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Abstract

Aggregation kinetics of chiral-specific semiconducting single-walled carbon nanotubes (SWNTs) 

was systematically studied through time-resolved dynamic light scattering. Varied monovalent 

(NaCl) and divalent (CaCl2) electrolyte composition was used as background solution chemistry. 

Suwannee River humic acid (SRHA) was used to study the effects of natural organic matter on 

chirally separated SWNT aggregation. Increasing salt concentration and introduction of divalent 

cations caused aggregation of SWNT clusters by suppressing the electrostatic repulsive interaction 

from the oxidized surfaces. The (6,5) SWNTs, i.e., SG65, with relatively lower diameter tubes 

compared to (7,6), i.e., SG76, showed substantially higher stability (7- and 5-fold for NaCl and 

CaCl2, respectively). The critical coagulation concentration (CCC) values were 96 and 13 mM 

NaCl in the case of NaCl and 2.8 and 0.6 mM CaCl2 for SG65 and SG76, respectively. The 

increased tube diameter for (7,6) armchair SWNTs likely presented with higher van der Waals 

interaction and thus increased the aggregation propensity substantially. The presence of SRHA 

enhanced SWNT stability in divalent CaCl2 environment through steric interaction from adsorbed 

humic molecules; however showed little or no effects for monovalent NaCl. The mechanism of 

aggregation—describing favorable interaction tendencies for (7,6) SWNTs—is probed through ab 

initio molecular modeling. The results suggest that SWNT stability can be chirality dependent in 

typical aquatic environment.
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Graphical Abstract

INTRODUCTION

Tessellated hexagonal rings of carbon, when coiled to form unidimensionally curved tubular 

structures named single-walled carbon nanotubes (SWNTs), provide superior mechanical, 

electrical, and optical properties.1 Variation in helicity and diameter of these SWNTs, 

represented as chirality, can induce significant changes in their electrokinetic surface 

properties.2 Change in SWNT chirality results in electron confinement differences, which 

causes electron transport variation along the SWNT axes and thus exhibits unique 

physicochemical, electronic, and optical properties.3–5 These hallmark characteristics of 

SWNTs have versatile applicability in various fields that include, but are not limited to, 

energy storage and energy conversion, molecular electronics, nanocomposite, nanoprobes 

and sensors, and construction industries.4 In addition, biochemical sensors acquired better 

sensing selectivity using chiral-specific SWNTs.5 Many such applications, e.g., molecular 

electronic devices in high-speed computers, biochemical sensors in diagnostics, composite 

materials, etc., have high likelihood to be released in natural environment, either during use 

or at the end of life of these products and devices. The large market share, 1000 tons per 

year global production volume,6 and potential environmental release of SWNTs necessitate 

careful evaluation of their environmental safety.

Atomic structure of SWNTs primarily depends on the amount of “twist” that the honeycomb 

carbon lattices undergo during nanotube formation. Such atomic orientation of the carbon 

atoms is reflected through chiral indices, i.e., radius (r) and chiral angle (θ).2 In addition to 

surface electron properties, chirality can also govern the amount of electrochemically 

available surface area2,7 and other properties.8 Chiral vector C = n a 1 + m a 2  of SWNTs 

thus dictates the position of “Fermi level” for carbon nanotubes and thereby their electrical 

conductivity.4 Depending on the magnitudes of chiral vector components (n,m), SWNTs can 

either be metallic—when (n−m) is divisible by 3—or otherwise semiconductive.

Chirality of SWNTs also plays a dominant role in deciding the available surface area for 

physicochemical reaction and amount of interaction energy between tubes.8 Such chiral 

dependence of interparticular energy most likely originates from change in the van der 

Waals interaction intensity among SWNTs;9 which in turn regulates the overall Derjaguin, 

Landau, Verwey, and Overbeek (DLVO) forces of these materials.10 Theoretical studies 
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show evidence of chiral dependence of DLVO forces for SWNTs; e.g., armchair tubes show 

stronger intermolecular forces compared to chiral or zigzag nanotubes.11 Moreover, some 

studies show that such forces differ among chiral, metallic, and semiconductive SWNTs.12 

Such chirality-dependent DLVO interaction clearly indicates the potential role of helicity in 

controlling SWNT aggregation behavior.

Aggregation is one of the key factors that govern fate and transport of nanomaterials in 

natural environment.13 Once released, carbon nanotubes (CNTs) have a strong propensity to 

aggregate in aqueous systems due to their high hydro-phobicity and intense attraction 

between tubes, evolved from the pronounced “sp3 nature” of their structural configuration.13 

To-date, CNT aggregation literature focuses on systematic studies of SWNTs and 

multiwalled carbon nanotubes (MWNTs), elucidating role of physical attributes (e.g., size 

and shape),14 surrounding solution chemistry (i.e., pH, ionic composition, ionic strength, 

presence of macromolecules, and natural organic matter),14–17 functionalization,18,19 and 

pre-treatment.20,21 However, chiral literature for SWNTs has mostly focused on chiral 

separation and characterization22,23 to extract unique structural, spectroscopic, energetic, 

optical, mechanical, and vibrational properties23,24 and organic sorption characteristics.25 

There is a paucity of systematic studies focusing on the role of chirality on SWNT 

aggregation and thus generates a crucial data gap in SWNT fate and transport literature.

The objective of this paper is to systematically study the aggregation behavior of chiral 

specific SWNTs in environmentally relevant chemistries. SWNTs with (6,5), and (7,6) chiral 

enrichments are carefully functionalized to obtain uniform SWNT suspensions of 

comparable surface functionality. Detailed physicochemical and electrokinetic 

characterizations are performed using near-infrared (NIR) spectroscopy, X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy, transmission electron microscopy (TEM), and 

electrophoretic mobility (EPM) measurements. Fundamental aggregation kinetics of the 

functionalized SWNTs is performed using time-resolved dynamic light scattering (TRDLS) 

in the presence of a wide range of mono- and divalent electrolytes and Suwannee River 

humic acid (SRHA). Aggregation mechanism is elucidated using measured physicochemical 

properties and chirality specific ab initio interaction energy calculations.

MATERIAL AND METHODS

Chiral SWNTs.

CoMoCat SWNTs were procured from SouthWest NanoTechnologies Inc. (SWeNT, 

Norman, OK, USA). Two different types of SWNTs were tested in this study: SG65 (lot 

000–0031) and SG76 (lot 0020).

Optimized Covalent Functionalization of SWNTs.

The SWNTs were covalently functionalized following a two-step process. Five mg of 

relatively pure SWNTs (with >97.5% purity) was bath sonicated for 1 h (Branson 1510) in 

2.5 mL of 6 M HNO3 to remove most metal impurities.26 Later, the purified SWNTs were 

bath sonicated with 2.5 mL of concentrated H2SO4/HNO3 mixture (3:1, 98% and 70% 

strength, respectively) for 4 h.26,27 After each step, the SWNT suspension was filtered 
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through 200-nm polypropylene (GHP) membranes (Pall Life Science, Port Washington, NY) 

and rinsed with Milli-Q water until the pH of the filtrate reached ~6.5. The filtered sample 

was then dried for 3 h at 60 °C and kept in a silica gel chamber for 3 days. The conditions, 

i.e., sonication intensity, duration, oxidant composition, etc., were optimized using 

previously established sonication techniques28 to achieve near-equal surface 

functionalization as verified by parallel characterization with XPS, Raman spectroscopy, and 

EPM measurements.

Characterization of SWNTs.

SWNT samples were characterized to determine the chirality and key physicochemical 

properties by employing NIR spectroscopy, TEM, XPS, Raman spectroscopy, and EPM 

measurements.

For NIR spectroscopy, SWNT suspensions were prepared in 2% w/w sodium deoxycholate, 

SDC (Sigma Aldrich) in deionized water (1 mg of SWNT per mL of SDC). The mixtures 

were then ultrasonicated for 10 min with a microtip ultrasonic dismembrator (Sonifier 450, 

Branson Ultrasonics, Danbury, CT) in a saltwater ice bath and subsequently centrifuged for 

10 min under 17 860g. The supernatant was removed and diluted for spectroscopic 

characterization.29 The pH of all samples was in the range of 6.0−7.0. NIR absorbance and 

fluorescence spectra of suspended individual SWNT were measured using the 

Nanospectralyzer NS1 (Applied Nano-fluorescence, Houston, TX) with 3 discrete laser 

excitation wavelengths (638, 691, and 782 nm). The integration time was 100 s with 100 

spectral averages.

XPS to quantify extent of oxidation was carried out on a Kratos Axis Ultra spectrometer 

(Kratos Analytical Ltd., Tokyo, Japan) equipped with a hemispherical energy analyzer and 

monochromatic Al Kα source.30 This source was operated at 15 keV and 150 W (10 mA) 

with a takeoff angle of 90° from the samples31 and the analyses were carried out with a base 

pressure of 1.2 × 10−8 Torr.32 For each sample, the XPS spectra were collected at least three 

times at independent spatial locations. XPS data fitting was performed using CasaXPS 

software.

Raman spectra—for evaluating SWNT structural signature and state of defect—were 

recorded using dry SWNT samples with a LabRam confocal Raman spectrophotometer (JY 

Horiba, HORIBA Instruments Inc., CA), equipped with a liquid nitrogen-cooled CCD 

detector and an He/Ne (632.817 nm) laser for excitation. Each spectrum presented is the 

average of at least 5 scans with integration times of 120 s for each. The relative defect state 

was quantified using ratio of peak areas at defect “D” band (at 1300 cm−1) and characteristic 

“G” band (at 1600 cm−1).

Morphological changes, packing structure, and purity of SWNTs upon functionalization 

were evaluated using TEM imaging and compared with the as-received samples. Details of 

TEM method are described elsewhere.16,17 In short, 5 mL of ~15 mg/L SWNT solution was 

prepared in ethyl alcohol (JT Baker, ACS grade) and sonicated for 10 min using a sonic 

dismembrator (S-4000, Misonix). Suspensions were then placed in a bath sonicator for 15 

min prior to imaging and a drop of each suspension was placed on a 200-mesh copper TEM 
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grid coated with carbon Formvar (Ted Pella Inc.). Excess solvent was removed by wicking 

with filter paper and the grid was allowed to dry in a hot plate at 75 °C for 15 min. Images 

were collected using an H-9500 (300 kV) TEM (Hitachi High Technologies America, Inc., 

CA) with 0.18-nm resolution.

The EPM values of functionalized SWNTs were measured for a range of mono- and divalent 

cations with a Malvern Zetasizer (ZEN 3660) system at 25 °C using established protocol 

described elsewhere.16,17 In short, diluted stock solution at ~1 mg/L concentration was 

maintained. Electrolyte solutions at respective dilutions were added immediately prior to the 

EPM measurements to mimic the aggregation experiments. All EPM measurements were 

conducted with at least three replicate samples to ensure reproducibility.

Solution Chemistry.

SWNT aggregation was initiated by adding mono- and divalent electrolytes under 

environmentally relevant conditions: i.e., 1−550 mM NaCl for SG65 and 1−200 mM NaCl 

for SG76, while CaCl2 concentration was 0.1−30 mM for both cases. The role of natural 

organic matter (NOM) was evaluated using 2.5 mg of TOC/L standard II Suwannee River 

humic acid, SRHA (International Humic Substances Society, Denver, CO) under 10 mM 

ionic strength (i.e., 10 mM NaCl and 7 mM NaCl with 1 mM CaCl2) conditions.

Aggregation Kinetics.

The aggregation kinetics of functionalized SWNTs was studied employing a ALV/CGS-3 

precision goniometer system (ALV-GmbH, Langen, Germany), equipped with a 22 mW He

−Ne laser (632.8 nm wavelength) and ALV/LSE-5004 light scattering digital correlator 

(ALVGmbH, Langen, Germany). Operation details are similar to earlier work16,17,33 and are 

presented in the Supporting Information (Section S1).

Analysis of the data was performed using rate calculation of SWNT cluster growth at the 

initial aggregation stages. The rate of aggregation is known to be proportional to the rate of 

change of R0 with time and can be expressed as eq 1 as follows:17

k ∝ 1
N

dR0(t)
dt t 0 (1)

where k is the initial aggregation rate, and N is the SWNT particle concentration.

To eliminate influence of particle concentration that can vary between samples, a normalized 

unit less quantity, known as attachment efficiency or “α”, is determined from the ratio of 

initial aggregation rate at each electrolyte condition with that of the favorable aggregation 

condition. Attachment efficiency α is represented using eq 2 as follows:17
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α =

dR0(t)
dt

t 0
dR0(t)

dt
t ∞

(2)

where α is the attachment efficiency, and t is the time of aggregation. All DLS 

measurements were conducted at 20 ±0.5 °C and at least duplicate samples were tested to 

obtain significant reproducibility.

Ab Initio Calculations.

Interaction energy between SWNTs was estimated with ab initio molecular dynamics.34 

Details are presented in the SI (Section S2). Density functional theory (DFT) principles were 

applied through DFT-D3/BLYP/6–31G,35,36 and interaction energy between the SWNTs was 

calculated using eq 3.

 Interaction energy  = E(SWNT pair ) − 2E( single SWNT) (3)

A final energy calculation was performed using the coordinates of the SWNT pair at the 

minimum of the interaction energy diagram. The basis set used for the carbon molecules in 

half of the middle third section facing each SWNT was 6–31+G(d), with a 6–31G basis set 

used for the remaining carbon and hydrogen atoms (Figure S2).

RESULTS AND DISCUSSION

Chiral SWNTs.

Figure 1 presents chirality charts depicting distribution of SWNT chiral structures based on 

the roll-up vectors. Such plots are developed using fluorescence absorbance spectra detected 

by NIR spectroscopy (Figure S3). It is well-known in the literature that the diameter of 

SWNTs generates well-defined van Hove maxima for electronic density of states that in turn 

causes sharp interband transitions in the absorbance spectra.37,38 Figure S3 presents NIR 

spectra for SG65 and SG76 that are deconvoluted to basis function, which resulted in 

predictive simulated spectrum and thus the chiral distribution of the samples. The chirality 

charts thus obtained present relative enrichments of specific SWNT chirality through partial 

filling of the hexagons; i.e., the more filled a hexagon is the higher is the enrichment of that 

specific SWNT chirality in the analyzed sample.39 Figure 1 demonstrates major presence of 

semiconducting tubes with major enrichments of (6,5) and (7,6) chiralities in the two 

respective samples. Overall, the chirally enrichments for the two samples are dominated by 

similar roll-up angle (~27°) with variable diameter (0.756 and 0.895 nm for SG65 and 

SG76, respectively) tubes, near armchair configuration (Figure S4). In addition, other 

chiralities present in minor quantities in SG65 are with near-armchair configuration (Figure 

1a); i.e., (7,3), (7,5), and (8,4). The minor chiralities in SG76 on the other hand, show a wide 

coverage of the chirality map that span across armchair to zigzag configurations (Figure 1b); 
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i.e., (7,5), (9,4), (10,3), and (12,1). The values for chiral angles and diameters for all 

chiralities (major and minor) present in SG65 and SG76 are presented in Table S1.

Optimized Covalent Functionalization of SWNTs.

Covalent functionalization of the SWNT samples was optimized to achieve near-equal 

amount of oxidation. The validation of such optimization is achieved by performing multiple 

surface characterization measurements; i.e., XPS, Raman spectroscopy, and TEM. The XPS 

spectra show C1s peaks in the range of 282.2−286.0 eV binding energy (Figures S5 and S6); 

which confirms C−C bond signature, characteristic to graphitic structures.40 The O1s peaks 

on the other hand appeared at 529.2−533.0 eV (Figures S3 and S4), indicating strong 

presence of carboxyl (O═C−O−) groups on the SWNTs.40 The percentage oxidation is 

quantified to be 4.56 ±0.53 and 4.80 ± 0.33 for pristine and 11.90 ± 2.50 and 13.36 ±0.55 for 

functionalized SG65 and SG76, respectively (Figure 2a). The extent of oxidation to the 

SWNTs compares well with the literature reported values that varied from 1.6% to 11.3%.41 

Incorporation of surface oxygen groups through covalent acid etching process is also 

reported for other graphitic materials, e.g., MWNTs; which show variations from 1% to 6%,
42 4.5% to 10.2%,43 etc., that are in a range of oxidation similar to those reported in this 

article.

Parallelly, Raman spectroscopic measurements show relative presence of defects on SWNT 

surfaces as observed from the peak response17 in defect or “D-band” (near 1310 to 1330 cm
−1) region with respect to the response from characteristic graphitic or “G-band” (near 1590 

cm−1) region (Figure S7). The ratios of areas under the peaks at D and G regions provide 

quantifiable relative-defect values for SG65 and SG76 chiralities. Figure 2b shows D/G ratio 

of 0.21 ± 0.01 and0.12 ± 0.01 for pristine that increased to 0.24 ± 0.03 and 0.25 ± 0.08 for 

functionalized SG65 and SG76, respectively. The literature reports a similar increase in D/G 

ratio for SWNTs due to mechano-chemical functionalization.17 Such increase in the D/G 

ratio upon functionalization indicates C−C bond rupture and subsequent formation of C−O 

and O−C=O functional groups due to the presence of strong oxidants.17,44 The 

combinatorial evidence of XPS and Raman spectroscopy confirms optimized oxidation 

through the incorporation of near-equal extent of carboxyl (COO−) surface functional 

groups.

Furthermore, the morphological changes upon functionalization are observed through TEM 

imaging. TEM micrographs of pristine and functionalized SWNTs are presented in Figure 3. 

Representative TEM micrographs show highly bundled and long tubular structures for both 

the pristine SG65 (Figure 3a) and SG76 (Figure 3b) samples. Covalent functionalization and 

incorporation of surface functional groups—as evident from XPS and Raman spectroscopy

—caused substantial debundling of the tubes for both SG65 (Figure 3c) and SG76 (Figure 

3d). In addition, shortening of tubes with sharp ends is also evident from the micrographs. 

The catalyst particles are also appeared to be removed through this oxidation process as 

evidenced from the relative absence of dense spherical features in the images (Figure 3c–d), 

which appear to be present in the pristine cases (Figure 3a–b). Such changes in SWNT 

morphology are consistently observed elsewhere in the literature.17,45
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Electrokinetic Properties.

Electrokinetic properties of oxidized SWNTs with mono- and divalent electrolytes are 

presented in Figure 4. The EPM show presence of negative surface potential in SWNTs for 

the entire range of electrolytes. Though the origins of surface charge on all-carbon graphitic 

materials are unclear, previous literature evidence confirms such electrokinetic behavior for 

SWNTs upon oxidation or surface functionalization.17,20 The EPM values showed gradual 

decrease with the increase in electrolyte concentration for both SWNT samples. For SG65 

and SG76, the EPM values varied from −(1.94 ± 0.14) × 10−8 to −(0.73 ± 0.04) × 10−8 and 

from −(1.51 ± 0.02) × 10−8 to −(0.72 ± 0.02) × 10−8 m2 V−1 S−1, respectively, for the lower 

and higher end of monovalent electrolyte conditions. For the change in divalent electrolyte 

concentration from 0.1 to 10 mM CaCl2, the EPM values decreased from −(2.05 ± 0.33) × 

10−8 to −(0.72 ±0.11) × 10−8 and from −(1.58 ± 0.07) × 10−8 to −(0.47 ±0.06) 10−8 m2 V−1 

S−1 for SG65 and SG76, respectively. Overall, the EPM values are found to be similar 

between SG65 and SG76 tubes for both electrolyte types and in nearly all conditions; 

however, with slightly more negative EPM values for SG65 compared to that of SG76. The 

data reconfirm the nearly equal optimized oxidation of both the samples with an indication 

of slightly higher contribution toward electrostatic repulsion for the SG65 tubes. The ranges 

of EPM for SWNTs are consistent with previously reported findings. Both the acid treated 

and sonicated SWNTs show similar range of EPM, i.e., −1.24 × 10−8,17 −0.93 × 10−8,20 and 

−0.8 × 10−8 m2 V−1 S−1 46 in low electrolyte conditions. The EPM values are relatively low 

and show similar range with reference to SG76 values. Whereas MWNTs and fullerenes 

show relatively higher EPM values for both acid etching and sonication treatment cases; i.e., 

−2.25 × 10−8,16 −2.2 × 10−8 (pH 6) and −3.2 × 10−8 m2 V−1 S−1 (high pH)47 for MWNTs 

and −3.3 × 10−8 48 and −1.3 × 10−8 m2 V−1 S−1 49 for fullerenes.

Aggregation Kinetics.

Stability plots for SG65 and SG76 in response to a wide range of mono- and divalent 

electrolytes are presented in Figure 5. The attachment efficiencies presented are calculated 

using initial rates of aggregation for each electrolyte condition as obtained from time 

dependent aggregation profiles (Figure S8). The initial hydrodynamic radii of the stable 

SWNT clusters are found to be 117 ± 8 and 208 ± 11 nm in case of monovalent electrolyte 

conditions for SG65 and SG76, respectively (Figure S8a−b). For the divalent electrolyte, the 

initial hydrodynamic radii showed a slight increase to 126 ± 15 and 226 ± 14 nm for SG65 

and SG76, respectively (Figure S8c−d). The key feature of the stability plots is the well-

defined aggregation regimes, i.e., reaction limited (RLCA) or unfavorable and diffusion 

limited (DLCA) or favorable aggregation regimes; which demonstrate a typical DLVO type 

interaction between tubes. With the increase in NaCl concentration (Figure 5a), the SG65 

shows a substantially higher stability compared to SG76. Also, the SG65 tubes’ response to 

the first logarithmic increase of NaCl is relatively weak compared to the remainder of the 

RLCA regime—unlike the SG76 behavior—which also demonstrates higher stability to 

electrolyte concentration increase. The critical coagulation concentration (CCC) values 

estimated from the RLCA and DLCA regime slopes are 96 and 13 mM NaCl for SG65 and 

SG76, respectively. The CCC values provide further evidence of higher stability— >7 fold 

higher CCC—for SG65 compared to SG76.
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Similarly, the stability plots for divalent CaCl2 present similar key features that include 

defined RLCA and DLCA, higher stability of SG65 compared to SG76, and weak response 

for the first logarithmic increase of electrolyte concentration for SG65. The CCC values 

estimated were 2.8 and 0.6 mM CaCl2 for SG65 and SG76, respectively— >5 fold increase 

in CCC for SG65 compared to that of SG76. The CCC values between mono- and divalent 

cations follow zn dependence as per Schultz−Hardy Rule (n = 2 to 6), with n = 5.10 and 4.44 

for SG65 and SG76, respectively.13

The literature findings for aggregation of SWNTs are in a similar range with respect to CCC 

values obtained in this study, with the exception of SG65 monovalent aggregation case. 

Nitric acid treated SWNTs in literature showed relatively low values of CCC, i.e., 37 mM 

NaCl and 0.2 mM CaCl2,20 compared to SG65 in this study. The literature value for acid 

etched SWNTs are comparable to mechanically functionalized SWNT CCC with reported 

values of 20 mM NaCl and 2.0 mM CaCl2.17 Such reported values are thus similar to SG76 

aggregation results. However, the chirality and diameter distribution of these SWNTs16,20 

are unknown and thus may not bear mechanistic significance to the results obtained in this 

study. On the other hand, literature reported relatively high colloidal stability for acid 

functionalized MWNTs with CCC values of 93 mM of NaCl and 1.2 mM of CaCl2;47 while 

the sonication treatment resulted in lower SWNT stability with CCC of 25 mM NaCl and 2.6 

mM CaCl2.16 It is to be noted that CCC values for fullerenes are consistently reported to be 

high with 85−160 mM NaCl and 4.1−6.0 mM CaCl2.48,49

Aggregation Mechanism and the Role of Chirality.

Aggregation of colloids is dominated by the relative interplay between inherent van der 

Waals attractive and electrostatic repulsive interactions. The SWNTs are known to have high 

aggregation propensity due to their strong van der Waals interaction.50,51 In this study, the 

electrostatic interactions for both tubes were similar, however they showed a maximum 

difference in EPM of 0.43 ± 0.14 × 10−8 m2 V−1 S−1 between SG65 and SG76 SWNTs. 

Such difference will likely cause higher electrostatic stabilization of SG65 compared to 

SG76. Earlier literature presented aggregation behavior of MWNTs, systematically studied 

for a wide range of oxidation states.18,52 Even a ~1.0 × 10−8 and 0.45 × 10−8 m2 V−1 S1− 

EPM difference in these studies showed only ~4-fold and ~2.3-fold difference in the CCC 

values.18,52 Thus the large difference in CCC values observed in this study is not likely due 

to the effects of electrokinetics only. The differences in van der Waals interaction between 

SG65 and SG76 samples have likely played a dominant role in the aggregation of these 

SWNTs. It is to be noted that SG65 has (6,5) chiral enrichment where the minor chiralities 

are near the armchair configuration (Table S1). In comparison, SG76 tubes have (7,6) chiral 

enrichment with the minor chiralities covering a wide region of the chirality chart (Table S1 

and Figure S4). The notable features for SG65 is the (6,5) chiral enrichment are high roll-up 

angle of 27° (similar to that of (7,6), which is 27.5°) and the smallest diameter (0.76 nm) 

among all chiralities present. The roll-up angles for the minor chiralities are also high (17.1°

−24.5°) and their diameters remain relatively small (0.70−0.84 nm) for SG65 sample. On the 

other hand, the SG76 with (7,6) chiral enrichment has a relatively larger diameter (0.893 

nm) compared to that of (6,5). Furthermore, the minor chiralities for SG76 show relatively 

wider range of roll-up angle variation(3.6°−27°) and larger diameters (0.83−0.99 nm). 
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Literature findings show that increase in SWNT diameter increases the Hamaker constant 

value and thus enhances the van der Waals interaction, substantially.53 The theoretical 

prediction of Hamaker constant using Lifshitz formulation with a model [14,14,m] water 

medium shows diameter dependence for Hamaker constant of SWNTs with armchair 

configurations.53 It also shows that Hamaker constant values can be even negative for lower 

diameters (below 0.98 nm for this theoretical case), i.e., adding to the repulsive stabilizing 

interaction component in the DLVO formulation. However, the values showed to 

consistently increase with the increase in SWNT diameter (beyond 0.98 nm value).53 Based 

on this evidence it can be concluded that SG65 with smaller diameter tubes had lower—even 

negative—contribution from van der Waals interaction, while SG76 with larger diameter 

tubes acquired a substantially higher van der Waals contribution to destabilize the SWNTs. 

The key mechanism responsible for lower stability of SG76 compared to SG65 is therefore 

the increased van der Waals attractive interaction that overshadowed the electrokinetic 

repulsive contribution from the covalent functionalization.

To further evaluate the aggregation mechanism, ab initio calculations are performed to 

calculate the interaction energies between SG65 and SG76 molecule pairs. The optimized 

lengths of a repeating unit of SG65 and SG76 are computed as4.17 and 4.91 nm, while 

optimized diameters are found to be0.76 and 0.90 nm, respectively. Such values correspond 

well with those reported in Table S1. The rigid molecule potential energy surface scan shows 

more favorable maximum interaction energy of −34.2 and −132.8 kcal/mol for SG76 

compared to −30.7 and −103.8 kcal/mol for SG65 in cases of perpendicular and parallel 

configurations, respectively (Figure 6). A larger diameter results in less curvature and more 

interaction between SG76 because of the higher overlap between π electrons. Similar 

simulation results were reported by Aich et al.,33 where the interaction energy between 

fullerene pairs becomes more favorable as the fullerene radii increases from C60 to C84. 

The final interaction energies calculated with a higher level basis set for the lowest point in 

Figure 6 report −29.1 and −33.0 kcal/mol for SG65 and SG76, respectively; confirming that 

the difference in the interaction energy between SWNTs is reasonable. The ab initio 

calculations present a unique insight onto molecular level interaction of SWNTs; which in 

essence confirm a more favorable interaction, i.e., higher aggregation propensity (or lower 

stability), between SG76 tubes compared to SG65. The role of higher diameter in SWNT 

interaction is also identified as the key mechanism for higher aggregation tendencies of 

SG76.

The comprehensive characterization and molecular modeling performed in this article has 

helped to decipher the mechanism of aggregation. The chiral distribution characterization 

has helped to demonstrate the true chiral enrichments in SG65 and SG76 samples. The 

electrokinetic measurements along with XPS and Raman spectroscopy demonstrate that the 

two samples were carefully functionalized with near-equal length and small variation in their 

electrostatic contribution to aggregation. The molecular modeling further illustrates the 

higher interaction between larger diameter SG76 tubes compared to those in SG65. These 

physicochemical characterization and modeling results thus have helped to identify 

“chirality difference” of semiconducting SG65 and SG76 tubes to be the discerned etiology 

for the observed aggregation behavior.
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Role of SRHA vs Chirality in Aggregation.

Figure 7 shows a decrease in aggregation rate—as calculated from the aggregation profiles 

(Figure S9)—in presence of 2.5 mg TOC/L SRHA for both mono- and divalent electrolytes 

at 10 mM ionic strength. The stability enhancement by SRHA under monovalent electrolyte 

condition is insignificant for both SG65 and SG76. However, mixed electrolyte condition 

shows substantial increase in stability or decrease in aggregation rate, with SRHA addition; 

i.e., 70% (from 0.10 ± 0.001 to 0.02 ± 0.006 nm/s) and 25% (from 0.19 ± 0.016 to 0.14 

± 0.027 nm/s) decrease in the rate of aggregation for SG65 and SG76, respectively.

Electrolyte conditions as well as chirality played a significant role in stability enhancement 

with SRHA. The mechanism can be described through the surface potential of the SWNTs 

(Figure S10). Though the SRHA addition did not alter the EPM values of SG65 or SG76 in 

either of the conditions substantially, the overall magnitude of EPM is observed to be lower 

in presence of divalent electrolyte, as expected (Figure S10). The lower EPM values resulted 

in higher aggregation rate for both chirality SWNTs (in absence of SRHA); higher for SG76 

compared to SG65, following similar trend and aggregation mechanism explained earlier. 

The notable increase in stability in presence of SRHA is thus attributed to non-DLVO, steric 

interactions, with little or no electrostatic contribution imparted by the adsorbed humic 

macromolecules. Such stability enhancement was previously observed for SWNTs17 as well 

as for MWNTs16 and fullerenes.48,49

Implication for Fate and Transport in Aquatic Environments.

SWNTs, upon release, will be exposed to mono- and di-valent electrolytes—typical to 

aquatic environments, e.g., groundwater, surface water, marine environments—and thus 

necessitate fundamental understanding of aggregation behavior in such conditions. Results 

from this study suggest that SWNTs are relatively stable with a dominant role of chirality in 

their stability in a typical aquatic environment. Particularly, semiconducting SWNTs with 

near-armchair configurations and relatively smaller diameter will likely show higher stability 

compared to larger diameter tubes. Presence of SRHA is likely to enhance SWNT stability, 

however, it is also governed by the chirality type of the tubes. The findings also indicate that 

literature studies on SWNT aggregation with no analysis for its chirality can be unreliable to 

accurately predict colloidal stability. Moreover, most commercial SWNTs are synthesized 

and used as unknown mixed chirality systems and therefore can show inconsistent 

aggregation with respect to their laboratory studied reference behavior. This study involved 

two chiral specific SWNT samples leaving a large gap in the chirality chart to establish a 

better and more complete understanding of the role of chirality in SWNT aggregation. The 

results of this study should be used as the first reference point for chirality influence on 

semiconducting SWNT aggregation, however, may not be generalized for the entire chirality 

map. Further systematic studies with chiral specific SWNTs covering a wider region of the 

chirality chart for both semiconducting and metallic tubes are of great importance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chirality charts of (a) SG65 and (b) SG76 SWNTs samples showing chirality distribution.
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Figure 2. 
(a) Average oxidation level of pristine and functionalized SWNTs measured by X-ray 

photoelectron spectroscopy (XPS). (b) State of defect presented by D/G ratios from Raman 

spectroscopy. Error bars represent one standard deviation.
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Figure 3. 
Representative TEM micrographs of (a−b) pristine and (c−d) functionalized SWNTs. 

Images on the left are of SG65 and on the right are of SG76 samples.
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Figure 4. 
Electrophoretic mobility (EPM) of functionalized SWNTs as a function of (a) monovalent 

and (b) divalent salts (NaCl and CaCl2). Measurements were carried out at pH ~6.5 and 

temperature 20 °C.
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Figure 5. 
Attachment efficiencies of functionalized SWNTs as a function of (a) NaCl and (b) CaCl2 

salt concentration. Measurements were carried out at pH ~6.5 and temperature 20 °C.
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Figure 6. 
Interaction energy of SG65 and SG76 SWNTs calculated using dispersion corrected density 

functional theory (a) perpendicular and (b) parallel configuration.
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Figure 7. 
Initial aggregation rates of SWNTs with (a) 10 mM NaCl and (b) 7 mM NaCl + 1 mM 

CaCl2 in presence of 2.5 mg TOC/L SRHA. The inset in (a) is a zoomed in plot to represent 

the rate differences with clarity.
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