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ABSTRACT

Sidewall osmylation of individual metallic single-walled carbon nanotubes has been achieved by exposing the tubes to osmium tetroxide
vapor under UV photoirradiation. The covalent attachment of the osmium oxide leads to an increase in the electrical resistance by up to
several orders of magnitude. The cycloaddition product can be cleaved by UV light in vacuum or under an oxygen atmosphere, whereby the
original resistance is restored.

Single-walled carbon nanotubes (SWCNTs), with a diameter
in the nanometer scale range and a length of several
micrometers, represent attractive components for nanoscale
electronic devices because of their unique electronic, me-
chanical, and chemical properties.1 Depending on their
chirality, SWCNTs are either metallic or semiconducting
nanowires.2 It is well documented that the electronic proper-
ties of SWCNTs are sensitive to the environment,3,4 which
constitutes the basis for using nanotubes in chemical
sensors.4-6 Recently, considerable effort has been directed
toward chemical modification of the nanotube sidewall by
attaching organic or inorganic functional groups.6-16 Methods
for sidewall functionalization include electrochemical at-
tachment of phenyl groups,7a,b decoration with selenium
nanoparticles,8 covalent attachment of nitrenes,9 fluorina-
tion,10a-c,11a,bozonolysis,12a,band noncovalent attachment of
polymers13,14 as well as physical evaporation of metal
nanoparticles.15,16 Although these achievements extend the
range of potential applications of SWCNTs, little is known
about changes in their electronic properties induced by the
attached functional groups.12,17,18For bulk nanotube samples,
both fluorination and ozonolysis have been observed to
reduce the conductivity of SWCNTs.10a,12aThe interpretation
of these results, however, is complicated by the fact that bulk
samples consist of a wide variety of tubes differing in
diameter and chirality. The conductivity of single nanotubes
has until now been studied only with respect to chemical
and electric field-induced doping. For instance, Choi et al.
found that oxidizing an individual semiconducting SWCNT
with noble-metal ions leads to decreased resistance, which
was attributed to an increased p-doping of the tube.18 In
contrast, the effect of the chemical attachment of functional

groups on the electrical properties of single tubes has not
yet been investigated.

This communication reports the osmylation of SWCNTs
by the cycloaddition of osmium tetroxide (OsO4), as sche-
matically depicted in Scheme 1, and its effect on the electrical
properties at the single-tube level. Aqueous solutions of OsO4

have been employed to open the ends of nanotubes.19

However, recent theoretical calculations indicated that the
covalent attachment of OsO4 to the tube sidewall requires
catalysis by a base.20 This reflects the smaller reactivity of
the (defect-free) sidewall region compared to that of the caps
containing pentagons.21 We found that sidewall osmylation
of SWCNTs can be achieved with OsO4 from the gas phase
under photoirradiation in the presence of oxygen. Our in-* Corresponding author. E-mail: jbcui@yahoo.com.

Scheme 1. Reaction Scheme Illustrating the Cycloaddition of
Osmium Tetroxide (OsO4) to the Sidewall of a Single-Walled
Carbon Nanotube (SWCNT) Leading to an Osmyl Ester of a

Five-Membered Ring Structurea

a Red arrows indicate the flow of electrons during bond forma-
tion.
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situ electrical measurements reveal that the reaction of OsO4

with the sidewall of metallic SWCNTs decreases the tube
conductance by up to several orders of magnitude. Photo-
activation is also effective for splitting the cycloaddition
product into the starting compounds, by which the original
resistance of the tube is restored.

SWCNTs were deposited on an n+-Si/SiO2 wafer (100-
nm oxide thickness) and were contacted by Au/Pd electrodes
on top (∼150-nm electrode separation) as described previ-
ously.22 The gate dependence of conductance is used to
determine whether a given tube is metallic or semiconduct-
ing. For the present study, we selected individual metallic
SWCNTs characterized by a very small gate dependence,
as exemplified in Figure 1 for one specific tube with a room-
temperature resistance of∼19 kΩ. The same tube was placed
in a glass chamber that was then evacuated to a pressure of
p ) 5 × 10-4 mbar. After filling the chamber with OsO4
vapor (final concentration 10-7 mol/cm3), no resistance
change was detected on a time scale of minutes. The addition
of pure oxygen, which was tested for pressures up to 0.2
bar, did not change the behavior as shown in region I of
Figure 2. An increase in resistance was observed (region II)
when the tube in the OsO4 + O2 atmosphere was irradiated
through a transparent glass window with UV light (λ ) 254
nm). This increase stopped after switching off the UV light
sourcesin the present case, after 50 minswhich resulted in
a resistance increase by a factor of 30. Without UV
irradiation, the sample in the OsO4 + O2 atmosphere did
not show any further resistance change (region III). After
the removal of the OsO4, the original resistance could be
recovered by UV irradiation of the tube in the O2 atmosphere
(region IV), although this process takes significantly more
time than the osmylation. Resistance recovery can also be
achieved by irradiation in vacuum; however, this requires
longer reaction times than in the O2 atmosphere. Our studies
of several different metallic tubes revealed that even after

longer osmylation, associated with resistance increases of
up to 5 orders of magnitude, the resistance change can be
reversed by UV light irradiation. Using the above-described
conditions, we found that the resistance of a metallic tube
can be cycled at least three times.

We attribute the resistance increase of the metallic
SWCNTs to the cycloaddition of OsO4 to the carbon lattice
of the tube. Because the adduct formation is associated with
transforming carbon/carbon double bonds into carbon/carbon
single bonds, it is expected to reduce theπ-electron density
and thereby the conductivity of the tube. The formation of
covalent bonds between OsO4 and the tube sidewall is
supported by the following observations. First, the effect of
osmylation could be reproducibly reversed only if the sample
remained in the closed chamber during the whole process
but not with tubes that had been exposed to ambient
conditions after the osmylation. This behavior points to the
hydrolysis of the osmyl ester that occurs upon contact with
humidity. Second, the fact that without UV irradiation no
resistance change is observed indicates that mere physisorp-
tion of OsO4 does not affect the carrier density and/or carrier
scattering in the metallic tube. It is known that photoexci-
tation with an energy of least that of the charge-transfer band
of arene/OsO4 complexes leads to the corresponding ad-
ducts,23 which have, for example, been used in the synthesis
of cyclite derivatives from benzene.24 It is plausible that a
similar reaction takes place with the SWCNTs. Concerning
the role of oxygen in the osmylation and reverse reaction,
however, we can only speculate at the present stage. As one
possibility, oxygen may assist the photoinduced charge
transfer between OsO4 and the tube, which represents the
rate-limiting step.23

In summary, we have shown that osmylation of the
SWCNT sidewall can be achieved by photoactivation.
Cycloaddition of OsO4 is found to decrease theπ-electron
density in the tubes and therefore increases their resistance.
Since the cycloaddition can be reversed, this chemical

Figure 1. Current/voltage (I/V) characteristic of an individual
metallic SWCNT before osmylation showing a two-terminal
resistance of 19 kΩ at room temperature. The tube is contacted
with two AuPd electrodes on top (∼150-nm electrode separation).
The inset displays the tube conductance as a function of gate voltage
at room temperature (1 mV bias voltage).

Figure 2. Two-terminal resistance of the metallic SWCNT in
Figure 1 measured in situ for different gas-phase compositions.
Regions I and II correspond to the tube in the OsO4 + O2

atmosphere without and with UV light irradiation (λ ) 254 nm),
respectively. Within region III, no UV light was used. After the
removal of OsO4, the sample was again irradiated with UV light,
this time in a pure O2 atmosphere (region IV).
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modification scheme allows us to tune the electronic proper-
ties of single, metallic SWCNTs reversibly at room temper-
ature. More detailed studies of the different modification
stages are expected to provide useful insight into the charge-
transport characteristics of chemically functionalized tubes.
Furthermore, SWCNT osmylation opens the possibility of
further well-defined tube modifications such as the introduc-
tion of hydroxy groups by the hydrolytic cleavage of the
osmyl ester.
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