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1 Introduction

First-principles investigation of sulfur and
sulfur-oxide compounds as potential optically
active defects on (6,5) SWCNT

Tina N. Mihm,
Sahar Sharifzadeh

*@ Kasidet Jing Trerayapiwat,® Xinxin Li,“® Xuedan Ma“® and
abfg

Semiconducting single-walled carbon nanotubes (SWCNT) functionalized with covalent defects are a
promising class of optoelectronic materials with strong, tunable photoluminescence and demonstrated single
photon emission (SPE). Here, we investigate sulfur-oxide containing compounds as a new class of optically
active dopants on (6,5 SWCNT. Experimentally, it has been found that when the SWCNT is exposed to
sodium dithionite, the resulting compound displays a red-shifted and bright photoluminescence peak that is
characteristic of doping with covalent defects. We perform density functional theory calculations on the
possible adsorbed compounds that may be the source of doping (S, SO, SO, and SOz). We predict that the
two smallest molecules strongly bind to the SWCNT with binding energies of ~1.5-1.8 eV and 0.56 eV for
S and SO, respectively, and introduce in-gap electronic states into the bandstructure of the tube consistent
with the measured red-shift of (0.1-0.3) eV, consistent with measurements. In contrast, the larger com-
pounds are found to be either unbound or weakly physisorbed with no appreciable impact on the electronic
structure of the tube, indicating that they are unlikely to occur. Overall, our study suggests that sulfur-based
compounds are promising new dopants for (6,5) SWCNT with tunable electronic properties.

gap states.”® As such, there is great interest in the discovery of
new covalent defects that can be synthesized on SWCNT.
The most common covalent defects that have demonstrated

Semiconducting single walled carbon nanotubes (SWCNT)
doped with covalent defects display high purity single photon
emission (SPE) with high quantum yields," and show promise
in technologies such as sensing®'* and quantum information
science."'® The controlled sensitivity of the SWCNT to
adsorbates allows for a variety of covalent dopants to be
introduced.>*®”*® These dopants can induce new associated
optical transitions observed as a red-shift in the optical
spectrum,”>*>7 2! and improved SPE.>"'®'#2°24 dque to either
defect-induced symmetry breaking®® or the presence of deep in-
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SPE are atomic hydrogen®® and oxygen,>>*'7*32%23 and func-
tionalized aryl molecules.’!*!421:24:27-30 Both atomic and mole-
cular defects result in a high intensity red-shift in the tube’s
photoluminescence. The aryl groups have the advantage of being
more tunable through their functional groups,'®*"***” but
require careful control of the defect density to avoid excessive
functionalization that results in exciton quenching.>*"** Atomic
defects are desirable because they are abundant and form at
stable locations along the tube,”**%** and, thus, may provide a
practical path for industrial scale production of doped SWCNT.
However, the degree of emission enhancement is generally lower
for atomic defects compared to the aryl groups.’

Regardless of the defect type, SPE and optical properties are
highly-dependent on the defect binding configuration.'®2%33
Covalent defects are typically introduced to the SWCNT
through breaking of one carbon sp® bond and attaching a
ligand that creates an sp® defect site. For certain defects and
adsorption sites, the defect forms an sp> bond to two carbon
atoms, breaking a double bond but maintaining the sp> hybri-
dization of the tube. The photoluminescence (PL) and photo-
chromic properties of the tube strongly depend on the location
of binding and the type of bond formed,'”**** presumably due
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to the varying degrees of perturbation to the SWCNT electronic
structure.

In this article, we investigate sulfur and sulfur oxide (SO,)-
based sp® and sp® dopants as a class of atomic and small
molecular covalent dopants that may be synthesized on (6,5)
SWCNT. The (6,5) SWCNT is a chiral and semiconducting tube
with clearly defined two lowest-energy optical transitions, Eq;
and E,, at ~1.25 eV and ~2.21 eV, respectively, with multiple
optically-active dopants successfully introduced, including the
oxygen atom.>>'122%23 In our study, sulfur and sulfur oxide-
based defects were chosen as potential optically active defects
because sulfur is isovalent to oxygen; thus, we expect similar
bonding and optical properties associated with the sulfur
doped SWCNT. Furthermore, when used to dope carbon mate-
rials, sulfur-containing compounds have shown efficient
fluorescence quantum yield with tunable emissions,** ¥ indi-
cating that sulfur may be an optically-active defect on (6,5)
SWCNT. Experimentally, it was shown that introduction of
sodium dithionite to solution-phase (6,5) SWCNT, which is
expected to break down into SO, (predominantly SO,) on the
surface, leads to a new doped species with the desired red-
shifted strong emission.>® Within density functional theory
(DFT), we perform a comprehensive study of the most probable
configurations of adsorbed SO, that may arise (S, SO, SO,, SO3)
in order to determine the most likely species that has been
synthesized. We predict that the larger two molecules studied,
SO, and SO3, are weakly physisorbed to the SWCNT, with little
to no electronic interaction to the tube, in agreement with prior
DFT-based studies of these compounds on SWCNT.**™*’ In
contrast, S and SO favorably and strongly bind to the tube with
a red-shifted gap due to either defect-induced band splitting or
introduction of an in-gap defect state. S in an sp® bonding
configuration is predicted to be the most energetically stable
configuration. Overall, our study indicates that S and SO defects
can be incorporated into and tune the optical properties of
(6,5) SWCNT.

The remainder of the paper is organized as follows: Section 2
outlines the DFT computational details and details of the
binding configurations considered; Section 3 presents the
predicted adsorbate binding energies, optimized structures,
and electronic structure; Section 4 concludes with a statement
on which SO, defects are possibly the optically active defects
that have been observed experimentally.

2 Computational methods

The electronic structure and adsorption energy of the pristine
and doped SWCNT were computed within density functional
theory (DFT) as implemented in the Vienna Ab initio Simulation
Package (VASP),**®*> with frozen-core projector-augmented
wave (PAW) pseudopotentials describing the nuclei and core
electrons.>** The exchange-correlation was treated within the
generalized gradient approximation (GGA) of Perdew, Burke,
and Ernzerhof (PBE),>® with the addition of Grimme D3 van der
Waals corrections.®® The choice of the PBE functional was
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Fig. 1 (a) The configuration of different sulfur compounds studied relative
to the carbon atoms of (6,5) SWCNT (labeled R,). (b) Illustration of the two
different orientations of the sulfur compounds relative to the SWCNT tube
axis with a single sulfur atom shown as an example. The cylinder repre-
sents the (6,5) SWCNT.

made because empirical van der Waals corrections are better
suited to PBE, which tends to underbind, rather than LDA,
which tends to overbind.>””® We note that while GGA under-
estimates the band gap, our prior studies of aryl-doped (6,5)
SWCNT found that while many-body corrections open up the
gap, the relative energy between dopant and tube frontier states
is consistent between LDA/GGA and many-body perturbation
theory.”® Tests performed using the hybrid HSE06 functional
(see SI, Section S5)*° indicated that HSE06 and PBE predict the
same trend in binding energies as well as band energies,
validating our choice to use the less computationally costly
PBE functional.

All SWCNT were placed in a periodic cell with greater than
10 A of vacuum along the two aperiodic directions. Restricted
DFT calculations were performed for all but the passivated
‘Line-H’ SO, system (see Fig. 1(a)), which requires spin-
polarized unrestricted DFT. Calculations were performed with
aI'-centered 1 x 1 x 2 k-point mesh, which converged the total
energy to less than 1 meV per atom (see SI, Section S6), and a
plane wave energy cutoff of 400 eV, which is default for VASP.
The structure of the full tube and defect were optimized until
all forces were less than 0.01 eV A™'. The optimized lattice
vector of the pristine (6,5) SWCNT is « = 32.4 A, b = 20.0 A, and
¢=40.4 A and was kept constant in the periodic direction (c) for
all the defective systems.

The adsorbate binding energy was computed as

Ep = Ecnreso, — (Eont + Eso)- @)

Here, the Ecnriso, is the total energy of the adsorbate on
SWCNT, Ecnr is the total energy of the pristine tube, and Ego_is
the total energy of the sulfur compound in vacuum. To obtain the
total energy of each system individually, all three were placed in a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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box of the same size with the same computational parameters
applied with the exception of the &-mesh for the isolated SO,, which
was 1 X 1 x 1. For the hydrogen passivated SO, structure (structure
6 in Fig. 1(a)), we subtracted out the binding energy associated
with the hydrogen atom (—1.41 eV), which did not interact with

SO,, from the total binding energy <E§OZ+H =—-1.74 eV>. Thus,

E% = —1.74€V + 1.41 €V = —0.31 eV.

We note that the experimental measurements were taken
with the SWCNT suspended in solution of sodium dodecyl
sulfate (SDS), which we do not account for in our simulations.
These long carbon-chain surfactants have been shown to inter-
act with aryl diazonium defects, with a noticeable impact on the
selectivity of the dopant’s binding configuration.®>®' However,
we expect this impact will be less significant for our atomic-
scale defects. Exclusion of the surfactant is consistent with
previous computational studies of oxygen and SO,/SO; defects
on SWCNT.>***"*” In addition, because the doped nanotubes
are washed prior to analysis and the SO, molecules are closed
shell, we do not expect any charging of the dopant.

2.1 Structures studied

The different sulfur compounds considered and their corres-
ponding binding configuration relative to the SWCNT are
presented in Fig. 1(a). We study S, SO, SO,, and SO; because
it was previously determined that SO, may decompose into
these compounds on SWCNT.®> We considered different pos-
sible configurations of the adsorbate and only show configura-
tions with favorable binding here; see SI Section S2.1 for details
on unbound structures. The three kinds of covalent binding
sites on the SWCNT are the sidewalls (side of tube), edge sites
(end of tube), or near defects (such as vacancies and Stone-
Wales complexes) Consistent with prior studies,>>*""*>%23
considered only the sidewall because the edges make up a
fraction of the surface area of the tube and would not result in
the observed bright luminescence peak. We did not consider
Stone-Wales defects because there was no evidence of the
presence of these defects in experiment.®*®*
the impact of vacancies on the binding affinity, we studied the
adsorption of the SO,, line-H system in the vicinity of a single
vacancy. The presence of the vacancy was found to cause SO, to
become unbound, indicating that the vacancy does not
enhance binding.

For the single sulfur atom, we considered epoxide-type and
ether-type binding (structures 1 and 2), both of which have
been shown to be energetically favorable locations for oxygen
binding on (6,5) SWCNT.** In thioether-type bonding the S
atom is arranged between a broken carbon-carbon bond result-
ing in sp® hybridization, while for episfulfide-type, the S atom
sits between a single carbon-carbon bond with sp® hybridiza-
tion. For the SO molecule, a four-member ring-type binding
(structure 3) with the S and O each bound to one carbon atom
was found to be favorable. For each S and SO configuration, we
consider two different orientations of the C-S-C bonds, along
the long (‘1) and short (‘d’) axes of the tube (see Fig. 1(b)). We
also considered two different ‘I’ placements for the thioether S

we

In order to test

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure, which are inequivalent due to the chiral symmetry of
the (6,5) SWCNT: in-line with or offset from the tube’s chirality
(see Section S2.2 of the SI for structures). For SO,, three
different binding configurations were found to be favorable:
(1) the SO, attached to two carbons across a broken carbon
bond via the two oxygen on the SO, (structure 4), which was
inspired by the orientation of SO, bound to graphene sheets
and we label “O0-loop”;*>*° (2) the episulfide-type binding, a
modification of the epoxide-type binding of S (structure 5); and
(3) the SO, oriented such that the oxygen atoms are in line with
a hydrogen atom that is attached to a carbon atom neighboring
the adsorption site, labeled “line-H” (structure 6). The latter
structure was introduced to test whether H can increase the
affinity of the adsorbate to the tube. Lastly, for SO;, a flat-type
binding motivated by binding of SO; on graphene is found to
be favorable (structure 7).

3 Results and discussion

We investigate the possibility of doping (6,5) SWCNT with SO,-
based compounds by describing the binding and electronic
structure of new compounds from first-principles calculations.
The DFT-predicted binding energies of the sulfur-based com-
pounds of Fig. 1 are presented in Table 1. The S atom is the
most strongly bound to the tube, with binding energy ranging
from —1.53 eV to —1.82 eV depending on the bonding arrange-
ment. This value is greater than half of a C-S covalent bond
energy of ~—2.7 eV,*®* consistent with strong chemical
bonding between the tube and S. The thioether-d configu-
ration, which is the only structure studied that allowed the
tube to retain its sp> hybridization, is the most strongly bound.
Additionally, the binding is stronger along the short axis (‘d’)
than along the long axis (‘) by 0.25-0.29 eV for the thioether
and 0.12-0.16 eV for episulfide. This is consistent with previous
studies of oxygen dopants on (6,5) SWCNT (see Table S.2 in the
SI for comparison).>> We note that the binding is slightly

Table 1 Calculated binding energy (Ey), the change in the energy differ-
ence between highest occupied and lowest unoccupied state upon
adsorption (AEg,p), and shift in Fermi energy with respect to the pristine
system (AEy) for the defective (6,5) SWCNT configurations considered in
this work. Ey, is defined such that a negative energy is bound (see eqgn (1)).
All energies are in eV

Structure Ey AEg,p AE;
S, episulfide-d —1.69 0.04 —0.04
S, thioether-d —1.82 0.02 —0.01
S, episulfide-1
Off-set with chiral direction —1.53 0.28 0.05
S, episulfide-1
In-line with chiral direction —-1.57 0.05 —0.03
SO, 1,2-oxathietane-1 —0.56 0.08 —0.07
S0,1,2-oxathietane-d —0.56 0.08 —0.07
S02, OO-loop-d —0.20 0.00 —0.04
S02, episulfide-d —0.20 0.00 —0.05
S02, line-H —0.33 0.26 0.17
S03, flat —-0.27 0.00 —0.08
Pristine — 0.00 —
Experimental peak shift — 0.12-0.26 —
Mater. Adv.
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stronger for the “1” position that is aligned with the tube’s
chirality compared with that off-line structure by 50 meV.
Overall, these findings indicate that the binding of the sulfur
on the CNT is influenced by its orientation, presumably due to
the chiral nature of the tube.

For the SO, molecules, binding is much weaker with binding
energies <0.6 eV for all molecular configurations studied. The
binding energy of the SO molecule is strongest at —0.56 eV for
binding along both the long and short axes. SO, and SO;
display much weaker binding to the surface, more consistent
with physisorption. For SO,, all configurations studied were
predicted to bind via physisorption with energies ranging from
—0.20 eV (no hydrogen) to —0.33 eV (with hydrogen), indicating
that the presence of hydrogen only slightly enhances the bond
strength. For SO;, the binding energy is similarly weak at
—0.27 eV. That the larger two defects, SO, and SOj, are
physisorbed on the surface is consistent with previous studies
on carbon nanotubes.’**® The weaker binding for the SO,
molecules compared with a single sulfur atom can possibly
be attributed to the fact that S-O bonds are already quite strong
and stabilize the SO, molecule, decreasing the molecule’s
affinity for forming new bonds. Additionally, the presence of
oxygen makes the molecules larger and more bulky than with a
single sulfur atom, with steric hindrance leading to a weaker
SO, bond compared to the sulfur atom.

To better understand the binding of SO, to (6,5) SWCNT, we
present the bonding arrangements of select compounds includ-
ing bond lengths in Fig. 2 (see SI Table S.1 for all compounds).
For the atomic S adsorbate, the bond length is 1.76-1.88 A,
close to the covalent bond length of ~1.8 A.”® The bond angle
between S and the two bonding carbons on tube (R; and R, in
Fig. 1(a)) are 50.2°-66.4° (depending on orientation). The S-C
bond is slightly stretched for SO adsorption (~2.05 A) with the
bond angles indicating a tilt towards one of the two carbons on
the tube (S-R-R angle: ~66° and ~ 71°), which we attribute to
steric effects due to the presence of the oxygen atom. The SO,
and the SO; structures all have a predicted large adsorption
distance of ~ 3.0 A away from the SWCNT, consistent with their

1) S, Episulfide 2) S, Thioether

5) SO,, Episulfide

6) SO,, Line-H
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weak binding. For SO,, the bond angles for the OO-loop-d
(S-R-R angle: 82.4° and 72.3°) and episulfide-d (S-R-R angle:
78.3° and 75.9°) structures indicate the molecule adsorbs
slightly off of the C-C bond with S in the hollow site, while
the hydrogen passivated structure shows the S in the SO,
adsorbs on top of a carbon atom (S-R-R angle: 61.2° and
93.8°). The slight offset of the un-passivated SO, molecule from
the carbon atoms may be attributed to steric effects between
the SO, dipole and the SWCNT surface. SO; bond angles (S-R-R
angle: 57.5° and 94.0°) also show adsorption of S on top of one
of the carbons.

Next, we consider the impact of S, SO, SO,, and SO; on the
electronic structure of (6,5) SWCNT. Based on the predicted
binding for the four compounds, we may expect that the S and
SO defects will impact the bandstructure significantly due to
their strong bond with the tube. Table 1 presents the energy gap
between occupied and unoccupied states for all bound struc-
tures studies. The gap of the doped structures ranges from 0.64
eV to 0.92 eV, compared with the pristine tube gap of 0.92 eV.
The strongly bound S and SO adsorbate always result in a
reduced gap with respect to the pristine tube by 20-300 meV,
indicating that the optical transitions will be red-shifted as a
result of doping. This is in good agreement with experimental
finding that the tube photoluminescence peak shifts by 100-
300 meV upon exposure to sodium dithionate.*® Table 1 also
shows the shift in the Fermi energy of the tube upon doping.
For all but two structures (with sulfur atoms in the “I” orienta-
tion), the shift is negative, indicating a slight negative charge
transfer to the surface. However, the magnitude of all the
differences is small, indicating weak doping.

Representative bandstructures for the tube doped with each
defect type are shown in Fig. 3 with all bandstructures pre-
sented in the SI Fig. S6. The near-gap states of the (6,5) SWCNT
are of m-type character with a two-fold degeneracy at k = 0 due to
the underlying graphitic structure. By inspection of the predicted
bandstructures, we conclude that all of the defects studied break
the symmetry of the tube, leading to splitting of the nearly-
degenerate valence and conduction bands, consistent with

~2.05 A

3) SO, 1,2-oxathietane

4) SO,, O0-loop

o -0

3.034

s o2 -

7) SO, Flat

Fig. 2 The predicted adsorption geometry of SO, derivatives on (6,5) SWCNT within PBE-D3. Relevant bond lengths are labeled.
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Fig. 3 PBE-predicted bandstructure for pristine (6,5 SWCNT and (6,5) SWCNT with the mostly likely adsorbate structures for S, SO, SO,, and SOs.
Occupied pristine-like valence bands and unoccupied conduction bands are shown in red and blue, respectively, while unoccupied states localized on
the defect are in purple. The gray dash-dot line on each band structure represents the Fermi energy. All plots are shifted such that the top of the pristine-
like valence band is at zero at k = O (indicated by black dash line). The orbital charge density for the lowest energy unoccupied band is shown below the

plots with an isosurface that captures 40% of the density.

previous reports for doped (6,5) SWCNT.'>'72%23:25-27 Thig
splitting is largest for S and SO (see SI Fig. S.5 for more details).
The maximum splitting within the conduction (valence) bands for
episulfide-1 S, thioether-d S, and SO are 200 meV (110 meV), 19 meV
(9 meV) and 38 meV (67 meV), respectively. As noted previously for
the oxygen dopant bound to SWCNT,° the ether-type bond main-
tains the sp> character of the tube and so the perturbation to the
system is weaker than epoxide-type bonding, which creates an sp®
bond on the tube. This weaker perturbation results in much
smaller band splitting. The splitting of the bands for SO, is less
than 4 meV for both valence and conduction bands, while for SO; it
is 4 meV for the valence and 0.13 eV for the conduction band,
consistent with the weaker interaction with the tube.

In addition to symmetry breaking-induced band splitting,
both S and SO oriented along the long axis of the tube (I’
orientation) introduce a new unoccupied in-gap state asso-
ciated with the defect into bandstructure, reducing the gap by
up to 0.28 eV for S and 0.08 eV for SO. This in-gap state is
associated with a localized defect-centered orbital hybridized
with the SWCNT bands as shown in the orbital density plots
below the bandstructure. This state is not present for S in the
thioether-d configuration for which no defect-centered orbital
is present near the gap. Interestingly, whether the defect is in-
line with the chiral direction of the tube plays a role in the
location of the in-gap state for the ‘I’-oriented S defects: if the
position of S is aligned with the tube’s chirality the defect-
centered state is significantly closer in energy to the
conduction band.

SO, also introduces an in-gap state with an associated
orbital density that is localized on the defect, indicating no

© 2025 The Author(s). Published by the Royal Society of Chemistry

interaction with the tube. For SO;, there is an in-gap state
resonant with the conduction bands. This state is slightly
delocalized over parts of the tube and slightly dispersive.
However, we suspect that this mixing between the defect state
and conduction band may be artificial and due to DFT self-
interaction error which results in mixing of two resonant states,
as occurs in bond dissociation.”

Considering both the predicted binding energy and the
change in the bandstructure upon adsorption, we expect that
only S and SO are candidate covalent dopants to (6,5) SWCNT
consistent with experiment with the most likely being a combi-
nation of the three sulfur atom configurations and a small
amount of the SO dopants. These defects chemically bind to the
SWCNT and result in in-gap states that decrease the band gap
by 0.04-0.28 eV, consistent in energy with the red-shifted peaks
in experiment at 0.12-0.26 eV (see Table 1). These transitions
may be m-m* excitations from symmetry broken band-edges
configuration (as for the S atom in thioether-d) or may involve
defect-localized in-gap unoccupied states (as for S in thioether-1
configuration). We do not expect SO, or SO; to bind to the tube
based on their weak adsorption energy. The fact that these
larger molecules are physisorbed and do not impact the band-
gap of the tube indicates that, even if they do bind, they do not
contribute to the red-shifted PL.

Table S.2 compares the predicted binding energy and band
gap reduction for our S/SO, defects and other previously
studied covalent defects. We note that compared to oxygen,
for which the adsorption energy varies by >1 eV depending on
the adsorption site (see Table S.2), the sulfur binding sites are
quite close in energy. Thus, we expect sulfur to bind across the

Mater. Adv.
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different binding sites of the SWCNT, which we predict will
have differing electronic transitions from their associated
banstructure shown in Fig. 3. This prediction is consistent with
the increased structure and broadening in the PL spectrum of
sulfur-doped SWCNT compared with the oxygen-doped tube.

Lastly, we note that while the exact binding energies and
red-shift of the gap depends on the level of theory considered,
we expect the trends to be consistent among different levels of
theory, as evidenced by select calculations presented in
Table S.3.

Overall, we determine that the binding of the dopant to the
SWCNT disrupts the carbon sp” bonds, with the perturbation
causing the red-shift seen in the PL spectrum. For the large
defects that physisorb on the tube, the disruption is minimal,
while for the chemically bound SO and S atoms, the impacts is
significant and observable.

4 Conclusions

In summary, DFT calculations were used to understand the
binding of sulfur-based covalent defects on (6,5) SWCNT. We
performed DFT calculations of the adsorption energy and
bandstructure of four possible SO, defects (S, SO, SO,, and
SO;) onto (6,5) SWCNT. We determined that the two smaller
defects, S and SO are strongly bound, with bond distances
consistent with a carbon-sulfur covalent bond. In addition,
there is a strong dependence of binding energy on the adsorp-
tion location along the tube. Furthermore, we predict S in the
sp® hybridized thioether-d position is the most strongly bound
at 1.8 eV and therefore most likely to form, reducing the gap by
~20 meV, slightly smaller than the red-shift of the bright peak
in experiment. S in the sp® hybridized episulfide-l is also
strongly bound and red-shifts the bandgap by up to 0.3 eV,
consistent with the observed low-energy shoulder in the PL
spectrum. SO is also strongly bound to the CNT by 0.56 eV and
red-shifts the gap by 80 meV, consistent with the brightest peak
in the PL spectrum. Our analysis indicates that both S and SO
have potential for use as an emissive defect for use in tuning
the photoluminescence energy of the SWCNT and may be able
to form through the synthetic technique given in ref. 39.
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