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We propose here a simple technique for the assembly of oxidatively shortened single-walled carbon nanotubes
(SWNTSs) on silver surface. This technique is based on the spontaneous adsorption (self-assembly) of the
—COOH groups at the open ends of carbon nanotubes onto silver surface. Raman spectroscopy, tapping
mode atomic force microscopy (TM-AFM), and transmission electron microscopy (TEM) results have shown

that the oxidatively shortened SWNTs assemblies have been formed on the silver surface, with the nanotubes
perpendicular to the surface. Moreover, TEM studies also revealed that most of the SWNTSs (ca. 80%) assembled

on silver surface have a bundle size of &%.5 nm, possibly suggesting the selective adsorption of SWNTs
on silver.

The discovery of carbon nanotubebas shown them to be  organized self-assembled monolayer (SAM) with the nanotubes
promising materials for a variety of applications: for example, oriented perpendicular to the gold surface. This achievement is

nanoprobes for scanning probe microscépyanotweezers, an important step in the direction toward the construction of
batteries! chemical sensorfspanoelectronic devicésand flat nanodevice using carbon nanotubes.
panel field emission displaysFor most of these applications, In this paper, we report an alternative method for immobiliz-

it is highly desirable to prepare aligned nanotubes. Although ing the randomly tangled SWNTSs on silver surface, forming
the aligned carbon nanotubes have been prepared either by, - organizing nanotube assembly. The as-prepared long and
postsynthesis manipulation or by synthesis-induced alignfnht, randomly tangled SWNTSs were cut into short pipes by chemical
it still remains a great challenge for scientists to get the carbon oxidation, which produced- COOH groups at the open end of

nanotubes organized in a con_trolled way. Immobilizing the the tubes2 On the basis of the fact that spontaneous adsorption
randomly shortened tangled single-walled carbon nanotubes(self_assembl ) of long chain-alkanoic acids can occur via
(SWNTSs) into a controlled orientation would be an extremely y 9 . . .

the carboxyl groups on various metal native-oxide sur-

important step for the real device application of the nanotubes. .
P P PP faces!*1516we expect that such oxidatively shortened SWNTs

In our previous work? we developed a wet chemical . o '
P P would be immobilized on the silver surface. Raman spectros-

approach for organizing randomly tangled SWNTSs into WQII— copy, tapping mode atomic force microscopy (TM-AFM), and
ordered arrays on gold surface using a self-assembly technique S .
transmission electron microscopy (TEM) have been used to

This wet chemical method allowed us to immobilize the thiol- h terize the f ti d struct f h shortened
derivatized SWNTs on gold surface and to generate a highly characterize the formation and structure of such shortene
SWNTSs assemblies on silver surface.

* To whom correspondence should be addressed. Tel & fax: 00-86-10- _ Scheme 1 illustrates the basic method for immobilizing the
6275-7157. E-mail: Izf@chem.pku.edu.cn. SWNTs on silver surface using the self-assembly technique.
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from the nanotubes themselves due to an increased contribution
i of sp? carbons in the oxidatively shortened nanotutiest the
: | present, however, it is also difficult to rule out the possibility
‘f\ M of some amorphous carbon impurity, possibly arising from the
I j‘ oxidative cutting process attached to silver surface as well as
/ l i to the nanotubes. In addition, reflection absorption infrared
\\ I spectroscopy (RA-IR) was performed to follow the salt forma-
| / \, tion of Ag and—COOH groups during self-assembly on the
/ \/’ \ silver (data not shown). The absence of(&=0) peak and
191 / ! appearance of a new peakigf{(COO") in RA-IR?223showed
k b / \ that the oxidatively shortened SWNTSs were being adsorbed on
f et et S silver surface through-COOH groups by releasing its proton,
N a B forming a chemical bond between SWNTs and the silver/silver
: : : : oxide?4
500 1000 1500 2000 From the above results, we can draw a preliminary conclusion
. that the oxidatively shortened SWNTs have been immobilized
Raman shift (cm™) on silver surface via spontaneous chemical adsorption through
Figure 1. Raman spectra of bare silver surface (a) and SWNTs terminal carboxyl groups. However, as yet, the orientation of
assembled on silver surface (b). such assemblies is unknown.

Tapping mode atomic force microscopy (TM-AFM, Nano-
scope llla, Digital Instruments) was exploited to obtain structural
information of such SWNTs assemblies on silver surface. A
typical TM-AFM image of the shortened SWNTs assemblies
immobilized on silver surface by the self-assembly technique

Intensity (a.u.)

Following the conventional method, SWNTs were synthesized
by chemical vapor deposition (CVD) using+Blo catalyst on
MgO supportt” The chemical shortening of these long SWNTs
was performed by oxidation in a mixture of concentrated sulfuric
o . i 0 o .
Cirasonication fos h &t 0°C, which resuited 1 the snoftened | 1 10w in Figure 2a. For comparison, a TM-AFM image of a
SWNTSs having terminal cari)oxyl functionaliti€sSuch short- bare silver surface is a[so .prO\.”dEd in Figure 2b. The fine
ened SWNTs can be dispersed in water, ethanol, and other poIarStrUCture of the ass_emblles n Flgure 2a can als_o be observ_ed
solvents using ultrasonication. This précedure ’actually forms from the cross sectional analysis, as shovyn n Flgure 2.0' This
stable colloidal SWNTs suspeﬁsions without the aid of surfac- sawtooth structure suggests the perpendicular orientétain .
tants. These colloidal SWNT suspensions contain various IengthsSW'\rrS because otherwise we would observe a flat cross section
: for the stacked nanotubes along the long-axis direction. In

(IzLr?gygizso:‘ar?grl\%?nfgg;ssZ\ge(r:ilntﬁrrrﬁe(g Sar,]a(\)[:ml\ftii:/?s?i Saet\i/grril addition, the nanotubes may tilt some degree from normal to
’ y 9 the surface, depending on how many carboxylic groups are

8
(data not shown)® present at the tube end (typically not one). The cutting &hgle

Carboxy_llc acids can be deprotonated by varlous metal Ox'd.esduring oxidative shortening process may also affect its tilt angle
such as silver, aluminum, or copper, forming monolayers in on surface

which the carboxylate anion headgroups are bound by Cou- . . . ., .
lombic forces to the metal oxide substrates. Using this method, Unlike conventional “small” organic molecule self-assembly
we attempted to immobilize the oxidatively shortened SWNTs ©n solid surface (e.g., alkanethiols on gold), the assembly of
on silver surface in a controlled fashion. Silver films on silicon Shortened SWNTs on silver surface is a very complicated
wafer substrates were prepared by thermal evaporation of silverSyStem: This is due to the fact that chemically shortened SWNTs
in a vacuum chamber (pressure3 x 1077 Pa). The self- have structures of dlfferent Igngths, posslb!y d|fferent cutting
assembly of SWNTSs on silver surface was performed by dipping angleg® ano_l degrees of oxidation (i.e., variations in the number
silver coated silicon wafers into the colloidal SWNTs suspension ©f carboxylic groups at the tube end). From the histograms of
for a certain time, followed by thorough rinsing with ultrapure the helghts and the Iateralzdlmensmns of the SWNTs assemblies
water and drying in a stream of nitrogen prior to use. on AFM images (4x 4 um), we found that the height of such
Raman spectroscopy has been shown to be a powerful toolSYWNT assemblies falls into a range of-1000 nm, mostly
in characterizing SWNTs because of a unique Raman band"‘”th,'n 20—60 nm (84.5%) and the opserved Igteralldlmgns[ons
around 200 cm® which arises from the radial breathing mode @l into @ range of 86:300 nm. Inevitably, this estimation is
(RBM). This is directly related to the diameter of the tube by COMPlicated by the convolution of AFM tip geometry.
the relation,d = 223.75{, whered is the tube diameter in In addition, we also observed some nanotubes which are lying
nanometer and is the RBM in wavenumber. Typica| Raman down on substrate surface. Most of them are relatively Ionger
spectrd® are shown in Figure 1a,b of silver surface before and tubes, having a length of more than 200 nm. It seems that shorter
after coating with the SWNTSs. No obvious Raman bands are tubes (e. g.<150 nm, see below) tend to stand on the surface
observed with bare silver surface. After coating with SWNTs, butlonger tubes lie down on the surface. A detailed investigation
however, the characteristic bands of SWNTs centered aroundis underway.
191 cm! and 1592 cm?® which can be assigned to the RBM To further investigate the orientation of SWNTs on silver
peak and G band of the SWNTs were seen in the Ramansurface, we employed transmission electron microscopy in this
spectrum. This shows that the SWNTs have been deposited orstudy. The samples for TEM observation were prepared by
the silver substrate in the self-assembly process. immersing a short silver wire 99.99% pure silver into the
We noted that there was also an intense band located aroundSWNTSs suspension prepared by the same self-assembly process
1332 cnt! in Figure 1b. The Raman band in this region is as that above. The images of the SWNTs assemblies were
usually assigned to ill-organized graphite, the so-called D-line, obtained from the edge of the silver wire surface. Three typical
which has been used for estimation of sample pudfit@ane TEM images about the orientation of SWNTSs on silver surface
possible explanation for this observed band is that it originates are shown respectively in Figure 3a. The SWNTs were
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: Figure 3. TEM images of the shortened SWNTs standing on silver
1] Z2.50 5.00 7.50 . . .
™ surface with different tilt angles.

Figure 2. Tapping mode AFM images of the assembly of single-walled
carbon nanotubes on silver (a) and bare silver surface (b). Typical cross;
section of the nanotube AFM image, showing the sawtooth structure
of nanotube bundles (c).

into a range of 215 nm from TEM images, showing that most
of the shortened SWNTSs existed in bundles. We noticed most
(80%) SWNTs on silver surface had a similar bundle size (6.5
clearly standing more or less perpendicular to the silver surface, = 0.5 nm). Only 15% showed a smaller bundle siz& 6 nm)
but with different lengths and tilt angles. (or individual SWNTSs). And also, less than 5% of SWNTSs with
The shortened SWNTSs on silver surface have typical lengths the bundle sizes more than 7 nm were found in our experiment,
of 60—150 nm in TEM images (Figure 3), which is longer than which might be produced by the graphite fragments adhering
that obtained from AFM image. The diameters of the tubes fall to the SWNTs. In addition, we also found some nanotubes with

X
Q
Q
L]
H,SO,/HNO; Self-assembly
Cutting
0/
s
-5}

SCHEME 1: Schematic lllustration of the Self-Assembly Process for Fabricating Aligned Single-Walled Carbon
Nanotubes on Silver
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