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ABSTRACT: Single-walled carbon nanotubes (SWCNTs) are
typically produced as a mixture of different lengths and
electronic types. Methods for sorting these as-produced
mixtures typically require damaging and unscalable techniques
to first overcome the strong bundling forces between the
nanotubes. Previously, it has been shown that negatively
charging SWCNTs can lead to their thermodynamically driven,
gentle dissolution in polar solvents, and moreover that this
process can selectively dissolve different SWCNT species.
However, there are several conflicting claims of selectivity that
must be resolved before the full potential of this method for
scalably postprocessing SWCNTs can be realized. Here we carefully investigate dissolution as a function of charge added to the
as-produced SWCNT sample, using a range of complementary techniques. We uncover a far richer dependence on charge of
SWCNT dissolution than previously imagined. At low values of charge added, amorphous carbons preferentially dissolve,
followed sequentially by metallic, larger diameter (>9 Å) semiconducting SWCNTs, and finally smaller diameter semiconducting
SWCNTs as more charge is added. At an optimal stoichiometry of NaC10, the dissolution yield is maximized across all species.
However, at higher charge the larger diameter and metallic SWCNTs are so highly charged that they are no longer soluble,
leaving smaller diameter SWCNTs in solution. Our results clearly demonstrate two interconnected mechanisms for dissolution:
the sequential charging of the SWCNTs and their solution thermodynamics. This work reconciles conflicting reports in the
literature, demonstrates that upon charge added the different SWCNTs behave like discrete molecular species, and points toward
selective dissolution as a scalable method for SWCNT separation.

1. INTRODUCTION

Despite advances in selective synthesis,1−3 as-grown single-
walled carbon nanotube (SWCNT) samples typically consist of
a mixture of lengths (0.1 μm−several μm), diameters (0.4−5
nm), and electronic types (approximately 1:2 metallic, m-
SWCNTs to semiconducting sc-SWCNTs),4 tightly held
together in bundles which are decorated in residual metal
catalyst and amorphous carbon.5 Many “postsynthesis”
methods that aim to refine this mix into homogeneous samples
have been explored. However, most of these methods rely on
processes that are detrimental to the pristine properties of the
SWCNTs and/or are difficult to scale. For example, initial
purification steps, necessary to remove carbonaceous materials
or catalyst particles, are often performed with nitric acid
refluxing5 or acid/base mixtures,6 which can damage the atomic
framework of the SWCNT.7 Furthermore, a prerequisite for
most enrichment procedures is the individualization of
SWCNTs from their bundles. Dispersions are typically achieved
by energetic processes such as ultrasonication to separate the
SWCNTs from one another and then ultracentrifugation to

separate the unbundled fraction.8,9 The sonication damages and
shortens the nanotubes,10 while the (sometimes multiple)
ultracentrifugation step is difficult to scale.11

An alternative to shear-based processing is reductive
chemistry, a versatile route for the efficient solubilization of a
range of important nanomaterials.12−15 When applied to
SWCNTs, reductive processing (i.e., controllably adding
electrons to the nanomaterials) can lead to spontaneous, gentle
dissolution of individualized SWCNTs in polar aprotic solvents,
avoiding the damage associated with other methods.12,13,16,17

The reduced SWCNTs can be generated either chemically
(with sodium naphthalide,12 alkali metal,18 or alkali metal−
ammonia13 to form so-called nanotubide salts) or electro-
chemically.16 The dissolution is spontaneous so requires no
damaging energy input or centrifugation, and the process is
intrinsically scalable. Moreover, there are several reports that

Received: July 4, 2017
Revised: September 4, 2017
Published: September 4, 2017

Article

pubs.acs.org/JPCC

© 2017 American Chemical Society 21703 DOI: 10.1021/acs.jpcc.7b06553
J. Phys. Chem. C 2017, 121, 21703−21712

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.7b06553
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


specific SWCNTs dissolve preferentially; i.e., reductive
dissolution can be used for scalable postsynthesis separation
of SWCNTs. Unfortunately, there are clear inconsistencies
between the reported enrichments. SWCNTs charged in alkali
metal−ammonia and subsequently dissolved in N,N-dimethyl-
formamide (DMF) manifested only a selective dissolution of
the m-SWCNTs.13,18 However, in one case this result is
contradicted by the same apparent separation observed in the
undissolved material.18 Another study on metal−ammonia
reduced SWCNTs reported the preferential chemical function-
alization of both m-SWCNTs and smaller diameter sc-
SWCNTs upon charging.19 In contrast, another study showed
that sodium naphthalide reduced nanotubide salts could lead to
the preferential dissolution of larger diameter nanotubes of
both types.20 Electrochemically reduced SWCNTs samples
showed a preferential dissolution of amorphous carbon, but not
of the different nanotube species.16 Potential sources of these
discrepancies are the reliance on Raman spectroscopy to assess
separation,13,17,18,20 the physical agitation often used to
encourage the dispersion of the SWCNTs,18 a range of
charging stoichiometries used, and the dependence of the
process on the exact composition of the as-synthesized
SWCNT starting material which can vary with the production
method and batch. Raman spectroscopy can be misleading, as it
examines a small sample of SWCNT types for each laser
excitation, it is highly sensitive to the environment, and the
effect of diameter and metal/semiconductor enrichment are
often indiscriminable.21,22 Bundling can narrow and shift the
resonant energies of the SWCNTs, causing peak intensity and
position shifts and making full population analysis prohibitively
difficult. Furthermore, functionalization can mask the unique
SWCNT electronic structure, and selectivity induced by sample
heating/damage from laser irradiation can affect both the radial
breathing mode (RBM) signals and the intensity ratio between
the sp2-associated G-mode and the defect-induced D-mode
(IG+/ID ratio).23−27 It is also important to note that dispersions
obtained via stirring or sonication will impede assessment of the
truly selectively dissolved fraction.
To develop a full understanding of the selective dissolution

of reduced SWCNTs, a multitechnique analysis of the
spontaneously dissolved fraction as a function of charge
added to SWCNT was performed. In this way, it can be
unambiguously demonstrated that the selective dissolution is
highly dependent on charging stoichiometry. Furthermore,
these results highlight the two competing dissolution
mechanisms: (i) selective charging based on the relative
electron affinities of the different SWCNTs and (ii) the
thermodynamic instability of the solutions at high charge
densities.
Nanotubide salts with carefully controlled charge/carbon

ratios were prepared via reducing SWCNT samples with
solvated electrons generated by dissolving alkali metals in liquid
ammonia (methods, Scheme 1). In brief, the SWCNTs and a
stoichiometric amount of sodium are loaded into a vessel into
which anhydrous ammonia was condensed. The ammonia was
then evaporated to leave a nanotubide salt. These salts were
subsequently dissolved in DMF in an argon glovebox for 3
days, without any stirring or physical agitation. Nanotubide
salts were prepared with the stoichiometry NaCx (where x =
200, 150, 100, 40, 20, 10, 5). These ratios give a charge density
(electrons per carbon atom) of 0.005, 0.0067. 0.01, 0.025, 0.05,
0.1, and 0.2, respectively. For clarity, dissolved SWCNT
fractions from each salt will be referred to as (NaCx)DIS and

undissolved fractions as (NaCx)UND, where NaCx is the
stoichiometry of the nanotubide salt after ammoniation.

2. EXPERIMENTAL DETAILS
2.1. Chemicals. HiPco SWCNTs Batch R2-172 and Batch

R1-821 were from NanoIntegris Technologies Inc. N,N-
Dimethylformamide (DMF, ≥ 99.8%), sodium ingot
(≥99.95%), anhydrous ammonia (NH3 ≥ 99.95%), nitric acid
(HNO3, 70%), hydrochloric acid (HCl, 37%), sodium
deoxycholate (DOC, ≥ 97%), and deuterium oxide (D2O,
99.9 atom %) were all from Sigma-Aldrich Co and used as
supplied unless otherwise stated.

2.2. Ammonia Condensation. 2.2.1. SWCNT Prepara-
tion. As-received HiPco SWCNTs were dried in a vacuum oven
at 80 °C to remove residual ethanol before being vacuum
annealed at 500 °C under a turbo-vacuum to at least 1 × 10−6

mbar for a minimum of 12 h to remove oxygen and moisture.

Scheme 1. Formation of SWCNT Nanotubide, NaCx,
Following Reductive Treatment with Solvated Electrons
from Sodium−Ammonia Solutions, Followed by Dissolution
in a Dry Polar Aprotic Solvent (DMF)
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The SWCNTs were taken to the argon glovebox with no
further atmospheric exposure.
2.2.2. Nanotubide Production. The SWCNTs were added

to a quartz reaction tube with the stoichiometric amount of
sodium ingot and sealed at the valve before being removed
from the glovebox. The reaction tube was immersed in an
isopropyl alcohol bath at −50 °C and attached to the ammonia
rig, which was evacuated with a turbopump to 1 × 10−6 mbar
before the tube was opened to the vacuum. The ammonia was
then expanded into a known buffer volume (300 cc) on the rig
and the pressure recorded, followed by the condensation onto
the sample. This expansion step was repeated until 15 bar liters
was condensed. A blue color was observed showing the
solvation of the electron (and the sodium cation), before the
ammonia lost color due to the reduction of the SWCNTs. This
condensation was left for 12 h before the ammonia lecture
bottle was cooled using liquid nitrogen and the ammonia was
cryopumped back from the reaction tube. When all the
ammonia had evaporated from the sample, the reaction tube
was sealed and taken back into the glovebox. In a typical
experiment, ∼100 mg of nanotubide (mass corrected to
subtract the mass due to sodium) was spontaneously dissolved
in 100 mL of anhydrous DMF with no stirring or sonication.
After 3 days, the concentrations remained constant, and these
supernatants were investigated for chiral distributions.
2.3. Yield Measurements. 2.3.1. TGA-Mass Spectrom-

eter. An aliquot, 80 μL, of the supernatants was decanted into
alumina crucibles and inserted into a Mettler Toledo TGA/
DSC 1LF/UMX with an attached HIDEN HPR20-QIC EGA
mass spectrometer. The samples were held at 200 °C in air
until no DMF signature (M = 73 g mol−1) was detected from
the evolved gas. The sample was then heated to 600 °C in air at
10 °C min−1 to degrade the carbon and leave residual metal
oxides and hydroxides from the iron catalyst and sodium.
2.3.2. Mass Filtration. A portion, 5 mL, of the supernatant

was mixed with 250 mL of DMF in a Büchner funnel and
vacuum filtrated on top of a 0.2 μm pore size poly-
(tetrafluoroethylene) (PTFE) filter paper. The SWCNT film
produced on the paper was washed with 250 mL each of
ethanol (99.8%), chloroform (≥99%), and deionized water (18
MΩ) before drying in the oven at 80 °C to remove residual
water. A balance with an accuracy of ±5 μg was used to
measure the mass of the PTFE filter paper before and after
filtration, under ambient conditions.
2.3.3. UV−Vis−NIR Absorption. To measure concentration,

the supernatants were decanted into a 10 mm path length,
sealed quartz cuvette and the lid was further wrapped in
Parafilm. Scans were performed on a PerkinElmer Lambda 950.
If the absorbance exceeded 3 AU, samples were diluted 10
times using DMF and repeated.
2.4. Chiral Analysis. 2.4.1. Raman Spectroscopy. Drops of

1 mL of nanotubide solutions were deposited onto glass
microscope slides and allowed to dry in an argon glovebox
atmosphere. Raman spectroscopy was performed on each
dissolved fraction. Spectra were collected on a Renishaw inVia
micro-Raman spectrometer with 532 nm (2.33 eV) DPSS diode
(numerical aperture 0.8/100×, sample power 3.2 mW, WiRE
4.1 HF7241 software 2014 interface, Renishaw PLC, U.K.) in
backscattered geometry, with laser spot diameters 0.8 μm.
Raman spectra were processed and Raman maps produced
using WiRE software (using spectra that were background
corrected and normalized to the G+-mode unless otherwise

stated). For each sample, a 400 μm2 map was recorded on a
point by point basis, with each spectrum on a 1 μm2 region.

2.4.2. Aqueous Dispersions of SWCNTS for PL Spectros-
copy and UV/Vis/NIR Absorption. The supernatants were
dried in an evaporation dish in the argon glovebox on a hot
plate at 160 °C, and the SWCNTs were recovered. The
SWCNT solute was then placed into a reaction tube and
outgassed at 500 °C for 24 h under a static vacuum of 1 × 10−6

mbar to sublime the sodium metal. The sublimed sodium
condensed as a mirror at the cold end of the reaction tube. The
SWCNTs were then exposed to atmosphere and 15 mg mixed
with 30 mL of a solution of 1 wt/vol % DOC/D2O. The
mixture was placed in an isopropyl alcohol bath at 0 °C and
ultrasonicated for 2 × 15 min using a Sonics & Materials
VCX750-220 V tip probe (225 W). The resultant dispersions
were ultracentrifuged with a Beckmann Coulter Optima L-90K
with SW41Ti swinging bucket rotor at 120 000 g for 40 min,
and only the top 50% of the supernatants were recovered.

2.4.3. PL Spectroscopy. The nanotube dispersions were
investigated using an Applied Nanofluorescence NS1 Nano-
spectralyzer. A cuvette with a 4 mm path length was filled with
2 mL of SWCNT dispersion was scanned with a 500 ms
integration time on 3 lasers (638, 691, and 782 nm). Scans
were averaged over 30 measurements, and emission was
detected with an InGaAs detector cooled to −18 °C. Fitting
was performed by the software supplied with the NS1, and
abundances were calculated from predetermined optical
absorption cross sections.

2.4.4. UV−Vis−NIR. Background scans used the 1 wt/vol %
DOC/D2O solution. The dispersions used were the same as for
the PL spectra and performed on a PerkinElmer Lambda 950.

2.5. Additional Characterization Techniques.
2.5.1. ICP-AES. Supernatants of nanotubide solutions were
dried in evaporation dishes at ambient temperature in the
glovebox before exposure to the atmosphere. The powders
were then thermally degraded via TGA using the same
methodology as the yield measurement, to obtain the carbon
mass. The residue was dissolved in aqua regia (3 parts 37%
hydrochloric acid to 1 part 72% nitric acid), and ICP-AES was
performed on a PerkinElmer ICP 2000 DV OES.

2.5.2. Electron Microscopy. Imaged SWCNT samples were
recovered after vacuum annealing (500 °C, 1 × 10−6 mbar).
The SWCNT powders were adhered using silver paint
(Acheson silver DAG 1415 M) to Al stubs with all preparatory
supplies purchased from Agar Scientific, U.K. Field emission
gun SEM (Leo Gemini 1525 with SmartSEM software interface
V05.05.03.00, 2010, Carl Zeiss NTS Ltd., U.K.) was operated in
secondary electron detection mode at 5 keV at a working
distance of approximately 10 mm.

3. RESULTS AND DISCUSSIONS
3.1. Yield of Dissolution. The percentages of the

nanotubide salts that spontaneously dissolved in the DMF
(Figure 1) were obtained via three methods: ultraviolet−
visible−near-infrared (UV−vis−NIR) absorption, membrane
filtration of the solute, and thermogravimetric analysis (TGA)
of the nanotubide solutions. The most suitable method to
evaluate the yield of dissolution was determined to be
membrane filtration, since it measures the entirety of the
SWCNT sample (nanotubes, catalyst particles, and amorphous
carbon, but no sodium). TGA leaves the iron oxide residue
from the catalyst and sodium (hydr)oxide used in the charging
process and therefore underestimates the yield,28 and
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absorbance measurements introduce issues of extra light
scattering due to doping, causing an overestimation29 (a
revised value for the extinction coefficients can be found in
Figure S1). The maximum yield of dissolution obtained was
∼80 wt % from a salt of stoichiometry of NaC10. Notably, this
yield is much higher than previous reports for a purely
spontaneous dissolution13,30 (i.e., with no sonication or

stirring). With low charge added (between 0.005 and 0.01 e/
C, NaC200−100) the yield of dissolution is low (<18 wt %). As
the amount of charge added increases, so too does the
concentration of solution, with a maximum of 79.5 wt %
occurring at NaC10 (0.1 e/C). Interestingly, higher charging
results in a decreased yield of 76 wt %. Although relatively
small, this decrease is observed in all three methods, indicating
that it is a real effect. To investigate the extent to which the
dependence of the yield of dissolution on charge added is due
to the preferential dissolution of different species, Raman, UV−
vis−NIR absorption, and photoluminescence (PL) spectros-
copies were utilized.

3.2. Raman Spectroscopy: sp2 Purity. Raman spectros-
copy can be used to probe the proportion of defective material
in a SWCNT sample, by evaluating the intensity ratio of the
structural order/disorder modes IG+/ID,

31 and also to
determine the relative population of the different SWCNT
types via analysis of the RBMs.32 Here, this technique was used
to assess the defectiveness of the dissolved species and as a
qualitative guide for selectivity, the latter requiring corrobo-
ration with the other spectroscopic techniques used in this
work, as Raman spectroscopy by itself can be misleading.
Measurements were taken from the spontaneously dissolved
SWCNTs from each salt, dried onto substrates and exposed to
dry air to oxidize the reduced SWCNTs.33−35

The dissolved SWCNTs from the lowcharge stoichiometry
salt (NaC100)DIS give the lowest IG+/ID ratio, indicative of the
highest amount of amorphous carbon and/or defective material
(Figure 2b, c). As the concentration of sodium in the salt
increases, the IG+/ID ratio of the dissolved fraction monotoni-
cally increases, with the highest ratio from (NaC5)DIS. To better

Figure 1. Nanotubide salt dissolution yields in the solvent DMF, as a
function of charge added to the as-produced powder for different
characterization techniques. Black squares represent measurements
based on the absorbance at 660 nm. Red circles represent the mass
measurements via membrane filtration. Blue triangles represent mass
measurements from TGA after oxidative decomposition. The solid
lines shown are a guide to the eye.

Figure 2. (a) Dissolved fraction Raman spectra with varying charge stoichiometry using a 532 nm laser, showing the RBM region (100−350 cm−1),
normalized to the largest feature. (b) The D-mode disorder peak (∼1350 cm−1) and G-mode graphitic peaks (∼1510−1580 cm−1) for each
dissolved fraction, normalized to the intensity of the G+-mode. (c) The IG+/ID ratio as a function of charge stoichiometry showing increasing purity
with increasing charging. (d) SEM of the starting HiPco SWCNT material. (e) SEM of the dissolved (NaC100)DIS nanotubide, with few visible
SWCNT bundles. (f) SEM of the undissolved (NaC100)UND nanotubide showing the change in morphology from the starting material.
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understand the origin of the decreased IG+/ID ratio, scanning
electron microscopy (SEM) was performed on the undissolved
and dissolved fractions of the NaC100 salt (Figure 2d−f). The
dissolved fraction (Figure 2e) consists mostly of nontubular
material, with very few visible nanotube bundles present.
Contrastingly, the undissolved fraction (Figure 2f) is comprised
of nanotube bundles albeit with a denser morphology than the
starting material (Figure 2d) and an improved sp2 structural
quality from the corresponding Raman IG+/ID ratio (Figure S2).
This indicates that amorphous carbon, rather than defective
SWCNTs, preferentially dissolves in the lowest charging
regime.36

Concerning the selective dissolution of SWCNTs, a clear
reduction is observed in the relative intensity of the peak at
∼268 cm−1, (attributed to the RBM of the (7,6) sc-SWCNT)37

relative to the peak at 233 cm−1 (attributed to the RBM of the
(9,6) m-SWCNT) upon increasing charge (Figure 2a). The
change indicates an enrichment of m-SWCNTs, in agreement
with previous reports.13,18 However, this decrease is also
consistent with the conclusion that the larger diameter
SWCNTs dissolve first, in agreement with other studies.20

The multicomponent G−-mode at ∼1510−1550 cm−1 in Figure
2b is also dependent on SWCNT type in the excited (resonant)
population. The decreasing intensity of the mode at ∼1522
cm−1 relative to the ∼1545 cm−1 mode at lower charging again
indicates that the dissolved SWCNTs are larger in diameter and
the overall diameter distribution is narrower.38 Furthermore,
the broadening and asymmetry of the G−-mode can also be
attributed to a relative increase in the population of metallic
species.39,40

3.3. UV−vis−NIR Spectroscopy: m-SWCNT Enrich-
ment. PL and UV−vis−NIR absorption can be used to
quantitatively analyze the (n, m) enrichment of a SWCNT
sample, being less sensitive to environmental effects than
resonant Raman spectroscopy (although PL only probes sc-
SWCNTs41). For both techniques it was necessary to first
separate, decharge, dry, and redisperse the spontaneously
dissolved fraction in water using standard protocols (see
methods).42 The decharging is required because the optical
transitions of individual SWCNTs depend on their electronic
structure, which will change upon charge doping.29,43 Different
species of isolated SWCNTs absorb light in the UV−vis−NIR
regime at different characteristic energies based on their band
structure, enabling an analysis of populations of different
SWCNTs in a mixed as-produced sample. However, the
absorption peaks obtained can be broad and overlapping,
complicating the analysis. This challenge is compounded by the
difficulty in deconvoluting the wavelength-dependent back-
ground, usually performed with a fitted λ−a (where λ is the
wavelength and a is the fitted variable) or an exponential line
shape.44,45 However, toward higher wavenumbers (>20 000
cm−1) the background has an extra contribution from a π-band
surface plasmonic excitation present in all carbon sp2 materials.
In addition there is extra scattering intrinsic to the presence of
m-SWCNTs, scattering from amorphous carbon, catalytic
impurities, damaged and/or functionalized SWCNTs from
the ultrasonication process, and bundled SWCNTs. As a result,
the fitting of a single function across the entire sample becomes
prohibitive. In this work, these factors are addressed by use of
an ISO standard46 of linear background subtraction, as is
further discussed in the Supporting Information.
At the lowest salt charge stoichiometries (NaC200−150)DIS, no

features were observed in the UV−vis−NIR spectra, consistent

with the dissolution of only amorphous and defective material.
For all other stoichiometries, the resultant spectra showed
characteristic SWCNT absorption transitions (Figure 3). The

percentage ratios of m-/sc-SWCNTs in the dissolved fractions
were calculated by the ratio of the areas of the M11 and S11
transitions (Table 1).46−48 The as-produced material was found

to have a metallic fraction of 26.2%, in good agreement with
previous literature values.49 For (NaC100)DIS, a dramatic
increase in the m-SWCNT fraction is found, more than
doubling to 55.9%. However, at higher charging (NaC40−5)DIS,
the metallic enrichment is indiscernible, with a third of the
sample now being made up of m-SWCNTs.
To investigate the enrichment for the (NaC100)DIS sample in

more detail, the relative percentage changes of individual
SWCNT (n, m) populations (indexed from empirical data from
UV−vis−NIR50), with respect to the raw sample, were
calculated (Figure 4). The m-SWCNTs all show enrichment
in the dissolved fraction as expected, though a slight preferential
dissolution of the larger diameter m-SWCNTs can be observed.

Figure 3. UV−vis−NIR spectra with varying NaCx ratios showing
preferential dissolution of metallic SWNTs at low charge stoichiome-
tries. Top: semiconducting SWCNT S11 transitions. Middle: sc-
SWCNT S22 transitions. Bottom: m-SWCNT M11 transitions. All
spectra shown are baseline corrected and normalized to the largest
peak intensity. The NaC100 shows the biggest change, with a decrease
for peaks in the S11 region and increase in the M11 region, showing
metallic enrichment for this charge ratio.

Table 1. Change in Ratio of m-SWCNT/sc-SWCNT with
Changing Charge Stoichiometry of the Dissolved Fractions
from the UV−Vis−NIR Analysis

sample % m-SWCNT ± 0.5 % sc-SWCNT ± 0.5

HiPco R2−172 26.2 73.8
NaC5 dissolved 32.5 67.5
NaC10 dissolved 31.2 68.8
NaC20 dissolved 34.8 65.2
NaC40 dissolved 30.3 69.7
NaC100 dissolved 55.9 44.1
NaC150 dissolved n/a n/a
NaC200 dissolved n/a n/a
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For sc-SWCNTs, there is a dramatic diameter effect: the
fraction of larger diameter sc-SWCNTs increases, whereas the
fraction of smaller sc-SWCNTs decreases. The same analysis
was performed on the undissolved fraction, (NaC100)UND, since
previous studies have had issues with observation of the same
enrichment on both fractions.18 Crucially, here we found the

complementary trend, that is, a decrease in larger diameter
population in the (NaC100)UND material (Figure S4) confirming
a genuine enrichment. For sc-SWCNTs, it is possible to
quantify the (n, m) population changes with greater accuracy
using PL spectroscopy.

3.4. Photoluminescence Spectroscopy: sc-SWCNT
Diameter Enrichment. PL spectroscopy was performed for
all samples, and the spectra were analyzed using fits for relative
abundances from Weisman et al.51 Figure 5 shows the relative
percentage enrichment of the dissolved SWCNTs, grouped
over four different diameter regimes, as a function of salt charge
stoichiometries. The PL spectra were fitted for all species
present in the samples and quantified as a percentage change in
PL intensity compared to the as-received SWCNT (n, m)
population. SWCNT species with similar diameters showed
similar trends as the charge stoichiometry changed. The
(NaC100)DIS dissolved fraction showed an enrichment of the
largest diameter sc-SWCNTs (>10 Å) with a similar enhance-
ment of the second largest set (9.0−10 Å) albeit to a lesser
magnitude. Conversely, the smallest SWCNTs in the
distribution (<8.3 Å) showed the largest decrease with the
second smallest set (8.3−9.0 Å) showing a smaller decrease in
population. The most abundant SWCNT species changed from
the (7, 6) in the raw material to the larger (11, 1) nanotube,
demonstrating preferential dissolution of the larger diameter sc-
SWCNTs at low charge added. As the charge on the salt is
increased, for all other stoichiometries the most abundant
species reverts to the (7, 6), and relative abundances tend
toward that of the starting (n, m) distribution, due to the

Figure 4. UV−vis−NIR relative percentage change of the (NaC100)DIS
dissolved fractions relative to the starting material of assigned m-
SWCNTs (black) and sc-SWCNTs, (red) showing the preferential
dissolution of larger diameter SWCNTs. The solid lines are linear fits
of the data as a guide to the eye.

Figure 5. PL relative percentage change of the dissolved fractions for the eight most abundant SWCNTs in the HiPco raw batch R2-172, separated
into four diameter regimes. The NaC100 dissolved shows an enhancement of the larger diameter and a decrease of the smaller diameter sc-SWCNTs.
Further charge moves the diameter distribution back toward that of the starting material.
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successive dissolution of the smaller diameter sc-SWCNTs.
This analysis is consistent with the measured increase in yield
of dissolution. Furthermore, the change in the PL abundance of
the (7, 6) SWCNT corroborates the Raman data, which
showed the increase of the (7, 6) sc-SWCNT RBM with
increasing charge.
Importantly, diameter selectivity as determined by PL shows

excellent agreement with that determined from UV−vis−NIR
as shown in Figure S5. This corroboration gives confidence in
the analysis technique and validates the method for background
subtraction for the UV−vis−NIR spectra.
The average diameter of the sc-SWCNTs from the as-

produced powder was found to be 9.32 Å. The average
diameters for each fraction were calculated from the PL data
and are shown in Figure 6. The average sc-SWCNT diameter is

largest for the (NaC100)DIS and decreases monotonically as the
charge increases. For the two salts with the highest yields of
dissolution, NaC10 and NaC5, the diameter distribution is the
same within error as the starting material.
3.5. e-DOS Analysis: Preferential Charging of Differ-

ent SWCNT Species. To understand the measured selective
dissolution of different SWCNTs, a combined electronic
density of states (e-DOS) was produced from extended tight
binding models52,53 summed over the SWCNT species present
in the starting material. The e-DOS for the individual sc-
SWCNTs were scaled according to their relative abundances, as
experimentally determined by PL, and again by 73.8% for the
overall proportion of sc-SWCNTs determined by the UV−vis−
NIR absorption. The m-SWCNTs were scaled to 26.2% of the
overall distribution, with each (n, m) index within the diameter
range determined by the PL given an equal weighting. The
combined density of states is shown in Figure 7a. By integrating
this function, the number of charges per carbon on a SWCNT
as a function of chemical potential can be extracted separately
for m-SWCNTs, small diameter (<9.0 Å) and larger diameter
(>9.0 Å) sc-SWCNTs, shown in Figure 7b and compared to
the enrichment measured in the spontaneously dissolve
fractions as a function of charge.
The nominal charge stoichiometries for NaC100 and NaC5

are marked in Figure 7b, neglecting effects due to quantum

capacitance54 and charge lost to the amorphous carbon (which
would cause a shift of the stoichiometries to lower charge per
carbon values). For the NaC100 salt, nearly half of the occupied
electronic states are from m-SWCNTs. This indicates that at
this charge ratio, m-SWCNTs will be reduced in preference to
sc-SWCNTs as they have the most accessible states directly
above the Fermi level. As uncharged SWCNTs are insoluble,
the selective dissolution of the m-SWCNTs from the NaC100
salt can be attributed to preferential charging of these species.
However, above a Na:C ratio of about NaC40, the proportion of
electronic states that are attributed to m-SWCNTs remains
relatively constant. This effect explains the lack of metallic
enrichment at higher charge ratios observed from UV−vis−
NIR (in Table 1). A similar argument can be made for the
larger diameter sc-SWCNTs. As Figure 7b shows, aside from a
small contribution from the smaller sc-SWCNTs for the NaC100
stoichiometry, the rest of the occupied states arise from larger
diameter sc-SWCNTs. The larger diameter sc-SWCNTs have

Figure 6. Mean SWCNT diameter and standard error of the various
dissolved fractions as a function of charge, showing that the average
diameter increases from that of the raw material as the charge level is
decreased. The black dotted line represents the mean of the raw
SWCNT sample population, and the red line is a guide for the eye.

Figure 7. (a) Combined electronic density of states (1D e-DOS) for
the HiPco R2−172 batch, derived empirically from PL and UV−vis−
NIR data, separated into three components (small-diameter sc-
SWCNT, large-diameter sc-SWCNT, and m-SWCNT). (b) Integrated
DOS to give the proportion of electronic states per carbon for the
individual components (small sc-SWCNT, large sc-SWCNT, and m-
SWCNT) for a given stoichiometry of the total HiPco system.
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states closer to the Fermi level and will charge preferentially
compared to smaller sc-SWCNTs, but after most m-SWCNTs.
However, when the charge added is further increased, the
smaller diameter SWCNTs will also be charged, and the
diameter distribution returns to that of the starting material as
measured in Figure 6.
3.6. Cation Distribution. To further investigate the

mechanism behind the selective dissolution, the distribution
of charge between the dissolved and undissolved SWCNTs was
determined. To do this, the metal to carbon ratio for the
dissolved and undissolved fractions of the same salt was
measured using elemental analysis via inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Since a larger
sample mass was needed, three selected nanotubides salts
NaC5, NaC10, and NaC30 were prepared from a new batch of
HiPco SWCNTs, R1-821, and dissolved in DMF as before. In
this batch, mass filtration measurements (see Figure S6)
determined the yields of dissolution to be 54.8%, 89.1%, and
60.7% respectively, showing an even more pronounced
reduction in yield of dissolution at higher charging than before
(Figure 1). The difference in yield of dissolution between this
batch and the previous one is due to the different amorphous
carbon content, with the IG+/ID ratio larger in the newer batch
(see Figure S7). The solutions were separated into dissolved
and undissolved fractions before elemental analysis, and PL was
performed (see Experimental Details).
Table 2 shows the measured sodium content of the fractions

as a function of SWCNT diameter. For the NaC30 salt, the

system is in the regime below the maximum dissolution yield
and the average diameter is, as expected, higher in the dissolved
fraction. The dissolved fraction has a measured Na:C ratio of
1:20.0, compared to the undissolved 1:42.2. The differing
values confirm the hypothesis that the larger SWCNTs, in the
dissolved fraction, are preferentially charged. For NaC5, we find
a smaller average sc-SWCNT diameter and smaller dissolution
yield in the dissolved fraction, as before. Interestingly, the
dissolved fraction has a similar Na:C ratio of 1:23.2 as the Na:C
ratio for the dissolved fraction of the NaC30 salt. However, in
the corresponding undissolved fraction, we now find sign-
ficiantly more sodium with a ratio of 1:1.5. This important
finding clearly demonstrates that at very high charging the
SWCNTs are not soluble, explaining the decrease in yield of
dissolution. Moreover, this time it is the largest SWCNTs that
do not dissolve. This result indicates that the metallic and large-
diameter SWCNTs continue to be doped preferentially, but
although first to be solubilized, eventually these tubes become
too highly charged to dissolve.
This observation can be understood by considering the

thermodynamics of the dissolution process. An ionic salt (such
as sodium nanotubide) will dissolve if the free energy associated
with the solvent-coordinated species is less than that of the

combined free energy of the isolated ionic salt and solvent. The
free energy of the salt will be largely dominated by its lattice
enthalpy, as the magnitude of the entropic term will be small
for an ordered crystal. In turn, the lattice enthalpy will be
dependent on the ionic species involved; in general, the greater
the charge density of the ions, the greater the magnitude of the
lattice enthalpy.55 This trend has been shown, for charged C60
(fulleride) solutions, via Monte Carlo computer simulations
studying the dissolution of fulleride salts as a function of
charge.14,56,57 In the case where the C60 molecules are highly
charged, the lattice enthalpy term is so great that there is no
favorable gain of free energy upon solvation and thus they are
not soluble. Similarly, here the SWCNTs that charge
preferentially dissolve first but are the first to become too
charged to dissolve at high levels of reduction, resulting in
solutions of smaller diameter SWCNTs.

4. CONCLUSIONS
In summary, the selective dissolution of SWCNTs has been
carefully investigated as a function of charge added to the as-
produced SWCNT mix. From low to high charge, the selective
dissolution trajectory is seen to favor first the amorphous
carbon and defective material, followed by the m-SWCNTs,
large-diameter sc-SWCNTs, and finally smaller diameter sc-
SWCNTs, with an optimum charging value to give a maximized
dissolution yield. The complex dissolution dependence on
charging arises from the range of electronic structures of the
SWCNT species in the sample. At low doping, the SWCNTs
with the states available closest to the Fermi level are
preferentially charged and therefore preferentially dissolve. At
higher metal loadings, the excess charge on the large-diameter
SWCNTs prevents their dissolution, as confirmed by the
observation of charge partitioning between dissolved and
undissolved fractions.
The analysis of the enriched fractions clearly shows that

reliance on Raman spectroscopy to determine separation can be
misleading, and a valid picture necessitates a range of
complementary methods including UV−vis−NIR and PL.
The trajectory of nanotube dissolution also demonstrates that
SWCNTs within a mixed sample can themselves be viewed as
discrete molecular species, with the equilibrium charge
distribution that results upon fixed doping being governed by
the differing electron affinities of the SWCNTs. The results also
highlight the importance of the balance of the thermodynamics
of the dissolution process, in particular demonstrating that for
very highly charged SWCNTs dissolution is unfavorable. This
conclusion will be an important consideration for controlling
concentrations and dissolution via alkali-metal reduction not
just for SWCNTs58 but also graphene33,59,60 and other 2d-
materials.15
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Calculation of the extinction coefficient as a function of
charge on the nanotubes (Figure S1); Raman Spectros-
copy of the SEM sample shown in Figure 2e, f (Figure
S2); UV−vis−NIR spectra of the dissolved SWCNT
solutions after aqueous redispersion and corresponding
discussion (Figure S3); photoluminescence (PL) analysis
showing the opposite trends in the undissolved and

Table 2. Stoichiometry of the Dissolved and Undissolved
Fractions for an NaC5 and an NaC30 Salt, with the
Corresponding Average Diameter for the Dissolved Fraction
Compared to the As-Received Batch

salt dissolved undissolved

measured stoichiometry NaC5 NaC23.2 NaC1.5

average sc-SWCNT diameter (Å) 9.40 9.25 9.74
measured stoichiometry NaC30 NaC20.0 NaC42.2

average sc-SWCNT diameter (Å) 9.40 9.61 9.36
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dissolved SWCNTs for two different stoichiometries
(Figure S4); comparison of the diameter enrichment for
UV−vis−NIR and PL (Figure S5); yield of dissolution
measurements for the newer batch as a function of
stoichiometry (Figure S6); Raman spectroscopy compar-
ison of the two batches used in this study (Figure S7);
explanation of the calculation for Figure 7b (Figure S8)
(PDF)
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