible to 

translate data from Table 1 into meaningful 

information about the chemical composition of 

each Sephacryl resin. First, it is assumed that 

each gel is a crosslinked combination of aDEX 

and MBA initiated by APS, which affords the 

relative abundance of carbon, hydrogen, 

nitrogen, and sulfur to be directly mapped onto 

the relative concentrations of aDEX (containing 

carbon, hydrogen), MBA (containing carbon, 

 
Fig. 1. Determination of the relative abundance of 
components aDEX, MBA, and APS within Sephacryl S-100, 
S-200, S-300, S-400, and S-500. (A) Comparison of the 
vibrational spectrum of the lyophilized product of each 
resin with that of each component, with component/resin 
areas of spectral overlap and corresponding structural 
assignments notated. (B) The swelling ratio of each resin 
.(C) A quantitative combination of per-resin swelling ratio, 
per-resin elemental analysis (Table 1), and an atomistic 
model of Sephacryl affords quantitative estimation of the 
concentration of each of aDEX, MBA, and APS components 
within the aqueous environment of each resin. The full 
height of error bars in (B) represent one standard deviation 
of triplicate measurement while those in (C) represent the 
propagated uncertainty associated with measurement of 
both swelling ratio and elemental analysis.   
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hydrogen, and nitrogen), and APS (containing nitrogen, hydrogen, and sulfur). Second, it is assumed that 

during synthesis the total aqueous volume of reactants translates directly to that of hydrogel formed, an 

observation that held true during our previous study of Sephacryl-like gels in block copolymer format.42 

This second assumption corresponds with the experimentally determined swelling ratio of each gel:  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

,  (2) 

where 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦  and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  are the mass of the hydrogel microspheres (with interstitial liquid 

removed) before and after lyophilization, respectively, as shown for each resin in Fig. 1B. In terms of each 

of the five Sephacryl resins studied here, per-resin elemental analysis and per-resin swelling ratio are 

interpreted within the framework of the atomistic model to estimate the concentration of each Sephacryl 

component (APS, MBA, and aDEX) used to synthesize each resin. The results of this analysis are shown in 

Fig. 1C, while further details about these assumptions and the calculations they enable are described in 

Supporting Information Section S1.  

Importantly, the qualitative interpretation of the FTIR spectra shown in Fig. 1A agrees with the results 

of the atomistic modeling shown in Fig. 1C and Table 1, which collectively suggest that the non-aqueous 

concentration of radical initiator APS and crosslinker MBA are approximately constant across all Sephacryl 

resins, while that of polysaccharide backbone aDEX decreases with increasing Sephacryl S-number. This 

Resin 

 Experimentally Determined Elemental 
Abundance in Dried Gel (wt%) 

 Calculated Component Concentration in 
Hydrated Gel (mg/mL) 

 C H N S  APS MBA aDEX 

S-100  44.2 7.2 9.0 1.9  11.5 ± 1.8 77.2 ± 3.1 82.3 ± 3.8 

S-200  45.6 7.0 10.4 2.2  12.2 ± 1.7 79.9 ± 4.9 62.7 ± 8.8 

S-300  45.6 7.1 11.6 2.4  11.5 ± 1.5 79.6 ± 2.8 45.9 ± 3.8 

S-400  46.7 7.1 13.8 2.5  10.4 ± 1.3 82.5 ± 2.9 25.0 ± 4.0 

S-500  46.0 7.3 13.7 2.5  9.4 ± 1.2 75.3 ± 2.5 23.6 ± 3.5 

Table 1. Quantitative results of elemental analysis (carbon, hydrogen, nitrogen, sulfur) of lyophilized hydrogels 
Sephacryl S-100, S-200, S-300, S-400, and S-500. These data, when combined with a presumption of knowledge 
of the components of Sephacryl copolymers from a previous study,42 afford estimation of the per-component 
concentration of each Sephacryl resin, listed here and shown graphically in Fig. 1C. Error associated with 
elemental abundance is ±0.3wt%, while that of per-component concentration represent the propagated 
uncertainty associated with measurement of both swelling ratio and elemental analysis. 
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analysis provides chemical insight into the relative nature and density of chemical functional groups 

present among the five Sephacryl resins. This information both provides insight into the functionality of 

each Sephacryl resin as media for size-selective purification of biological macromolecules, and in terms of 

this study, the ability of each to adsorb and elute SWNTs in a chirally selective manner.  

Characterization of Physical Properties of Sephacryl Series Hydrogel Media. In physical terms, Sephacryl 

presents as hydrogel microspheres approximately 37 ± 5 µm in diameter. The specific diameter 

distribution of each of the five resins studied here was measured by light microscopy, a representative 

image of which is shown for Sephacryl S-100, S-300, and S-500 in Fig. 2A,  with associated size distributions 

for all five resins shown in Fig. 2B. Importantly, these distributions are necessary to normalize SWNT/gel 

interactions to the total surface area within a given gel bed, as the number of SWNTs adsorbed to 

Sephacryl S-200 has been shown to scale linearly with total microsphere surface area.33 

On a smaller physical scale, Sephacryl contains nanoscale pores that afford its characteristic 

fractionation range when employed within FPLC schemes. Related to the physical size of each pore, the 

manufacturer provides a fractionation range for the use of Sephacryl to isolate both dextran (S-200 

through S-500) and globular proteins (S-100 through S-400), each of which is summarized in Supporting 

Information Table S.1. The maximum value of each fractionation range was converted to a respective 

pore size, treating polymeric dextran chains as coiled spheres with associated hydrodynamic radii and 

proteins as globules. Additional details about these calculations are provided in Supporting Information 

Section S2. Owing to the extreme aspect ratio of SWNTs (length >> diameter), the pore size of each 

hydrogel (and not fractionation range) becomes the relevant parameter for modeling SWNT/gel 

interaction. The calculated pore size of each Sephacryl formulation in terms of both dextran and globular 

protein fractionation is shown in Fig. 2C, which demonstrates that Sephacryl resins designated with a 

larger S-number have larger pore sizes. This trend is further demonstrated by the experimentally 

measured swelling ratio of each Sephacryl formulation (Fig. 1B), which has been shown to correlate 
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proportionally with pore size.58 Specifically, the non-water content of the resin with the smallest pores, S-

100, was measured at 17.1% and that with the largest pores, S-500, measured at 10.8%. 

Visual confirmation of this trend in pore size was achieved by imaging lyophilized (to remove water 

while preserving the structure of the non-aqueous components) beads of each Sephacryl formulation 

using scanning electron microscopy (SEM), Fig. 2D. These images demonstrate that the surface of 

Sephacryl S-500 has both more voids and larger voids than that of Sephacryl S-100, with an evident trend 

in both the number and relative size of voids increasing from S-100 to S-500. Given these images, the 

topology of each gel can generally be described as popcorn-like, with globular structures on the order 10s 

of nanometers which are bound together by a more smooth, continuous support matrix. The results of 

 
Fig. 2. Physical properties of Sephacryl resins. (A) Light microscopy and (B) corresponding size distributions of 
various Sephacryl resins. (C) Manufacturer provided maximum pore diameter for the size-selective purification 
of biological globular proteins and dextrans. Scanning electron microscopy, (D), of each of the five Sephacryl 
resins studied in this work.  
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this afford the assignment of the globular quasi-spherical structure to aDEX and that of the continuous 

support matrix to MBA. Previous studies of the morphology of dextran within aqueous solutions have 

found that it takes on a coil-like globular structure,59 in agreement with this assignment.  

In summary, the chemical and physical properties of each commercially available Sephacryl 

formulation have been characterized in terms of their expected effect on SWNT/gel interaction. While the 

physical diameter of each hydrogel bead is constant across each resin, as are the non-aqueous component 

concentrations of radical initiator APS and crosslinker MBA, the concentration of polysaccharide backbone 

aDEX decreases with increasing Sephacryl S-number. The relative decrease in concentration of aDEX 

results in an increase of both swelling ratio and pore diameter with increasing Sephacryl S-number. In 

terms of anticipated SWNT interaction, the pore size of each Sephacryl formulation is far less than the 

length of SWNTs purified using hydrogel-based methods, suggesting that SWNTs do not enter the porous 

interior of Sephacryl beads, and instead SWNT/Sephacryl interactions are relegated exclusively to the 

surface of the gel, in agreement with previous studies.33 The topological surface of Sephacryl formulations 

with larger S-number is more rough on the expected scale of SWNT length (≈300 nm), and appears to be 

dominated by protruding quasi-spherical structures with an underlying support matrix. This 

characterization is summarized in Fig. 3, in which pore size, MBA content, and aDEX content is depicted 

spatially for Sephacryl S-100, S-300, and S-500, with corresponding color identifiers. The ability of each gel 

is to adsorb and elute SWNTs in a chirality 

dependent manner is quantified and described 

in the following section, which is followed by an 

overarching analysis of correlations between 

per-gel characterization and SWNT/gel 

interactions. 

 
Fig. 3. Model illustration highlighting the chemical and 
physical properties of Sephacryl resins studied in this work.  
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Characterization of SWNT Purification Properties of Sephacryl Series Hydrogel Media. In general terms, 

hydrogel-based SWNT purification schemes involve the iterative passage of aqueous suspensions of 

SWNTs with relatively low (70mM) SDS concentration through beds of hydrogel microspheres. For a given 

gel bed, the relative ratio of SWNTs passed (# SWNTs) to that of gel adsorption sites present (# gel sites) 

is selected to produce either overloading (# SWNTs >> # gel sites) conditions in which SWNT chiral (n,m) 

selectivity is maximized,31 or underloading (# SWNTs << # gel sites) conditions in which mechanistic 

aspects of the SWNT/gel interaction can be investigated.45 Following washing of gel beds with neat 

aqueous 70 mM SDS to rid the interstitial gel space of non-adsorbed SWNTs, a fraction of SWNTs adsorbed 

to the gel is eluted through passage of relatively high (175 mM) SDS, which is collected as an eluent 

purified by SWNT chirally (n,m). Illustrations of the experimental setup and eluants collected in a single-

column gel-based SWNT purification scheme are available elsewhere.45 Here, we report the quantitative 

results of critical purification parameters related to the efficiency of SWNT adsorption to each Sephacryl 

series gel, SWNT elution from each, and the chiral (n,m) selectivity of both processes. Importantly, the 

microsphere size distribution of each resin (see Fig. 2B) was used to ensure that each resin tested 

contained equivalent total microsphere surface area.  

The use of overloading conditions ensures that the SWNT (n,m) chiralities that are most kinetically 

and thermodynamically favorable to adsorb to the gel surface do so preferentially, allowing less favorable 

chiralities to pass through the bed unadsorbed. Following washing, the elution of a portion of adsorbed 

materials produces chirally purified suspensions of SWNTs that can be used for downstream applications. 

Here, overloading conditions were employed with approximately a 6:1 ratio of introduced SWNTs per gel 
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binding site, with total gel binding 

sites (per cm2 gel surface area) 

having been determined from 

previous studies of Sephacryl S-

200.33 The absorbance spectra of a 

SWNT suspension divided and 

passed through gel beds of each of 

Sephacryl S-100, S-200, S-300, S-

400, and S-500, each presenting 229 

cm2 of microsphere surface area, 

are shown in Fig. 4A. Also shown is 

the absorbance spectrum of the 

SWNT suspension passed through a 

gel-free control column. 

Comparatively, SWNT suspensions 

following passage through 

Sephacryl of any formulation 

contain fewer SWNTs than that 

following passage through the gel-

free control, as indicated by their 

relatively smaller absorbance in the 

characteristic E11 region (800 - 1100 

nm) of the spectrum.  

 
Fig. 4. Spectroscopic analysis of the SWNT materials adsorbed to each 
Sephacryl resin. (A) Absorbance spectra of SWNT suspensions after 
passing through Sephacryl columns of varying S-number alongside that 
after passing through a gel-free control. (B) Differential absorbance 
spectra with characteristic E11 absorbance peaks of adsorbed SWNT 
bound to each gel bed. (C) Per-chirality peak fitting of differential 
absorbance spectra affording per-chirality quantitation of adsorbed 
SWNT. (D) The total and per-chirality number of SWNT adsorbed to each 
resin. Triplicate spectra of data shown in  panels (A) and (B) are provided 
in Supporting Information Section S3 while the full height of error bars 
in (D) represent one standard deviation of triplicate measurement. 
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To independently assess SWNT material adsorbed to each Sephacryl formulation, differential 

absorbance spectroscopy was used whereby the spectrum of the SWNTs passing through a gel-containing 

column was subtracted from that of SWNTs passing through the gel-free (control) column, resulting in a 

calculated absorbance spectrum of SWNTs adsorbed to a given gel bed. The calculated spectra 

representing SWNTs adsorbed to each of five Sephacryl resins is shown in Fig. 4B, which demonstrates a 

clear trend of decreasing SWNT uptake by gels with larger Sephacryl S-number. The calculated spectra in 

Fig. 4B show distinct E11 absorbance peaks in the near infrared region, each of which corresponds to the 

absorbance of a given SWNT (n,m) chirality.  Each spectrum was fit to a sum of Lorentzian line shapes of 

constant width and with SWNT (n,m) chirality dependent centers,60 along with a linear background 

representative of amorphous carbon.61 The resultant best fit, along with per-(n,m) chirality contribution 

to the collective spectrum, is shown for SWNT material adsorbed to Sephacryl S-100 (relatively high 

uptake) and Sephacryl S-500 (relatively low uptake) in Fig. 4C, while that of material adsorbed to the three 

other Sephacryl gels is shown in the Supporting Information, Fig. S.3. In each of these figures, the results 

of a Pearson χ2 goodness-of-fit test is shown, where 0≤χ2≤1 and larger values of χ2 represent increased 

likelihood that the data is distributed according to the model distribution.    

The height of each deconvoluted chirality-specific peak can be combined with the experimentally 

determined per-chirality molar absorptivity and the assumption of a 300 nm length of each SWNT to 

calculate the absolute number of SWNTs adsorbed to each Sephacryl bed, both total and per (n,m) 

chirality. The numerical results of the best fit analyses of the calculated spectra shown in Fig. 4B in terms 

of per-chirality concentration for each fit performed, along with those of all best-fit analyses performed 

in this work (and the goodness of fit in the form of χ2), are provided within a series of tables within 

Supporting Information Section S4. Importantly, SWNT synthesized via the CoMoCAT method,62 

containing primarily semiconducting species and enriched in the (6,5) chirality, were chosen for this study. 

This choice was made for two reasons: first, because hydrogel-based SWNT purification is well understood 
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to exclusively select for semiconducting SWNTs,26,27 making use of SWNTs nearly free of metallic species 

both more efficient and still relevant to previous studies involving purification from other SWNT sources; 

and secondarily, use of (6,5) enriched CoMoCAT SWNTs ensures that only a handful of SWNT chiralities 

are present: (6,5), (6,4), (7,5), (7,3), (10,2), (8,3), and (9,1), the chirality dependent molar absorptivity of 

each of which has been reported.63 Conversely, employment of either HiPCO64 or non-(6,5) enriched 

CoMoCAT SWNTs would introduce semiconducting species with unknown values of molar absorptivity 

and hinder the accuracy of per-chirality quantitation of number of SWNTs. Nonetheless, a more thorough 

and robust study of the effects of different SWNT sources on hydrogel-based SWNT purification would be 

a worthwhile endeavor, but is reserved for another study. 

The total (summed over all chiralities) number of SWNTs adsorbed to each gel is shown in the black 

bars (left ordinate) in Fig. 4D, which demonstrates the general trend of increased uptake of SWNT by 

Sephacryl gels with smaller S-numbers. This trend is relatively dramatic, with Sephacryl S-300 adsorbing 

approximately half of the SWNTs adsorbed by S-100, and S-500 adsorbing around half of that adsorbed 

by S-300. The per-chirality number of SWNTs adsorbed to each Sephacryl gel is shown in the colored bars 

(right ordinate) in Fig. 4D in terms of adsorption efficiency α, a unitless quantity ranging from 0-1 that 

relates the number of adsorbed SWNT to that of introduced SWNT: 

𝛼𝛼 = # 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔
# 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔

. (3) 
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and emphasizes instances where large fractions of a given SWNT chirality are adsorbed due to high 

selectivity of that chirality by a given gel. The four chiralities with >10% abundance within the SWNT 

sample used in this study, (6,5), (7,3), (6,4), and (7,5) are shown. Interestingly, the general trend of 

decreased uptake of SWNT by Sephacryl of larger S-number exists across all chiralities analyzed, 

demonstrating that the differences in SWNT 

uptake among the different Sephacryl 

formulations is not a chirality sensitive 

phenomenon.  

In a recent report focused on studying 

mechanistic aspects of the chirality dependent 

interaction of SWNTs with Sephacryl S-200, we 

systematically varied the SDS concentration 

used during the adsorption event, showing a 

general decrease in SWNT uptake with higher 

SDS concentration that was largely independent 

of chirality.45 This observation was attributed to 

the general increase of SDS order on the SWNT 

surface with increasing SDS concentration, 

which sterically hinders interaction between the 

SWNT sidewall and the gel surface.65–67 

 This phenomenon was explored in this 

study with each of the Sephacryl gels at both 

relatively high (105 mM) and low (26 mM) SDS 

concentrations during the adsorption event. 

 
Fig. 5. Spectroscopic analysis of the SWNT materials eluted 
from each Sephacryl resin. (A) Absorbance spectra of    
SWNT suspensions eluted from each resin affords 
quantitation of per-chirality eluted SWNT via best-fit 
analysis of characteristic  E11 absorbance peaks. (B) Elution 
efficiency summed over all SWNT chiralities along with that 
of the four most abundance chiralities adsorbed. (C) The 
per-chirality purity of the SWNT suspension introduced to 
each gel alongside that of SWNT eluted from each gel. 
Triplicate spectra of data shown in panel (A) are provided 
in Supporting Information Section S3 while the full height 
of error bars in (B) and (C) represent one standard 
deviation of triplicate measurement. 
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Similarly to the data shown in Fig. 4 and that previously reported for Sephacryl S-200,45 each Sephacryl 

series gel shows a general decrease of SWNT uptake in the presence of SDS concentrations above 70 mM, 

and does so in a generally chirality independent manner, see Supporting Information Section S5.  

Following adsorption and washing, a neat aqueous solution of relatively higher SDS concentration 

(170 mM) was added to the top of each gel bed to elute a fraction of adsorbed SWNT. The spectra of 

eluted materials from each gel is shown in Fig. 5A. The quantitative results of spectral deconvolution were 

considered in terms of elution efficiency ε, 

𝜀𝜀 = # 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔
# 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔

, (4) 

which ranges from 0 to 1. The elution efficiency assesses both the overall efficiency gel-based SWNT 

purification, chiral specificity, and affords analysis into the chiral dependence of SWNT/gel interactions.  

We have shown previously that while hydrogels composed of different polymeric backbones and 

bifunctional crosslinkers can afford chirally selective SWNT purification, chiral selectivity can occur during 

the adsorption event (Sephacryl resin), the elution event (Superose resin), or a combination of the two 

(Agarose media).35 A collective comparison of adsorption efficiency α and elution efficiency ε affords 

insight into the mechanism of gel-based purification of SWNT and can inform strategies to improve such 

methods through perturbation of either adsorption or elution conditions.45 

The elution efficiency of each Sephacryl gel formulation is shown both in terms of total SWNTs 

(summed over all chiralities, black bars) and in terms of the four most abundant chiralities present 

(colored bars) in Fig. 5B. Sephacryl S-100 through S-400 are relatively efficient gels, each of which elute 

45-50% of adsorbed material. Sephacryl S-500 is a relatively inefficient gel, eluting approximately 30% of 

adsorbed material. In terms of chirality dependent interactions, the overall grouping is driven primarily 

by the (6,5) and (6,4) chiralities, each of which elute with 45-60% efficiency for Sephacryl S-100 through 

S-400 and only with 20-30% efficiency for Sephacryl S-500.  In contrast, both the (7,3) and (7,5) chiralities 

elute with similar efficiency for every Sephacryl formulation, at about 25% and 45%, respectively.   
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The combination of initial abundance of each (n,m) chirality and per-chirality adsorption and elution 

efficiency collectively results in the per-chirality fractional purity within a given eluent:  

𝑓𝑓(𝑛𝑛,𝑚𝑚) = # 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑛𝑛,𝑚𝑚) 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔
∑ # 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑛𝑛,𝑚𝑚) 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔(𝑛𝑛,𝑚𝑚)

. (5) 

The maximum elution f(n,m) is a quantitative measure of how chirally pure the eluent from a given 

SWNT/gel interaction is and remains the parameter-of-merit in terms of designing and optimizing gel-

based SWNT purification methods. The per-chirality fractional purity of eluents obtained from each 

Sephacryl gel formulation is shown for the four most abundant chiralities present (colored bars) in Fig. 5C. 

For each of the five Sephacryl resins investigated, (6,5) is the most abundant chirality in all eluents, with 

(6,4) being second most abundant chirality in eluents obtained from all gels except Sephacryl S-500.  

In contrast to the gel overloading conditions commonly employed to purify SWNT using Sephacryl S-

200, this study also explored underloading conditions to better understand mechanistic aspects of the 

SWNT/gel interaction. In our previous work we demonstrated that even in underloaded conditions in 

which ample gel exists to support adsorption of all SWNT introduced, a fraction of semiconducting SWNTs 

pass through the gel unabsorbed and do not adsorb to a second column containing an overabundance of 

free gel binding sites.45 This phenomenon was attributed to a SWNT-exclusive property that prevents 

SWNTs from adsorbing to Sephacryl S-200, which may include SWNT length, degree and nature of 

structural defects, or inhomogeneities in 

SWNT/surfactant interactions. Therefore, performing so-

called underloaded experiments with each type of 

Sephacryl resin affords understanding of how gels of 

differing composition interact with SWNT of inherently 

different chirality and gel-interaction properties. In other 

words, while an overloaded experiment allows SWNT to 

self-select based on the chirality specific affinity for the gel 

Resin  SWNT Uptake at Saturation 

S-100  2.47 ± 0.24 x 1010 SWNT/cm2 

S-200  2.05 ± 0.31 x 1010 SWNT/cm2 

S-300  1.49 ± 0.35 x 1010 SWNT/cm2 

S-400  1.33 ± 0.26 x 1010 SWNT/cm2 

S-500  8.6 ± 2.3 x 109 SWNT/cm2 

Table 2.  Maximum number of SWNT adsorbed 
per square centimeter of gel surface area. 
Saturation levels determined from fitting of 
spectroscopic data collected under overloading 
conditions, Fig. 4, with reported error 
representing one standard deviation of 
triplicate measurement. 
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surface (affording purification), underloading conditions can hypothetically accommodate all SWNTs 

introduced, and therefore provide mechanistic insight into the ability of different gels to interact with 

differing SWNT properties (other than chirality).   

Underloaded experiments were normalized according to gel-type by consideration of the unique 

adsorption efficiency, α, of each gel measured upon introduction of 2.6 x 1013 SWNT in overloading 

conditions, as shown in Figs. 4A and 4B. Specifically, such an analysis afforded approximation of the 

maximum number of SWNT that could be taken up per cm2 of Sephacryl S-100, S-200, S-300, S-400, and 

S-500, which is listed in Table 2. This analysis afforded normalization of SWNT/gel interaction in 

underloading conditions according to SWNT loading ratio: 

𝜌𝜌 =
∑ # 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,(𝑛𝑛,𝑚𝑚)(𝑛𝑛,𝑚𝑚)

#𝑔𝑔𝑔𝑔𝑔𝑔
 (6) 

where # 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,(𝑛𝑛,𝑚𝑚) is the number of SWNT of chirality (n,m) introduced to a given gel bed and 

#𝑔𝑔𝑔𝑔𝑔𝑔  is the number of gel binding sites available for SWNT adsorption, as determined by surface area of 

gel employed and per-gel saturation levels listed in Table 2.  

By creation of relatively tall beds of each Sephacryl gel that presented approximately 2,250 cm2 of gel 

surface area each, a stock solution of SWNT was diluted to create SWNT suspensions of consistent chirality 

distribution and per-gel constant loading ratio (𝜌𝜌 = 0.15);thus, every gel bed had ample material present 

to accommodate 6.7 times the number of SWNTs introduced. SWNTs introduced under these conditions 

that pass through the gel bed do so not because of a lack of available gel sites, but rather, due to some 

SWNT specific property. Therefore, differences in behavior noted among the five Sephacryl formulations 

tested under these conditions have the potential to provide valuable mechanistic insight into the 

relationship between gel formulation and the SWNT/SDS complex. 

A plot of the scaled absorbance spectra of SWNT suspensions that passed through each gel bed in 

underloading conditions is shown in Fig. 6A (following page), demonstrating that for all resins 

investigated, some SWNTs appear functionally unable to adsorb to Sephacryl-type hydrogels. The spectral 
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characteristics of adsorbed material were calculated by differential absorbance spectroscopy and are 

shown for each resin in Fig. 6B.  Photographs depicting SWNTs passing through both Sephacryl S-100 and 

S-500 during the adsorption step in underloaded conditions are shown in Fig. 6C, while those of the two 

gels during elution are shown in Fig. 6D. In each case, the presence of unabsorbed SWNTs (despite the 

underloading conditions) and irreversibly bound SWNT (despite the elution conditions) are visible.  

 

Fig. 6. Interaction of multi-chirality SWNT suspension with various Sephacryl resins in underloaded conditions. 
(A) Absorbance spectra of SWNT suspensions after passing through an overabundance of gel binding sites of 
each resin studied. (B) The calculated differential absorbance spectra of SWNT adsorbed to each Sephacryl resin 
under normalized underloading conditions. A representative experimental depiction of the adsorption (C) and 
elution (D) steps in an underloaded scheme for Sepacryl S-100 and S-500. The adsorption (E) and overall proccess 
(F) efficiency of each resin studied. Triplicate spectra of data shown in panels (A) and (B) are provided in 
Supporting Information Section S3 while the full height of error bars in (E) and (F) represent one standard 
deviation of triplicate measurement. 
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Each of the spectra shown in Figs. 6A and 6B, along with corresponding spectra obtained by passing 

SWNTs through gel-free control columns, were deconvoluted by best-fit analysis to quantify both the total 

number of SWNTs introduced to and taken up by each gel type, which is shown graphically in terms of 

adsorption efficiency α in Fig. 6E. While there is no clear trend between Sephacryl of increasing S-number 

and overall SWNT adsorption efficiency, which falls within the range of 60-70% among these gels, there is 

a clear chiral (n,m) dependence on α between resins. Specifically, nearly 100% of the two most strongly 

adsorbing chiralities, (6,5) and (6,4), was taken up by Sephacryl S-100 through S-400, while that amount 

diminished to ≈60% for S-500. Conversely, the adsorption efficiency of (7,5) and (7,3) remained in the 50-

60% and 40-60% range, respectively, across all resins, showing no clear trend with Sephacryl S-number. 

Given the tendency of Sephacryl to exhibit chiral selectivity during the adsorption step35 and its selection 

for the (6,5) and (6,4) chiralities amongst those present in this work, the S-100 through S-400 resins appear 

functionally unique from S-500.  

The SWNTs eluted from each resin during underloaded conditions are shown graphically in terms of 

elution efficiency ε in Fig. 6F.  A clear trend is present demonstrating that Sephacryl with smaller S-number 

elutes a greater fraction of adsorbed SWNT, with elution efficiency decreasing from 55 – 60% among 

Sephacryl S-100, S-200, and S-300, down to 36% for S-400 and 4% for S-500. There does not appear to be 

a strong deviation among per-chirality behavior in terms of elution efficiency among the resins studied, 

confirming for all Sephacryl resins that any chiral selectivity realized occurs during adsorption process as 

opposed to during elution. 

Mechanistic Insights of this Study. Among the five Sephacryl resins studied, those with relatively smaller 

S-number have less surface roughness (smaller pores), a greater fraction of non-aqueous components 

present on the surface, and contain allyl dextran (aDEX) at a relatively larger density. Further, Sephacryl 

resins with relatively smaller S-number take up more SWNTs per gel surface area in overloading 

conditions, although with approximately the same chiral selectivity as do resins with larger S-number. 
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Approximately 50% of SWNTs adsorbed to resins S-100, S-200, S-300, and S-400 in overloading conditions 

eluted, while only 30% of those adsorbed to S-500 eluted. In normalized underloading conditions, a strong 

chiral selectivity is seen, with nearly 100% of the (6,5) and (6,4) chiralities adsorbed to S-100, S-200, S-

300, and S-400 while only 65% of those introduced to S-500 are adsorbed.  

Collectively, these results suggest that among Sephacryl resins, two independent parameters exist 

outside of SWNT chirality that significantly contribute to (and convolve) gel-based SWNT purification 

processes. The first parameter is surface density of aDEX, which correlates directly with the ability of a gel 

to adsorb SWNTs. Among gel components, aDEX has been speculated as responsible for SWNT binding 

sites at the gel surface.36,37,39 This finding is further confirmed by our previous reports showing that 

increasing concentration of APS within otherwise equivalent Sephacryl-like gel formulations decreases 

SWNT uptake,42 and the fact that hydrogel microparticles comprised exclusively of crosslinker MBA and 

APS adsorb little, if any, SWNT.35 This finding is important, as the rational design of hydrogels for the 

improved purification of SWNT needs to consider mimicking or only slightly altering the chemical structure 

of this polysaccharide. Further, because aDEX constitutes the costliest component of Sephacryl, simply 

removing it from gel formulations to reduce costs will sacrifice SWNT/gel interaction.  

The second parameter of outside of SWNT chirality that significantly affects gel-based purification is 

speculated here as SWNT-length, a property that has been discussed as potentially playing a role in SWNT-

gel interaction in our earlier works. Specifically, nanotubes are expected to undergo cutting during 

prolonged tip-horn sonication,68 which likely leads to a distribution of SWNT lengths among tubes of 

identical chirality (electronic structure). The correlation of SWNT length with (n,m) chirality has been 

speculated by others69 and may find its origins in the  chiral dependence of thermal stability,70 which has 

been shown to correlate with smallest local curvature radius,71 a property that strongly correlates with 

order of elution in gel-based purification schemes.27 
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This speculated role of SWNT length in SWNT-gel interaction is consistent with previous studies that 

have quantified both SWNT length and SWNT length distribution before and after interaction with 

Sephacryl gels of both relatively small (S-20072–75  and large (S-50076) pore size. In each of these studies, 

SWNT of shorter lengths were either the first to adsorb to the gel or the last to pass through it (or be 

eluted from it), an observation indicative of a relatively stronger SWNT/gel interaction among relatively 

shorter SWNT. This is consistent with previous speculation that relatively long SWNT are, due to their 

length, unable to fully interact with the curved surface of a hydrogel microsphere, and thus bind less 

strongly.33 While SWNT length is not probed directly in this work, it is nonetheless worthwhile to 

emphasize its speculated importance and the potential value of future work in which SWNT length is 

precisely measured, controlled, and correlated with critical parameters of gel-based SWNT purification.  

In terms of the gels at the center of this investigation, it is expected that the fate of a SWNT/gel 

interaction is driven by the collective interaction between the SWNT sidewall and the hydrogel surface. 

Relatively short nanotubes would then be expected to bind to regions of the hydrogel surface with 

relatively high density of aDEX, which is more prevalent in Sephacryl gels of lower S-number (Fig. 1), 

causing those gels to adsorb more SWNT with an overall increase in reversible binding events (Fig. 4). In 

contrast, gels with rougher, more porous surfaces such as those of higher S-number (Fig. 2) have fewer 

regions of high aDEX density and can adsorb fewer SWNT per gel surface area (Fig. 4). In overloading 

conditions, the gel surface adsorbs only the SWNTs with the highest affinity for its aDEX-rich binding sites, 

demonstrating why similar SWNT populations (chirality distributions) adsorb and elute from Sephacryl S-

100, S-200, S-300, and S-400 (Fig. 5). The exception is Sephacryl S-500, which has so little aDEX on its 

surface and such large pores, that a very small amount of only the most strongly adsorbing SWNTs become 

bound, leading to less efficient elution (Fig. 5). In underloading conditions, the speculated per-chirality 

distribution of SWNT length comes into play, with nearly 100% of SWNT of chiralities with small radius of 

bond curvature—(6,4) and (6,5)—binding to Sephacryl S-100, S-200, S-300, and S-400, potentially because 
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their shorter lengths allow for larger fractions of their tube length to interact with aDEX regions of the gel 

(Fig 6). However, with little aDEX on its surface and large pores, no chirality fully adsorbs to Sephacryl S-

500, even in underloading conditions. Such underloading conditions ideally allow all thermodynamically 

driven binding events to occur, yet a smaller fraction of SWNTs elute from resins of increasing porosity. 

This is presumably because of the overabundance of binding sites available for SWNT binding, such that 

SWNTs that bind do so in aDEX rich sites, which are rare but nonetheless exist across all Sephacryl resins 

(Fig 6).  

These concepts are summarized in Fig. 7, which illustrates the speculated interrelationship between 

surface density of aDEX and SWNT length. Specifically, longer SWNTs are not taken up by any of the 

Sephacryl resins regardless of aDEX surface density, while shorter SWNTs bind irreversibly to the gel 

surface regardless of aDEX surface density. In contrast, SWNTs of intermediate length interact with the 

Sephacryl resins differently depending on the availability of aDEX-rich binding sites. Importantly, not-

illustrated in Fig. 7 is SWNT chirality-dependent effects such as (n,m) specific electronic structure or (n,m) 

specific loading density and geometric 

arrangement of surfactant molecules, which are 

expected to be the primary drivers of SWNT/gel 

chirality-dependent interactions responsible for 

the achievement of scaled single-chirality 

purification using gel-based methods. A table 

comparing the convolved factors thought to play 

a significant role in SWNT-gel binding is shown in 

the Supporting Information, Section S6. 

  

 

Fig. 7. Schematic diagram illustrating the two SWNT 
chirality-independent components speculated to play 
significant roles in gel-based SWNT purification: surface 
density of allyl dextran (aDEX) moieties and SWNT length. 
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Conclusions 

Owing to the ability of Sephacryl S-200 to afford single-chirality purification of SWNTs, the ability of 

each of the five manufactured Sephacryl resins, which differ based on their manufacturer specified size 

exclusion properties, were investigated as SWNT purification media. This investigation focused on both 

the chemical and physical properties at the surface of each resin. Chemically, each resin was comprised 

of polysaccharide backbone aDEX, radical initiator APS, and crosslinker MBA, the latter two of which were 

determined to be present in approximately constant concentrations among the five formulations at 

approximately 80 mg/mL and approximately 10 mg/mL, respectively. The concentration of aDEX, 

however, decreases from approximately 80 mg/mL in S-100 down to 20 mg/mL in S-500.  Physically, the 

pore size of each gel formulation was probed through quantification of swelling ratio and visualization of 

gel surface via SEM, which generally confirmed manufacturer specifications of larger pore sizes capable 

of fractionating larger biological macromolecules among gels of increasingly large Sephacryl S-number.      

The ability of each resin to purify SWNTs through gel-based column chromatography schemes was 

determined by spectroscopic analysis of the SWNT solutions introduced to, passed through, and eluted 

from gel beds comprised of equal surface areas for each resin. Overloading conditions whereby 

introduced SWNTs compete for gel binding sites revealed that Sephacryl resins of lower S-number adsorb 

more SWNTs, with Sephacryl S-100 adsorbing (at an equivalent surface area) approximately 375% more 

SWNTs than Sephacryl S-500 and 130% more SWNTs than Sephacryl S-200, the standard material used in 

hydrogel-based SWNT purification. The chiral selectivity among SWNTs adsorbed to Sephacryl resins S-

100 through S-400 was largely independent of Sephacryl formulation and demonstrated a general 

preference for adsorption of the (6,4) and (6,5) chiralities, while that of S-500 showed relatively less chiral 

selectivity. The chirality distribution of SWNTs eluted from each formulation largely mirrored that of the 

adsorbed material, however, Sephacryl S-500 eluted a smaller fraction of its adsorbed SWNTs (30%) 

compared with SWNT eluted from Sephacryl S-100 through S-400 (45-50%). Further, underloading 
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conditions whereby an approximately 6.7 times overabundance of gel binding sites exist relative to the 

number of introduced SWNTs revealed that the fraction of introduced SWNTs adsorbed was uniformly 

60-70% for all gels, demonstrating the existence of a gel-independent (necessarily SWNTs or the 

SWNT/SDS complex) factor that inherently limits the adsorption of approximately one third of SWNTs.    

Correlations between the physiochemical properties of each gel and its respective ability to purify 

SWNTs suggest that the surface porosity of a hydrogel largely dictates the efficiency with which it 

accommodates SWNTs, with gels of larger porosity able to accommodate less SWNTs due to a lack of aDEX 

(which affords binding) density on their surfaces. 

These findings both expand the toolbox of gel-based SWNT purification, as they identify the superior 

performance of Sephacryl S-100 over the equivalently priced and near ubiquitously used Sephacryl S-200, 

in addition to serving as a roadmap for the development of hydrogel formulations tailored for SWNT 

purification. Specifically, future endeavors will focus on the synthesis, characterization, and SWNT-

purification analysis of hydrogels comprised of aDEX, MBA, and APS that 1) are based on the Sephacryl-

series formulations described here, and 2) deconvolute the gel-dependent chemical (aDEX vs. MBA) 

properties elucidated here from corresponding physical properties of the gel (porosity) through tailored 

control of each. Through improved understanding of chirality-dependent SWNT/gel interactions, gel 

formulations with superior SWNT-separation properties can be rationally designed and performance 

beyond that of Sephacryl realized, affording less expensive chirally pure SWNTs and/or SWNTs of higher 

chiral purity than that presently available. 
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