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The present article describes the immobilization of chemically shortened single-walled carbon nanotubes
(SWNTs) onto atomic force microscopy (AFM) tips using a novel wet chemistry procedure. Preliminary
results on the measurement of dissociation properties of carboxylic acid groups at the open end of the shortened
SWNTs in aqueous solution by chemical force microscopy (CFM) are also described. The as-prepared long
SWNTs were cut into short tubes by chemical oxidation, which produced-COOH groups at the open ends
of the tubes. The shortened SWNTs were covalently attached to AFM tips by surface condensation between
AFM tips modified with primary amino-terminated self-assembled monolayers (SAMs) and the carboxylic
groups at the exposed end of the tube. The nanotube orientation on the AFM tips was demonstrated using
AFM force calibration mode. The dissociation properties of carboxylic groups at the end of SWNTs were
investigated by measuring the adhesion force between SWNTs modified AFM tips and hydroxyl-terminated
SAMs surfaces as a function of pH (force titration measurement). The results showed a different force titration
behavior and variable pK1/2 values between different SWNTs tips, indicating variations in the chemistry of
the oxidized tubes from sample to sample. Successful attachment of carbon nanotubes to AFM tips has opened
up a considerable number of possibilities in increasing the resolution of AFM procedures. Most importantly,
the present investigation has provided a means of investigating the chemical properties of nanotubes attached
to AFM tips.

Introduction

The use of single-walled carbon nanotubes (SWNTs), for
example, in field emission displays,1-3 nanoelectronic devices,4-6

polymer reinforcement,7-9 and when attached to AFM tips for
high-resolution studies of biological surfaces,10,11 is still in its
infancy. Preparation, characterization, and functionalization,
while important aspects of nanotube technology, are still
complex and difficult. Previous studies have indicated that
chemical functionalization of the open ends and the side-walls
of SWNTs would play a vital role in tailoring their properties
and behavior.12

Preparation of short usable nanotubes was achieved by Liu
et al. by means of chemical oxidation.13 Haddon et al. discovered
that the nanotubes became soluble or at least suspended in
aqueous solution by making derivatives of them using thionyl
chloride and octadecylamine.14 This provided the added facility
of being able to both modify and study nanotube properties in
solution.

Functionalizing nanotubes is, if anything, rather more difficult,
for example, in assigning functional groups to the ends or side-
walls of the nanotubes and properly characterizing them.
Smalley et al. managed to functionalize the side-walls of carbon
nanotubes using elemental fluorine yielding surface derivatives
with a stoichiometry approaching C2F.15 Functionalizing carbon
nanotubes by chemical oxidation using H2SO4-HNO3, HNO3,
O3, KMnO4, OsO4, and RuO4 has also been reported.13,16-21

While this mainly produces carboxylic groups at the ends or
the side-walls of the tube, the results were less clear, and the
degree of oxidation more difficult to predict. FTIR and XPS

studies have shown that, in addition to carboxylic groups,
hydroxyl and carbonyl groups are often produced by this process
in the oxidation of multiwalled carbon nanotubes (MWNTs).22,23

Other undesirable effects, such as damaging the tubular structure,
were also reported.

In view of the difficulties in studying the properties of
functionalized nanotubes, especially, the properties of individual
nanotubes, we have attempted to develop a method of producing
nanotubes as self-assembled monolayers both on substrate and
atomic force microscope (AFM) tips. This would allow us to
carry out the chemical studies of SWNT properties on the basis
of the measurement of adhesion force between SWNTs on the
AFM tip and appropriate substrates, i.e., using chemical force
titration.

In our previous work we developed a wet chemical approach
for producing ordered arrays of SWNTs on gold surfaces using
a self-assembly technique.24 This wet chemical method allowed
us to assemble thiol-derivatized SWNTs on a gold surface with
the nanotubes oriented perpendicular to the surface. To study
the properties of such SWNTs we need, however, to assemble
SWNTs onto the AFM cantilever tips. This would then permit
us to examine the interaction between SWNT-modified AFM
tips and various self-assembled monolayers (SAMs), such as
OH-terminated SAMs. Two methods have been reported to do
this. The first is mechanical gluing, which is straightforward
but time-consuming. The second is direct growth by chemical
vapor deposition, which produces SWNTs with highly control-
lable length, but it is difficult to avoid contamination of the
tips with catalysts.25-28

In this paper we propose a third alternative for the attachment
of SWNTs to AFM tips, which is suitable for the measurement
of chemical properties of the SWNTs. We have used a wet
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chemical approach based on condensation reactions between
-NH2 groups on SAMs surfaces and carboxylic groups on the
SWNTs to attach the SWNTs onto AFM tips. By using this
approach, the SWNTs were easily attached to the cantilever tips
with the end groups exposed to the solution. The orientation of
the SWNTs on the AFM tips could be demonstrated by using
an AFM force calibration mode. The chemical properties of the
functional groups at the open end of the SWNTs could then be
examined by measuring the dissociation properties of carboxylic
acid groups at the end of the nanotubes.

Experimental Section

Preparation of Shortened Single-Walled Carbon Nano-
tubes. The SWNTs were synthesized by a DC arc discharge
method using a Y-Ni catalyst. The chemical shortening of as-
prepared long nanotubes was carried out by oxidation in a
mixture of concentrated sulfuric and nitric acids (3:1, 98%, and
70%, respectively) under sonication for 8 h.13 The resulting
nanotubes had typical diameters of 1.3-1.4 nm and lengths of
several hundred nanometers, terminated by carboxylic groups
as indicated by IR measurement.29 The post-oxidation treatment
followed the same procedure described in our previous work.24

AFM Tip and Substrate Preparation. The OH-terminated
SAMs substrates were prepared by immersion of gold-coated
silicon substrate in a 1mM ethanol solution of 11-mercaptoun-
decanol for 24 h. Commercial Si3N4 cantilever tips (Digital
Instruments) were coated with 100 nm of gold by thermal
evaporation onto a 10 nm adhesion layer of Ti.

Preparation of SWNTs-Modified AFM Tips. Scheme 1
illustrates the basic methodology for covalent attachment of
single-walled carbon nanotubes onto AFM tips using a surface
condensation reaction. The shortened nanotubes were spread
in dimethylformamide (DMF, ca. 0.2 mg/mL), forming a dark-
brown-colored suspension. A certain amount of dicyclohexyl-
carbodiimide (DCC, ca. 0.5 mg/mL) was added into the
suspension and the mixture was sonicated for 10 min before
use.

The NH2(CH2)11SH (AUDT, Dojindo Laboratory, Japan)-
modified tips were prepared by immersing clean, gold-coated
AFM tips into the AUDT ethanol solution (0.5mM) for 5 h.
The AUDT molecules were found to form densely packed

SAMs on the gold-coated tip.30 The resulting AFM tip was
thoroughly rinsed with ethanol and ultrapure water. After being
dried in a high-purity nitrogen stream, the AFM tip was
immersed in the nanotube suspension, followed by nitrogen
bubbling for 5 min to remove the dissolved oxygen. The surface
condensation reaction was performed at 50-60°C for ca. 12 h.
All the samples were rinsed thoroughly with ultrapure water
and ethanol before characterization.

Chemical Force Microscopy and Adhesion Measurements.
Adhesion measurements were made with a Nanoscope E, which
was equipped with a fluid cell and controlled by Nanoscope E
electronics (Digital Instruments, USA). All measurements were
carried out with a 10µm × 10 µm scanner and thin, long (200
µm) Si3N4 cantilevers (Digital Instruments, USA) at room
temperature. The adhesive interaction between SWNTs-modified
tips and OH-SAMs-modified substrates was determined by
recording force versus displacement curves under conditions
of varying pH in a phosphate buffer (I ) 0.01).

The force-displacement curve plots the cantilever deflection
(or force when calibrated using the cantilever spring constant)
versus substrate displacement. A full cycle of tip approach,
contact, and retraction from the sample is recorded. The point
at which the tip separates from the sample is called the pull-off
point. The pull-off force at the pull-off point corresponds to
the adhesion force between the tip and sample. Average
adhesion force values were determined from at least 100
individual force curves at each pH value. All force versus
displacement curves were captured using Nanoscope E software
and later analyzed on a PC using custom software.

Results and Discussions

In our recent work,31 we proposed a surface condensation
method for the assembly of SWNTs on a gold surface. In this
process the chemically shortened SWNTs are immobilized on
amino-terminated SAMs on a gold surface via a condensation
reaction between the amino groups and the terminal carboxylic
group of the SWNTs with the aid of the condensation agent
dicyclohexylcarbodiimide (DCC). Raman spectroscopy and
AFM results showed that an ordered assembly of SWNTs has
been formed on gold.

Direct Visualization of SWNTs on Gold Using TEM. The
same methodology has now been used successfully to attach

SCHEME 1: Schematic Illustration of the Preparation of Single-Walled Carbon Nanotube AFM Tips and Measurement
of Force Titration
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the chemically shortened SWNTs to AFM tips. Direct examina-
tion of nanotubes on AFM tips is not possible with SEM because
of insufficient resolution. While TEM provides sufficient
resolution it is not possible to accommodate an AFM tip in a
TEM sample holder. To obtain some direct visualization of the
tube assemblies on gold, we have attached SWNTs to fine gold
wire with the same condensation technique and imaged in the
TEM. Samples for TEM observation were prepared by immers-
ing a short length of NH2-terminated SAMs-modified gold wire
(99.99%) into the SWNTs suspension prepared by the same self-
assembly process as above. The end of the gold wire was very
similar to AFM tip ends. The images of the SWNTs assemblies
were obtained from the edge and the end of the gold wire.

Three typical TEM images of SWNTs on gold wire surfaces
are shown in Figure 1a, 1b, and 1c, respectively. The SWNTs
were clearly standing more or less perpendicular to the gold
surface, however, with different lengths, bundle sizes, and tilt
angles. The length of the bundles ranged from 30 to 160 nm
and the diameters from 2 to 22 nm. On the basis of this
experiment, it is likely that SWNTs are immobilized on NH2-
terminated SAMs-modified AFM tips in very moderate condi-
tions and will protrude more or less directly from the top of
the pyramid tip with the end groups of the carbon nanotubes
exposed to solution. These data suggested that the density of
nanotubes or nanotube bundles immobilized on the gold wire
is relatively low. Considering that the curvature radii of the gold-
coated AFM tips are ca. 10 nm, it is possible that only one
single nanotube or one bundle may attach to the end of the AFM
tips.

Demonstration of SWNT-Modified AFM Tips. It was
possible to use the chemical force microscopy (CFM) force
titration technique indirectly to demonstrate the presence of
SWNTs on the AFM tip. A comparison of force titration
behavior between-NH2-SAMs-modified AFM tip and the
SWNT-modified AFM tip was carried out. The force titration
behavior between the NH2-terminated SAMs-modified AFM tip
and OH-terminated SAMs modified surface is shown in the inset
of Figure 2. At the lower pH, the tip would be protonated
(NH3

+) and produce lower adhesion force. As the amino groups
become deprotonated with increasing pH, a larger adhesion
arises presumably because of the hydrogen bond formation
between-NH2 groups and-OH groups in agreement with
previous results.32

After the AFM tip was modified with chemically shortened
SWNTs, the force titration behavior, however, was changed
completely. This behavior was similar to the behavior of a
COOH-terminated tip vs OH-terminated surface (Figure 2). This

indicated that the functional groups on the AFM tip had
transformed from-NH2 to -COOH after SWNTs modification.
In other words, the tip end has transformed from-NH2 to
SWNTs. This also indicated that the shortened SWNTs were
assembled on the AFM tips.

During the measurement of the force titration, we also found
a different force calibration behavior between the traditional
SAMs-modified tips or Si3N4 tips and SWNTs-modified AFM
tips. The typical force-displacement curve of the SWNTs tip
vs the OH-terminated surface (pH) 3.1, I ) 0.01 M) was
shown in Figure 3. Due to the elastically buckling behavior of
the carbon nanotubes, the orientation of SWNTs on the AFM
tips can be demonstrated using the AFM force calibration
mode.25,27,33 In Figure 3, two regions, A and B, were found
which corresponded to the free state of the tip above the surface
(region A) and the contacting state of the tip to the surface
(region B). It is interesting that there is a transition in region
B, which is different from the linear relationship (the inset in
Figure 3) for conventional Si3N4 tips vs OH-terminated surface
in contact region. As the tip approaches and begins to contact
the sample surface, the tip jumps to contact the surface. Upon
further approaching, the nanotubes begin to buckle, inducing
less deflection of the cantilever (region B1), which indicated
the nanotubes or bundles are oriented properly at the end of
the regular tip. After the nanotubes reach their flexing limit,
the cantilever deflection increases (region B2). The stiffness of
the nanotube is directly related to the tube length by the relation,
FEULER ∝ 1/L2,25 whereL is the length of the nanotube. So the
nanotubes we used (ca. 100 nm) are stiffer than longer (several

Figure 1. TEM images of the shortened SWNTs standing on gold wire surface with different tilt angles. Scale bar: (a) 10 nm, (b) 20 nm, (c) 50
nm.

Figure 2. Force titration curve of single-walled carbon nanotube tip
vs OH-terminated SAMs surface (phosphate bufferI ) 0.01 M). The
inset is the force titration curve of NH2-terminated tips vs OH-
terminated SAMs surface.
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microns) ones. The buckling behavior lowered the deflection
to a certain degree, unlike the level-off phenomenon observed
in long nanotubes.33 The stiffer short nanotube tips is more
suitable for imaging varieties of surfaces than the long nanotube
tips, while a little cost of deep trench resolution. During the
retraction of the tip from the surface, the tip-sample adhesion,
i.e., the adhesion force of functional groups on the nanotube
tip vs the OH-terminated surface, can be measured from the
hysteresis in the deflection plot. The force-displacement curves
can be repeated many times for a given tip, indicating that the
nanotubes and the covalent bonding is robust, which is an
advantage for the nanotube tips used in imaging and force
titration measurements.

Dissociation Properties of Carboxylic Group at the End
of SWNTs. The typical chemical force titration curves of two
SWNTs tips vs hydroxyl-terminated SAMs surfaces under
constant ionic strength (0.01 M) phosphate buffer solutions are
shown in Figure 4a and Figure 4b. The drop in adhesion force
between the SWNTs tip and the OH-terminated SAMs surface
with the increase of pH value is easy to explain in relation to
-COOH deprotonation.

At low pH values, the carboxylic groups at the end of the
SWNT tip will be fully protonated and the relatively high

adhesion force can be attributed to the formation of hydrogen
bonds between-COOH and-OH groups. At high pH values,
when the-COOH groups are fully deprotonated, hydrogen
bonds cannot form. The electrostatic repulsion between charged
carboxyl and electronegative oxygen of the hydroxyl is clearly
observed in the approach part of the force-distance curve (data
not shown). Thus, relatively lower adhesion force can be
observed.

A simple explanation for the force titration data, which
initially seems reasonable, is as above. However, when con-
sidered in greater detail, there are three noticeable phenomena
in the results.

First, the adhesion (ca. 7 nN) between the SWNTs tip and
OH-terminated SAMs surface in Figure 4a above pH 8 is greater
than that observed for traditional-COOH SAMs-modified tips,
i.e., deprotonated surface, which should be zero;34-36 while in
the case of Figure 4b, the adhesion force above pH 10 similar
to traditional-COOH surface is about zero. This indicates that
the structures of the two different tips are different. This may
be related to the presence of-CO,-OH, and-COOH groups
on SWNT samples. XPS has shown these to be present in bulk
samples after oxidation.22 It seems highly probable that oxidative
cutting used to prepare short SWNTs would generate-CO and/
or -OH groups specifically at the cut ends of the single-walled
carbon nanotubes. Hydrogen bonding between-CO, -OH
groups, and-OH SAMs could well be responsible for the
relatively high, i.e., above zero, adhesion force of the SWNTs
tip in Figure 4a at high pH values. A near zero adhesion force
in Figure 4b may indicate that-CO, -OH groups are absent
on the SWNTs tip. The results support the view that the degree
of oxidation is different from tip to tip.

Second, the ionic strength is seen to dramatically affect the
interaction between the tip and surface. At relatively high ionic
strength, taking into account the effect of the electric double
layer, JKR theory gives the surface pK1/2 at which the adhesion
force is half of the way down the step between the fully
protonated (maximum adhesion) and fully deprotonated (mini-
mum adhesion) states. We can see in Figure 4 that the two
different tips used thus show different pK1/2 values (8.2 and
9.7) at the ionic strength of 0.01 M; both are, however, high
relative to the-COOH SAMs.35,36As we know, the pK1/2 values
are affected by the ionic strength of solution and exhibit a pK1/2

shift toward higher pH with decreasing ionic strength.36,37The
pK1/2 value of COOH-terminated SAMs is ca. 5.3 at 0.1 M ionic
strength. The buffer used in our experiment is 0.01 M, which

Figure 3. Typical force-displacement curve of the carbon nanotube
tip vs the OH-terminated SAMs at pH) 3.1 (phosphate bufferI )
0.01 M). The inset is the force-displacement curve of a conventional
Si3N4 tip vs an OH-terminated SAMs surface.

Figure 4. Two typical curves of the adhesion force of functional groups at the open end of the SWNTs immobilized on AFM tips vs OH-
terminated SAMs surface (phosphate bufferI ) 0.01 M).
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may introduce a pK1/2 shift about 1.5 pH units toward higher
pH, but still not enough for the results which are 2.9 and 4.4
units higher, respectively. Besides ionic strength, the pK1/2 value
of -COOH groups is determined by the degree of difficulty of
-COOH ionization. In short, it is determined by the immediate
chemical environment of-COOH groups at the end of the
SWNTs tips. Studies have demonstrated that the carbon nano-
tubes, after shortening by chemical oxidation, tend to form
bundles due to the attractive interactions between the hydro-
phobic side-walls of carbon nanotubes.14,24 Thus the SWNTs
used in these experiments, shortened by oxidation, attached to
the AFM tips with our surface condensation method are likely
to exhibit this hydrophobic interaction.

Finally, the additional pK1/2 shift just indicates the complexity
of the system. The pK1/2 shift suggested a number of possibili-
ties. According to our new high-resolution TEM results,38 the
number of SWNTs in a bundle attached to each AFM tip vary
between bundles, the tilt angle of the cutting ends of the carbon
nanotubes ranged in a wide region, i.e., different from one to
another. The number of carboxylic groups on each tip may vary;
-OH and-CO groups present on carbon nanotube tips may
have an effect on the pK1/2 values. These properties are very
important for the oxidatively shortened single-walled carbon
nanotubes, and further investigations are being conducted to
get more information of the shortened SWNTs.

Stability of SWNTs on AFM Tips. To establish the stability
of the SWNT tips, micro-Raman characterization was conducted
on the pyramids of cantilever before and after the force titration
of carbon nanotube tips.39 For SWNTs, four Raman bands are
strongly resonance enhanced. Three of them are located around
1600 cm-1, corresponding to the characteristic A1g, E1g, and
E2g modes of graphene sheet, and the fourth strong band appears
around 200 cm-1, which is unique to single-walled carbon
nanotubes and arises from the radial breathing mode (RBM).
The typical Raman spectra of SWNTs on AFM tips are shown
in Figure 5a and 5b before and after force titration measurement.
From Figure 5, characteristic Raman bands of SWNTs centered
around 192 cm-1 and 1588 cm-1 are clearly visible. The
similarity of Raman spectra of SWNTs on AFM tips before
and after the force titration indicates the satisfactory stability
of the carbon nanotube tips fabricated with this surface
condensation method.

In summary, we can fabricate single-walled carbon nanotube
AFM tips by using a wet chemistry approach. The fabrication
procedure is simple with a relatively high success rate and
especially the stiff short nanotubes can be attached to the AFM
tip with this novel approach. We showed the first example of
investigating the chemical properties of oxidatively shortened
carbon nanotubes based on force titration technique with such
kinds of nanotube tips. This is demonstrated to be an effective
approach to characterizing the functional groups and structures

of the shortened carbon nanotubes at the tube ends. With
different nanotube tips, different adhesion forces were observed
at high pH values, which indicated the existence of-CO and/
or -OH groups at the open ends of SWNTs and the different
oxidation degree from tip to tip. The pK1/2 values of the SWNTs
may be a good indicator for their structure and chemistry.
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