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Selective reduction of SWCNTs — concepts and
insightsT
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Andreas Hirsch** and Andreas Gérling*®®

The charging of single-walled carbon nanotube (SWCNT) mixtures by reduction via alkali metal atoms is
an established first step towards covalent SWCNT functionalization. In this combined density-functional
theory and experimental study, we investigate this reduction with respect to differences occurring
between tubes of different electronic type (metallic (m) and semiconducting (sc) tubes, respectively). We
find that metals, specifically potassium, adsorb stronger to m- than sc-SWCNTSs, which can be explained
by the different band structures of both tube types. We investigate this trend in detail for a variety of
different chiral SWCNTs, finding a potassium coverage dependent preference of m- over sc-SWCNTs,
which is predicted to allow for a selective charging of metallic tubes for K/C ratios < 1/200. This
selective charging can be translated into the enrichment of m-SWCNTs during dispersion of SWCNT
mixtures, since only reduced tubes are dissolved from the bulk material. The results for isolated tubes
can be generalized to SWCNT bundle arrangements, which means that the theoretical predicted
selective charging is transferable also to this more realistic description of the experimental systems.
The theoretical findings regarding an electronic type selective charging of SWCNTs have been verified
by an experimental study. By a combination of Raman and absorption/emission spectroscopic analysis, a
preferential dispersion of charged metallic carbon nanotubes in THF as solvent was found for the
predicted low potassium concentrations. Our results lead to the conclusion that previous m/sc selective
reductive functionalization reactions cannot be explained on the basis of an electronic type selective
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1 Introduction

Single-walled carbon nanotubes (SWCNT) are usually synthesized
via arc discharge, laser ablation or chemical vapor deposition
(CVD) techniques.' The resulting product is a vast mixture
of tubes with different structural properties such as length,
diameter, electronic type (semiconducting (sc) or metallic (m)),
and helicity. The separation of such mixtures to obtain mono-
disperse tubes in a routine and cost-efficient way remains an
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charging step, as these reactions used much higher alkali metal concentrations.

unsolved problem of great importance in SWCNT science, i.e.,
in the fields of its chemistry, characterization, and envisioned
applications.

Over the past years, a variety of different approaches evolved
that try to gain access to a specific type of SWCNT.>* By controlling
the synthesis parameters, the diameter of the grown SWCNT
can be controlled to some extent. However, since the relation
between chiral vector and tube diameter is not unambiguous,
especially for larger diameters, pure monodisperse synthesis
is not achievable with such methods, which, in addition, lack
upscaling potential and cost efficiency.

Therefore, many research efforts were directed towards the
sorting of commercially accessible SWNCT mixtures post synthesis.
Here, many different methods exist that are more or less harsh
or destructive.*”® One possibility is selective destruction, which
is powerful for some applications, but does not provide mono-
disperse SWCNTs. In contrast, a non-covalent’ or covalent®
chemical sorting of SWCNT mixtures provides a promising
approach for a bulk separation of metallic and semiconducting
systems and is, therefore, among the variety of methods, thought to
be the most promising candidate for producing monodisperse
SWCNTs.> A meanwhile routinely applied protocol® for the covalent
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functionalization of SWCNT mixtures involves the reduction
of SWCNTs by alkali metals, e.g., by a Birch type reaction, in
which the negatively charged intermediates, also called carbon
nanotubides, are functionalized, involving electrophiles and
single-electron transfer processes. The respective reduced carbon
nanotubes are promising starting materials, yielding functionalized
SWCNTs with a broad variety of different functional groups.'®™"*

We have shown, that the same carbon nanotubide starting
material, generated under Birch type conditions with lithium as
reducing agent, leads to a preferential functionalization of
metallic or semiconducting tubes, respectively. Depending on
the nature of the trapping electrophile, the reaction shows
preference for metallic (diazonium salts) or semiconducting
tubes (carbon dioxide).’® This observation directly leads to the
question which parameters are responsible for a type selective
functionalization of carbon nanotubes in the course of a reduc-
tive alkylation/arylation scenario.

Herein, we investigate the possibility of a selective SWCNT
separation on the basis of the initial charging step by a com-
bined theoretical and experimental study. More precisely, can
the reduction of the SWCNT mixture itself be responsible for
their electronic type selective separation/functionalization?

We have shown recently that the initial SWCNT charging can
be carried out in a clean and efficient way by a solid state
intercalation of SWCNTs by potassium.'® The alkali metal
concentration can be varied and has a direct influence on the
final degree of functionalization.

In the present work, we study the influence of potassium -
and other alkali and earth alkali metals - on a broad set of chiral
sc- and m-SWCNTSs, as well as on bundles of semiconducting,
metallic, and mixtures of sc- and m-tubes by density-functional
theory (DFT) calculations. We find that the SWCNT charging
process by metals is concentration dependent, and that it shows
selectivity with respect to the electronic type, favoring metallic
over semiconducting tubes for small alkali metal concentrations
(see Fig. 1). We validate our theoretical predictions by experi-
ments, showing an approach towards a post synthesis chemical
sorting of SWCNT mixtures via covalent functionalization.
In summary, our findings show that a preferential reduction
of metallic SWCNT species is obtained for low potassium to
carbon ratios of K/C < 1/200.

By tailoring the experimental parameters, according to the
results obtained from our DFT calculations, we are now able to
obtain selectively enriched metallic SWCNTs. This low reducing
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metal concentrations have hitherto not been used in reductive
functionalization reactions and may be further exploited in an
electronic type selective sorting of SWCNT mixtures.

2 Computational and
experimental details
DFT calculations

The periodic DFT calculations were carried out with the Vienna-ab
initio-Simulation Package,'” employing a plane-wave basis set
and the projector-augmented-wave method'® for the treatment
of core electrons. Exchange and correlation were treated within
the generalized-gradient approximation (GGA) by the Perdew-
Burke-Ernzerhof (PBE) functional.’® An energy cutoff of 415 eV
was used together with a first order Methfessel-Paxton level
broadening® of 0.15 eV. Energies were converged to 10~ ° eV
and forces acting on atoms to 10~ ¢V A%, For the computa-
tions of isolated tubes, a single SWCNT was placed along the z
direction in a rectangular box using periodic boundary condi-
tions. Using periodic boundary conditions, and, therefore,
formally infinitely long systems as models for long but finite
SWCNTs, is justified as long as one is not interested in the
specific effects of the tube termination. The starting geometries
of the tubes were generated with the TubeGen 3.4 web interface.*
Vacuum along the x- and y-directions ensures a tube-tube separa-
tion of 15 A. The Brillouin zone was sampled using a Monkhorst-
Pack k-point grid®* of 1 x 1 x 9 k points. As reference for the metal
binding energies, we chose the metal bulk energies per metal
atom as calculated by our DFT setup. With these metal reference
values (Ey) and the energies of the isolated SWCNTs (Ecnt),
adsorption energies (E,qs) per metal atom () are defined as

1)

with Ecnrinm denoting the energy of the SWCNT with n metal
atoms adsorbed to it.

We chose this metal reference since crystalline metal is
melted together with the nanotube mixtures in experiments.'®
Other choices for the reference would only shift all adsorption
energies but would not influence the obtained trends. A different
reference is provided, e.g., by isolated metal atoms. However,
the chosen bulk reference leads to adsorption energies that
can be considered as lower limit, while adsorption energies
with respect to energies of isolated metal atoms would serve as

Eaas = (ECNT+nM — Ecnt — nEM)/ny
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Fig. 1 Selective charging and subsequent dispersion of SWCNT mixtures, showing a preference of metallic (orange) over semiconducting (blue) tubes at

the given experimental conditions.
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upper limit (the difference per atom in the case of potassium
is 0.87 eV).

Band structures and densities of states (DoS) were computed
with an increased k-point grid of 81 k points along I'-X and a
Gaussian broadening with 0.025 eV width. Charge-density
differences (CDD) were calculated analogously to ref. 23. For
the calculation of SWCNT bundles, a semiempirical van der Waals
correction®* was added to take dispersive interactions between
the tubes into account. The effect of this correction on the
adsorption energy of a single potassium atom on an isolated
tube is a constant shift of 0.03 eV, ie., the van der Waals
contribution of the metal-tube bond is negligible.

Materials

Purified HiPco SWCNTs (grade: pure; lot number P0261, TGA
residue 13.3 wt) were used without further treatment. THF was
distilled three times in an argon inert gas atmosphere over
(i) CaH 2, (ii) sodium, and (iii) sodium-potassium alloy. The
remaining traces of oxygen were removed by a pump freeze
technique (3 iterative steps).

SWCNT charging and dispersion

For the preparation of carbon nanotubides with varying K/C
ratios (1/50, 1/100, and 1/250), HiPco SWCNTs and the respec-
tive amount of potassium were heated at 150 °C for 12 hours in
an argon filled glove box (<0.1 ppm oxygen; 0.1 ppm H,0).
Afterwards, the black salts were cooled to room temperature.
For their subsequent dispersion, 5 mL of THF were added to
5 mg of the respective samples, followed by a short ultrasonication
treatment with a tip sonicator (Bandelin UW 3200; 5 min, 100 J).
The setup was left 24 hours for sedimentation. Afterwards, the
supernatants were separated and used for absorption and fluores-
cence spectroscopy. For Raman measurements under inert gas
conditions the supernatants were filtered through a 0.2 um
reinforced cellulose membrane filter (Sartorius) and washed with
THF under argon. The corresponding SWCNT paper was placed
between two glass slides and was airtightly sealed with parafilm.
For further experimental details see ESL}

3 Results and discussion

In the first part of our study we investigated the selective charging of
carbon nanotubes due to their electronic type on the basis of a
detailed DFT inspection of the respective metal/SWCNT interactions.
Therefore, we consider exemplary two isolated chiral SWCNTs
in vacuum of comparable diameter size (~8.3 A), namely the
semiconducting (8,4) and the metallic (9,3) tube. We have chosen
these two tubes as they are representative examples for chemical
reactive SWCNTs at the lower diameter regime of our experi-
mental HiPco sample. Furthermore, for our initial calculations,
we wanted to avoid diameter based influences.

The band structure and DoS of both tubes are shown in Fig. 2.
The obtained results are similar to what is predicted from tight-
binding models [1] within the zone-folding approximation. The
semiconducting (8,4) tube has a band gap of 0.80 eV with zero

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) and (c) Band structure of pristine (solid, black) and reduced

(dashed, blue) chiral (9,3) and (8,4) SWCNTSs, respectively. Reduction by
one potassium atom per unit cell is considered. (b) and (d) Show density of
states (DoS) corresponding to the band structures in (a) and (c), respec-
tively. The energy scales are given relative to the Fermi level, i.e., Er = 0.

DoS around the Fermi level. Note that GGA functionals, like the
PBE functional employed here, are able to correctly predict trends
of band gaps but are known to systematically underestimate
them. The metallic (9,3) tube has a Dirac cone, i.e., no band gap
but finite DoS in the vicinity of the Fermi level.

More precisely, due to the effects of the geometric curvature
of the tube,**’ the Dirac cone is shifted away from its position
predicted from the zone-folding approximation and a small band
gap of 0.04 eV is obtained in the more realistic DFT description,
which is in line with experimental results®® and earlier theoretical
studies.>® " The van Hove singularities (see, e.g., ref. 27) of the
DosS are well resolved in both cases (Fig. 2(b) and (d)).

Next, potassium atoms are added to both SWCNTs. We tested
different possible adsorption geometries, namely adsorption on
top of carbon atoms of both hexagon sublattices (A and B),
adsorption over a carbon-carbon bond, and adsorption over the
center of a carbon hexagon. We find that adsorption over the
center of a carbon hexagon (see Fig. S7, ESIT) is the only stable
adsorption site for both tubes, which is in line with structures
assumed in earlier studies**™> and with adsorption positions
found for potassium adsorbed on graphene/graphite.***” In this
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optimal geometry, the potassium atom has six carbon neighbors
with almost identical adsorption distances of ~3.0 A. The adsorp-
tion energies per potassium atom for the sc-(8,4) and the m-(9,3)
tube are —0.25 and —0.56 €V, respectively.

We compared this most stable exohedral adsorption with
endohedral adsorption inside the tube. The resulting optimal
structure is similar to the obtained exohedral structure (see Fig. S7
for details, ESIt) but turns out to be energetically more stable,
which is in line with previous studies.*®

However, the situation of isolated tubes in vacuum is not a
realistic model of the experimental situation, where tubes are
present in bundles, closely connected to each other by van der
Waals forces. In such bundles, the exohedral adsorption will
be favored due to the possible interaction of every potassium
atom with several tubes (see ESIT and below).***° Therefore, we
concentrate on exohedral adsorption in our discussion.

The different adsorption energies of a potassium atom in the
stable exo-adsorption structure on the (8,4) and the (9,3) tubes
indicates a stronger binding of potassium atoms to metallic tubes.
This, however, indicates the possibility to selectively reduce prefer-
entially metallic tubes in SWCNT mixtures and, consequently, to
separate metallic from semiconducting tubes during the dispersion
step that follows the charging of the bulk material (see Fig. 1).

To analyze this in detail, the influence of a single potassium
atom on the band structures and the DoS of our two exemplary
tubes is shown in Fig. 2. In both cases, the Fermi level is shifted
upwards upon adsorption of potassium, ie., bands that are
located above the Fermi level in the pristine cases become
occupied due to the adsorption of potassium. This is in line with
the donation of the potassium valence electron to the respective
tube bands, i.e., n-doping (or reduction) of the tubes, in agree-
ment with earlier studies.>®**>*! This is also confirmed by a Bader
analysis,”* according to which 0.90-0.91 electrons are transferred
from the potassium atom to the respective carbon nanotube. This
is in line with Mulliken charges obtained in earlier studies of
metals adsorbed on SWCNTs.*® The raising of the Fermi level is
more pronounced in the semiconducting tube due to its band
gap. Besides the shifting of the Fermi level, the band dispersion
remains almost unchanged, ie., no noticeable hybridization
between carbon and potassium bands is observed.

The additional charge of the reduced tubes is rather localized,
as it is shown by the charge-density difference plots in Fig. 3.
In both cases, ie., for the sc-(8,4) and the m-(9,3) SWCNT,
charge is depleted around the potassium atom, which is mostly
accumulated at the carbon atoms of the hexagon below the
adsorbed potassium atom.

Next, we tested the possibility to reach a better reduction
preference of metallic over semiconducting tubes by exchan-
ging the metal atom. For this purpose we screened the effect of
different metal atoms including M = Li, Na, K, Mg, Ca, Sn, Zn,
and Hg. The selective reduction of s¢/m-SWCNT mixtures will
depend on the difference in adsorption energies of metallic and
semiconducting tubes. Therefore, we compared the adsorption
strength of the selected metals on the two tested tubes. The
data collected in Table 1 shows that potassium is already the
most promising candidate.

3940 | J Mater. Chem. C, 2017, 5, 3937-3947
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Fig. 3 (a) and (b) Show a side view on the sc-(8,4) and the m-(9,3)
SWCNT, respectively, with one adsorbed potassium atom. Carbon and
potassium atoms are displayed as black and red spheres. In addition, the
charge-density difference is displayed, indicating charge accumulation
(orange) and depletion (cyan) for isodensity values of £0.008 e A=3.

Table 1 Adsorption energies of various metal atoms on the semiconducting
(8,4) and the metallic (9,3) SWCNT

Li Na K Mg Ca Zn Hg Sn
E.qs(8,4) 0.40 041 —025 149 1.41 1.08 014 2.79
E.s(9,3) 013 0.11 —-0.56 148 1.18 1.08 0.14 2.68

On the one hand, potassium is the only tested metal that
exhibits a negative binding energy. However, binding energies
are dependent on the chosen metal reference (see Computa-
tional details). Moreover, more negative binding energies are
obtained in the more realistic case of bundles of SWCNTs.
Therefore, the difference of the adsorption energies of sc- and
m-tubes is more important, which is maximal in the case of
potassium with an adsorption energy difference of —0.31 eV.
In summary, potassium seems to be already the perfect candi-
date for the selective reduction of carbon nanotubes by metal
atoms, although other metals show a comparable separation
potential with adsorption energy differences between —0.23
and —0.30 eV (Ca, Li, and Na).

As a next step, we investigated the coverage dependence of
the adsorption energy, i.e., we compared the adsorption energies
per potassium atom with increasing coverage, see Fig. 4. Fig. 4
shows a decreasing adsorption energy for both, the sc-(8,4)
as well as the m-(9,3) tube, with increasing potassium coverage,
i.e., for larger potassium to carbon atom ratios. In the region of
K/C ratios of 1/200 and above, the difference of the adsorption
energies of (8,4) and (9,3) tubes decreases, and the selectivity of
the reduction of tubes becomes less distinct. This means that
for K/C ratios larger than 1/100, the adsorption energy per
potassium atom on the metallic (9,3) SWCNT becomes less
negative than the adsorption energy on the semiconducting
(8,4) SWCNT at a smaller K/C ratio of 1/200 and below.

In the low coverage regime, i.e., for coverages corresponding
to K/C ratios of 1/200 and below, the potassium adsorption
energies remain almost constant and, thus, a constant, maximal
preference of reducing metallic over semiconducting tubes is
observed with an adsorption energy difference of —0.29 eV.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Coverage dependency of the adsorption energy per potassium
atom for different semiconducting (blue) and metallic (red) SWCNTs.
Semiconducting and metallic tubes of comparable diameter are indicated
by the same tick mark.

Assuming a Boltzmann distribution, this equals ratios of
reduced (9,3)/(8,4) tubes of ~10*-10> for temperatures ranging
from 300 to 600 K. Thus, a considerable separation should be
achievable in theory.

In order to investigate whether or not this result is transferable
to a broad mixture of different tubes, we investigated a series
of different metallic and semiconducting tubes with different
diameter, in addition to the (8,4) and (9,3) tubes considered thus
far. We chose the metallic (11,5) and (13,7) SWCNTs and the
semiconducting (10,6), (12,8), (7,5), and (9,4) tubes. This choice
is motivated by several reasons: on the one hand the pairs (11,5)-
(10,6) and (13,7)-(12,8) have comparable diameter of 11.0 and
13.7 A, respectively. As a result, the three studied m/sc-pairs of
comparable diameter ((9,3)—(8,4), (11,5)-(10,6), and (13,7)-(12,8))
cover, with a diameter range of ~8.3-13.7 A, the range of the
majority of tube diameters that are found in the tube mixtures
that were used in our experiments (see Experimental details and
below). On the other hand, the (7,5) and the (9,4) sc-tubes are two
tubes with large abundance in the used experimental probes and
are, therefore, used to analyze the experimental results in detail,
as their excitations are probed by the applied laser wave-length in
our Raman measurements (see below).

The adsorption energies of potassium with varying coverage
on these tubes are also included in Fig. 4. From this data one
can deduce the following trends:

(i) For low coverages and K/C ratios of <1/200, adsorption on
metallic tubes is always preferred over adsorption on semicon-
ducting tubes, independent of the tube diameter.

(if) In the case of metallic tubes, only a small influence
on the tube diameter is observed, and beyond the threshold of
K/C =~ 1/200, the adsorption energies are almost identical for
all three probed metallic tubes. This trend can be understood by
the band structure of metallic tubes. Since the band structure of
all metallic tubes contain Dirac cones, the lowest unoccupied

This journal is © The Royal Society of Chemistry 2017
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states are almost identical for all metallic tubes and, consequently,
so is the electron affinity and the potassium adsorption energy.

(iii) In contrast, the semiconducting tubes show a strong
diameter dependency, namely an increased adsorption energy
with the diameter size. This is, once again, in line with the band
structure of the tubes. The band gap of semiconducting tubes
decreases with the diameter size. In the limit of an infinite
diameter the band structure would, therefore, converge to the
graphene band structure, i.e., to zero band gap.?” In our tested
cases the band gap decreases with increasing diameter from
0.80 to 0.52 eV from the (8,4) to the (12,8) tube, respectively.
A decreased band gap, however, is tantamount with the lowest
unoccupied states located at smaller binding energies, ie.,
located closer to the Fermi level. This results in an easier
reduction of the tube and, thus, a larger potassium adsorption
energy for large sc-tubes with small band gaps compared to smaller
sc-tubes with larger band gaps. Note, however, that this trend only
applies for large diameters and that this trend, explained by the
zone-folding approximation, breaks down for small diameters
due to curvature effects, i.e., the fact that a SWCNT does not
have a planar electron system but, as a tube, obviously exhibits
a curvature that, however, is not taken into account in the zone-
folding model.** This is also evident for the band gaps and,
thus, potassium adsorption energies obtained for two different
investigated sc-chiral tubes [(7,5) and (9,4), respectively, see
Fig. 4], the results of which do not follow simply the trend of the
diameter change compared to the sc-(8,4) tube.

In summary, the adsorption energy differences of potassium on
different SWCNTs are dominated by the electronic structure of the
tubes rather than other effects like the expected increased reactivity
with decreasing diameters due to the increasing curvature, which
would, in fact, result in opposite trends.

Due to this different behavior of metallic and semiconducting
tubes, the adsorption energy difference varies, depending on
the diameter of the semiconducting SWCNT. In the region of
maximal separation, i.e., K/C ratios of <1/200, the preference of
metallic tubes is given by 0.2-0.3 eV, depending on the band gap
(diameter) of the sc-tube. In any case, reduction of sc/m-SWCNT
mixtures by low potassium coverages will always be favorable on
metallic over semiconducting tubes.

The fact that this preference occurs only at low coverages is
probably the reason why such an electronic type selective enrich-
ment was not observed in previous experiments. This is, because
reduction of SWCNTs by alkali metals was usually studied for
much larger M/C ratios of 8/1-16/1,"*** and, especially experimen-
tally, often large amounts of reduction agents were used.”®

The reasons for the usage of larger amounts of reduction agents
are of practical nature: solvation of SWCNTs is difficult and is
increased with the total charge transferred onto each tube.'®*"~>°
Therefore, working at lower coverages is counter intuitive regarding
efficiency. Indeed, commercially available SWCNT mixtures are yet
quite costly and the experimental realization of low potassium
coverages in small SWCNT probes has natural limitations.
Therefore, in order to realize small potassium concentrations,
one usually works with increased amounts of SWCNTs,
i.e., performs more costly experiments.

J. Mater. Chem. C, 2017, 5, 3937-3947 | 3941
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Before we discuss our experimental results, obtained for
small potassium coverages as suggested by our computational
results, we want to address one additional aspect theoretically.
Until now, we considered a variety of different tubes that
should be representative for the mixtures used in experiments.
However, all calculations thus far considered isolated tubes.
Experimentally, the tubes are present as bundles of various
different tubes, interacting strongly via van der Waals interac-
tions. Therefore, the question arises how such a more realistic
arrangement alters the previously discussed results.

To that end, we studied a variety of different arrangements as
models for the experimentally present SWCNT bundles, using as
examples our main test systems, ie., the semiconducting (8,4)
and the metallic (9,3) SWCNT. In order to describe the van der
Waals interactions in such structures properly, we included a
dispersion correction to our GGA functional (see Computational
details). While dispersive interactions play a major role in
the description of tube-tube interactions within bundles, the
adsorption of potassium atoms to the tubes has only little van
der Waals contribution. The adsorption energy of one potassium
atom on isolated (8,4) and (9,3) tubes changes by a negligible
constant shift of 0.04 eV. This means, the trends of Fig. 4 are not
at all affected by additional dispersive interactions.

The most important question to answer is what happens to
the adsorption preference of a potassium atom in a combined
system of metallic and semiconducting tubes. Such a combined
system of different tubes is not easily realized due to the different
periodicity of each tube. We realized such a model by placing two
different tubes into a rectangular unit cell on top of each other,
with one SWCNT [(9,3)] oriented in x and the other [(8,4)] in 2z
direction, see Fig. 5. The band structure of such a combined system
is displayed in Fig. 6, together with the effect of a potassium atom
added to the system.

Fig. 5 Combined system of sc-(8,4) (top) and m-(9,3) SWCNT (bottom)
in a rectangular unit cell (blue box). Carbon atoms are represented by
black spheres.
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E/eV

sc-(8,4)

Fig. 6 Band structure of the combined system of a (8,4) and a (9,3) tube in
a rectangular unit cell along the z and x directions, respectively. Bands
originating from the (8,4) and the (9,3) SWCNT are represented by orange
and blue spheres, respectively. The band structure of this system with an
additional potassium atom is shown as black, dotted line.

The bands of the two tubes align in such a way that the Fermi
level of the combined system is located in the middle of the
band gap of the semiconducting tube. Consequently, the lowest
unoccupied states, which become occupied due to the valence
electron of the potassium atom in the reduced case, belong to the
7* band of the metallic tube, ie., the metallic tube is reduced, in line
with the results deduced from the isolated tubes. This is also in line
with a Bader analysis, which attributes 89% of the 0.9 electrons that
are transferred from the potassium atom to the SWCNTs to the
metallic (9,3) tube and only 11% to the semiconducting (8,4) tube.

In addition to the above system combining two different
SWCNTs, we investigate the influence of bundles containing
one type of SWCNT. Two different structures were investigated,
namely a rectangular arrangement of two parallel tubes on top
of each other and a hexagonal-closed packed (hcp) structure of
each tube (see Fig. S8, ESIt).

In the rectangular arrangement, the potassium adsorption
energy is increased compared to the isolated tubes by 0.16 and
0.48 eV for (8,4) and (9,3) SWCNT, respectively. This corre-
sponds to an increased adsorption energy difference between
the sc-(8,4) and the m-(9,3) tube of 0.63 eV, i.e., a doubling of
this difference compared to the isolated tubes (adsorption
energy difference of 0.31 eV). This means that the separation
of metallic and semiconducting tubes should be even increased
compared to the arrangements of isolated tubes. However, in
the case of the hcp arrangement, both adsorption energies are
decreased by 0.18 and 0.24 eV for (8,4) and (9,3) SWCNT,
respectively. This is due to the stronger tube-tube interactions
in this arrangement. Tube-tube interactions arise in all bundle
models and are a concurring force to the adsorption of potassium.
In the pristine (not reduced) rectangular arrangements, they result
in tube-tube binding energies of 2.04 and 2.56 eV per unit cell of
the (8,4) and the (9,3) tube, respectively. In the hcp structures,
however, these binding energies are considerably increased to
2.98 and 4.38 eV per (8,4) and (9,3) tube, respectively. This means,
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upon maximizing the tube-tube binding energy, the adsorption
energy of the potassium atom is reduced overall in the case of
the hep structures. The changed potassium adsorption energies
result in a slightly decreased potassium adsorption energy difference
compared to the isolated tubes between (8,4) and (9,3) tubes of
0.25 eV (decrease of 0.06 eV). In summary, we want to stress
that the description of realistic SWCNT bundles is quite chal-
lenging and beyond the scope of this work. For instance, the
solution/dispersion of the reduced SWCNTs, i.e., the influence
of solvent on the mixture of reduced/pristine SWCNT bundles,
is yet to be investigated. Our studied model cases demonstrate
a considerable influence on the arrangement, nevertheless, in
all tested cases the adsorption energy difference between
semiconducting (8,4) and metallic (9,3) SWCNT is preserved
and we are, therefore, confident that this is also the case in the
experimental mixtures. In experiments, structures that are less
ordered than the considered hcp bundle can be assumed. Thus,
the hep arrangement should represent the lower boundary of
metallic/semiconducting separation potential.

In addition, our model systems show that interaction with
multiple tubes stabilize exohedral adsorption (in bundles of
parallel SWCNTs with tube axes forming a rectangular arrange-
ment, see Table S2 for details, ESIT). In a hexagonal closed-packed
(hep) arrangement of a specific SWCNT, here (8,4) or (9,3) tubes,
respectively, such a stabilization of exohedral adsorption is not
observed. This can be attributed to the maximized tube-tube
interactions in such a highly ordered structure of a specific
SWCNT. Such a close-packed structure, however, is unrealistic
for mixtures of SWCNTs that are considered here. Therefore,
potassium atoms are likely to be adsorbed exohedral between
several tubes in bundles of mixed SWCNTs.

From the experimental side, the investigation of a selective
charging of metallic SWCNTs at very low potassium concentra-
tions (K/C < 1/200) is a highly challenging task, as the metal
concentration has to be varied and controlled in a precise and
reproducible manner. We generated the respective carbon nano-
tubides according to our recently published solid-state reduction
protocol.”>'*'® The advantage of this sequence over alternative
nanotubide generating procedures is the absence of further
co-reducing agents such as liquid ammonia or naphthalene,*>”"*>
which would severely interfere the comparison of the experi-
mental data with the theoretical predictions. In addition, it is
important to mention that a successful preparation of carbon
nanotubide salts exhibiting a very low amount of potassium
requires absolute oxygen and moisture free conditions, which
demands working in argon filled glove box atmosphere with less
than 0.1 ppm oxygen and water, respectively.'® In order to verify
the theoretical prediction that at potassium to carbon ratios of
about 1/200 an electronic type selective charging of m-SWCNTSs
can be expected, whereas below this threshold only a minor
selectivity should be observed, we prepared three nanotubide
samples with K/C ratios of 1/50, 1/100, and 1/250. Note that the
theoretical predicted threshold of a K/C ratio of 1/200 would
translate into a significant lower experimental K/C ratio, keeping
in mind that we computed pure metallic or semiconducting
tubes, whereas in the experimental HiPco starting material, a
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Fig. 7 Pristine SWCNT spectrum at an excitation wavelength leye =
633 nm in the range of 180-320 cm™. The most prominent RBM peaks
are assigned to two metallic (M1 and M2) and two semiconducting tubes
(S1 and S2), respectively. The chiral vector of the assigned tubes is given
together with the tube diameter.

mixture of m/sc-tubes of roughly 1/4 is measured (see, e.g.,
Fig. 7). Unfortunately, we could not generate samples contain-
ing potassium coverages below 1/250 in a reproducible manner,
due to experimental limitations. Nevertheless, our experiments
with a K/C ratio of 1/250 are located at the lower boundary
where a selective charging should still be observable, which is
indeed the case, as we will show in the following.

In order to develop separation protocols based on a selective
charging of m-SWCNTs, the respective carbon nanotubide salts
have to be dispersed in an appropriate solvent, which has to be
inert under the respective experimental conditions and absolute
free of oxygen and water. As we have shown recently, three times
distilled and subsequently three times pump-freezed THF is a
suitable solvent that fulfills both demands.'® The nanotubide
salts with varying potassium coverages were prepared inside a
glove box under strict inert gas conditions. For an efficient
dispersion of the negatively charged SWCNTs, the respective
potassium salt was sonicated (100 J, no pulse sequence) in THF
for 5 minutes. After one day of sedimentation, the supernatants
were separated and the different samples were studied by a
combination of UV-vis/nIR and fluorescence spectroscopy as well
as scanning Raman spectroscopy (SRS). SRS is the most suitable
analytical technique for extracting bulk information of the
respective SWCNT samples.'® Therefore, large areas of 50 x
50 um” were sampled by recording 2500 spectra and the result-
ing data was statistically processed.

A typical Raman spectrum of the studied SWCNTs com-
prises several characteristic peaks, such as the radial breathing
modes (RBM), the defect induced D-mode and the graphitic
mode (G-mode).>® In carbon allotrope Raman analysis, the
intensity ratio of the D-mode compared to the G-mode can be
used as a measure for the amount of covalently bound addends
in functionalized samples.'®”* The RBM modes are a unique
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feature for SWCNTs and their respective position is depending
only on their diameter and the applied laser excitation energy.>”
Our sample excitation has been carried out with an excitation
wavelength of ... = 633 nm. This distinct wavelength ensures
that both electronic types - semiconducting and metallic
nanotubes - are recorded in the respective SRS measurements.
Here, differences in the RBM intensities can provide valuable
information about underlying variations in the composition of
the separated samples. In the pristine starting material (Fig. 7)
four prominent peaks are observed in the RBM region, which
can be assigned in agreement to literature.>>>® Peaks at 196.3 and
220.9 cm™ " are attributed to the two metallic tubes M1 (9,9) and
M2 (12,3) with diameters of 12.4 and 10.7 A, respectively, and the
two peaks at 256.0 and 288.4 cm™ ' can be assigned to the two
semiconducting carbon nanotubes S1 (9,4) and S2 (7,5) with
diameters of 9.2 and 8.3 A, respectively.

Consequently, we measured the intensities of the two most
prominent semiconducting and metallic RBM peaks M2 and S1
with respect to the G-mode and used this as a measure for
the enrichment of metallic or semiconducting species in our
sample. Analogously to our previous statistical data processing,"?
we plotted the frequency of the intensity ratios as histograms
and determined their distribution functions. For the pristine
starting material, we find a Gaussian distribution centered at an
intensity ratio of 0.24 Iy1,/s; and a standard deviation of ¢ = 0.065
(see Fig. 8). This is in line with the known larger abundance of
semiconducting versus metallic tubes in our commercially avail-
able starting material, with a ratio of m/sc-tubes of about 1/4.

By a comparison of the RBM intensity ratio in the pristine
SWCNT material (gray histogram in Fig. 8) with the data obtained
for the reductively charged and dispersed nanotubides - K/C ratio
of 1/50 (blue histogram in Fig. 8), only a negligible shift of the
Gaussian distribution towards an intensity ratio of 0.30 Ly is
observed, with an almost unchanged statistical deviation of ¢ =
0.062. By decreasing the potassium coverage to a K/C ratio of 1/100
(green histogram in Fig. 8), the intensity ratio is slightly shifted to
0.45 Iyys1, Whereas the standard deviation of the distribution is
increased by a factor of roughly two (¢ = 0.109). This leads to the
conclusion that the distribution between semiconducting and
metallic species in this nanotubide sample resembles more or less
the same ratio as detected for the starting material. Nevertheless, a
small trend towards an electronic type selective charging of metallic
tubes can be seen in the respective Iy,s; plot.

This situation drastically changes when a lower potassium
concentration is used for the initial charging - K/C ratio of 1/250
(red histogram in Fig. 8). Here, the center of the distribution of
the measured SRS data shifts to an intensity ratio of 0.83 Iyy/s;. In
addition, the distribution is severely broadened, with a standard
deviation of ¢ = 0.272. This means that the sample contains
enriched metallic SWCNTs with a m/sc ratio of up to 1.2. This
corresponds to an enrichment factor of about 20% to 55%,
whereas the statistical mean value of 0.83 Iy, still corresponds
to an enrichment of 45%. Keeping in mind that our minimal
experimental potassium coverage is at the lower boundary side of
the predicted separation potential, the observed selective enrich-
ment of metallic tubes is a very promising result.
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Fig. 8 Statistical Raman spectroscopic analysis for Aexc = 633 nm. The
ratio of the intensities of the most prominent peaks in the metallic (M2) and
semiconducting (S1) region are depicted (/mz/s1). Pristine starting material
(grey); K/C ratios: 1/50 (blue), 1/100 (green), and 1/250 (red).

This trend towards an electronic type selective charging of
metallic tubes followed by their preferential dispersion in THF
is also traceable if other RBM peak ratios are considered for
data analysis, i.e., M1/S1, M1/S2, and M2/S2 (see Fig. S1 in the
ESIt). However, since the M1 and S2 intensities are weaker at
the chosen excitation energy, the resulting trend is less pro-
nounced in the respective histograms.

In addition to the discussed RBM peaks, histograms of the
intensities of G- and G-modes (see Fig. S2 in the ESIT) can be
used for the analysis of the charge driven enrichment of
metallic SWCNTs and the obtained results are fully in line with
the conclusions drawn from the RBM distributions.

The detected changes of the peak intensities of the RBM
modes as well as the G'-mode are unique for the charged
separated samples and cannot be traced back to covalent side-
wall functionalization as the peak intensity ratio of the D/G
value was practically not altered in the course of the separation
process (Fig. 9). The respective median spectra of all samples
are presented in Fig. S3 (ESIT).

In addition to the supernatant, we have also determined the
Ivyss1 ratios in the precipitated fraction of our samples and
found no significant changes in the composition (see Fig. S4,
ESIT). This can be explained by the respective low amount of
dispersed carbon nanotubides in the supernatant leaving the
precipitate composition almost unchanged.

In contrast to the charged carbon nanotubes, the pristine
material cannot be dispersed in THF in a stable fashion,
especially not with a short sonication time of 5 minutes (Fig.
S5, ESIt). This means, only the charged fraction of our SWCNT
mixtures is dispersed and can, therefore, be studied with
optical spectroscopy (Fig. 10). Unfortunately, we only found
transitions in the Sz; region (between 325 and 450 nm) for all of
our reduced samples (K/C of 1/50-1/250). This observation
suggests the filling of the lower lying conduction bands upon
reduction (even for very low doping levels). It has to be men-
tioned that the experimental findings cannot be directly related
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to our calculations, where — when the primary charging by potas-
sium atoms is considered - transitions in the S,, regions should be
detectable, even at high potassium concentrations, but dependent
on the number of atoms per unit cell and, therefore, the specific
nature of the respective nanotube. However, it should be kept
in mind that under experimental conditions bundling effects, the
interaction of the charged nanotubides with the solvent, and the
solvation of the counter ions have a fundamental impact on
the recorded absorption spectra.

However, by leaving the sample for one week under ambient
conditions, we observe a reappearing of all excitonic transitions due
to an oxidation of the negatively charged carbon nanotubides, in
agreement to our previous studies.'® This oxidation step is inevitably
connected with a covalent modification, which is manifested in an
attenuation of some excitonic transitions (Fig. 10a)."> Nevertheless,
excitonic transitions that have been quenched in the charged
state, become detectable in the reoxidized samples (Fig. 10b).
This effect is more pronounced for transitions in the metallic
M, region (between 400 and 650 nm) than for transitions in the
S,, region (500-850 nm). Sy; absorption bands (850-1300 nm) do
not reappear due to covalent modifications during reoxidation.
Furthermore, the n-plasmon band intensity at 280 nm (i.e., the
collective excitation of the m-electron system polarized along
the nanotube axis) is more pronounced in the case of the K/C
1/250 sample, which is also an indication for a metallic chirality
enriched sample mixture.”” These findings indicate that the
composition of the charged material in the supernatants
after reduction with potassium indeed is enriched in metallic
species, corroborating the theoretical predictions and our
Raman analysis (Fig. 8). Moreover, the data is also in line with
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the spectral information extracted from the fluorescence spectro-
scopic investigation of the redispersed samples (Fig. S6, ESIt).

In contrast to the charged samples, which exhibit a complete
quenching of the intrinsic fluorescence, the redispersed samples
still exhibit emission intensity of semiconducting SWCNTs. How-
ever, compared to the pristine starting material, the emission
of the redispersed nanotubes is significantly decreased in its
intensity as the sample composition after reduction is enriched
in metallic species by the dispersion/extraction process of selec-
tively charged SWCNTSs.

4 Conclusions

In summary, our experimental data are consistent with the
theoretical prediction that charging of the carbon nanotube
mixtures is selective for metallic tubes for small potassium
ratios of K/C < 1/200. The selective charging is less pronounced
for higher potassium coverages, i.e., in our samples with K/C 1/50
and 1/100. In principle, this selective reduction can be exploited
in charge separation protocols, in order to enrich samples with

J. Mater. Chem. C, 2017, 5, 3937-3947 | 3945


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5tc01407g

Open Access Article. Published on 23 June 2015. Downloaded on 11/18/2025 3:06:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

metallic SWCNTs. For a better separation, however, experi-
mental shortcomings need to be overcome, as very low K/C
ratios have to be reached reproducibly, in order to fully exploit
the separation potential of the selective charging step.

On the basis of our results, electronic type selectivity observed in
previous studies of covalent SWCNT reactions cannot simply be
referred to a selective charging of the specific helicities in the
starting mixture, as potassium concentrations much higher than
the critical threshold calculated here have been used. Consequently,
in order to understand the underlying principle of electronic
type selective SWCNT reactions, the focus of further studies
should be turned towards the specific interactions of the charged
carbon nanotubides and the final trapping reagent as well as on
the respective electron transfer kinetics.
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