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The effects of the OH group on the electronic and optical properties of single-wall carbon nanotubes were
investigated using first principles electronic structure calculations. Our results confirm band-gap reduction of
semiconductor carbon nanotubes up on addition of the OH group. An additional energy level emerges near the
Fermi level, which is due to coupling between onep orbital of the oxygen with the bigp bond of the nanotube.
Analysis of loss function showed that the plasmon excitation shifts to lower frequency.
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Functionalization of single-wall carbon nanotubes
(SWCNTs) through chemical binding of atoms, molecules,
or molecular groups has attracted much attention. It offers a
possible way to modify the electronic, chemical, optical, and
mechanic properties of SWCNTs.1–3 Experimentally, func-
tionalization of SWCNTs can be realized by introducing
molecules or molecular groups to their open ends or on their
walls,2,3 through carbodiimide chemistry,4 or mixing the
SWCNTs with an electrophilic reagent.2,3 Molecules such as
NH3, NO2, and O2 can dramatically change the electronic
and transport properties of SWCNTs,5–8 which could lead to
giant thermopower effects.9 Theoretically, computational
studies based on density functional theory(DFT) have been
carried out to investigate the mechanism behind the function-
alization of SWCNTs by molecules or molecular groups.9–16

It was found that the adsorbed molecules or atoms changed
the sp2 local hybridization and lead to the formation of
p-p conjugated bonds at the surface of the SWCNT.

Recently, effects of OH groups on the electronic proper-
ties of SWCNTs were systematically investigated. It was
found that electronic properties of SWCNTs can be greatly
changed due to the introduction of the OH group. Further-
more, contrary to the effect of oxygen as reported in Ref. 16,
the OH group does not etch the tube as a result of oxidiza-
tion. The OH doping can be an effective mechanism for
modifying the electronic properties of SWCNTs, which
makes SWCNTs a possible candidate for biological sensors.
It can be expected that OH attached SWCNT bundles exhibit
thermopower effect due to the additional scattering channel
for electrons in the tube wall.

To further understand the effect of OH doping on
SWCNTs, we carried outab initio total energy calculations17

on the electrical and optical properties of single wall carbon
nanotubes attached with OH groups. A semiconducting
SWCNT was chosen in our calculations since the effects of
OH groups would be more apparent for a semiconducting
SWCNT than its metallic counterpart.

The first-principles method based on the density func-
tional theory18 and the generalized gradient approximation19

(GGA) are used in our study to investigate the structural and
electronic properties of SWCNTs attached with OH groups.
In our calculation, we used the plane-wave basis DFT
pseudopotential method18 and theCASTEP code.17 The ionic
potentials are described by the ultrasoft nonlocal pseudopo-
tential proposed by Vanderblit.20 The Monkhorst and Pack

scheme ofk-point sampling was used for integration over the
first Brillouin zone.21 The Kohn-Sham energy functional is
directly minimized using the conjugate-gradient method.22

An energy cutoff of 400 eV and sixk points along the axis of
the tube in the reciprocal space were used in our calculation.
Good convergence was obtained with these parameters and
the total energy was converged to 2.0310−5 eV/at. A large
supercell dimension in the plane perpendicular to the tube
axis was used to avoid interaction between the carbon nano-
tube and its images in neighboring cells. The unit is periodic
in the direction of the tube with a cell height of 4.24 Å(see
Fig. 1).

Calculations were carried out for a zigzags1030d
SWCNT, with and without the OH group, respectively. One
OH group was included in each unit cell to simulate the
adsorption and it was chemically attached to the wall of the
nanotube. The geometry of the SWCNT, with and without
the OH group, was fully optimized. Figure 1 shows the
optimized structure of the OH functionalized SWCNT
s1030d with the oxygen atom attached to the wall. Proper-
ties of the carbon nanotubes such as band structure, density
of states(DOS), and population analysis were calculated for
the optimized structure.

The binding energy of the OH group was calculated ac-
cording to the following:

Eb = EtsCNT+ OHd − EtsCNTd − EtsOHd, s1d

whereEtsCNT+OHd and EtsCNTd are the total energies of
the tube, with and without the OH group, respectively,

FIG. 1. (a) Top and(b) side views of the SWCNT-OH supercell
used in our calculation. One OH group is attached on the wall of the
SWCNT with the oxygen atom onnected to the carbon atom.
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EtsOHd is the total energy of an isolated OH group. The
binding energy was found to be 0.78 eV.

The band structure of the zigzags1030d carbon nano-
tube, which has theD10h symmetry, is shown in Fig. 2. Most
of the energy levels are doubly degenerate, which is a gen-
eral property for the achiral carbon nanotubes due to the
rotational point groupCn. Our calculated result is very simi-
lar to that in Ref 23. Figure 2(b) shows the fine structure of
the bands near the Fermi level. It can be seen that there exists
a band gap that is about 0.51 eV within GGA. The highest
valence band consists of two degenerate levels, denoted as
E0 in Fig. 2(b), which contributes to the bigp bond along the
ring of the tube.24 The bottom of the conduction band corre-
sponds to the bigp* antibonding states.

In the optimized tube-OH system, the angle between the
C-O bond and the O-H bond is about 100°. It is well known
that the threep orbitals of oxygen are perpendicular to each
other. The bond of thesp hybridization formed by onep
orbital spzd of oxygen and thes orbital of hydrogen is
roughly perpendicular to the C-O bond because anotherp
orbital spxd of oxygen forms a bond with onep orbital of the
carbon. The angle is tilted due to the interaction of orbitals.
By carefully analyzing the bonding around the carbon atom
on which the OH group is attached, we found that the angles
between the O-C bond and C-C bond fall in the range of
107°–112°, and are close to 109.5° ofsp3 hybridization. And
the bond lengths are within 1.48 and 1.52/Å. It can be con-
cluded that the localsp2 hybridization was destroyed due to
the introduction of the OH group, and apps bond was
formed between C and O. The local structure of the carbon
nanotube is distorted due to the introduction of the OH
group, and C-C bond becomes longer than that in a pure
SWCNT(1.42 Å). This distortion and the addition of the OH
group lead to the differences in the electronic properties of
the SWCNT-OH system and pure SWCNT.

The band structure of the carbon nanotube is changed
significantly upon introduction of the OH group, as can be
seen in Fig. 3. It is clear that an energy level,E8 crosses the
Fermi level sEF=0d. The fine band structure nearEF [Fig.
3(b)] shows that the degenerate energy levels below the
Fermi level split after the OH group is introduced to the tube
(refer to Fig. 2). The original doubly degenerate statesE0d in
the pure tube splits into two statesE01 and E02 which are

separated by 0.39 eV at theG point in the SWCNT-OH sys-
tem. This energy level separation is due to the reduced sym-
metry of the system after the OH group is introduced.

The E0 state consists of the bigp bonding in the pure
tube. Figure 4(a) shows the electron density of this orbital.
The p bonding characteristics is clearly seen in the figure.
Analysis of electron density of the corresponding orbitals in
the tube-OH system reveals the mechanism behind the sepa-
ration of the doubly degenerateE0 state. TheE0 state of the
perfect tube[Fig. 4(a)] interacts with the onep orbital spyd of
the oxygen, and results in the separation ofE0 into E01 and
E02, as shown in Fig. 3(b). The electron densities of these
orbitals show thatE02 and E8 are the coupling state and
anticoupling state between theE0 and py orbital of oxygen,
respectively, shown in Figs. 4(d) and 4(b) respectively, while
E01 is mainly contributed by the bigp bond of the tube[Fig.
4(c)]. This is different from the attachment of oxygen
molecule.11

The calculated total density of states(TDOS) further re-
vealed the separation of the degenerate states and the expan-

FIG. 2. (a) Band structure of the zigzags1030d SWCNT. (b)
shows its details near the Fermi levelsEF=0 eVd.

FIG. 3. (a) Band structure of the SWCNT-OH system.(b)shows
its details near the Fermi levelsEF=0 eVd.

FIG. 4. Electron density corresponding to(a) theE0 level in the
pure tube,(b) theE8 level crossing the Fermi level,(c) theE01 level
and,(d) the E02 level in the tube-OH system, respectively.
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sion of the DOS. Figure 5 shows the TDOS of the pure tube
(a) and the TDOS of the tube-OH system(b), respectively.
Notable differences can be seen in the densities of states,
which are a result of introducing the OH group to the nano-
tube. When the OH group is introduced to the tube wall, a
peak in the DOS arises at the Fermi level and the energy gap
is significantly reduced. This is due to the interaction be-
tween the tube and the oxygen because thepx orbital of
oxygen and thep orbital of one carbon atom form a bond,
which makes the degenerate levels in the pure SWCNT to
split. The OH group possesses an unpaired electron, which
actively participates in hybridization near the C atom when it
is attached to the tube. This can form an acceptor level and
enhance the conductivity of the CNT. Changes in the TDOS
can also be seen in other ranges of energy but are minor. The
main features in the TDOS of the pure tube remain in the
TDOS of the tube-OH system, due to the fact that the TDOS
in these regions are dominated by the carbon states.

When the OH group is attached to the tube wall, electrons
are transferred from the tube to the OH group due to its large
electronic negativity. From the Mulliken population analysis,
we found a charge transfer of 0.33e per O atom. We can
therefore conclude that semiconducting SWCNTs can be
functionalized and their band gaps can be significant reduced
by the attachment of organic molecules. Also, it can be ex-
pected that SWCNTs maintain their electronic properties due
to hole carriers generated in the tube. The calculated length
of the C-O bond is 1.52 Å, which is similar to the bond
length of C-O in aromatic carbon.25 This property shows that
the functionalized SWCNTs can have good solubility and
will be useful in biology and chemistry. In our calculation,
there is only one OH group in each unit cell. If there was one
OH group per six carbons, as in the aromatic carbon, the tube
can be expected to be an aromatic tube. Further experiments
and calculations will be carried out to explore its property.

Theoretical studies of the optical and loss spectra of
SWCNTs and multiwalled carbon nanotubes(MWCNTs)
have been reported previously,26–29which illustrated that the
optical properties of CNTs show a special structure atv
,2g0 (g0,2.3–3.0 eV is the nearest-neighbor overlap
integral30) for MWCNTs.28 In this work, we calculated the
loss function which is a direct probe of the collective exci-

tation of the system under consideration. We compare the
loss functions of the two models to investigate the effect of
OH doping on plasma frequency. The imaginary part of the
dielectric constant was calculated from

«2sq → Ou,"vd =
2e2p

V«0
o
k,v,c

u , Ck
cuu& · r uCk

v . u2

3dsEk
c − Ek

v − Ed, s2d

whereu& is the vector defining the polarization of the incident
electric field. This expression is similar to the Fermi’s
Golden rule for time-dependent perturbations, and«2svd can
be thought of as detailing the real transitions between occu-
pied and unoccupied electronic states. The real part,«1svd, is
obtained by the Kramers-Kronig relation. The loss function
is calculated using Imf−1/«svdg at zero momentum transfer
from the macroscopic dielectric function«svdf«svd=«1svd
+ i«2svdg for a periodic system.

Figure 6(a) shows the loss function of the zigzags10
30d SWCNT. Several peaks are observed, which are related
to the one-dimensional(1D) subbands with divergent density
of states. One pronounced peak in the loss function is atv
,2g0, which can be attributed to the collective excitations of
p electrons.28 Thep plasmon is weaker for the perpendicular
polarization than for the parallel polarization, since the opti-
cal excitation is less effective in the perpendicular case. An-
other pronounced peak is atv,17.0–19.0 eV. The peaks are
attributed to the higher-frequencyp+s plasmon.27 Under the
perpendicular polarization, there is a peak aroundv
,2.6 eV. The lower-frequency excitation only exists in the
SWCNTs, which is related to the inter-p-band excitation.31

Figure 6(b) shows the loss function of the SWCNT-OH sys-
tem. Significant differences can be observed when it is com-
pared with Fig. 6(a). Thep plasmon excitation disappears in
the SWCNT-OH system. The inter-band excitation becomes
stronger in both polarization conditions at the lower fre-
quencysv,1.8–2.7 eVd. It is also noticed that the higher-
frequency excitation is downshifted to 16–18 eV with re-
duced strength. The reason behind thes e changes is the
introduction of the OH group. As we analyzed above, the
introduction of the OH distorted the symmetry of the tube
and split the degenerate energy levels. The separation in-
creases the number of energy levels and reduces the spacing
of energy levels, which leads to more inter-band excitation
and the downshift of excitation energy. At the same time, the
big p bonding was distorted due to the introduction of the
OH that forms bond with the tube. The distortion disturbed
thep electron gas and made thep plasmon to disappear. The
downshift and reduction of the higher-frequencyp+s plas-
mon can be attributed to the same reason.

In summary, the attachment of the OH group on the tube
wall gives rise to significant changes in the electronic prop-
erties of the semiconducting SWCNT. It has been found that
the charge transfer from the carbon to the oxygen is an im-
portant mechanism in the change of the conductivity in the
SWCNT-OH system. From the calculated band structure, an
acceptor level in the SWCNT-OH system was found, which
mainly comes from anticoupling state between thepy orbital

FIG. 5. Calculated(a) total DOS of the pure SWCNT, and(b)
total DOS of SWCNT-OH. The Fermi level is at 0 eV.
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of the oxygen and bigp state of the tube. This strongly
suggests that the OH group accepts electrons from the tube,
which is in agreement with the Mulliken population analysis.
The interaction between the tube and oxygen makes the de-
generate levels in the pure tube to split. Based on the results
of our calculations, the OH group is expected to be a good
acceptor for hole doping. Introducing the OH group can be

an effective way of modifying the electronic properties of
semiconducting SWCNTs. The OH-doped SWCNTs can be a
useful biological sensor. It is also found that introducing the
OH group makes thep plasmon excitation disappear and
enhances the inter-p-band excitation. Our results also sug-
gest that optical measurement can be used to distinguish
tubes with and without OH attachment.
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