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Experiments have been carried out to optimize the
yields of carbon nanotubes obtained by the arc-
evaporation of graphite. Other types of carbon particles
such as nanocrystalline graphite usually present along
with the nanotubes are readjly removed by heating the
material in oxygen around 763 K. Clean nanotubes so
obtained have been characterized by X-ray diffraction.
The clean tubes are thermally more stable than
graphite or fullerenes. The tips of carbon panotubes
are opened by reaction with oxygen, but more inter-
estingly, when the oxygen produced by the decomposi-
tion of a metal oxide is used to open the tube tips, the
metal formed In the process enters the nanotube.
Electrical resistance of pressed pellets of clean tubes
is not unlike that of graphite. Tonnelling conductance
measurements on isolated tubes characterized by
means of scanning tunnelling microscopy however show
that the conductance gap increases with decreasing
tube diameter.

SINCE the discovery of carbon nanotubes in the cathodic
deposit formed in the direct-current arc evaporation of
oraphite by Iijima', there has been considerable interest
in the structure and properties of these nanomaterials.
In this context, the report of Ebbesen and Ajayan” on
methods to prepare nanotubes in larger quantities is of
value. Smalley’ has pointed out the importance of large
electric fields in the plasma for the production of tubes.
It has been possible to selectively burn tube tips and
to strip the outer layers™®. The oxidative opening of
the nanotube tips allows molten metal to be drawn in
through capillary action®. Iijima and Ichihashi’, and
Bethune er al’ have reported catalysis by transition
metals such as Fe and Co in the growth of single layer
tubes. Besides carbon nanotubes, the other novel carbon
structures that have attracted attention in recent months
are the carbon onions first reported by Ugarte’, consisting
of closed concentric graphitic shells formed under con-
ditions of strong heating. Theoretical calculations have
indicated that carbon nanotubes may exhibit metallic or
insulating behaviour, depending on thejr radius and
helicity'™!'| Based on bias-dependent imaging studies
In a scanning tunnelling microscope, Zhang and Licber'
suggest that nanotubes are semiconducting.
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[n view of the many interesting features of carbon
nanotubes, we have investigated some aspects of their
preparation and characterization, the main objective being
the optimization of the preparative conditions, isolation
of tubes without other contaminant carbon forms, and
the characterization of clean tubes. Since the conditions
for the arc production of nanotubes and fullerenes are
quite complex, we have examjned factors such as current
and pressure in the production of these materials. We
have also examined the effect of varying the gap between
the electrodes in the plasma. Relative yields of nanotubes
under different conditions have been studied based on
scanning electren microscopy of the cathodic stub. We
have then studied the oxidation of these materials in-
cluding their thinning and opening. We show that most
of the nanocrystalline graphite, usually present along
with nanotubes, burns out on heating the material 1n
oxygen. Such a cleaning process allowed us to determine
the relative thermal stability of the nanotubes to graphite
and the fullerenes, We have utilized powder X-ray
diffraction data to assign the reflections and to draw
some conclusions on the symmetries and correlation
lengths.

In order to understand the electronic properties of
carbon nanotubes, we have measured the resistivity as
a function of temperature of pressed pellets of clean
tubes as well as studied the tunnelling conductance of
individual nanotubes of different diameters isolated by
means of scanning tunnelling microscopy.

Experimental

Carbon panotubes were generated by setting up an ¢
between 6 mm graphite electrodes (Johnson~Matthey,
spectroscopic grade) in a water-cooled stainless steel
chamber with one fixed and one moving electrode. The
arc-gap was adjusted using a screw-feed mechanism
with the distance between the electrodes being monitoied
visually through a viewport, The D.C. power supply
used was a constant-current Indarc welding generator
capable of providing up to 300 A with o maximum open
circuit voltage of €0 V. Fullerene yields in the soot
were monitored by extracting the soluble portion 1nto
tofuene under ultrasonication and 1ecording the clectionte
absorption specttum of the wluere solution, Iatial ther-
mogravimetric analysis on g Caln electrobalance (o
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flowing oxygen showed that at 763 K, a small but
perceptible weight loss occurs, The ‘cleaning’ of
nanotubes was therefore performed by heating the mixture
of tubes and carbon particles in flowing oxygen for 12
h at 763 K. The tendency to oxidation of clean nanotubes
relative to graphite and fullerenes was studied by means
of thermogravimetry. The sumultaneous opening and
filling of nanotubes with metal was done by heating
clean nanotubes with Pb,O, in flowing argon at 973 K
for 9 h.

Scanning electron microscopy was carried out directly
on the cathodic deposit (after coating it with gold) using
a Cambridge Stereoscan S360 instrument operating at
20 kV. X-ray diffraction measurements were performed
in the transmission geometry with the samples held
between Mylar sheets on a STOE STADI with a linear
position sensitive detector. CuK , radiation was used.
Silicon (NIST) was used as a reference for calibration
purposes. Transmission electron microscopy was per-
formed on a Jeol JEM 200 CX operating in the high
resolution mode. The samples were ground in acetone
and spotted on carbon-coated copper grids. Electrical
resistance was measured on pressed peliets of cleaned
nanotubes (10 tonnes over an area of 3.14 cm’) using
the four-probe configuration. Keithley meters and con-
stant-current sources were used to study the resistance
of samples mounted on the cold head of a helium closed
cycle refrigerator.

Scanning tunnelling microscopy (STM) was performed
with CCI, suspensions of nanotubes spotted on freshly
cleaved highly oriented pyrolytic graphite (HOPG) sub-
strates (a gift from Dr A. W. Moore, Union Carbide).
A Nanoscope 1I, usually in the constant height mode
was used for the purpose. Images were obtained with
a typical bias of 600 mV. On obtaining stable images,
the feedback loop was interrupted to obtain tunnelling
spectra. Tunnelling spectra were obtained in air along
the lengths of the tubes, after ensuring that the data
referred to electron tunnelling, by monitoring the ex-
ponential dependence of tunnel current on tip-sample
separation.

Results and discussion

Since the plasma characteristics are very important in
the production of fullerene soot as well as of nanotubes,
we first investigated the I-V behaviour of the plasma
in 350 torr of helium. We show the results for two
different gaps between the electrodes in Figure 1. For
small electrode separations {say ~ 2 mm), the plasma ijs
quite stable in the sense that the closed circuit voltage
does not fluctuate, even at [ow currents. The plasma is
steady and does not flicker, and the deposit on the
cathode is cigar-shaped. The I-V behaviour is QOhmic
with the resistance being of the order of 0.1 Ohm. This
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Figure 1. Current—voltage charactenstics for the carbon plasma at
550 torr helium pressure at two different electrode separations, 2 mm
and 10 mm. The scparation was controlled visually and is only ap-
proximate The large error bar for the 10 mm separation at low currents
reflects the instability of the plasma.

attests to the high density of the plasma and lends
credence to the mechanism proposed by Smalley’, which
calls for a large dielectric constant in the plasma resulting
in electric fields of the order of volts over distances
of the order of bond lengths. When the electrode gap
is increased to ~ 10 mm, the plasma is no longer stable
at low currents and there is considerable fluctuation in
the measured voltage. Visually, the plasma is seen to
flicker. At constant current (up to ~ 120 A) the voliage
Is a fairly sensitive function of the separation between
the electrodes, increasing with increasing separation as
expected. The pressure of He in the chamber also
modulates the voltage and hence the power dissipated
at the electrodes. For a ~ 10 mm separation, for example,
the voitage 1s 26 V in 50torr of He and 33V in 550
torr of He for a constant current of 150 A. It is our
expertence that low power favours the formation of
nanotubes and hence, the pressure of He, the separation
between the electrodes and the current used, all play
role. ‘
We have monitored the variation in nanotube yields
with different operating conditions by recording SEM
of the cathodic stub formed on arc-evaporation of
graphite. An SEM picture of a typical stub is shown
in Figure 2a. The stub is about 5 mm across and has
a soft black core covered by a hard grey slag. The slag
1s found to comprise mostly nanocrystalline graphite
and very few tubes as can be seen in Figure 26, This
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Figure 2. a, Low magnification SEM picture of a typical cathodic
stub formed by arcing of graphite an 550 torr of helium. b, Magnified
image of the slag on the stub. No tubes are scen even at higher
magrification. ¢, Magnified image of the soft core portion of the stub
showing the nanolube bundles. The separation between electrodes was
HOmm and the current, 60 A,

observation is consistent with the earlier literature
reports> "’ and is also supported by X-ray diffraction
and TEM studies. At high currents of the order of 150
A and high pressures of 550 torr of He we find that
vast quantities of soot are generated but the swb does
not grow into the cigar-shaped object described earlier.
Instead one mainly obtains a slag with very few tubes
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(as seen by SEM) composed essentially of nanocrystalline
graphite. On decreasing the He pressure, and maintaining
similar high currents, the tube yield remains low. In-
terestingly, the copious quantities of soot formed under
these high current conditions have poor fullerene content.
One of the interesting observations we have made is
that at low pressure (50 torr) and high currents (up to
200 A). the anode, which is cylindrical and flat to start
with, begins to sharpen in the plasma attesting to the
extremely high fields, Under these conditions, tube yields
are however, poor.

In the conditions of our experimental apparatus, i.e.
making use of 6 mm diameter graphite rods. we are
able to provide an optimal recipe for making carbon
nanotubes. We find that at a He prﬂssurél of 550 torr
and a current of 60 A, most of the material in the anode
deposits on the cathode in the form of nanctube bundles.
The production of soot is minimal at this pressure and
current. Lower pressure or higher current result in the
production of larger quantities of soot, whereas, current
lower than 60 A result in unstable plasmas. The soft
black core of the cathodic stub is surrounded by only
a thin slag. Scanning electron micrographs of this central
core (Figure 2¢) show that it contains nanotubes in
high yield. We verify this by examining SEM views
along the stub axis as well cross-sections. The micrograph
in Figure 2 ¢ is of a stub made with a 10 mm electrode
separation. The tube bundles are distributed randomly.
However with a 2mm gap, the tube yields are high
and the tubes are seen to be in aligned bundles. As
mentioned earher, tube formation is favoured when most
of the anode is deposited on the cathode, and con-
comitantly, the soot yield is small. The production of
nanotubes and of fullerenes are thus not complementary,

In order to determine whether we can improve tube
yields, we have attempted a distillation by using the
cathodic stub formed in one run as the anode in a new
run. However, both SEM and HREM showed no ob-
servable difference in the yield of panotubes before and
after the distiliation.

High resolution electron micrographs of the central
core portion of the cathodic stub made in 850 torr of
He and with 60 A current show tubes typically 1-2 um
long and 1040 nm across. As observed by others, the
tube tips are rarely perfectly conical', Usually the tip
is distorted and points to one side. The nanctubes are
scen to be associated with small particles of nanocrys-
talline graphite. With as-prepared samples, it is difficult
to distinguish these particles of nanocrystalline graphite
from carbon onions, if they are present. Measurements
of the lattice spacings in the HREM images as well as
the separation of the 001 spots in the electron diffraction
palterns give on interplanar separation of 3 4345 A,

Preliminary thermogravimetiie analysis in oxygen of
the core of the cathodic stub showed that at 763 K
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Figure 3. lsothermal TGA wrace of a sample of carbon nanotubes

and small graphitc particles. “After an initial ramp, the temperature
was held at 763 K

there is a small but perceptible weight loss (Figure 3).
Assuming that the initial weight loss is due to the
burning of small particles of nanocrystalline graphite
rather than the nanotubes and other closed structures,
we heated the mixture of nanowbes and nanocrystalline
graphite in flowing oxygen at 763 5K for 12 h. Figure
4 shows the SEM of a sample so treated. We see that
the surfaces of the tube bundles are cleaned by the
treatment in the sense that very few graphitic particles
remain. High resolution electron micrographs of
nanotubes + onions from a sample obtained after 30%
weight loss in air (post TGA) are shown in Figure 5.
Onions and tubes are closed structures with no dangling
bonds. This is why they are kinetically more inert toward
combustion. Nanocrystalline graphite, which has a
preponderance of dangling bonds, lacks this kinetic stability
and burns away at lower temperatures. Figure 5 shows

Figure 4. SEM pictures of a sample of manoubes which have been heated in oxygen. The small graphitic particles are

seen to have burmt away (cf. Figure 2¢).
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Figure 5. HREM of carbon nanotubes and onions obtained after 30% weight loss in thermogravimetry Some of the nanotubes
are thinned necar the tips, where they aic most susceptible 10 combustion. The onions are distinguished because graphitic

nanoparticles have been burnt off.

that the nanotubes are thinner and sharper after the
thermal treatment.

Nanotubes have five-membered rings at the tips neces-
sary to close such cage structures. The five-membered
rngs render the tips more susceptible to oxidation
because of the greater degree of strain associated with
them. Thus air oxidation permits the opening of the
tubes at the tips® %, In Figure 6, we show a sample of
nanotubes heated in air at 1023 K for 30 min. The tubes

CURKENT SCIENCE, VOL.. 66, N, 11, 10 JUNE 1994

are seen to be open at the tips. The possibility of
introducing an external material (e.g. a metal) inside a
carbon nanotube has excited the imagination of many
workers. A stralegy to open and {ill nanotubes is to
heat them with a metal oxide which ou decomposition
gives oxygen and the fice metal in the luid state™®,
The liguid metal formed can get sucked into the wbe
soon after opening. We have ticd such filling with lead
metal by heating a sample of nanotubes with Pb,O, in
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Figure 6. HREM of a sample of nanotubes wath their tips opened by heating in air at 1023 K for 30 mun

flowing argom at 973 K for 9h and in Figure 7, we
show an electron micrograph of a carbon nanotube so
filled with lead. We were curious to know whether the
lead was crystalline. The electron diffraction pattern of
the filled metal, shown as an inset in Figure 7, cor-
responds to (111} spots of fcc lead indicating crystallinity
of the metal. The lattice image of the (111) planes is
also shown as an inset In Figure 7. Experiments are
now underway tQ determine the properties of metals
within such confined regions as nanotubes.

As a part of our efforts to characterize carbon
nanotubes, we have recorded the powder XRD of the
graphtte starting material, the slag from the cathodic
stub which we know from HREM to comprise mostly
nanocrystalline graphite, and clean nanotubes. The XRD
patterns (Figure 8) of graphite, slag as well as tubes
show 00l reflections with squared Lorentzian lineshapes.
However, both the tubes as well as the slag show no
general hkl reflections and the kkO reflections have a
saw-tooth structure. Such patterns are well known for
carbon blacks and other turbostratically modified
graphites'>. For tubes, the planes we expect Bragg
reflections from are (0Ol) planes parallel to the tube
axis, as well as planes perpendicular to the tube axis.
For tubes with no helicity, or what have been referred
to as armchair or serpentine tubes, the direction along
the length of the tube is {(#00) and we expect to see
reflecions from (H00) planes. For zigzag or sawtooth
tubes, the direction along the length of the tube might
be of the {(hk0) e g. {110) and we expect to see reflections
from (#kQ) planes. Since both 100 and 110 reflections
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Figure 7. Micrograph of a nanotube encapsulating kead metal Insel
a, shows the selected area elecnon diffiacuon spots of the 111 planes
of the encapsuiated Icad. Inset b, is a high resolution lattice image
of the 111 plane.
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400k GRAPHITE —r | the peak shift 00, from the 8 value for bulk graphite
ﬁ A I 7140 according to:
200k —20 sin (00) = 0.16 ML,
sol. LA 0 where A is the wavelength of the X-ray used. One ca_u]d
also use peak broadening to obtain these correlation
100+ 20 lengths. However, the measurement of broadening for
50 *_ unusual peakshapes is not a straightforward exercise.
Our attempts to use peak broadening to determine cor-
200 1- relation lengths result in values which are in very poor
agreement with microscopy data. We have utilized
100~
oo/
20 O
2 THETA,Cu K«
Figure 8. Powder X-ny ddfraction pattcins of giaphute, the slag 20
from the cathodic stub comprising mostly nanocrystalline graphite, and
of clean nanotubes. Note the sawtooth AL0 reflections 1n the slag and ==
the tubes, as well as the zbsence of gencral Akl reflections, 0 h
g 40 Graphite
are of roughly equal intensity, we are tempted to say  —
that we have a distribution of the two. However, the £
fact that the slag shows a very similar XRD pattern g 60
leads us to the more plausible explanation that these =
materials are quasi-2D in character, and that the patterns
can be interpreted as arising from turbostratic modifica- 801
tions of graphite. The quast-2D interpretation gains ! v
credence from the efec_tncﬂ transport data discussed 1OOI—~J | : ! | L |
presently, Also, calculations ™ on large fullerenes show 200 400 500 200 1000
that the graphitic portions between the points of curva-
ture, 1.e. the five-membered rings have a tendency to T, K
stay flat. Fipure 9. TGA traces (10 K/mun, 02 flow) of clecan nanotubes and

graphite powder Note the relatine incrtness of nanotubes towads

An early analysis of X-ray diftraction from random
combustion

layer lattices, made by Warren'’, allows us to separately
obtain correlation lengths for crystallinity in and per-

pendicular to the graphitic plane. In the plane, the 001 o — N
correlation length L can be found from a knowledge of 0.16
Table 1. X-ray diffraction data of carbon nanotubes
0.12
Correlatton  Length, nim
Sample 20 hkl xy™* z'
Slag 26 075 002 ~ 15 0.08
42 507 100 [5 -
77 495 110 22 -
Tube 26.021 002 ~ 17 - —0.04
42.436 100 24 -
53311 004 - 12 0.002 -
77 390 1(} 6 -
1 0 : -10.00
Graphitc 26 487 {002 | I
42 312 11X) ot-——i — ;
54416 004 T,K
77 320 IO
83411 (12 Flgure 10, Tempaatoe vanation of the clectucal resisiauie ol o
pressed pellet of deas nanotebes . Data {or a pellet of graplste are
SINE e peak sSHIC fom Dulk s suggesie Warren _.. Hisd Showil w lour probe peomeny ciployed For e bwo samples
*U h k shft fiom bulk geestd by & TV The tour prob poyed for 4 .
JfUmng standard peak-postion vs, crystallite siee plots, liom Rutand '™, was 1he same
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Figure 11, STM lineplots of nanotubes of different sizes on HOPG

The sizes are (@) 2.0 nm, (b} 3.0am and (¢} 9.7 nm.

standard interplanar spacing-crystallite size curves'® for
graphite to obtain L along (001). The results of our
X-ray studies are summarized in Table |.

The availability of pure tube samples altows for
reliable combustion studies to be made, In Figure 9,
we compare the TGA trace of graphite with that of
clean tubes (obtained by burning away the nanocrystalline
graphite in flowing oxygen at 763 K for 12h). The
experiments were carried out in flowing oxygen at a

346

]
600 }
-~
@
® 100
Q.
o
&
200
|
l I [ [ 1
0 0.2 0-4 0.6 0.8
-1 -1
d,nm
Figuie 12,0 Plot of the conductance gap as a function of imverse

dizmeter, L The origin corresponds to graphite which can be
considercd (o be a tube of infimte diameter, The straight boe 15 1he

best fit of the data (R, = 0.98) through the origin, and the points
for the four larger tubes.

heating rate of 10 K/min. The first derivative of the
data for clean tubes peaks at 1040 K, whereas the peak
for graphite is at 920 K. Nanotubes clearly have an
extra kinetic stability over graphite. This is expected
since nanotubes have no dangling bonds and attack by
oxygen radicals is more facile at the graphite sheet edge
where carbon has unsaturated valences. Pang et gl."”
have recently reported a similar increased combustion
temperature of nanotubes with respect to graphite. It
should be noted that C, burns away at a much lower
temperature than either graphite or nanotubes because
of the strain associated with the cage'.

The four-probe resistance of a pressed pellet of clean
tubes 1s shown 1n Figure [0 along with that of graphite.
The resistance behaviour of the hanotubes is quite similar
to that of graphite. The material is clearly a semicon-
ductor with a very small band gap, which we estimate
from In(R) vs 1/T plots to be of the order of 1 meV.
To obtain information on the electronic structure of
individual tubes, we have carried out scanning tunnelling
microscopy and spectroscopy studies. In Figure 11 we
show STM lineplots of nanotubes of different diameters
spotted on a HOPG substrate. In Figure 12 we have
plotied the tunnelling conductance gap, measured from
the flat portions of I-V curves against the inverse
diameter, d~' of the nanotube. The origin corresponds
to the measurement on HOPG which could be considered
an 1nfinite diameter tube. The gap increases with decreas-
ing diameter, linearly with 4 ' for the larger tubes. This
behaviour is known in other systems which show effects
due to finite sizes™. From Figure 12, we observe that

CURRENT SCIENCE, VOL. 66, NQ 11, 10 JUNE 1994
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the conductance gap of individual tubes is much larger
than the activation gap obtained from the resistance
data. This point is under further study. Tunnelling meas-
urements in air, rather than in vacuum, can at best be
partly responsible for some of the deviations.
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Analysis of the effects of amino acid
sequence on the structure of proteins

S. Baranidharan and M. R. N. Murthy

Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560 012, India

The conformation of amino acid side chains as observed
in well-determined structures of globular proteins has
earlier been extensively investigated. In contrast, the
structural features of the polypeptide backbone that
result from the occurrence of specific amine acids along
the polypeptide have not been analysed. In this article,
we present the statistically significant features in the
backbone geometry that appear to be a consequence

of the occurrence of rotamers of different amino acid
side chains by analysing 102 well-refined structures

that form a random collection of proteins. 1t is found
that the persistence of helical segments around each

residue is influenced by the residue type. Several

residues exert asymmetrical influence between the
carboxyl and amino terminal polypeptide segments.
The degree to which secondary structures depart from
an average geometry also appears to depend on residue
type. These departures are correlated to the cor-
responding Chou and Fasman parameters of amino
acid residues. The frequency distribution of the side

chain rotamers is influenced by polypeptide secondary
structure. In turn, the rotamer conformation of side
chain affects the extension of the secondary structurc
of the backbone., The strongest correlation is found
between the occurrence of g7 conformation and helix
propagation on the carboxyl side of many residues,
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Tue central dogma of protein folding holds that the
three-dimenstonal structure of proteins is completely
determined by their respective amino acid sequence.
This implies that the occurrence of each amino acid
along the polypeptide chain influences the polypeptide
fold individually as well as In association with residues
that occur in close proximity. In light of this, it is
surprising that no detailed analyses of the stereochemical
effects resulting from the occurrence of specific amino
acids along the polypeptide chain are available in the
literature. In contrast, the conformations of individual
amino acids as observed in proteins have extensively
been studied'™. Janin ez af’ analysed the high resolution
protein structures available at that time and reported
frequency distribution of different side chain confor-
mations of all amino acids. It was observed that
X1 (N-C,—C,—C, angie) distribution is trmmdal with
g cenfﬂrmalmn (C trans to I ) rare and g' (C, trans
to C’) position preferred in most aming acids. They
also reported the estimates of deviations of thc dihedral
angles from the g7, ¢ (C, trans to M) and & positions.
Ponder and Richards’ rsﬂmmmed side chatn conforma-
tions and observed that 67 distinct side chain rotamers
account for most of the conformatwns of 17 of the 20
amino acids. Sinular restnicted set of conformattonal
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