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Abstract   We review our density functional study of oxy-
gen adsorption on the outer surface of 4 Å single-wall car-
bon nanotubes, which have been recently synthesized using 
a templating method. The stability of these 4 Å tubes under 
ambient conditions is investigated by the nudged elastic 
band technique and further confirmed by the experimentally 
measured Raman spectra. Different adsorption pictures of 
singlet O2 could be used to select a single chirality from a 
mixture of these ultra-small radius tubes.  
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1 Introduction 
In the past decade, carbon nanotubes have attracted a lot of 
attention from the science community due to their interest-
ing novel properties and great application in nanotechnology 
[1-3]. Among them, single-wall carbon nanotubes (SWNTs) 
are of particular importance and their quasi-one-dimensional 
characteristics have been intensively investigated. However, 
the synthesis of SWNTs is challenging, especially for 
SNWTs with very small diameters. Recently, ultrasmall 
SWNTs have been successfully fabricated inside the con-
fined environment of inert AlPO4–5 zeolite (AFI) channels 
[4-7]. These nanotubes are perfectly aligned with a diameter 
of about 4 Å, probably at or close to the theoretical limit. 
The large curvature gives them many unusual properties 
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such as superconducting fluctuations [8], high Li storage 
capacity [9], and efficient visible photoluminescence [10], 
etc. 

Recently, there is a growing interest in gas adsorption by 
carbon nanotubes [11-20]. Among them, the interactions of 
oxygen with SWNTs are widely studied. Experimentally, it 
has been shown that the electronic and transport properties 
of carbon nanotubes are extremely sensitive to oxygen ex-
posure [14-16]. One obvious application of such sensitivity 
is the construction of gas sensors built from SWNTs. On the 
theoretical side, many calculations and analyses with differ-
ent levels of sophistication have been reported [20-35]. 
Some of these studies are focused on the physisorption of O2 
while others consider both physisorption and chemisorption. 
Various adsorption sites, both inside and outside of SWNTs 
are discussed and compared with each other and also with 
graphene. Although some conclusions are similar, there are 
also several controversial results about the oxygen binding 
energies, the equilibrium binding distance between oxygen 
and tube, and whether the reaction is exothermic or endo-
thermic. 

To date, most of these works are focused on the zigzag 
and armchair SWNTs with relatively larger diameters. To the 
best of our knowledge, there is no theoretical study on the 
oxygen adsorption of ultrasmall (~ 4 Å in diameter) SWNTs 
and in particular, the effect of chirality, which is expected to 
be stronger in smaller diameter tubes. There are actually 
three types of SWNTs with a diameter of about 4 Å, namely, 
the zigzag (5, 0), the armchair (3, 3), and the chiral (4, 2). 
Evidence from Raman spectra and optical absorption sug-
gest that all of them co-exist inside the AFI zeolite channels 
[7, 36, 37], and the AFI can be dissolved by acid to recover 
them as standalone entities. Due to the large curvature, these 
ultra-small tubes are expected to be more reactive than lar-
ger-diameter tubes, and thus whether they are air stable is an 
issue that needs to be addressed. In this review, we summa-
rize our recent density functional study of oxygen adsorption 
on the outer surface of these 4 Å nanotubes. Our aim is to 
investigate whether these tubes are stable (and if so, how 
stable) when they are exposed in ambient conditions. Here 
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we only consider the singlet 1
2 gO ( )+∆  since it is much 

more reactive than the triplet state 3
g( )−Σ and is mainly re-

sponsible for the oxidation [24]. 

 

2  Computational details 
Our total energy calculations were performed using a 
plane-wave pseudopotential method, as implemented in the 
Vienna Ab-initio Simulation Package (VASP) [38-40]. The 
exchange-correlation energy is in the form of Perdew- 
Wang-91 [41], and the cutoff energy is 396 eV for the plane 
wave basis set. A standard hexagonal supercell is used to 
model the carbon nanotubes and the adsorbed oxygen. The 
center-to-center distance between adjacent tubes in the su-
percell is 16 Å, which allows for negligible interaction be-
tween the tubes (together with the adsorbed oxygen) and its 
periodic images. The k-points are sampled on a uniform grid 
along the tube axis, and atomic positions are fully relaxed. 
To calculate the energy barriers involved in the reaction 
process, we use the so-called nudged elastic band (NEB) 
method [42, 43]. The NEB is an efficient method for finding 
saddle points and minimum energy paths (MEP) between a 
given initial and final state of a reaction. In our calculations, 
a number of intermediate images of the system (typically on 
the order of 8) are constructed along the reaction path, and 
each image finds the lowest energy while maintaining equal 
spacing to neighboring images. This constrained optimiza-
tion is done by adding spring forces along the band between 
images and by projecting out the component of the forces 
due to the potential perpendicular to the band. To drive the 
highest energy image exactly to the saddle point, the climb-
ing image [44] is used after the regular NEB. 

 

3  Adsorption picture 

For tubes (5, 0) and (3, 3), there are two different adsorption 
sites of oxygen on the outer surface. One site (I) is related to 
the carbon-carbon bonds that are aligned “along” the tube 
axis, and the other (II) is associated with the bonds that are 
wrapping “around” the tube circumference. These adsorp-
tion sites are schematically shown in Fig. 1. As for tube (4, 

2), it has three inequivalent C-C bonds and thus offers three 
distinct adsorption sites marked as A, B and C in Fig. 1. 

3.1  Zigzag (5, 0) 

We first focus on the zigzag (5, 0). We find that physisorp-
tion of O2 occurs on both site I and site II, but the binding is 
very weak and at the margin of the accuracy of DFT calcula-
tions (Table 1). This is consistent with the fact that the O−O 
distance in the physisorbed product is very close to the bond 
length in the free O2 molecule, and that the tube’s geometry 
is almost unchanged. We want to mention that singlet O2 
physisorbs on site I at a distance of 3.43 Å with a binding 
energy of about −0.08 eV. This energy value is considerably 
smaller than those found in previous theoretical studies for 
bigger tubes [21, 45]. We believe that this discrepancy is 
mainly due to the use of LDA in previous calculations while 
we use GGA. The LDA is known to overestimate binding 
energies. The equilibrium O2-tube distance by our GGA 
calculations is also larger than the LDA value of 2.7 Å. Our 
results agree well with those obtained for O2 physisorbed on 
the bridged site of (8,0), where the GGA was used in the 
calculations [31]. As for chemisorption, we find a quite dif-
ferent picture. The O2 molecule binds strongly on both sites. 
In the case of site I, two C-O bonds are formed making a 
“square” ring shown as a ball-and-stick model in Fig. 2 be-
low. The tube’s geometry is significantly modified due to the 
strong interaction between the O2 molecule and the tube. The 
O2 molecule bond (parallel to the tube axis) is not broken, 
although the O-O distance is larger than that of the free O2 

molecule. This is also the case of site II except that the O-O 
bond is not parallel to the underlying C-C bond, as shown in 
Fig. 3 below. Such adsorption of singlet O2 is known as 

Table 1  Calculated binding energy (in unit of eV) and O−O bond length 
(in unit of Å) for singlet O2 adsorbed on tube (5, 0). The zero of the energy 
is defined as the total energy of a pristine tube plus a singlet O2.   

Tube (5, 0) Eb O−O 
Physisorption ( site I) −0.08 1.249 
Physisorption (site II) −0.19 1.253 
Chemisorption ( site I) −1.63 1.511 
Chemisorption (cyclo) −1.06 1.512 
Chemisorption (epoxy) −3.06 3.197 

 
Fig. 1  Distinct adsorption sites of oxygen on the outer surface of (a) (5,0), (b) (3,3) and (c) (4,2). 
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cyclo-addition. Besides these two chemisorbed products, we 
find a more stable epoxy structure with the dissociation of 
O2 and each O atom taking site I (also see Fig. 3 below). The 
calculated binding energy for epoxy is −3.06 eV relative to 
singlet O2. 

Figure 2 shows the NEB calculated minimum energy 
path from physisorption (site I) to chemisorption (site I), 
where the average C-O distance is taken as the reaction 
coordinate. Relative to the physisorbed product, the 
chemisorbed product is 1.55 eV lower in energy. The acti-
vation barrier is only 0.30 eV, which means that (5, 0) tube 
can be easily oxidized in ambient environment. The reac-
tion path is similar to those previously found for larger 
zigzag tubes (8,0), except that the energy barrier is quite a 
bit smaller than the reported value of 0.75 eV [24, 46]. This 
means that our 4 Å tube is more reactive than larger di-
ameter tubes. 

 

Fig. 2  The minimum energy path from physisorption (site I) to chemi-
sorption (site I) of singlet O2 on tube (5, 0). The energy of physisorbed 
product is set at zero. 

 
Fig. 3  The minimum energy path from physisorption (site II) to the 
cyclo-addition and epoxy state of singlet O2 on tube (5, 0). The energy of 
physisorbed product is set at zero. 

The reaction path from physisorption (site II) to cyclo- 
addition product is shown in Fig. 3. Relative to the phy-
sisorbed product, the cyclo-addition structure is 0.87 eV 
more stable. As shown in Fig. 3, the activation barrier is also 
quite low with a value of 0.36 eV. The cyclo-addition prod-
uct could go another step to the more stable epoxy product, 
with an energy barrier of 0.48 eV. A similar reaction path-
way was first shown in Ref. [24] for larger tubes (8, 0). 
However, for our ultra-small tube (5, 0), the activation bar-
riers are lower than those found for (8, 0) (the values are 
0.61 eV and 0.54 eV, respectively), and again this means that 
the (5, 0) tube is not stable when exposed to oxygen. We 
want to mention that once the epoxy structure is formed, the 
desorption barrier becomes 2.48 eV and that is quite high. It 
is thus difficult in experiment to completely get rid of the 
adsorbed O2. 

3.2  Armchair (3, 3) 

The adsorption properties of O2 on the armchair (3, 3) are 
summarized in Table 2. The small energy values listed in the 
first two rows are characteristics of physisorption, and the 
corresponding O-O bond length is only slightly larger than 
that of a free O2 molecule. For the chemisorption of O2 on 
site II, there is a dramatic change of the tube’s geometry, 
which is not found in zigzag (5, 0). As before, two C-O 
bonds are formed; however, one of the C-C bond is now 
broken which means that the tube’s structure will be de-
stroyed upon such adsorption (see Fig. 4 below). The epoxy 
structure, with each O atom occupying site II, has the lowest 
energy and the opening of C-C bond is also observed (see 
Fig. 5 below). The chemisorbed product with energy in be-
tween is the cyclo-addition of O2 on top of site I, as also 
shown in Fig. 5. 

Table 2  Calculated binding energy (in unit of eV) and O-Ο bond length 
(in unit of Å) for singlet O2 adsorbed on tube (3,3). The zero of the energy 
is defined as the total energy of a pristine tube plus a singlet O2. 

Tube (3, 3) Eb O-O 

Physisorption (site I) −0.21 1.261 
Physisorption (site II) −0.27 1.265 
Chemisorption (site II) −3.43 2.727 
Chemisorption (cyclo) −1.07 1.525 
Chemisorption (epoxy) −4.19 3.604 

 
Figure 4 shows the calculated MEP from physisorption to 

chemisorptions at site II. Relative to the physisorbed state, 
the chemisorbed product is much lower in energy, but the 
activation barrier is only 0.35 eV. The reaction path from 
physisorption to cyclo-addition of O2 on (3, 3) is given in 
Fig. 5. We see that the energy barrier is quite small with a 
value of 0.21 eV, which means that tube (3, 3) is even more 
reactive than tube (5, 0). This is also consistent with the fact 
that tube (3, 3) has the largest curvature of C-C bond on the 
tube’s wall among the three types of 4 Å tubes. We may ex-
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pect that the cyclo-addition product could go through an-
other step to the epoxy state, as the case previously reported 
for large armchair tube (6, 6) [24, 46]. However, during our 
NEB calculations, we find another chemisorbed state be-
tween the cyclo-addition and epoxy products. A ball-and 
-stick model of this intermediate state is also shown in Fig. 5. 
We see that the O2 is dissociated and the underlying C-C 
bond is broken; the tube’s geometry is dramatically changed 
due to the strong interaction between the tube and oxygen. 

 
Fig. 4  The minimum energy path from physisorption to chemisorption of 
singlet O2 on tube (3, 3) at site II. The energy of physisorbed product is set 
at zero. 

 
Fig. 5  The minimum energy path from physisorption to the cyclo-addition 
and epoxy state of singlet O2 on tube (3, 3). An intermediate chemisorbed 
state is found between them. The energy of the physisorbed product is set at 
zero. 

As shown in Fig. 5, this new chemisorbed state is lower 
in energy than the cyclo-addition state but higher than the 
epoxy state. The presence of the intermediate state makes 
the reaction path quite different from that reported before for 
larger armchair tube (6, 6). The energy barrier is 0.46 eV 
from the cyclo-addition product to this intermediate state, 
and 1.87 eV from the intermediate state to the epoxy state. 
Since the latter is so high, the probability of reaching the 
epoxy configuration is small under ambient conditions, and 

the intermediate will be the main oxidation product. More 
importantly, once reaching the intermediate state, the de-
sorption barrier becomes 1.96 eV, which means that it will 
be difficult to completely clean the adsorbed oxygen when 
such a structure is present. 

3.3  Chiral (4, 2) 

The adsorption picture for the chiral (4, 2) tube is a bit com-
plex since it has three distinct adsorption sites as shown in 
Fig. 1. We first focus on site A, which has the smallest angle 
with the tube axis. We find that physisorption occurs at a 
distance of about 3.16 Å with a binding energy of 0.11 eV. 
As for the chemisorption, we find that two C-O bonds are 
formed and the O-O bond is elongated but still kept. The 
underlying C-C bond length also increases by about 0.11 Å. 
Such adsorption of singlet O2 is known as cycloaddition. 
The calculated binding energy is 1.30 eV and the tube’s 
geometry is modified due to the strong interaction between 
the O2 molecule and the (4, 2) tube. Figure 6 gives the NEB 
calculated minimum-energy path from physisorption to 
chemisorption for site A, where a ball-and-stick model of the 
chemisorbed product is also shown. Relative to the phy-
sisorbed product, the chemisorbed product is 1.19 eV more 
stable. The energy barrier from physisorption to chemisorp-
tion is found to be 0.52 eV, which is slightly higher than 
those of (5, 0) and (3, 3) tubes but obviously lower than pre-
viously reported for larger-diameter tubes. This indicates 
that these ultra-small tubes are more reactive than lar-
ger-diameter tubes. For very large tube, it is more like a flat 
graphene sheet in terms of reactivity, and the chemisorption 
of O2 will be more difficult [24]. A more detailed discussion 
on the dependence of tube diameter can be found in reference 
[47]. Of course, the adsorption behavior as well as the elec-
tronic structure will also depend on the chirality of corre-
sponding nanotubes. The calculated structural parameters for 
the physisorbed, the chemisorbed, and the transition states are 
summarized in Table 3. 

 
Fig. 6  The minimum-energy path from physisorption to chemisorption of 
O2 on the site A of (4, 2) tube, where the zero of energy is set as the total 
energy of pristine (4, 2) and free O2.  
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Table 3  Calculated structural parameters for three different physisorbed states (PS), chemisorbed states (CS) and transition states (TS) in (4,2) tube. RO-O 
is the O-O distance. RC−O(1) and RC−O(2) are the distance from each O atom to the nearest C atom. RC−C(1) is the underlying C-C distance, and RC-C(2) and 
RC-C(3) are the two nearby C-C distance. The unit is Å. 

 PS (A) TS (A) CS (A) PS (B) TS (B) CS (B) PS (C) TS (C) CS (C) 

RO−O 1.256 1.315 1.520 1.259 1.344 1.520 1.257 1.331 2.790 

RC−O(1) 3.144 2.003 1.475 2.602 1.861 1.487 3.127 1.910 1.237 

RC−O(2) 3.179 2.029 1.476 2.649 1.907 1.489 3.114 1.913 1.238 

RC−C(1) 1.419 1.489 1.533 1.420 1.442 1.493 1.419 1.438 1.477 

RC−C(2) 1.437 1.440 1.525 1.440 1.443 1.504 1.438 1.536 2.810 

RC−C(3) 1.440 1.454 1.508 1.443 1.509 1.560 1.441 1.446 1.473 

 
We next consider adsorption on site B, which has a larger 

angle with the tube axis. Compared with that for site A, we 
find that the physisorption occurs at a closer tube-O2 dis-
tance (2.63 Å). As a result, the binding energy (0.20 eV) is 
also a bit larger. The calculated O-O distance is still 1.26 Å 
and the tube’s structure is almost unchanged due to weak 
tube-O2 interaction. Chemisorption on site B is also 
cycloaddition; however, the binding energy is only 0.72 eV 
and the tube’s geometry is slightly modified. Due to the 
curvature effect, the C-C distance on site B is a bit larger 
than that on site A, which means that site B is more reactive. 
In Fig. 7, we show the NEB calculated minimum-energy 
path from the physisorbed state to the chemisorbed state for 
site B. The energy barrier of 0.45 eV is slightly lower than 
the case of site A, which again indicates that site B is more 
reactive. 

 
Fig. 7  The minimum-energy path from physisorption to chemisorption of 
O2 on the site B of (4, 2) tube, where the zero of energy is set as the total 
energy of pristine (4, 2) and free O2. 

Among the three distinct adsorption sites, site C has the 
largest angle with the tube axis. As before, the physisorbed 
product has a small binding energy of 0.15 eV. However, the 
chemisorbed state is much lower in energy and the adsorp-
tion is no longer cycloaddition-like. We find that O2 is dis-
sociated and the underlying C-C bond is broken, very simi-
lar to those found for (3,3) tube. The calculated binding en-

ergy is 3.17 eV, and the tube’s geometry is significantly 
changed as can also be seen from Table 3. All these indicate 
that there is a very strong interaction between the tube and 
oxygen. We have also calculated the minimum-energy path 
from physisorbed product to chemisorbed state for site C 
and find that the energy barrier is even smaller (0.42 eV). 
The results are shown in Fig. 8. It is interesting to note that 
due to the curvature effect, site C is more reactive than site 
A, with site B in between. According to our NEB calculation, 
site C has the lowest energy barrier for reaction with O2, 
while site A the highest and site B is also in between. Both 
of these findings suggest that upon oxygen exposure, (4, 2) 
tube will be oxidized firstly from site C. Once such oxida-
tion occurs and the chemisorbed product is formed, the (4, 2) 
tube will be destroyed as characterized by the broken C-C 
bond and significant change of tube’s geometry. This is 
however not the case for (5, 0) tube as we just discussed. 
The geometry of (5, 0) tube is still kept when exposed to 
oxygen, which indicates that (5, 0) tube is more stable than 
(4, 2) tube in ambient conditions. As we knew, the as-grown 
product of 4 Å SWNTs usually contains a mixture of (5, 0), 
(4, 2) and (3, 3). The different adsorption picture of O2 sug-
gests that we can use oxidation to select a single chirality 
from these three kinds of tubes. 

 
Fig. 8  The minimum-energy path from physisorption to chemisorption of 
O2 on the site C of (4, 2) tube, where the zero of energy is set as the total 
energy of pristine (4, 2) and free O2. 
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4  Raman spectra 

The difference in the air stability of (4, 2) and (5, 0) tubes 
can also be found by investigation of their Raman spectra. 
Figure 9(a) gives the measured Raman spectra of these 4 Å 
SWNTs for various temperatures. The nanotubes were con-
fined in the channels of AFI crystals and treated under the 
vacuum of 10−3 mbar. Since this is not a high vacuum con-
dition, and considering the fact that the energy barriers from 
physisorption to chemisorption for these 4 Å SWNTs are 
quite small, we cannot rule out oxidation in the experimental 
measurement. As can be seen from Fig. 9 (a), the Raman 
spectra exhibit three main features: (1) In the low frequency 
region (see inset), the Raman lines at 510 cm−1 and 550 cm−1 
are attributed to the radial breathing mode (RBM) of (4, 2) 
and the (5, 0) tubes, respectively [48]. The RBM signal of (3, 
3) tube is very weak because the excitation wavelength is 
off-resonance for the sample; (2) The D bands in the inter-
mediate region (1200-1500 cm−1) are characteristic of a 
disorder structure; (3) The tangential G bands in the high 
frequency region (1500-1620 cm−1) are characteristic of 
carbon bond vibration. Since RBM is specific to the cylin-
drical geometry of nanotubes, while G-band is a common 
feature for all carbon materials (except diamond), it is 
straightforward to say more carbon nanotubes are oxidized 
when the relative intensity of RBM is decreased. In the low 
frequency region, we see that the intensity of RBM at 510 
cm-1 weakens with increasing temperature, and finally be-
comes undetectable at a temperature of 1273 K, which is a 
direct indication of structure collapse caused by oxidation. 
In contrast, the RBM at 550 cm−1 survives up to 1273 K. All 
these results suggest that among the two types of the 4 Å 
SWNTs, the (5, 0) tube with zigzag structure is more air 
stable than the (4, 2) tube with chiral structure. The (4, 2) 
tube is obviously oxidized around 1123 K, while the (5, 0) 
tube is still air stable up to 1273 K. On the other hand, the 
relative intensity of D bands in the intermediate frequency 
region increases with increasing temperature. This can be 
attributed to the fact that the concentration of oxygen is very 
low, thus the reaction rate between nanotubes and oxygen is 
slow, which leads to the collapse of nanotubes and turning 
into amorphous carbon because of the large curvature. The 
structure collapse is accelerated with increasing temperature. 
Isothermal Raman spectra shown in Fig. 9b are measured by 
keeping the temperature at 1123 K for various duration 
times. We see that the RBM feature of (4, 2) tube disappears 
gradually with increasing duration time, implying that the (4, 
2) tube structure is slowly destroyed by oxidation. The slight 
increase of the relative intensity of D bands is also an indi-
cation of structural destruction. However, the RBM feature 
of (5, 0) tube is still observable even after 50 hours, which 
again indicates that (5, 0) tube is more stable than (4, 2) tube 
in the sense of oxidation. The experimental observation is 
consistent with our theoretical predication. 

 
Fig. 9  Measured Raman spectra of 4 Å SWNT treated (a) at various tem-
peratures, and (b) at various duration times. The inset shows the magnified 
spectra around RBM. 

 

5  Summary 
In summary, we have studied interaction of the O2 molecule 
with the 4 Å SWNTs by density functional calculations. The 
NEB calculated minimum-energy path from physisorption to 
chemisorption are discussed in detail and compared with 
other larger diameter tubes. The chirality plays a very im-
portant role in the oxygen binding energy and the reaction 
process. Our theoretical calculations and experimentally 
measured Raman spectra both indicate that (4, 2) tube is not 
more air stable than (5, 0) tube, which could be used to se-
lect a single chirality from a mixture of these 4 Å tubes. 
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