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Encapsulation and convex-face thiozonolysis
of triatomic sulfur (S3;) with carbon nanotubes

Alvaro Castillo®, Leda Lee® and Alexander Greer®*

Nanotubes are a class of host cavities increasingly used to encapsulate unstable molecules, yet none have been
exploited to host reactive sulfur species, such as thiozone (S3). In this paper, density functional theory and
(ONIOM) calculations were used to compute single-walled carbon nanotube (SWNT)-thiozone combinations for the
inclusion of Sz into the hollow nanotube space and to rationalize when 1,2,3-thiozonide formation can take place.
Nanotube diameter selectivity for the isomerization of the C,, form of S; to the D3, form proved to be elusive.
Acyclic C,, S; was ~6 kcal/mol more stable than cyclic D3, S; whether it was free or encapsulated within an
SWNT. 1,2,3-Thiozonide formation took place on the convex side of nanotubes of low tube radii, such as the
armchair (4,4) and (5,5) SWNTs. In terms of the reaction mode of C,, S3, the 1,3-dipolar addition reaction was
preferred compared with the [2 + 2] cycloaddition and chelotrope paths. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

In this paper, our goal was to compute various carbon nanotube-
thiozone combinations for the inclusion of thiozone (S3) into a
hollow nanotube space to rationalize when 1,2,3-thiozonide
formation can take place and to examine the thiozonolysis
mechanism. C,, symmetric S3 (1) has been detected by UV-visible,
microwave, and infrared spectroscopy!' = and has been observed
in the atmospheres of Venus and lo because of volcanic activity
(Scheme 1)1 The Ds;, form of S; (2) has thus far eluded
experimental observation. There is rather sparse use of Ss in
organic synthesis"® because of its instability compared with cyclic
S, """ even though its generation is seemingly straightforward
in the disproportionation of $,0.'®" Previous papers also
suggested the facile production of S; in the decomposition of
natural product benzopentasulfanes.'” 2%

Although nanotubes have not yet been used to encapsulate
sulfur allotropes such as thiozone,?'>4 literature nanotube
calculations have revealed convex-surface diameter-dependent
reactions with higher reactivity for the lower radii nanotubes.2>~3%
For example, density functional theory (DFT) calculations on singlet
oxygen with (n,0) zigzag SWNTs showed an increased exothermi-
city with nanotubes of reduced diameters, and that type (metallic,
chiral, non-metallic) did not play a role in this diameter-reactivity
relationship.2#3>! Recent DFT calculations using GGA-PW91/DNP
to model the addition of methylamine to Cgq, Csq, (5,5) SWNT, and
(10,70) SWNT revealed a similar curvature dependence,®®
although the addition of benzenediazonium salts to SWNTs
was controlled by the optical band gap of the tube rather than
the pyramidalization of the carbon atoms.*”? DFT (ONIOM)
methods have showed that the 1,3-dipolar cycloadditions of
formoazomethine ylide and fulminic acid took place only on the
smallest-diameter SWNTs 29733

For a theoretical project, we considered armchair, zigzag, and
chiral singlet-walled carbon nanotube (SWNT) hosts and
possible interior and exterior reactions of Ss (Fig. 1). Here, we

describe three classes of S3 calculations: (i) free and (ii) SWNT-
encapsulated Sz (including a qualitative model that predicts
an inner nanotube storage capacity of thiozone) and (iii) Ss
sulfuration of convex aromatic surfaces producing 1,2,3-thiozonide
structures reminiscent of organic trisulfanes®® and molozonides?>~2%!
For simplicity, our study neglected possible S reactions at nano-
tube end caps, regions around the rim,%? such as the COOH
functionality introduced onto SWNTs or defect sites.*0~*%
(Scheme 2 illustrates how the nomenclature of carbon nano-
tubes is related to an unfolded graphene sheet, in which
armchair nanotubes result when the m and n integers are equal,
zigzag nanotubes take the form (n,0), and chiral nanotubes result
when m = n =+ 0)14>4¢!

COMPUTATIONAL METHODS

Geometry optimizations were performed with the Gaussian 09
program package (Gaussian, Inc., Wallingford, CT, USA)*”! using
standard protocols™®4! and the M06-2X,°% B3P86,>' >3 or
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Scheme 1. Cyclic and acyclic forms of thiozone
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SVWNE*+>S! functionals with either basis set “a” [6-31G(d)], “b”
[6-311 + G(3d)], or “c” (STO-3G). Calculations were also conducted
at the ONIOM(B3P86/a or b:SVWN/c) levels.”®*”! Geometries
were optimized to minima or maxima on the potential energy
surface, and the IRC calculations were performed on the
transition-state structures. All calculated values included thermal

E& # . s corrections for enthalpy.
e i . >
T n .

""" RESULTS AND DISCUSSION

aewes
a® .
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Calculated structures of thiozone
Figure 1. Schematic of (a) 1 encapsulated inside a single-walled carbon Here, we summarize data on thiozone. Table 1 gives the
nanotube (SWNT) and (b) an SWNT 1,2,3-thiozonide calculated properties and energetics of S5 obtained from various

theoretical methods. Except for SCF/DZ + P and M06-2X/cc-type,
all calculations employed in Table 1 favor the C,, form of S3 to
the D3, form by 2.8 to 7.9 kcal/mol.*7%*! Reaching 2 from 1 is a
high-barrier process (24.8 to 36.9 kcal/mol); as reported be-
fore,’®® the cyclization is symmetry forbidden attributed to the
gain of a 0 bond in 2 and the loss of a m bond in 1. Ruedenberg
et al. computed that the interconversion of 1 and 2 occurred via a
C,, transition state that lied in the vicinity of a conical
intersection.'*”®® To our surprise, the M06-2X method was not
reliable; the near-isoenergetic Ss values predicted make it difficult
to justify the use of this method to make predictions for new
nanotube-thiozone combinations in the paper. Even the in-
clusion of tight d polarization basis set functions on the M06-2X
calculations did not produce relative energies similar to the
Scheme 2. Nomenclature of single-walled carbon nanotubes derived ~ COupled-cluster and Cl calculations or bond lengths similar to the
from a graphene segment with indexed lattice points (adapted from  FT-microwave structure. On the other hand, the B3P86/6-311+G

Dresselhaus et al.)) (2d) calculations provided reasonable energetics and a good
Table 1. Calculated properties and energetics of the open C,, and cyclic D3y, forms of Sy2be
2 s2
S+
Coy Dan
1 2
Rel. energy of
Barrier D3p—Coy?
Method 51-52 (A) $1-52-53 (°)  $1-52 (A) height® 2 1 Ref.
Experiment (1.917) (117.4) — — — McCarthy et al.*®
SCF/DZ +P 1.907 117.2 2.083 — -9.3 Rice et al.>”
B3LYP/cc-pVTZ 1.960 117.5 2127 — 74 Millefiori and Alparone®®
B3LYP/LanL2DZG(d) 1.956 1175 2.130 24.8 7.9 Goddard et al.®"
B3P86/6-311 + G(2d) 1.927 118.1 2.097 26.4 6.6 Goddard et al.®V
MO06-2X/b 1.936 118.0 2.102 28.9 2.8 This work
MO06-2X/cc-pV5Z 1.900 117.6 2.063 — -1.3 This work
MO06-2X/cc-pV(Q +d)Z 1.896 117.7 2.062 294 -0.9 This work
MO06-2X/cc-pV(5 + d)Z 1.896 117.7 2.062 30.1 -0.9 This work
MRCI + Q/ANO6532 1.937 117.8 2.094 36.9 6.8 Koch et al.’®?
CCSD(T)/AN06532 1.932 117.3 2.093 — 56 Koch et al.’®?
CCSD(T)/cc-pV5Z 1.918 117.3 2.077 — 48 Francisco et al.'®!
CASPT2/ANO-QZP 1.924 117.3 2.083 — 6.7 Azizi et al!*¥
MR-ccCA-AQCC(S_DT) — — — — 53 Oyedepo and Wilson'®®
®Energies in kcal/mol.
PExperimental values in parentheses.
“The computed S1-52-S3 angle in D3y, S3 was 60° in all cases.
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geometry when compared with the available experimental
structure for C,, Ss. The B3P86/6-311+G(2d) computed S1-S2
bond length had a 0.01 A discrepancy and $1-52-S3 bond angle
0.7° discrepancy to the experimental structure.”®

Nanotube-encapsulated thiozone

Here, we investigated thiozone within the SWNT interiors.
ONIOM calculations were carried out where the treatment
separated the dinaphtho[2,1,8,7-hijk:2',1"8'7'-stuvlovalene and
the S3 unit from the rest of the nanotube (Fig. 2). The junction
between B3P86 and SVWN was at the remaining carbon atoms
around the perimeter of the ovalene unit: for example, the 78
carbon atoms for the armchair (4,4) SWNT, the 198 carbon atoms
for armchair (8,8) SWNT, and the 150 carbon atoms for

Figure 2. The dinaphtho[2,1,8,7-hijk:2',1",8',7"-stuv]ovalene unit used in
the B3P86 portion of the ONIOM calculations

graphene. The ONIOM ground-state structures and energetics
of encapsulated 1 and 2 are listed in Table 2.

We find that 1 is more stable than 2 within the SWNTs. The
opposite was never found. Expected nanotube polarization
effects’® to stabilize confined dipolar 1 had essentially no
detectable effect. Although the smallest diameter nanotube
analyzed was the (4,4), and with a diameter of 5.4 A, the Cand S
atomic radii”® was judged to be too small to encapsulate 2.
The S1-S2-S3 bond angle was more linear for 1@(4,4) SWNT
compared with free 1. For 1@(5,5) SWNT, the C,, S3 molecule
was aligned parallel to the tube, it along the z-axis, not
perpendicular to the x-axis or y-axis (Fig. 3). The S3 molecule
can adopt the different orientations within the (5,5), (6,6), (7,7),
and (8,8) SWNTs. Because the rotation depended on the space
available for the S; molecule, C, rotation is facile within the
(7,7), and (8,8) SWNTs along the z-axis or x-axis, in contrast to the
(5,5) SWNT (~40-50 kcal/mol) and the (6,6) SWNT (~20 kcal/mol)
(Fig. 4). The computations yielded no addition of Ss to the inner
wall of nanotubes undoubtedly because of the acute inverse
pyramidalization that would be necessary to produce a
thiozonide. Even along the z-axis, the thiozone does not react
with the flat surface. An open-shell stepwise pathway to a
biradical intermediate was sought, but no structure optimized
to a C-S bonded compound or to a three-membered ring
SWNT-1-persulfide structure with a linear sulfur linkage. DFT
calculations also indicate that alkyl radicals do not react with the
inner walls of carbon nanotubes because of the high-energy cost
to produce a “negative” distortion of the tube geometries.l”"

In the absence of molecular-dynamics simulations of S
molecules within the nanotubes, we speculate a qualitative
picture based on the previous static computed structures.
Because of the large radii, undoubtedly many S; molecules can
reside within the (6,6), (7,7), and (8,8) SWNTs, which could
oligomerize to other sulfur allotropes or plug the nanotubes. The
coupling product cyclic S¢ does not fit within the (5,5) SWNT;
however, there was sufficient but limited space for cyclic Sg

Table 2. Calculated properties and energetics of 1 and 2 encapsulated in nanotubes®?<
2,
1 /S\ 3 /
S~ 7S S1—\S3
Cav Dan
1 2
Rel. energy Ss Nanotube
D3p—Coy? diameter
SWNT S1-S2 (A) $1-52-S3 (%) S1-52 (A) $1-52-S3 (%) 2 1 €\
(4,4)° 1.933 121.2 — — — 54
(5,5) 1.934 116.6 2.056 59.5 13.2 6.8
(6,4) 1.932 116.9 2.060 59.7 8.9 6.8
(9,0 1.928 117.6 2.064 60.2 9.8 7.1
(8,2) 1.934 1173 2.067 60.3 10.1 7.2
(7,4) 1.927 117.6 2.073 59.8 7.2 7.6
(6,6) 1.926 117.7 2.089 59.5 7.2 8.2
(7,7) 1.927 118.0 2.091 60.0 7.6 9.5
Energies in kcal/mol; length of the nanotube=1.2nnm.
PCalculated by ONIOM(B3P86/b:SVWN/c)//ONIOM(B3P86/a:SVWN/c).
D3y, S3: $2-53=1.92 A; $2-53-51=67.3".
dNanotube diameters taken from Lawler et al.®%.
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Figure 3. The S; molecule preferentially lies along the z-axis of the
armchair (5,5) single-walled carbon nanotube, which is flat. There was a
high energy (~40-50 kcal/mol) for the rotation of Sz within this nanotube

within the (6,6) SWNT (Fig. 5). Catena-sulfur could form,"”>”* and
our ONIOM inner-tube S; dimerization results agree with the
previous assessment for a triplet Sg chain product’*””! whose
egress or translational motion would likely be restricted by
reptation.”® A previous study reported that the intercalation of
Cdl, and molten elemental sulfur guests led to a CdS@SWNT
composite but in larger diameter tubes, 1-1.4 nm,”®! than those
studied here.

Whereas the encapsulated thiozone does not react with the
interior of the nanotube, there is theoretical evidence for the
thiozonolysis of the exterior nanotube surface.

Figure 4. Side-on view of rotation 1 within the (6,6) single-walled car-
bon nanotube. Conformer (c) was less stable by ~20 kcal/mol compared
with (a) or (b)

Mode of attack of thiozone

Any claim that a nanotube can host thiozone requires an inert
interior and that the exterior reactivity can in principle be
controlled. Here, we investigate an exterior sulfuration reaction.
Because Cgo has greater curvature than any nanotube studied
here, it served as a model compound to examine thiozonation
paths (Figs. 6 and 7). Figure 6 shows three routes for the
addition of 1 to Cg; they include the 1,3-dipolar addition to
form 3'4'5"-trithiacyclopental1,9](Ce0)[5,6]fullerene 5 (path A),
the [2+2] cycloaddition to form the 3'4"-dithiacyclobuta-1-sulfide
[1,91(Ceo)[5,6]fullerene 6 (path B), and the chelotrope addition to
form the 3'-thiacyclopropa-1,1-disulfide[1,9]1(Ce0)[5,6]fullerene
7 (path C). Path A involves symmetrical formation of the C1-S1
and C2-S3 bonds of TS4/5 to give thiozonide 5. The CgeSs
thiozonide 5 has C, symmetry and C1-S1 and C2-S3 bond
lengths of 1.87 A (Fig. 7). Path B involves formation of the C1-S1
and C2-S2 bonds of TS4/6 to give 1,2-dithietane-1-sulfide 6.
Dithietane 6 has a branched $2=53 bond that is 1.92 A in length.
Path C involves formation of the C1-S2 and C2-S2 bonds of
TS4/7 to give C,, symmetric thiirane-1,1-disulfide 7. Compound
7 has $1-S2 and $2-S3 bond lengths of 1.94 A and a structure
analogous to a thiirane sulfone.®"

As expected, the 1,3-dipolar addition of S; at the 6,6 site
was preferred compared with the [2+2] cycloaddition and
chelotrope paths. The computed barriers of paths A-C were
5.6 kcal/mol, 28.0 kcal/mol, and 42.6 kcal/mol, respectively. Path
A was exothermic by 21.2kcal/mol. In contrast, path B was
endothermic by 1.4 kcal/mol, and path C was endothermic by
29.7 kcal/mol. Unlike the endergonic 1,3-dipolar cycloaddition of
azomethine ylide to various nanostructures;®? at 298K, the
AG,y,, of path A was —5.9 kcal/mol suggesting that the trisulfane
product may be stable at room temperature. The results are
understandable in terms of a 1,3-dipole process (of Huisgen
known for 50 years) for species such as ozone.®*! In this regard,
there is some similarity to the fullerene/ozone system, previous
PBE/TZ calculations showed the addition of ozone to Cgy at
the 6,6 site to be exothermic by 31.5 kcal/mol and to C;, at the
ab site to be exothermic by 30.6 kcal/mol.248¢ The 1,2,3-
trithiane ring of Cgp S3 5 has an envelope conformation with a

Figure 5. End-on view of (a) cyclic S¢ at (5,5) single-walled carbon
nanotube (SWNT) and (b) cyclic Sg at (6,6) SWNT

J. Phys. Org. Chem. 2012, 25 42-49
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Figure 6. ONIOM(B3P86/b:SVWN/c)//ONIOM(B3P86/a:SVWN/c) com-
puted energetics of the S; [60]fullerene sulfuration, which includes
thermal corrections for enthalpy at 298 K (in kcal/mol). The values for free
energy are in italics

pucker angle of 121.0° and a barrier to ring inversion of
AH*=20.3 kcal/mol at the B3P86/b level (Fig. 8A). 1,2,3-Trisulfane
arenes, such as trithiolane (6b,12b-epitrithioacenaphtho[1,2-a]
acenaphthylene) showed barriers to ring inversion of AH*=13.9
kcal/mol by dynamic NMR analyses (Fig. 8B).2”% The structural
features of the enveloped-shaped 5 are similar to that of
molozonides, and both reactions have large barriers for back
dissociation of Sz or Os. Harpp and Smith reported the S-S bond
cleaving process of a trisulfide, which required phosphorus
compounds to lead to sulfur extrusion.*®

Thiozonation of the convex face of single-walled
carbon nanotubes

Next, ONIOM calculations were used to examine the exterior
thiozonolysis of armchair (n,n) SWNTs (n=4-8) (Table 3 and
Fig. 9). There were multiple reactive sites on the SWNTs;
however, we selected a reaction where the orientation of the S1
and S3 atoms of S; were added at a 6,6 site orthogonal midway
along the length of the nanotube. Not surprisingly, the smaller
radii nanotubes enhanced the stability of the thiozonide product.
Calculated values were also included for graphene and Cgp. Only
the 1,3-dipolar cycloaddition step was examined because the
[242] route to the four-membered ring dithiacyclobutasulfide
should be a high-energy process (vide supra). The ONIOM
geometries of 5 and 9-12 were substantially different from 13
and 14. In the former, the C-S bond distances were less than 2.0 A;
in the latter, they were ~4.0 A.

The abcd dihedral angle change (used to gauge the
magnitude of change in sp® character of the trisulfane product

Figure 7. ONIOM(B3P86/a:SVWN/STO-3G) optimized geometries of minima and transition structures (bond distances are in A, angles are in deg). The
B3P86 layer is in ball-and-stick model, and the single-walled carbon nanotube layer is in tube model. The gray atoms are carbon, and the yellow atoms

are sulfur

wileyonlinelibrary.com/journal/poc
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Figure 8. Ring-flipping inversion of Cg,S; and trithiolane (6b,12b-
epitrithioacenaphtho[1,2-a]lacenaphthylene). The puckering angle is a
measure of deviation of the ring from planarity as defined as the angle
formed by the center sulfur and the midpoint of the plane made by the
flanking two carbon-sulfur bonds

versus the sp? character of the initial all-carbon precursor) also
showed a curvature-dependent thiozonation. Thiozonides were
formed for 5, 9-12, and S; was physisorbed for 13 and 14.
Greater curvature of the arene host led to the enhanced stability
of the thiozonide product. The thiozonation was exothermic for
Ceo and for the SWNTSs of diameters less than ~6.8 A and reagent
abcd dihedral angles less than ~157° in the series examined. For
13 and 14, only weakly associated S; adducts were found.

It can be noted that a low-energy path to cleavage of the S-S
and C-S bonds in 5 was not found, 5 did not decompose to
Criegee-like intermediates [thione (R,C=S) and thiosulfine
(R,C=S"-S7)], and Cg,S; thiozonide 5 converts to the four-
membered ring 1,2-dithietane-1-sulfide (6) in a high-energy
process (53.6 kcal/mol). By comparison, fullerene molozonides are
labile®®® and decompose by Criegee carbonyl/carbonyl-O-oxide
pairs.®™ The carbonyl oxygen attacks the carbonyl-O-oxide
carbon, leading to O, departure and sp® epoxide or sp?

Journal of Physical
Organic Chemistry

Figure 9. Schematic representation of the (n,n) single-walled carbon
nanotubes (n=4-8) and the AH,, (kcal/mol) for the formation of
thiozonides connected orthogonally along the x-axis or y-axis. Energetics
were computed at the ONIOM(B3P86/b:SVWN/c)//ONIOM(B3P86/a:
SVWNY/c) level. NR=no reaction

oxidoannulene formation (such as the a,b-isomer and c,c-isomer,
respectively, in Cy).

CONCLUSION

The calculations of free and nanotube-encapsulated thiozone
predict the existence of both 1 and 2, with the former having
greater stability. There was no reactivity of S; with the nanotube
interior itself. The (5,5) SWNT was unique among the thiozone-
trapped CNTs; 1 was situated coaxially inside, although the
difficulty of translational motion of S (or the reptative motion of
Se or Sg chain products) was not computed. Larger-diameter
SWNTs [(n,n) n=(6-8)] have hollow spaces to trap many Ss

carbon nanotubes (SWNTs), and graphene*?

Cgo or SWNT or graphene

Table 3. Calculated structural parameters of thiozonides or thiozone adducts of [60]fullerene, single-walled

S, 1

—

PLength of the SWNTs=1.2 nm.

Thiozonide C1-51 (A) $1-52-53 (A) abcd in reagent (°) abcd in product (°)
CooSs 5 186 925 1384 1152

(4,4) SWNT S3 9 1.91 93.0 156.4 130.3

(5,5) SWNT S5 10 1.93 93.0 156.9 132.0

(6,6) SWNT S35 11 1.94 929 160.8 133.2

(7,7) SWNT S5 12 1.96 93.0 163.4 134.1

(8,8) SWNT S;3 13 3.96 117.6 165.3 —
graphene/S; 14 4.01 1184 180.0 —

#Optimized at the ONIOM(B3P86/a:SVWN/c) level. The B3P86/a portion of the ONIOM calculation included S;
and the dinaphthoovalene core, and SVWN/c was used on the remaining portion of the molecule.

J. Phys. Org. Chem. 2012, 25 42-49
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molecules, where there was restricted or insufficient space for
cyclic Sg in the (5,5) SWNT and cyclic Sg in the (6,6) SWNT.
Thiozonolysis was predicted to trisulfurate convex arene
surfaces, such as the (4,4) and (5,5) SWNTs, because of greater
convexity than the (6,6), (7,7), and (8,8) SWNTs. The 1,3-dipolar
addition of S; was preferred compared with the [2+2]
cycloaddition and chelotrope paths.
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