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The ozonization at the vacancy defect site of the single-walled carbon nanotube has been studied by static
quantum mechanics and atom-centered density matrix propagation based ab initio molecular dynamics within
a two-layered ONIOM approach. Among five different reaction pathways at the vacancy defect, the reaction
involving the unsaturated active carbon atom is the most probable pathway, where ozone undergoes fast
dissociation at the active carbon atom at 300 K. Complementary to the experiments, our work provides a
microscopic understanding of the ozonization at the vacancy defect site of the single-walled carbon nanotube.

1. Introduction

Single-walled carbon nanotubes (SWCNTs) have been in-
tensively studied during the past decade since the discoveries
of Iijima in the early 1990s.1 A lot of potential applications of
the SWCNTs have been proposed due to their unique proper-
ties: high Young’s modulus, high thermal conductivity, and
high aspect ratio structure, etc. Over the years, applications of
the SWCNTs have been successfully realized as chemical
sensors,2 hydrogen storage materials,3 and vacuum electronic
devices.4 Access to the interior of the SWCNTs is essential for
most of these applications.

Unfortunately, most of the SWCNTs are synthesized with
closed hemispherical fullerenelike end-caps, which prevent
internal adsorption of chemical reagents.5 It is thus often
necessary to open the capped ends via chemical means,6-14

which take advantage of the higher reactivity of the end-caps.
Such a higher reactivity is a result of the fact that the
pyramidalization angles of any hemispherical fullerenelike end-
caps are bigger than those of the sidewalls of the nanotubes.
Gas-phase ozone oxidation is one of the well-developed end-
opening methods.9-13 The oxidation process removes the caps
and introduces or enlarges vacancy defects on the sidewall,
producing two kinds of functional groups, esters and quinones,
at the ends or at the defective sites of the sidewall.9-13 After
high-temperature thermal treatment, these two functional groups
will decompose and emit a large amount of CO and CO2.11-13

Olefin ozonolysis can be understood through the standard
Criegee’s mechanism15 (Scheme 1). As an 18-valence-electron,
1,3-dipolar molecule, ozone (2) reacts with an olefin (1) via
the 1,3-dipolar cycloaddition (1,3-DC) to theπ bond of the
olefin and forms the primary ozonide (3), which has an unstable
five-membered ring. The C-C single bond and one of the O-O
bonds of the primary ozonide then break to produce a carbonyl
compound (5) and a carbonyl oxide (6) in a zwitterion form.
These two compounds (5 and 6) will recombine to form an
ozonide (7). Recently, a similar Criegee’s mechanism
has been proposed in the reactions of ozone with C60 and the
SWCNTs.16-18

Several theoretical studies have been carried out to understand
the ozonization of the perfect SWCNTs17,18 and the SWCNTs

with Stone-Wales defects.19-21 To the best of our knowledge,
there has been no reported theoretical studies on the chemical
reaction of ozone with the vacancy defect sites of the SWCNTs.
Vacancy defects can either occur as native defects or be induced
by ion or electron irradiation of the SWCNTs.22,23The structures,
mechanical and electronic properties, and potential applications
of the SWCNTs with vacancy defects have been recently
predicted theoretically.23-30 Direct observations of the vacancy
defects on graphite and double-walled carbon nanotubes have
been reported recently by Iijima and co-workers using in situ
high-resolution transmission electron microscopy technique.31,32

In our previous studies, we have shown that the vacancy defect
introduces localized electronic states at the defect site, which
leads to regioselectivity on the sidewall and further facilitates
the selective functionalization of the SWCNTs.25-27 Such
reactivity of the vacancy defect was utilized to cut the SWCNTs
in a well-controlled oxidative way by Smalley and co-workers,33

recently.
In this work, we present our theoretical studies of the

ozonization at the single vacancy defect site on the sidewall of
the (5,5) SWCNT to further understand the chemical properties
of the vacancy defect site. We anticipate a similar reactivity of
the vacancy defects on the outmost layer of the multiwalled
carbon nanotubues (CNTs), because the large interlayer distance
makes the chemical effect of the inner CNTs on the outmost
CNT unlikely. Moreover, the chirality of the SWCNT should
have a more important effect on the reactivity of the vacancy
defect than the diameter of the SWCNT, since the chirality of
the SWCNT can readily modify the structure of the vacancy
defect.24 It is our hope that our studies will make the first step
toward the comprehensive understanding of the chemistry of
the vacancy defect site of CNTs of various forms.

2. Computational Methods

We first built a fragment of the (5,5) SWCNT of 120 carbon
atoms with 20 end-capping hydrogen atoms, C120H20. The
hydrogen atoms are used to saturate the carbon atoms with
dangling bonds at the two ends. We then removed one carbon
atom from the middle of the sidewall of C120H20, producing an
ideal single vacancy, which contains three carbon atoms with
dangling bonds (Figure 1a). Due to the large system size, we
first employed the semiempirical AM1 method34 to optimize
the geometry. We further refined the AM1 optimized geometry
with density functional theory (DFT) at the B3LYP/6-31G(d)
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level of theory.35,36 In the optimized structure, two of the three
carbon atoms with dangling bonds combine to form an asym-
metric 5-1DB defect,23 which has one newly formed five-
membered ring and one carbon atom with dangling bond (Figure
1b). We have carried out systematic theoretical calculations to
examine the structure and the stability of the 5-1DB defect on
the SWCNT and found that the ground state of the 5-1DB defect
on the (5,5) SWCNT is singlet.25-27,37

We employed the ONIOM method38 to explore the reaction
pathways. In the ONIOM model, the AM1 method and the
B3LYP/6-31G(d) method have been used for the lower- and
higher-level treatments, respectively. The nine-membered ring
of the 5-1DB defect was chosen to be the higher layer (Figure
1b). In fact, this is the only logical way to define the higher
layer of the ONIOM model, because the nine-membered ring
connects to its neighboring carbon atoms in the SWCNT via
CsC single bonds, which are ideal to be replaced by buffering
CsH single bonds in the ONIOM model. Incorporating more
neighboring carbon atoms around the nine-membered ring into
the expanded higher layer of the ONIOM model will inevitably
cut many aromatic CdC double bonds, hence changing the
electronic structure of the SWCNT.26 This two-layered ONIOM
model is capable of capturing the essential chemical reactivity
of the 5-1DB defect.26,27

All of the structures of transition states, intermediates, and
products were located by this two-layered ONIOM model. The
Hessian was calculated to verify the nature of the stationary
points on the potential energy surface: one and only one
imaginary frequency for transition state and no imaginary
frequency for the minima. Local minima connected by a
transition state were found from the optimization of the disturbed
structures of the transition state. To verify the results of the
two-layered ONIOM model, single-point calculations were
performed at the B3LYP/6-31G(d) level of theory whenever
necessary.26,27 Partial charges and bonding properties were
studied by using the NBO 3.139 module in the Gaussian 03
package.40

Although, in the conventional quantum chemistry picture, O3

and O2 are both inherently multiconfigurational species, it has
been well established that DFT is able to accurately treat such
systems due to the incorporation of the exchange-correlation
effects in the exchange and correlation functionals.17,18,21,41For

singlet O3, DFT calculations with the open-shell and closed-
shell methodologies always converge to the closed-shell case.
For O2, we have adopted the restricted-open-shell methodology
in the DFT calculations. We did not use the unrestricted method
to describe open-shell O2 species, because the unbalanced spin-
contamination of the unrestricted method might yield unreason-
able energy profiles. Moreover, in this research, we are only
interested in the stationary points involving O3 and O2 rather
than their dynamical scattering crossing sections on the potential
energy surfaces; we are confident about our DFT description
of the system investigated herein.

To confirm the assessment of the static quantum mechanical
calculations, we also carried out the atom-centered density
matrix propagation (ADMP)42-45 based ab initio molecular
dynamics (AIMD) to study the reaction of ozone with the
vacancy defect site at 300 K with a time step 0.25 fs and a
fictitious electronic mass of 0.1 au. A two-layered ONIOM/
ADMP scheme was applied for the AIMD simulation.46 The
partition of the ONIOM model in the ADMP calculations is
the same as that of the static quantum mechanical calculations,
except that we used the universal force field (UFF)47 for the
lower layer to save computational time.

All the above calculations were carried out by using the
Gaussian 03 package.40

3. Results and Discussion

3.1. Static Quantum Mechanical Studies.The bond lengths,
bond orders, and partial charges of the nine-membered ring of
the 5-1DB vacancy defect are shown in Table 1. Among these
nine C-C bonds, the C5-C6 bond on the pentagon is the
longest (with a bond length of 1.55 Å) and the weakest (with a
bond order of 1.09). The C9-C1 bond is the shortest with a
bond length of 1.39 Å and a bond order of 1.31. The carbon
atom with the dangling bond, C1, has the largest positive charge,
0.10, whereas its two neighboring carbon atoms have the two
largest negative charges,-0.12 for C2 and-0.05 for C9. These
large partial charges significantly make the two bonds connect-
ing C1 to its two neighboring carbon atoms C2 and C9 shorter
and stronger. Previously, we have found that C1 is the major
contributor to the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the

Figure 1. Single vacancy defect on the sidewall of the (5,5) SWCNT (carbon atoms within the nine-membered ring of the 5-1DB defect are
numbered). (a) Ideal single vacancy. (b) 5-1DB defect.

SCHEME 1: Criegee’s Mechanism of Olefin Ozonolysis
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vacancy-defected SWCNT.26,27The out-of-plane geometry and
the large positive charge of C1 make it more reactive toward
the attacking reagents. Hereafter, we will call C1 the active
carbon atom.

The bond lengths and the bond orders indicate that around
the 5-1DB defect site, the C2sC3, C4sC5, C6sC7, and
C8sC9 bonds have some significantπ bond character. In fact,
these four bonds have similar bond lengths to the other aromatic
CdC double bonds on the sidewall of the SWCNT. We, thus,
studied the attacking of ozone on C1 and these four bonds in
the nine-membered ring as prototype reactions of O3 with the
5-1DB defect site, whose results are presented as the follow-
ing: the reaction on C1, on the C8sC9 bond (position 1), on
the C6sC7 bond (position 2), on the C4sC5 bond (position
3), and on the C2sC3 bond (position 4). At the end, we present
our ADMP results to further verify the conclusions derived from
the static modeling.

3.1.1. Reaction of O3 on the ActiVe Carbon Atom.The
structures of the initial intermediate (aComplex) and the initial
attacking transition state on C1 (aTS1) are shown in Figure 2a
and b. InaComplex, O3 and C1 form a four-membered ring.
On the basis of the NBO analysis ofaComplex, the partial
charges of C1, O1, O2, and O3 are 0.13,-0.20, 0.23, and
-0.21, respectively, which means that 0.19 electrons are

transferred from the SWCNT to O3. In terms of electrostatic
effects, the electrostatic attractions between C1 and O1 and
between C1 and O3 stabilizeaComplex, whereas the electrostatic
repulsion between C1 and O2 counteracts with this attractive
stabilization. InaTS1, O3 and C1 form a more compact four-
membered ring than the one inaComplex. The bond lengths of
the C1-O1 and C1-O3 bonds shorten to 2.24 and 2.85 Å,
respectively. The imaginary vibrational mode shows the short-
ening of the C1-O1 bond and the elongating of the O1-O2
bond, indicating the attack of O1 to C1 and the breaking of the
O1-O2 bond, i.e., the dissociation of O3. On the basis of the
NBO analysis ofaTS1, the partial charges of O1, O2, O3, and
C1 are-0.21, 0.22,-0.21, and 0.14, respectively. So, there
are 0.20 electrons transferred from the SWCNT to O3, and the
electrostatic interaction scheme inaTS1 is qualitatively the same
as that inaComplex.

Following the imaginary vibrational mode forward, we found
that C1 indeed captures O1 producing the final product
(aProduct) and the outgoing singlet O2 (1∆g) can be immediately
quenched into the triplet O2 (3Σg

-) through thermal collisions.
The structure ofaProduct is shown in Figure 2c. At this stage,
the C1sO1 bond is very strong with a bond length of 1.21 Å,
close to a typical carbonylic CdO double bond.

The energies ofaComplex andaTS1 are 5.9 and 0.3 kcal/mol
lower than the reactants, respectively. The forward reaction
barrier is only 5.6 kcal/mol foraComplex, and the effective
forward reaction barrier of the overall reaction is very close to
zero, only-0.3 kcal/mol. The overall energy released from the
reaction is-117.7 kcal/mol. On the basis of the energy profile,
the reaction of O3 with C1 is highly exothermic and facile.

3.1.2. 1,3-DC of O3 on the C8-C9 Bond (Position 1).The
structures of the initial intermediate (P1Complex) and transition
state (P1TS1) are shown in Figure 3a and b.P1Complex was
reported as aπ-complex in previous matrix spectroscopic and
theoretical studies of ozonization of certain alkenes.48 The

Figure 2. Geometries of the transition states, the intermediates, and the final product of the reaction of O3 with the active carbon atom of C119H20.
The units of energy and bond length are kcal/mol and Å, respectively. The oxygen atoms are in red.

TABLE 1: Bond Lengths (in Å), Bond Orders, and Partial
Charges of the Nine-Membered Ring of the 5-1DB Defect

bond bond length bond order atom charge

C1-C2 1.40 1.31 C1 0.10
C2-C3 1.41 1.23 C2 -0.12
C3-C4 1.44 1.18 C3 0.03
C4-C5 1.46 1.27 C4 0.00
C5-C6 1.55 1.09 C5 0.01
C6-C7 1.44 1.35 C6 0.00
C7-C8 1.47 1.16 C7 0.00
C8-C9 1.42 1.28 C8 -0.03
C9-C1 1.39 1.31 C9 -0.05
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complex is stabilized by the interaction of theπ-type HOMO
and LUMO on alkenes and O3. P1Complex is 4.3 kcal/mol more
stable than the reactants, whereasP1TS1 lays 2.4 kcal/mol above
the reactants. InP1TS1, the lengths of the C8-O1 and C9-O3
bonds are 2.45 and 1.87 Å, respectively. This indicates that the
1,3-DC of O3 on C8-C9 follows an asynchronous pattern. In
the first intermediateP1LM1 (Figure 3c), the C8-C9 bond length
is 1.66 Å, longer than those ofP1Complex (1.44 Å) andP1TS1
(1.48 Å), due to the rehybridization of C8 and C9 from sp2 to
sp3. The binding energy ofP1LM1 is -27.2 kcal/mol (relative
to the reactants): the 1,3-DC of O3 on C8-C9 is exothermic.

We also explored the forward decomposition ofP1LM1. Two
different pathways were found. In the first pathway, the system
climbs through the transition stateP1TS2 (Figure 3d), by
breaking the O2sO3 bond (2.16 Å) and forming the C1sO3
bond (1.78 Å), with an activation barrier 35.3 kcal/mol. After
overcomingP1TS2, O1 and O2 dissociate as a singlet O2, the
C9sO3 bond breaks, and O3 forms a carbonylic CdO double
bond with C1 and yields the same productaProduct as in the
reaction of O3 on C1.

The second decomposition pathway goes through another
transition stateP1TS2′ (Figure 3e) and forms an epoxy adduct
P1epo89 (Figure 3f). The imaginary vibrational mode clearly

shows the breaking of the O1-O2 and C9-O3 bonds. The
activation barrier fromP1LM1 to P1TS2′ is 42.9 kcal/mol, which
is 7.6 kcal/mol higher than that of the first decomposition
pathway. In contrast to the high exothermicity of the first
decomposition pathway (-61.5 kcal/mol relative toP1LM1), the
second decomposition pathway is endothermic (17.5 kcal/mol
with respect toP1LM1). Therefore, the first decomposition
pathway is kinetically and thermodynamically much more
favorable than the second decomposition pathway.

However, the high reaction barrier (35.3 kcal/mol) from
P1LM1 to the products makes this reaction pathway uncompeti-
tive to the dissociation pathway on the active atom.

3.1.3. 1,3-DC of O3 on the C6-C7 Bond (Position 2).The
structures ofP2Complex,P2TS1, andP2LM1 are shown in Figure
4a-c. P2Complex is also aπ-complex according to its structure.
The imaginary frequency mode ofP2TS1 mainly shows the
attack of O1 on C6 and the stretching of the C5-C6 bond. In
the primary ozonideP2LM1, the C5-C6 bond (1.72 Å) is nearly
broken. With respect to the energy of the reactants,P2Complex
lays 4.5 kcal/mol lower, whereasP2TS1 stays 6.4 kcal/mol
higher. Thus, the forward reaction barrier fromP2Complex
is 10.9 kcal/mol, which is 5.3 kcal/mol higher than that
of the reaction on C1. The binding energy ofP2LM1 is

Figure 3. Geometries of the transition states, the intermediates, and the final product of the 1,3-DC of O3 on the C8-C9 bond (position 1) on the
nine-membered ring of C119H20. The units of energy and bond length are kcal/mol and Å, respectively. The oxygen atoms are in red.
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-24.2 kcal/mol: the 1,3-DC of O3 on C6-C7 is also
exothermic.

Two different decomposition or isomerization pathways of
P2LM1 were explored. The first pathway needs to overcome a
28.5 kcal/mol activation barrier and reaches the transition
stateP2TS2 (Figure 4d), in which O3 attacks C8 and breaks

the O2-O3 bond. After passingP2TS2, the system relaxes
to P2LM2 (Figure 4e) by releasing nearly 5 kcal/mol of
energy. InP2LM2, O3 forms an epoxy adduct with C7 and
C8, and C6-O1 elongates slightly.P2LM2 is 23.6 kcal/mol less
stable thanP2LM1. P2LM2 can isomerize toP2Product (Figure
4g) through another transition state,P2TS3 (Figure 4f), by

Figure 4. Geometries of the transition states, the intermediates, and the final product of the 1,3-DC of O3 on the C6-C7 bond (position 2) on the
nine-membered ring of C119H20. The units of energy and bond length are kcal/mol and Å, respectively. The oxygen atoms are in red.
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overcoming a small barrier of 2.5 kcal/mol. InP2TS3, O1 begins
to migrate from C6 to C1. InP2Product, O1 forms a bond with
C1 and O2 forms a bond with C6: O1 and O2 thus coalesce
into a bridge between C6 and C1.P2Product is 79.2 kcal/mol
more stable than the reactants.

Another isomerization pathway ofP2LM1 goes through the
transition stateP2TS2′ (Figure 4h), in which O1, O2, O3, C6,
and C7 are almost in the same plane. The imaginary vibrational
mode ofP2TS2′ clearly shows the swinging motion of O2 about
the O1-O3-C6-C7 plane. There is virtually no energy cost
in going fromP2LM1 to P2TS2′. After passingP2TS2′, the system
goes to the endoprimary ozonideP2LM2′ (Figure 4i), whose
energy is only 0.5 kcal/mol lower than that of the exoprimary
ozonideP2LM1. The isomerization continues moving forward
to overcome a 24.8 kcal/mol barrier and reachesP2TS3′ (Figure
4j), in which C5-C6 is almost broken (1.86 Å). Here, the
imaginary vibrational mode shows the breaking of the O3-C7
and O1-O2 bonds and the attack of O1 to C5. Once overcoming
this barrier, the system yields the final productP2Product′ (Figure
4k), which is 159.8 kcal/mol more stable than the reactants.

However, the 24.6 kcal/mol reaction barrier fromP2LM2′ to
the final products renders this pathway unfavorable compared
to the dissociation on the active atom.

3.1.4. 1,3-DC of O3 on the C4-C5 Bond (Position 3).The
structures ofP3Complex,P3TS1, andP3LM1 are shown in Figure
5a-c. P3Complex is also aπ-complex according to its structure.
The imaginary vibrational mode ofP3TS1 clearly indicates the
concerted attack of O1 to C4 and O3 to C5 and shows the
stretching of the C4-C5 bond. The reaction barrier for the 1,3-
DC on C4-C5 is 19.3 kcal/mol. After overcoming this barrier,
the system goes toP3LM1, which is not a primary ozonide. In
P3LM1, the C4-C5 bond (2.98 Å) is totally broken and O1,
O2, and O3 form a bridge between C4 and C5.P3LM1 is 46.8
kcal/mol below the energy of the reactants. It is thermo-
dynamically more stable than the primary ozonidesP1LM1 and
P2LM1.

Two isomerization pathways ofP3LM1 were found. The first
one goes throughP3TS2 (Figure 5d), by breaking the O1-O2
bond with a barrier of only 7.7 kcal/mol. After crossingP3TS2,
the system goes toP3Product (Figure 5e), which is 51.5
kcal/mol more stable than the reactants. Another pathway goes
through P3TS2′ (Figure 5f), in which O3 attacks C1 and
simultaneously breaks the bond with O2 with a barrier of only
8.9 kcal/mol. The product,P3Product′, is shown in Figure 5g,
in which O3 bridges C1 and C5, and it is 100.5 kcal/mol more
stable than the reactants.

Figure 5. Geometries of the transition states, the intermediates, and the final product of the 1,3-DC of O3 on the C4-C5 bond (position 3) on the
nine-membered ring of C119H20. The units of energy and bond length are kcal/mol and Å, respectively. The oxygen atoms are in red.
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Despite the exothermicity of this reaction pathway, the first
reaction barrier fromP3Complex toP3LM1 is much higher than
the corresponding reaction barrier fromaComplex toaTS1.

3.1.5. Reaction of O3 on the C2-C3 Bond (Position 4).The
structures ofP4TS1 andP4LM1 are shown in Figure 6a and b.
We did not find aπ-complex for the reaction on the C2-C3
bond. InP4TS1, the O1-C2 bond is 1.50 Å long, which is much
shorter than those in the previous initial-reaction transition states.
The reaction barrier is 17.3 kcal/mol. The primary ozonide
P4LM1 is only 6.2 kcal/mol more stable than the reactants and
is the least stable primary ozonide we have found.

We also found a dissociation pathway forP4LM1 with an
activation barrier of 23.5 kcal/mol. The system goes through
P4TS2 (Figure 6c), in which O1 begins to break the bond with
O2 and to attack C1, concurrently, and O2-O3 tends to leave
as the singlet O2. After overcomingP4TS2, O2-O3 indeed

dissociates from the system and O1 migrates from C2 to C1,
yielding the same final product (aProduct) as that in the reaction
on C1.

In comparison with the initial reaction barrier of the dis-
sociation at the active carbon atom, this initial reaction barrier
is too high for the system to reachP4LM1.

3.2. Ab initio Molecular Dynamics Studies.Static quantum
mechanical studies have investigated five different reaction
positions of O3 on the nine-membered ring of the 5-1DB defect
site. After comparing all the reaction pathways, we can conclude
that the reaction of O3 on the active carbon atom C1 is most
probable, because it is a one-step reaction with the lowest initial
attacking barrier. This reaction pathway is kinetically much more
favorable than the other ones.

To confirm our assessment from the static quantum mechan-
ical studies of the reactions of O3 around the 5-1DB defect, we
have carried out ADMP-based AIMD simulations at 300 K.
Initially, we placed an O3 molecule above the center of nine-
membered ring so that all the reactive sites around the 5-1DB
defect have an equal chance to interact with the incoming O3

molecule. Our dynamical simulation results confirm the spon-
taneous dissociation of O3 on C1 to be the most probable
reaction process, whose animated reaction trajectory is available
in the Supporting Information.

The change of potential energy of the system during the
simulations is shown in Figure 7. In less than 50 fs, the system
quickly overcomes an ca. 20 kcal/mol barrier and releases a
large amount of heat (about 160 kcal/mol), during which one
oxygen atom is captured by the active carbon atom C1, forming
a carbonylic CdO bond, and the other two oxygen atoms leave
as O2. This mechanism is consistent with the scenario from the
static quantum mechanical study discussed above, despite the
differences in the energetics because of the different methods
used for the lower layer of the two-layered ONIOM model.

4. Conclusion

In conclusion, we have investigated the reactions of O3 with
the 5-1DB defect on the (5,5) SWCNT by static quantum
mechanical and ADMP-based AIMD methods within a two-
layered ONIOM model. Different pathways on the five possible
reactive positions of the nine-membered ring of the 5-1DB
defect were explored. The most favorable reaction takes place
on the active carbon atom, through a one-step process, in which
the active carbon atom captures an oxygen atom from O3 and
the remaining two oxygen atoms dissociate away as a singlet
O2. The other four reaction pathways follow the standard 1,3-
dipolar cycloaddition mechanism. Our AIMD dynamical simu-
lation at 300 K indicates the fast spontaneous dissociation of
O3 on the 5-1DB defect. The high exothermicity and the low
reaction barrier of this dissociation reaction suggest that it is
thermally and kinetically very favorable.
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Supporting Information Available: Clip of the AIMD
simulations for O3 reacting with the 5-1DB defect of the (5,5)

Figure 6. Geometries of the transition states, the intermediates, and
the final product of the 1,3-DC of O3 on the C2-C3 bond (position 4)
on the nine-membered ring of C119H20. The units of energy and bond
length are kcal/mol and Å, respectively. The oxygen atoms are in red.

Figure 7. Relative potential energy (in kcal/mol) for the system during
the ADMP simulation of 1 ps at 300 K. The insert is the relative
potential energy for the first 100 fs.
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SWCNT. This material is available free of charge via the
Internet at http://pubs.acs.org.
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