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SWNTs, we prepared samples as thin films (thickness, t = SO

ABSTRACT: Encapsulation of sulfur in HiPCO-SWNTs nm), by filtration of dispersions."” In a typical experiment,
leads to large changes in the Raman spectra with the HiPCO-SWNTs (Nanointegris, 2 mg) were dispersed in 100 mL
appearance of new peaks at 319, 395, and 715 cm™" which of an aqueous solution of sodium cholate (1g) by sonication (5
originate from the sulfur species within the SWNTs, while h). The dispersion was centrifuged at 8000 rpm (11,000 g) for 15
the high frequency SWNT bands (v > 1200 ecm™) are min and then filtered through a cellulose membrane (pore size 50
decreased in intensity. The encapsulated species also shifts nm). The resulting SWNT films were transferred to quartz
the near-IR interband electronic transitions to lower substrates for spectroscopic characterization and sulfur treat-
energy by more than 10%. These effects seem to originate ment. The sulfur was encapsulated inside the SWNTs by
with the van der Waals interaction of the confined sulfur exposure of the thin-film samples to vapor phase sulfur at 600 °C
species with the walls of the SWNTs which are not under a static vacuum.

expected to be significant in the case of the previously In agreement with previous work, the response of EA-SWNTs
studied large diameter SWNTSs. We suggest that sulfur in to the encapsulation of sulfur (denoted as S@EA-SWNTs) is
the small diameter SWNTs exists as a helical polymeric quite weak (Figure S1).”° There is a discernible effect on the
sulfur chain that enters the SWNT interior in the form of radial breathing mode (RBM) which appears at 150—200 cm™

S, (SEg_) molecules which undergo polymerization to

and an enhancement of peaks centered at 375 cm™.,° which may
linear diradicals.

correspond to a peak that was previously observed at 390 cm™" in
a similar sample.

The response of the HIPCO-SWNTs to the encapsulation of

ithium-sulfur batteries are of current interest because of the sulfur is much more pronounced (Figures 1 and S2), and
high capacity of sulfur as a cathode for rechargeable batteries prominent peaks appear at 319 and 395 cm™' together with a
when paired with metallic elements such as lithium. The use of series of peaks at ~715 cm™.
carbon-based materials, including single-walled carbon nano-
tubes (SWNTs), to encapsulate sulfur provides an interesting [ 20 5
1 =———HIPCO-SWNTs
approach to the study of the electrochemical lithiation process at T ——saHiPcoswnTs

the cathode in which there is confinement of the active sulfur 0

species.'™® Apart from the electrochemical experiments, these
materials have been studied by X-ray diffraction, Raman
spectroscopy, XPS, TGA, and theoretical calculations.”® The
results of these studies have been interpreted in terms of metallic,
linear one-dimensional chains of sulfur confined within the
SWNTs. As far as we could ascertain the previous studies made 0
use of electric arc (EA) produced materials which are known to
lead to SWNTs of relatively large diameter (D,, &~ 1.55 nm) S
and the response of the Raman spectra to the presence of Figure 1. Raman spectra of HIPCO-SWNTs and S@HiPCO-SWNTs
encapsulated sulfur is relatively modest as shown in prior reports films at laser excitation wavelength 532 nm.

and in our own experiments (SI). However, when we employed

-
@
=

Intensity (a.u)
g

w
-]

500 1000 1500 2000 2500 3000
Raman shift (cm”)

HiPCO-SWNTs in an essentially identical set of sulfur We find that these new features d.isappear when.the SWNTs
encapsulation experiments, we observed an extremely large are annealed at high temperatures (Figure S3), and in the case of
modulation of the Raman peak intensities. HiPCO-SWNTs, the sulfur removal process is complete after

Here we report our studies and interpretation of the effect of annealing at 650 °C for 10 h under argon; furthermore we do not

sulfur encapsulation on the spectroscopic properties of EA- and find any obvious effect on pristine SWNTs that have been
HiPCO-SWNTs of average diameter, D,, = 1.55 + 0.1 and 1.0 + annealed at these temperatures (Figure S4).

0.2 nm, respectively.g_11 Our initial studies were focused on the
use of these materials in batteries, but in order to unambiguously Received: October 9, 2015
characterize the effect of sulfur incorporation on the HiPCO- Published: December 16, 2015
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The intensities of Raman features are affected by changes in
the electronic structure of the carbon nanotubes as well as to
perturbations to the restoring forces of the vibrational modes."’
Thus, in order to provide direct information on the effect of
sulfur incorporation on the electronic structure of the SWNTs,
we examined the near-infrared and visible (NIR/vis) spectra of
the samples, and the results are shown in Figure 2. It is quite clear
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Figure 2. Base-line subtracted near NIR/vis absorption spectra of
HiPCO-SWNTs and S@HiPCO-SWNTs films in the vicinity of the S, ),
S,y and M, interband electronic transitions. Inset: Schematic energy
band diagram for semiconducting and metallic SWNTs.

that the features, due to the SWNT interband electronic
transitions in the Sy, S,, (semiconducting) and M,;; (metallic)
regions, are strongly affected in the S@HiPCO-SWNTs, while
there is little change in the NIR/vis spectrum of S@EA-SWNTs
(Figure SS).

The baseline subtracted NIR/vis spectra are shown in Figure 2,
and our best estimates for the assignments are given in Table S1
(nomenclature is shown in inset to Figure 2; note that peak 7 can
be assigned to the S,, or the My, set of transitions). Thus, the
percentage decreases in the NIR/vis transitions due to sulfur
encapsulation are AS;; = —13% (1), —13 (2); AS,, = —16 (3),
—18 (4), 20 (5), —20(6), =20 (7); AMy, = =20 (7), =23 (8),
—26 (9). The assignments are based on previous studies of
individual HIPCO-SWNTs using absorption and fluorescence
spectroscopy, *~'¢ and there is a clear trend toward larger shifts
in the interband transitions as the band gap energies increase,
which is reflected in the percentage decrease in the band gaps
among the transitions. There are a number of distinct effects
which could be responsible for the shifts in the interband
electronic transition energies, and we discuss some of the more
likely scenarios below. We begin by emphasizing that the shifts in
the band gap energies as result of sulfur encapsulation scale
roughly with the energy gaps and thus could be accounted for by
an increase in the SWNT diameters or a weakening of the
resonance or transfer integral (f3). The C—C bonds as the simple
tight-binding form of the interband transition energies is given by
Sii = 2aP/d, S,, = 4ap/d, and M,, = 6af}/d, where a is the
carbon—carbon bond length (nm) and d is the SWNT diameter
(nm)."® If we scale the percentage decreases in the observed
interband transition energies by the ratios of the numerical
prefactors from the tight binding calculation, we obtain AS,; =
—13% (1), —13 (2); AS,,/2=-8(3), =9 (4), =10 (5), —10(6),
—10(7); AM,,/3 = =7 (7), =8 (8), =9 (9). Thus, based on the
interband electronic transitions, sulfur encapsulation has a large
effect on the electronic structure of the SWNTs, and if this were
to be attributed to a change in geometry, it would imply an
increase in the SWNT diameters by ~10%, which is not
supported by our calculations (Table S1).
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Given the intimate contact between the sulfur chain and the
walls of the HiPCO-SWNTs, it is natural to consider the
formation of excimers or exciplexes between the two materials,"”
but the nature of the necessary charge-transfer complex does not
seem very plausible. Rehybridization effects are known to be
important in small diameter SWNTs and probably play a role in
the phenomena reported herein.”'®'? An important manifes-
tation of this effect is polygonization®” in which the walls of the
SWNTs undergo the type of faceting which is well-known in
fullerenes.”’ Polygonization of the SWNT walls is inevitable
given the four-fold axial profile of the S, chain found in our
calculations (Figure 4). As in the fullerenes, this distortion serves
to concentrate the pyramidalization at certain carbon atoms that
become strongly rehybridized.”"**

There have been a number of studies of the effect of strain and
external pressure on SWNTSs that throw light on the origins of
the shifts that we observe (Figure 2). Matrix-imposed stress on
SWNTs has been shown to produce a chirality-dependent shift of
the photoluminescence spectra that divides the samples into two
groups depending on their helicity: the first group of SWNTs
shows an increase in the energy of the §;; transitions and a
decrease in the S,, energies on cooling frozen dispersions,
whereas the second group of SWNT's shows exactly the opposite
behavior.”® These results are in full accord with calculations of
the effect of stress along the axis of the SWNTs,”** and thus it
appears that the frozen matrix generates uniaxial compressive
stress along the SWNTs.

A study of the effect of hydrostatic pressure on the interband
transition energies of debundled HiPCO-SWNT suspensions in
diamond anvil cells found that the band gap energies moved to
lower energies, although the second set of interband transitions
(S, in this paper) were much less sensitive to pressure.'” The
authors were unable to fully rationalize these results in terms of
previous studies, although they noted the likely importance of the
rehybridization of the SWNT electronic structure. Our results
are not consistent with either of these previous reports on strain,
as we find that all of the electronic transitions move to lower
energies with the greatest shifts associated with the higher
excitation levels.

The spectral intensity of the Raman features of SWNT
samples is strongly enhanced when the experimental laser light is
resonant with an interband (excitonic) transition in individual
carbon nanotubes.>*° As a result, variations in the Raman
intensity are usually ascribed to a change in the resonance
condition, and there are a number of reports in the literature on
the observation of such effects in doped samples.””~* In virtually
all these cases the Raman intensities are reduced; the only
mention we could find of strongly increased intensities in Raman
spectra was a report on individual, pristine, suspended quasi-
metallic SWNTs in which it was found that all of the transitions
are strongly modulated by electrostatic gating due to the
proximity of a Mott insulator transition.>”

The resonant Raman intensity in the Stokes process is given by

2
MOaMePMOQdk
Eg[Ey — E)

I"(E,) = C f

(1)
where C is a constant, Er = E;, — E, — iy is the resonance

condition, Ej is the laser energy (2.41 eV), E, is the exciton
transition energy for the uth set of subbands, E, is the phonon
energy, y is the resonance broadening energy, M** is the matrix
element for the optical absorption process, M is the electron—

phonon coupling matrix element, and M is the matrix element
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for the optical emission process.”> >’ As noted above, a likely
cause of the drastic modification to the Raman spectra of
HiPCO-SWNTs on sulfur encapsulation is a change in the
resonance condition (Ey), and this scenario is supported by both
the NIR/vis spectroscopy and the DFT calculations carried out
on the S@HiPCO-SWNTs (below). The resonance term
includes both the interband transition energy (E,) and the
resonance broadening energy (y), and it is clear from Figure 2
that both of these quantities are affected by the incorporation of
sulfur into HIPCO-SWNTs. The resonance broadening energy is
very small in individual SWNTs (y = 8 meV for a SWNT on Si/
Si0,),” but this term is quite sensitive to the nanotube
environment and values of y = 60 meV (SDS wrapped SWNTs)
and ¥ = 120 meV (SWNT bundles) have been reported for
HiPCO-SWNTs,*® and thus it is to be expected that the
incorporation of the S,-helix would further increase the value of y
in the S@HIPCO-SWNTs. As discussed above, the strain
induced by the incorporation of sulfur into the HIPCO-SWNTs
affects the interband transition energies [E, (S;, Sy, and M,
above)] and may also be expected to modify the electron—
phonon coupling term (M). A quantitative assessment of the
relative weights of these contributions to the very large changes
observed in the Raman spectra of S@HiPCO-SWNTs is beyond
the scope of this paper, but we report additional experiments
below.

Most of the HIPCO-SWNT Raman intensities are decreased
by the incorporation of sulfur in agreement with previous work
on perturbed SWNTs,””***"*” and it is only in the region from
300 to 800 cm™" that new, very strong peaks appear; given the
proximity of this region to sulfur—sulfur vibrations in the Raman
spectra of the various molecular and polymeric sulfur species, it is
natural to consider electron—phonon coupling between the
excited states of the SWNTSs and the phonons of the sulfur
species that are encapsulated. In this way molecular vibrations of
the sulfur species could be enhanced in the Raman spectra by the
excitonic absorptions of the SWNTs, and we note that the band
at 715 cm™" observed in the S@HiPCO-SWNTs is quite close to
the value of 716 cm ™" observed for S, (SZg_) in an argon matrix.**
Polymeric sulfur (S,) has bands at ~460 and ~425 cm™*’ which
do not correspond to the bands at 395 and 319 cm™" observed in
our spectra, although the distortions of the sulfur chains
discussed below would likely weaken the stretching frequencies
of the vibrations of the S,@HiPCO-SWNTs, and thus these
features could possibly originate from encapsulated sulfur
species. Therefore, we carried out encapsulation experiments
in which **Sg was used as the source for infusion of sulfur into the
HiPCO-SWNTs. Based on prior work in the literature, the
isotopic shift in such species is known to closely follow the simple
spring constant relationship which gives v, (**S)/v,(**S) = (32/
34)2 = 0.970.%° As we show in Figure 3 and Table S2, the new
peaks in the Raman spectra of S@HiPCO-SWNT's exhibit the
expected shift for isotopic substitution in species possessing S—S
bonds, and this shows unequivocally that the new Raman
vibrations originate from encapsulated sulfur species which
obtain intensity from electron—phonon coupling to the resonant
SWNT excited states.

We carried out DFT calculations on the S@SWNTs (SI) and it
is clear that there is ample space inside the EA-SWNTs to
accommodate sulfur in the form of Sg molecules or in polymeric
form but this is not the case for the HIPCO-SWNT's which have a
much smaller diameter. The most compact form for sulfur
encapsulated in SWNTSs was found to be a helix with a screw
order of four atoms as shown in Figure 4.
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Figure 3. Raman spectra of **S@HiPCO-SWNTs and **S@HiPCO-
SWNTs films.

A &

Figure 4. Calculated structure for the sulfur helix in S@SWNTs: (a) side
and (b) cross-sectional views.

When this structure was encapsulated in an (11,11) EA-
SWNT of diameter 1.6 nm, the preferred diameter of the helix
was found to be ~0.33 nm which gives a van der Waals diameter
of ~0.7 nm (Figure S7). This is easily accommodated in the
(11,11) SWNT which has an internal van der Waals diameter of
1.26 nm, but for HIPCO-SWNTs the corresponding typical
chirality might be that of a (7,7) SWNT which has a calculated
diameter of 0.95 nm and internal van der Waals diameter of
~0.61 nm (Figure S8). Thus, we anticipate a nonbonded
interaction between the sidewalls of HIPCO-SWNTs that is not
present in EA-SWNTs, and it may be seen that the preferred
helical S, structure is expected to break the quasi-rotational
symmetry of the HiPCO-SWNTs by imposing a four-fold
distortion of the sidewalls.

Finally we turn to a consideration of the mechanism for
incorporation of sulfur into the SWNTs: As discussed above this
is straightforward in the case of large diameter SWNTs, but for
species of smaller diameter such as HIPCO-SWNTs there are
severe steric barriers to the incorporation of a molecule such as
Sg. The suggested mechanism for encapsulation is given below in
which we conjecture that the sulfur species that enters the
SWNTs is S, (SEg_) ; given a van der Waals radius for sulfur of
0.185 nm, the S, molecule fits easily inside the HIPCO-SWNT's
(Scheme 1).

Scheme 1. Proposed Mechanism for Encapsulation and
Removal of Sulfur in SWNTSs via Intermediacy of S, (3Eg_)

gas
phase

Sg === S, + S=8 + SWNT
600°C

s=§ O s=s high

— temperature
— vacuum

§=8 ( [ ——— )

= () -s—s—s—s—s—s )

Once inside the SWNTs the S, molecules would be expected
to polymerize to diradicals particularly after cooling to room
temperature. The encapsulation experiments are run at 600 °C in
a static vacuum, and we note that thermodynamic analysis
indicates that S, comprises ~5% of the vapor above sulfur at 500
°C under a total pressure of 0.2 MPa, and thus it will be possible
to rapidly fill the SWNTs with S,."°~** High-level calculations
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confirm that cis- and trans-isomers of S, are considerably more
stable than2 S, (3Zg_) ,** and so the dimerization and subsequent
polymerization reactions should occur spontaneously under the
reaction conditions.

Based on this mechanism, the removal of sulfur at elevated
temperatures would involve a simple reversal of the forward steps
shown in the diagram. XPS measurements show 8 atomic percent
internal sulfur after encapsulation experiments on HiPCO-
SWNTs, which is reduced to 2% after treatment at 450 °C
(Figure S6).

In summary, we suggest that gas-phase sulfur is incorporated
into the interior of small diameter SWNTs by the initial
encapsulation of S, molecules, where they undergo polymer-
ization to give long chain S, diradicals. The polymeric sulfur
chain strongly interacts with the sidewalls of the HIPCO-SWNT's
resulting in a shift of the near-IR interband electronic transitions
to lower energy by more than 10%. In addition, there are large
changes in the Raman spectra with the high frequency bands (v >
1200 cm™") decreased in intensity and the appearance of new,
very strong bands at 319, 395, and 715 cm ™" which originate from
the encapsulated sulfur species as a result of strong electron—
phonon coupling between the SWNT excitons and the sulfur—
sulfur vibrations.
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