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ABSTRACT 

Grafting polymers onto single-walled carbon nanotubes (SWCNTs) usefully alters properties but 

does not typically yield stable, solvated species directly. Despite the expectation of steric 

stabilization, a damaging (re)dispersion step is usually necessary. Here, poly(vinyl acetate)s 
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(PVAc) of varying molecular weights are grafted to individualized, reduced SWCNTs at different 

concentrations to examine the extent of reaction and degree of solvation. The use of higher polymer 

concentrations leads to an increase in grafting ratio (weight fraction of grafted polymer relative to 

the SWCNT framework), approaching the limit of random sequentially adsorbed Flory 

‘mushrooms’ on the surface. However, at higher polymer concentrations, a larger percentage of 

SWCNTs precipitate during the reaction; an effect which is more significant for larger weight 

polymers. The precipitation is attributed to depletion interactions generated by ungrafted 

homopolymer overcoming Coulombic repulsion of adjacent like-charged SWCNTs; a simple 

model is proposed. Larger polymers and greater degrees of functionalization favor stable solvation, 

but larger and more concentrated homopolymers increase depletion aggregation. By using low 

concentrations (25 μM) of larger molecular weight PVAc (10 kDa), up to 65% of grafted SWCNTs 

were retained in solution (at 65 μg mL-1) directly after the reaction. 

1. INTRODUCTION 

Single-walled carbon nanotubes (SWCNTs) have superlative mechanical, optical, and electronic 

properties1 and have been proposed for a diverse array of applications including (but far from 

limited to) multifunctional composites,2 transistors,3 and drug delivery.4 However, their poor 

solubility and tendency to agglomerate are significant hurdles to practical implementation. The 

functionalization of SWCNT sidewalls is well established as a route to facilitate processing and 

assembly; in particular, polymers are often used to increase dispersibility, biocompatibility,5 and 

composite interfacial properties.2 Polymers may be synthesized in situ directly from an initiating 

species pre-attached to the SWCNT surface (“graft-from” reaction),6 typically providing dense 

coverage but an uncertain molecular weight.7 Alternatively, pre-synthesized (and well 



 

 

 

 

3 

characterized) polymers can be grafted-to SWCNTs.8, 9 In either case, the SWCNTs should be 

individualized to ensure that the reaction is not limited only to the outer surface of bundles.10 

Prolonged ultrasonication and/or oxidation is typically performed to disperse SWCNTs; however, 

these processes significantly damage and shorten the SWCNTs and predominantly lead to smaller 

bundles of SWCNTs, rather than individualized species.11  

 An alternative processing route reduces SWCNTs to form ‘nanotubide’ anions12 which 

spontaneously dissolve in certain polar, aprotic solvents13 to give purely individualized species, in 

principle, without damage.14 While the thermodynamic driving force of nanotubide solvation is 

the subject of ongoing debate,15, 16, 17 it is acknowledged that Coulombic repulsion between 

adjacent nanotubide (poly)anions in solution provides a significant energetic barrier to 

reagglomeration. The use of N,N-dimethylacetamide (DMAc) as a solvent simplifies nanotubide 

processing, as it both dissolves nanotubide ions while remaining stable in the presence of strong 

reducing agents, such as sodium naphthalide (NaNp). A simple equimolar solution of sodium and 

naphthalene in DMAc is capable of directly dissolving SWCNT powders with high yields.18 

Following this reduction step, the added charge can be used to initiate functionalization reactions, 

(most commonly with organohalides) to alter dispersibility,19, 20 crosslink the SWCNTs as gels,21, 

22 or bind composite matrices.23, 24 As the reaction proceeds, the functionalized SWCNTs 

(f-SWCNTs) precipitate out of solution, a process usually attributed to removal of the stabilizing 

Coulombic repulsion, as the reaction consumes the nanotubide’s negative charge.15 However, the 

grafting stoichiometries (number of SWCNT carbons per grafted moiety) of most functionalization 

reactions, especially for sterically bulky graft-to polymers, imply that only small fraction of the 

available charge is consumed in the primary reaction; residual charge is known to remain on the 

SWCNTs after the initial functionalization and is either deliberately or inadvertently removed 
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during subsequent work-up.25 The reason for the precipitation during grafting (and before 

discharging) is, therefore, unclear and problematic since air-stable dispersions of polymer-grafted 

SWCNTs are crucial targets for many applications. Currently, the newly functionalized SWCNTs 

are usually redispersed, via shear processing steps which can introduce damage. In this sense, 

unlike thermodynamically stable nanotubide solutions, which form spontaneously, functionalized 

SWCNTs are typically metastable dispersions. Ideally, the f-SWCNTs would simply remain in 

solution after the functionalization. 

 

 

Figure 1. Schematic of polymer end-group functionalization through (a) BOC deprotection and (b) 

amidation with bromoacetyl bromide, and (c) SWCNT functionalization 

 

 

2. METHODS AND EXPERIMENTAL 

 

Materials. Single-walled carbon nanotubes (Elicarb PR929, batch 108511/g) were supplied by 

Thomas Swan Ltd (U.K.). 4-aminobenzylalcohol (98 %) and 2-bromo-N-phenylacetamide (95%) 

a)

b)

c)
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were purchased from Fluorochem Ltd. (UK). Di-t-butyl dicarbonate (>99%), pyridine (anhydrous, 

99.8%), thionyl chloride (>99%), anhydrous ethanol (200 proof >99.5%), vinyl acetate (>99% 

with 3-20 ppm hydroquinone stabiliser), trifluoroacetic acid (TFA, 99%), 2,2′-azobis(2-

methylpropionitrile) (98%), lauroyl peroxide (Luperox® LP, 97%), sodium (ingot, 99.99%), 

naphthalene (99%), bromoacetyl bromide (>98%), and anhydrous N,N-dimethylacetamide 

(99.8%) were purchased from Sigma Aldrich Ltd. (U.K.). Potassium O-ethyl xanthate (98%) was 

purchased from Alfa Aesar (UK). Dichloromethane (DCM, 99.9%), n-hexane (99.9%), ethanol 

(96%), tetrahydrofuran (THF, 99.9%), and petroleum benzene (40-60 oC) were purchased from 

VWR UK Ltd. (U.K.). Piped nitrogen, and dry oxygen (custom 20/80 v/v oxygen nitrogen mix) 

were purchased from BOC gases (DE). Anhydrous DMAc was dried further with activated 4 Å 

molecular sieves (Sigma Aldrich) in a glovebox for 2 days prior to use. Elicarb SWCNTs were 

purified using a previously reported reductive procedure.26 Tert-butoxycarbonyl (Boc) protected 

poly(vinyl acetate) (1) synthesis and end-group transformations to aniline (2) and bromide (3) 

terminated polymers were performed using previously reported procedures.27  

 Nanotubide Synthesis. Procedure adapted from previously reported literature.18 Purified 

nanotubes were dried (10-2 mbar, 300 ⁰C, 1 h) and transferred to a nitrogen glovebox. Separately 

in the glovebox, a bulk solution of sodium naphthalide in DMAc was prepared by stirring sodium 

(10 mg) and naphthalene (55.7 mg, 1 eq.) in DMAc (10 mL) using a glass stirrer bar. This solution 

was stored out of light (covered in aluminium foil), used as soon as possible (maximum 1 week) 

and monitored for degradation immediately before use, as indicated visually by the appearance of 

white precipitate and spectroscopically by the reduced intensity of naphthalide’s characteristic 

absorbance band (ε798 nm = 26,200 m-1 M-1 in DMAc). Purified SWCNTs (24 mg) were added to 
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the NaNp/DMAc solution (4.6 mL), diluted with DMAc (115.4 mL) and stirred with a glass stirrer 

bar for 16 h to give the nanotubide solution (200 μg mL-1). 

 Polymer Functionalization. Bromide terminated poly(vinyl acetate) was dissolved in 

25 mL DMAc at different concentrations (0.05, 0.5 and 5 mM), set to give final polymer 

concentrations of 0.025, 0.25 and 2.5 mM. The mixture was injected into a nanotubide solution 

(25 mL, 200 μg mL-1 to give final 50 mL of 100 μg(SWCNT) mL-1) and stirred for 2 h. The solution 

was then centrifuged (1,000 g, 30 min) in fluorinated ethylene propylene (FEP) centrifuge tubes, 

sealed with PTFE tape in the cap’s thread to give a solution and precipitate of f-(PVAc) SWCNTs 

which were separated by decanting. 

 Discharging Nanotubide. To remove excess charge, samples were exposed to an 

atmosphere of dry oxygen overnight. To recover discharged nanotubes for TGA, solutions were 

filtered over a 100 nm PTFE membrane before washing with deionized water and acetone to 

remove sodium oxides, naphthalene, and non-grafted polymer. The discharging procedure was 

also performed on as-dissolved nanotubide solution which was subsequently centrifuged (1,000 g, 

30 min, in FEP tubes) to give the ‘no polymer’ control solution (ESI, Fig. S3c). 

 End-Group Only Polymer Functionalization. Nanotubide solution (10 mL, 0.2 mg mL-1, 

87 μmol Na) was stirred with 2-bromo-N-phenylacetamide (56 mg, 3 eq. vs Na) with a glass stirrer 

bar for 16 h, before discharging and filtering over a 100 nm PTFE membrane.  

 Characterization. UV-Vis spectroscopy was performed on a Perkin Elmer Lambda 950 

with an optical glass cuvette, measured with an air background, manually subtracting a measured 

solvent spectrum afterwards. Concentrations were calculated on post-centrifuged SWCNT-

dispersions using an extinction coefficient of ε660nm = 3616.6 mL mg-1 m-1 calculated previously26 

from mass measurements of undoped SWCNTs. The selected wavelength is away from any 
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polymer absorption signal, and whilst in principle the extinction coefficient might vary between 

products, the change is expected to be minor compared to the inherent absorption of SWCNTs, 

and is known to be consistent with mass filtration and TGA based quantification.16 TGA was 

performed on a Perkin Elmer Pyris One under N2 (60 sccm), holding at 100 °C for 30 min before 

heating to 700 °C at 10 °C min-1. Grafting ratios were calculated from the weight loss at 700 °C, 

minus 2.8% (to account for inherent weight loss in the SWCNTs, SI Fig S3c) and multiplied by 

1.08 (to account for the 8 wt% ash seen from PVAc degradation, SI Fig S3c) divided by the 

remaining weight at 700 °C minus the ash content (the aforementioned 8 w t% of weight loss), 

expressed as a percentage ratio of polymer relative to SWCNT framework. Grafting 

stoichiometries (C/R) were taken as the ratio of SWCNT carbon atoms (weight percentage 

SWCNT divided by 12, assuming all weight is carbon framework) to polymer chains (weight 

percentage polymer divided by Mn). Polymer weights were measured using 1H NMR spectroscopy 

recorded on a Bruker AV400 (400 MHz) spectrometer, with a CDCl3 (VWR) solution. Spectra 

were calibrated with the CHCl3 peak and number of monomers calculated from the ratio of 

backbone hydrogen α to the acetate (4.66-5.10 ppm, nH/monomer) and the less downshifted 

aromatic protons (7.08 ppm, 2H). Assigned NMR spectra are provided in the supplementary 

information (SI, Fig S7–10). Mn values were verified before use by Polymer Labs GPC 50 system 

with two PL-gel 5µ columns, calibrated to PMMA standards. 

Raman spectroscopy was performed on a Renishaw InVia micro-Raman Spectrometer using a 

785 nm laser (1800 nm grating), centered around 1450 cm-1 over a 200 × 200 μm grid with 10 μm 

spacing in a square array (N = 441). Fitting for D/G mode ratios was performed using WiRE 4.1, 

removal of a linear background followed by peak-fitting D (initial value 1340 cm-1), G- (1560 cm-1) 

and G+ (1589 cm-1) modes; values given as ratios of D/G+ intensity. IR spectroscopy was 
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performed on a Brooker Alpha II Platinum ATR at 4 cm-1 resolution for 16 scans using atmospheric 

compensation. SEM was performed on a Zeiss Leo 1530, with samples mounted to aluminium 

stubs (Agar Scientific) by carbon tabs (Agar Scientific). Images were taken with an accelerating 

voltage of 10 keV (unless stated) and post-processed in GIMP (v.2.10.4) to maximize contrast. 

 

3. RESULTS AND DISCUSSION 

Poly(vinyl acetate) (PVAc) was selected as the polymer graft of choice as a precursor to poly(vinyl 

alcohol) (PVOH), which is used in high performance composites28 and biomedical applications29; 

PVOH is incompatible with nanotubide functionalization, as the hydroxyl protons hydrogenate the 

nanotube while consuming charge. Additionally, PVAc is highly soluble in in the nanotubide 

solvent DMAc.18 Using previously reported methods,23 a series of mono-protected-amine (PVAc) 

molecules were synthesized (1) at varying molecular weights: PVAc was selected owing to its 

high solubility in the nanotubide solvent DMAc. These PVAcs were deprotected to the amine 

terminated PVAc (2, Fig. 1a), and subsequently reacted with bromoacetyl bromide to form mono-

bromine-terminated polymers suitable for grafting-to nanotubide (3, Fig. 1b). Nanotubide 

solutions were reacted with 3 to form f-SWCNTs (Fig. 1c) to study the influence of varying 

polymer molecular weight (Mn 500, 5747, and 10517 Da) and concentration (2.5, 0.25 and 

0.025 mM).  

Thermogravimetric analysis (TGA), relative to controls, determines the grafting ratio (GR; weight 

percentage polymer relative to SWCNT framework carbon). Higher initial polymer concentration 

clearly correlates with an increased grafting ratio (Fig. 2a), for all molecular weights. As verified 

previously,23 all mass loss (relative to a polymer free control sample) observed by TGA can be 

attributed to grafted polymer and not physisorption. The nanotubes which precipitate during the 



 

 

 

 

9 

reaction showed the same grafting ratio as the f-SWCNTs which remained in solution (ESI Fig. 

S3a) indicating that the SWCNTs which precipitate during the reaction is not due to inhomogeneity 

in the degree of functionalization. Functionalization was further verified through the Raman D/G 

mode ratio (ESI Fig. S11), and SEM micrographs (ESI Fig. S12 – 15) which showed no bulk free 

polymer. 

 

 

Figure 2. Grafting and retained dispersiblity of f -SWCNTs after reductive functionalization with 

PVAc-Br of varying molecular weight at varying concentrations. (a) Grafting ratio, (b) Grafting 

stoichiometry, (c) Grafting ratios versus polymer Mn plotted against grafting limits estimated from 

maximum utilization of grafting sites (solid line) and de Gennes’ surface-adhered polymer theory 

(dashed line), (d) Concentration of SWCNTs in solution after reductive functionalization with 

PVAc-Br at varying concentrations, (e) Logarithmic plot of the potential energy well derived from 

the integral of the interplate pressure versus inter-nanotube distance in the attractive region using 
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μ = 2π (i.e. perpendicular 1 nm diameter SWCNTs). (f) Digital image of the post-reaction mixtures 

for Mn 10,417 prior to centrifugation at different initial polymer concentrations (from left to right 

0.025, 0.25, 2.5 mM). See ESI for raw TGA and UV-vis spectra (ESI Fig. S1). 

 

 In general, the relationship between polymer molecular weight and grafting ratio is non-

linear, as observed previously for both SWCNTs23, 30 and other nanocarbons19 due to two 

contrasting effects. As polymer weight is increased, firstly, the weight added per chain increases 

linearly, and secondly, steric occlusion of polymers increases the average distance between 

grafting sites on the nanotube.  

 The maximum number of possible grafting sites (C/Rmax), cannot simply be defined by the 

carbon/metal stoichiometry. As is typical in the reductive functionalization reaction of SWCNTs, 

only a small degree of charge was consumed in the reaction,25, 31 with all grafting stoichiometries 

(C/R, Fig. 2b) significantly higher than the value of 10 which would correspond to complete charge 

utilization of the C10Na nanotubide. In principle, there may be a steric effect, depending on the 

size of the grafted species, and an electronic effect, depending on the availability of electrons with 

sufficient reducing power to initiate the reaction. The latter limit was estimated by functionalizing 

the SWCNTs with a polymer containing zero monomers (i.e. just the end-group) to find the end-

group-only grafting ratio limit. Assuming that every possible reactive site grafts a polymer chain, 

regardless of molecular weight, the grafting limit in the absence of polymer chain steric occlusion 

may be calculated. Here, the end-group-only material is 2-bromo-N-phenylacetamide, which gives 

a C/Rmax of 156 (ESI Fig. S3b), and an associated GRmax that increases linearly with grafted 

polymer molecular weight (Fig. 2c, solid line). 
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 It has been shown previously that the reductive graft-to polymer functionalization of 

carbon nanomaterials leads to ‘mushroom’ like behaviour19, 32 as originally modelled by de 

Gennes33 for polymers on surfaces. At higher grafting ratios, the polymer must adopt a stretched 

‘brush’ conformation extending away from the surface. Typically, this morphology only forms via 

graft-from reactions, in which the monomer is added at the growing-chain end, avoiding steric 

occlusion at the surface. Graft-to reactions of pre-synthesized polymers are limited by the steric 

interactions of the coils, which collapse onto the surface to form a ‘mushroom’ conformation. The 

occlusion area of a ‘mushroom’ polymer in de Gennes’ theory is a function of polymer Flory radius 

(RF, Eq. 1), which is the product of the length of the monomer (a) and number of monomers (N) 

to the power of 3/5. The mushroom regime of de Gennes’ theory occurs when the average 

separation between the loci of polymer functionalization is greater than the Flory radius. Treating 

the polymers as iteratively added hard circles on a plane (with an areal density of carbon atoms, 

ρA, 2.619 Å-2, ESI Fig. S4), the packing density can be modelled with random sequential adsorption 

theory,34 which has a packing efficiency (ηRSA) of 54.7%. Using this efficiency factor along with 

the Flory radius, the limits due to steric occlusion can be estimated for both the grafting 

stoichiometry (C/ROL, Eq. 2) and grafting ratio (GROL, Eq. 3), as a function of polymer molecular 

weight (Fig. 2c, dashed line):  

𝑅𝐹 =  𝑁3/5𝑎 (1) 

𝐶/𝑅𝑂𝐿 = 𝜋𝑁6 5⁄ 𝑎2𝜂𝑅𝑆𝐴𝜌𝐴
  −1 (2) 

𝐺𝑅𝑂𝐿 =
𝑀𝑤

12(𝐶/𝑅𝑂𝐿)
 

(3) 

During reaction between bromo-terminated polymer and nanotubide, increasing the 

concentration of polymer increases the grafting ratio towards the maximum grafting limit for all 
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polymer molecular weights, but notably neither the mushroom/brush transition (GROL, Fig. 2c) nor 

maximum grafting limit (GRmax, Fig 2c) are ever exceeded by the experimental data. However, the 

concentration of the f-SWCNTs remaining in dispersion after the functionalization (Fig. 2d) does 

not follow the trend of grafting ratio. There is an inverse relationship between initial polymer 

concentration and retained dispersibility for all polymer molecular weights, with the highest 

polymer concentration (2.5 mM) leading to dispersibilities as low as 0.9 μg mL-1 (for Mn 10,417), 

lower even than ungrafted, oxygen-discharged nanotubide (< 10.0 μg mL-1, ESI Fig. S2). On the 

other hand, low polymer concentrations (0.025 mM) allow a high proportion (65%) of SWCNTs 

to remain in solution: up to 64. 8 μg mL-1 remain from initial loading of100 μg mL-1 (72 times 

higher than the maximum obtained using 2.5 mM PVAc). The dramatic differences in 

dispersibility occur despite substantially smaller changes in grafting densities (around 50% higher 

grafting ratios when increasing polymer concentration from 0.025 to 2.5 mM), particularly for the 

largest polymer (Mn 10,417), indicating that the retained dispersibility must depend on an 

alternative factor. Further decreases in polymer concentration, at constant SWCNT concentration, 

are not practical, as the absolute ratio would preclude significant functionalization. For example, 

at 0.0025 mM 550 Da PVAc, the SWCNT:polymer weight ratio would be 72:1, at the limit of 

detection even with perfectly efficient grafting. As the intrinsic dispersibilities of isolated PVAc-

functionalised SWCNTs of comparable molecular weights are known to be greater than the 

concentrations seen here (>100 μg mL-1 after filtration, washing, and redispersion27), the 

precipitation during the reaction must be attributed to alternative effects during the reaction. 

Indeed, removing the residual charge from the nanotube dispersions directly after 

functionalization, by discharging with oxygen, had no effect on dispersed SWCNT concentration, 

indicating that the dispersions at their post-reaction concentrations were sufficiently stabilized by 
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the grafted PVAc (presumably with higher intrinsic dispersibilites than the concentrations retained 

during the reaction). Here, the stability of the SWCNTs in solution during the grafting reaction are 

modelled as a balance between Coulombic repulsion and depletion interactions of solvated 

polymers. The short-range nature of van der Waals interactions are negligible at the length scales 

of interest here (>10 nm, vide infra) so can be omitted. 

Quantifying local forces for rod-like colloids is significantly more complex than the standard 

adjacent plate or spherical colloid models due to varying orientation of the rods,35 so here the 

system is treated with the Derjaguin approximation.36, 37, 38 A full discussion is provided in the ESI, 

but in short, cylinders may be treated numerically as linearly related to plate models, multiplied 

by a coefficient (μ) determined by the radius (R) and angle of interaction of the cylinders. Trends 

remain constant across all interaction angles and diameters. This assumption requires that cylinders 

are of equal and constant radius, and the distribution of inter-cylinder angles is stochastic.  

The Coulombic repulsion between reduced nanotubes in solution (Π, Eq. 4) is modelled as a 

superposition39 of two like-charged nanotubes treated with the electrostatic component of DVLO 

theory40 (named for Derjaguin, Landau, Verwey, and Overbeek); dispersive forces are omitted as 

noted above. The repulsion is a function of surface potential (Ψ0, Eq. 5), electrolyte concentration 

(NT), solvent dielectric constant (εr), and temperature (T), inversely exponentially related to inter-

nanotube distance (h) and the solvent/temperature-dependent Debye length (κ-1, Eq. 6). As the 

degree of charging is high, the average charge separation on the SWCNT framework will be below 

the Bjerrum length (λB), and in accordance with Manning-Oosawa (MO) theory,41 counterions will 

condense on the charge surface to limit the unshielded surface charge density42 (σ) to e/λB
2 (Eq. 7). 

As a negligible proportion of the total charge is consumed during functionalization (C/R ≥ 387 

from C:Na 10:1), the nanotubide surface charge is assumed to remain within the MO limited 
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regime throughout functionalization. Additionally, it is assumed that the polymer (both adhered 

and in solution) does not affect the effective dielectric constant of the electrolyte. 

𝛱 = 2𝜀𝑟𝜀0𝜅2𝛹0
2e−𝜅ℎ (4) 

𝛹0 =
2𝑘𝐵𝑇

𝑧𝑒
sinh−1 (

𝜎

√8𝑁𝑇𝑁𝐴𝜀𝑟𝑘𝐵𝑇
) 

(5) 

𝜅−1 = (2𝑒2𝑧2𝑁𝑇𝑁𝐴𝜀𝑟𝜀0𝑘𝐵𝑇)−0.5 (6) 

𝜎 =
𝑒

𝜆𝐵
  2 =

16𝜋2𝜀𝑟𝜀0𝑘𝐵
2𝑇2

𝑒
 

(7) 

Attractive ‘depletion interactions’ develop between colloidal particles in a dilute polymer 

solution due to osmotic effects.43 Classically, the depletion force (D, Eq. 8) is linearly related to 

the number concentration of the polymer (ρ) and occurs when twice the radius of gyration44 (Rs, 

Eq. 9) is greater than the distance between two plates (h), i.e. where 2RS > h (Fig. 3a); the Heaviside 

function (Θ) ensures repulsion doesn’t occur outside this regime. For polymer grafted nanotubes, 

the occlusion distance is not equivalent to the inter-SWCNT distance (h) as the additional volume 

of the grafted polymer (of radius RF) on both SWCNTs must be accommodated (Fig. 3) to give a 

f-SWCNT specific depletion force (DCNT, Eq. 10).  

𝐷 = 𝜌𝑘𝐵𝑇𝛩(2𝑅𝑆 − ℎ) (8) 

𝑅𝑆 = (1 √6⁄ )N1/2𝑎 (9) 

𝐷𝐶𝑁𝑇 = 𝜌𝑘𝐵𝑇𝛩(2𝑅𝑆 + 2𝑅𝐹 − ℎ) (10) 
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Figure 3. Schematic of depletion interaction onset distance of plates (green) in a solution of free 

polymer (blue dashed) for (a) plain plates and (b) plates covered in grafted polymer (red cross-

hatch)  

 

Here, the inter-SWCNT areal force (F) is treated as the simple combination of the linear 

depletion force and exponential Coulombic repulsion, each treated with the Derjaguin 

approximation (Eq. 11–12).  

𝐹 = 𝜇(𝛱 − 𝐷𝐶𝑁𝑇) (11) 

𝐹 =
2𝜇𝜀𝑟𝜀0𝜅2𝛹0

2

𝑒𝜅ℎ
−  𝜇𝜌𝑘𝐵𝑇𝛩(2𝑅𝑆 + 2𝑅𝐹 − ℎ) (12) 

At distances that satisfy the relations 2εrε0κ
2Ψ2e-κh = ρkBTΘ(2RS+ 2RF - h) and h ≈ (2RS + 2RdG), 

the net force is attractive (Fig. 4). Integrating numerically, the inter-nanotube force with respect to 

distance within this region provides an estimate of the surface-normalised attractive energy (as 

tabulated in Fig. 2e). Larger free polymers cause stronger depletion forces owing to the higher 

probability of being excluded from the inter-SWCNT region. By far, the most significant decrease 

in nanotube dispersiblity is seen for the 10517 Da PVAc, which were calculated to have by far the 

largest attractive energy wells (Fig. 2e). When polymer concentration is sufficiently low to avoid 

significant depletion interactions (as calculated here for 0.025 mM PVAc), functionalization with 
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larger molecular weight polymers increases the retained dispersiblity; conversely, at higher 

concentration, depletion interactions with the free polymer reduce dispersiblity at high molecular 

weights (Fig. 2d).  

 

 

Figure 4. Inter-nanotube pressure versus inter-nanotube distance (green solid) showing 

contributing Coulombic (red dash-dot) and depletion (blue dash) pressures. Attractive energy well 

illustrated by grey shading. Distance limits of the attractive well are shown (black dotted) 

alongside equations. Graph of 2.5 mM 500 Da PVAc shown here; data for all combinations 

provided in ESI (Fig. S5).  

 

 By fixing the concentration and molecular weight of free polymer, the depletion 

interactions can be kept constant, simplifying studies of other factors. As an example, the kinetics 

of the grafting reaction as a function of varying end group concentration were studied in this way. 

For a given total polymer concentration, the proportion of reactive end groups was lowered by 

adding a 50/50 mixture (Mn 7720 Da) of unreactive Boc-terminated 1 and reactive bromine-

terminated 3 to the nanotubide. In comparison to SWCNTs grafted with the same total 
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concentration of only bromine-terminated 3, the mixed system showed a lower grafting ratio (Fig 

5a) and lower dispersability (Fig. 5b). The decreases are attributed to slower grafting kinetics at 

lower bromide concentration, while the rate of depletion-driven aggregation remains constant; as 

bundles form, unfunctionalized SWCNTs become occluded. Similar trends are seen at both high 

and low total polymer concentration, indicating that the availability of reactive end groups affects 

grafting ratio, as noted above. Where depletion interactions are constant, higher grafting ratio 

favors retained dispersiblity; however, as before, reducing depletion interactions has a greater 

effect than increasing grafting ratio (Fig. 5b). The importance of depletion interactions can be seen 

even in purely non-grafting conditions. Non-grafted, discharged nanotubide yields very low 

residual levels (10.0 μg mL-1) of metastable dispersed SWCNTs, however, addition of 2 (Mn 5747 

Da) at 0.025 mM lowers the f-SWCNT concentration to 6.9 μg mL-1, and removes all measurable 

SWCNTs from solution at 0.25mM (ESI, Fig. S2b).  
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Figure 5. (a) TGA and (b) UV-Vis spectra of SWCNTs mixed with either fully bromide terminated 

PVAc (solid lines), or an equivalent weight of NHBoc and bromide terminated PVAc, at total 

polymer concentrations of 0.25 (black), and 0.025 (red) mM.  

 

4. CONCLUSION 

 In summary, negatively-charged SWCNT solution behaviors are critically affected by co-

solvated polymers, as stabilizing local Coulombic repulsion can be overcome by the osmotic 

pressure arising from depletion interactions. The interaction between polymer and nanotubide 
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anions is of particular importance for polymer functionalization reactions where reducing the 

polymer concentration can be used to curtail depletion interactions and allow the majority of 

functionalized SWCNTs to remain dispersed. With development, it may be possible to retain the 

dispersiblity of all the functionalized SWCNTs throughout the reaction. The retained dispersiblity 

allows further solution processing of the SWCNTs without requiring potentially damaging 

redispersion techniques. If retaining solvation is of lesser importance compared to maximising 

grafting, the polymer concentration may be raised to increase grafting ratio, pushing the degree of 

functionalization towards the de Gennes limit for graft-to reactions. This work not only provides 

a route to f-SWCNT solutions but provides a fundamental framework for a unique system 

combining classic (polymer) and contemporary (nanotubide) macromolecules. It is likely that the 

balance between functionalization, depletion and Coulombic repulsion will be seen for other 

charged, solvated nanomaterials12 (graphenide, charged transition metal dichalcogenides, 

nanohorns anions, etc.). Further, it is expected that the same depletion effects will be seen for other 

polymers with relevance for a range of functionalized SWCNT applications. It is hoped that the 

simple models demonstrated here may be expanded to predict retained dispersiblity and 

functionality of a range of functionalized (nano)materials.  
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