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Abstract

High-resolution CKa spectra have been obtained for samples containing carbon cage particles, synthesized using the
arc-discharge graphite evaporation technique. The X-ray fluorescence spectrum of particles from the inner part of the
cathode deposit was found to differ from that of the soot collected on the chamber walls. The dependence of the spectral
profile on the geometry was investigated using quantum–chemical calculations of carbon nanotube fragments with different
helical pitches. The spectrum of multiwall particles agrees best with the theoretical spectra of zig-zag tubes. The agreement
between the spectra of tubular particles in the soot and the theoretical results is best for single-wall armchair tube structures.
These studies are complemented by calculations of the frontier orbitals of nanotube fragments. q 1998 Published by Elsevier
Science B.V. All rights reserved.

1. Introduction

Operating a graphite arc-discharge evaporation
chamber at high temperatures in a helium atmo-
sphere at reduced pressure makes it possible to syn-

w xthesize carbon cage molecules — the fullerenes 1 .
Under such conditions, carbon cage particles of vari-

w xous morphologies have been produced 2 . The car-
bon deposit formed on the cathode consists of multi-
wall structures: nanotubes, onions, capsules and, to

w xsome degree, glassy carbon 3–5 . Carbon soot
formed on the cooled walls of the chamber contains

w xsingle-wall tube-like particles 6,7 .
In spite of substantial differences in the synthesis

conditions, single-wall as well as multiwall particles
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consist of graphitic carbon. Electron microscopy in-
vestigations of nanotubes extracted from the deposit
have shown that these systems contain carbon
hexagons arranged in a helical fashion about the tube

w xaxis 4 . The helical pitch varies from tube to tube,
with the chiral angle of the individual tubes ranging

w xfrom 4 to 128 5,8 . These tubes are most closely
related to the zig-zag configuration designated as
Ž . w xn,0 9 . The determination of the atomic arrange-
ment in the tubes is experimentally difficult and has
been so far successful only for bundled nanotubes

w xforming ropes 10 . These ropes consist, to a large
Ž . w xdegree, of m,m armchair-like tubes 10–12 . In

these tubes, two of the hexagon sides are oriented
along the perimeter. Theoretical studies have shown
that the local arrangement of carbon atoms has a
profound effect on the electronic structure of nan-

w xotubes 13–15 . In particular, it has been shown that
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tubes can be conducting or semiconducting depend-
ing on the chiral angle and the number of carbon

w xhexagons along the tube perimeter 16,17 .
One of the prominent experimental techniques to

investigate electronic structure is X-ray fluorescence
spectroscopy. CKa spectra contain the information
about the electronic structure of carbon nanoparticles
as a superposition of the local C2p electronic densi-

w xties of states of the constituent atoms 18,19 . High-
resolution X-ray spectra characterize the composition

w xand chemical bonding in a given system 20,21 .
In this Letter we present high-resolution CKa

spectra of two samples produced using the arc-dis-
charge graphite evaporation technique, one contain-
ing predominantly single-wall and the other multi-
wall structures. The significant difference between
these spectra suggests that the electronic structure of
carbon atoms in single- and multiwall systems is
different. We use quantum–chemical calculations of
carbon tube fragments with various chiralities to
interpret the experimental results. In the theoretical
part of this work, we focused on single-wall tubes.
The interaction between carbon atoms in neighboring
shells of multiwall structures is considerably weaker
than the neighbor interaction within each graphitic
layer. We assume that the inter-layer interaction
cannot substantially change the profile of the X-ray
spectrum. This is confirmed by the good agreement
between the X-ray emission spectrum of graphite
and the calculated spectrum of a two-dimensional

w xgraphite layer 22 . Previously published ab initio
studies indicate that the structure of the occupied
electronic states in single-wall and multiwall carbon

w xnanotubes is very similar 23 .

2. Experiment

The arc-discharge apparatus is described in Ref.
w x22 . The operated regime at 30 V and 30 kW is
capable of evaporating approximately 200 g of

graphite per hour. The cathode deposit is typically 40
mm high and 30 mm in diameter. Sample 1 is taken
from the inner part of the deposit. It contains ;20%
nanotubes, the rest consisting of carbon cones, onions

Ž .and glassy carbon particles Fig. 1.1 . Sample 2 is
w xobtained using the procedure outlined in Ref. 23

from the soot formed on the cold walls of the
reaction chamber. It consists entirely of single-wall

Ž .carbon nanotubes Fig. 1.2.a,b .
CKa fluorescence spectra of samples 1 and 2

were recorded on the X-ray spectrometer ‘Stearat’.
The samples were mounted on a copper substrate
and cooled down to liquid nitrogen temperature in
the evacuated chamber of the X-ray spectrometer.
The X-ray tube with a copper anode was operated at
Us6 kV and Is0.5 A. The spectral resolution was
;0.5 eV. We used the NAP single crystal as a
crystal-analyzer. The peculiarities of the use of this
crystal to record CKa spectra have been described

w xin Ref. 24 . This X-ray technique allowed us to
determine the transition energy with an accuracy of
;0.3 eV.

The comparison between the CKa spectra of
samples 1, 2 and a polycrystal graphite sample with
a grain size of more than 10 mm is presented in Fig.
2. The general features of all these spectra are simi-
lar. We find that the vast majority of carbon atoms in
samples 1 and 2 are of sp2-type, which means that
the nanoparticles predominately consist of hexagons.
Four main features, marked as AX, A, B and C, can
be distinguished in the spectra. The spectra were
normalized to the value of the most intensive peak C.
The relative intensities of the marked features are
different. The peaks A and B in the CKa spectrum
of sample 2 are more intensive, whereas the peak AX

is less intensive than the corresponding peaks in the
spectrum of sample 1. We suppose that the main
reason for these differences is the different morphol-
ogy of the structures in the two samples. In order to
verify this assumption, we studied the effect of the
hexagon arrangement in the tube fragments on the

Fig. 1. Transmission electron micrographs of carbon cage-like nanoparticles with multiple walls, produced using the arc-discharge
Ž . Ž .evaporation of graphite. 1 Sample 1, taken from the inner part of the cathode deposit. 2 Sample 2, obtained from the soot forming at the

Ž . w x Ž .cold walls of the reaction chamber, in its raw form a and after processing according to Ref. 23 b .
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Fig. 2. CKa emission spectra of samples 1 and 2, micrographs of
which are given in Fig. 1. The X-ray spectrum of nontextured
graphite is shown in the inset for the sake of comparison.

structure of the occupied electronic states using
quantum–chemical methods.

3. Calculation

We performed quantum–chemical calculations of
w xcarbon nanotube using the PM3 Hamiltonian 25

w xand the program GAMESS 26 . We considered our

Ž .self-consistent field SCF calculations to be con-
verged when the maximum change between subse-
quent iterations was below 10y8 for relative total
energy differences and 10y5 for relative charge den-
sity differences. Here we present calculations for

Ž . Ž .fragments of 10,0 – 5,5 nanotubes containing five
hexagons in the axial direction. These tube fragments
are shown in a perspective end-on view in Fig. 3.
The dangling bonds at the ends of the nanotube
fragments were saturated by hydrogen atoms. The
carbon–carbon bonds have been assumed to be 1.42
Å long. The second-neighbor distance between car-
bon atoms along the tube perimeter has been taken

˚ ˚as 2.43 A. We used 1.1 A for the carbon–hydrogen
bond length. All atoms have been assumed to have
the same radial distance from the tube axis, defining
the tube radius. This definition of the cluster geome-
try ensures minimal distortion of the non-planar
hexagons in the tubes spanning the whole range
between armchair and zig-zag structures. The calcu-
lated diameters and chiral angles for the tubes we
considered are summarized in Table 1.

4. Results and discussion

The tube fragments we consider contain equal
numbers of carbon and hydrogen atoms. This allows
us to estimate the relative stability of the tube frag-

Žments based on the calculated total energies Table
. Ž . Ž . Ž .1 . We found the fragments of 10,0 , 8,2 and 5,5

tubes to be thermodynamically more stable than the
others. The features distinguishing these structures in
the considered series of tubes are the achirality of
Ž . Ž .10,0 and 5,5 tubes and, from a theoretical view-

w xpoint 27 , the metallic conductivity of the infinite
Ž .8,2 tube. These results seem to support the com-

Table 1
Ž .Results of PM3 calculations for n,m nanotube fragments with different diameters and chiralities, but the same number of carbon atoms

Ž . Ž . Ž . Ž . Ž . Ž .Tube 10,0 9,1 8,2 7,3 6,4 5,5

˚Ž .diameter A 7.88 7.55 7.27 7.06 6.93 6.88
Ž .chiral angle 8 0. 6.46 12.75 18.75 24.35 30.
Ž .total energy E y532.94 y532.93 y532.94 y532.91 y532.77 y533.03h
Ž .HOMO energy eV y5.4 y5.9 y5.6 y5.9 y6.5 y6.8
Ž .LUMO energy eV y4.3 y3.9 y1.6 y4.2 y3.7 y3.4
Ž .HOMO–LUMO gap eV 1.1 2.0 4.0 1.7 2.8 3.4



( )A.V. Okotrub et al.rChemical Physics Letters 289 1998 341–349 345

monly shared view that, provided the same number
Ž .of atoms, achiral tubes or chiral l,k tubes of

Ž Ž .‘metallic’ character i.e. l–k is an integer multiple
.of three are energetically preferred within the

Ž . Ž .n,0 – m,m , ns2m, series. The higher stability of
Ž .the 5,5 tube fragment suggests that in thermal

Ž .equilibrium and at low temperatures, the m,m arm-
chair tubes should be more abundant.

The growth mechanism of nanotubes has not yet
been well established, but growth by subsequent
addition of hexagons at the open edge appears most

Ž .likely. The point group symmetry of the n,0 nan-
otube fragments is affected by their length, expressed
in the number N of carbon hexagons along the tube
axis. Nanotube fragments with an odd N belong to
the D group, whereas nanotube fragments with annh

even N belong to the D group. As we have shownnd
w x Ž .in Ref. 28 , the reactivity of n,0 nanotube frag-

ments depends sensitively on the symmetry that is
co-determined by their length. Nanotube fragments
of D symmetry are only thermodynamically stablend

when they carry an excess charge of y2e or q2e.
Ž .Consequently, growth of n,0 zig-zag nanotubes,

which involves successive alternation between Dnh

and D fragments, is expected to proceed fastest innd

the presence of a net excess charge. Since such a
charge can be provided most efficiently by the cath-
ode of the carbon arc apparatus, it is not surprising to
find that zig-zag nanotubes form abundantly under
these conditions. The relative abundance of chiral
nanotubes is possibly linked to the kinetics of forma-
tion, since the fastest growth is expected near the
‘kinks’ at the growing edge.

The reactivity of a cluster depends qualitatively
Žon the size of the gap between the HOMO highest

. Žoccupied and the LUMO lowest unoccupied molec-
. w xular orbital 29 . Our results, presented in Table 1,

indicate that fragments of metallic tubes are less
Ž .reactive. Fragments of the armchair m,m tubes are

described by the D or D symmetry groups. Themh md

symmetry group is D if the cylindrical tube frag-md

ment contains an equal number N of hexagons along
the tube axis for each stripe of hexagons. When the
number N is different for adjoining stripes, the
symmetry group is D . We found the values of themh

HOMO–LUMO gap of 3.3 eV in the D tube5d

fragment and of 3.4 eV in the D fragment to be5h

similar. Consequently, we expect the reactivity of the

Ž .m,m nanotube fragments not to depend on their
length or symmetry and hence expect to observe the
different fragments with equal probability. This indi-
cates that the presence of external effects, such as a
strong electric field, is not required for the formation

Ž .of m,m tubes. Their accelerated formation, how-
ever, has been postulated to result from the catalytic

Ž .action of metal atoms Co or Ni that reduce the
w xactivation barrier for the open-end growth 30 .

A convenient tool to interpret the X-ray spectrum
of a system in terms of its electronic structure is

Žbased on the MO LCAO molecular orbitals repre-
.sented as linear combinations of atomic orbitals

w xmethod and Koopman’s theorem 31 . In this approx-
imation, the X-ray spectral profiles are interpreted as
the partial C2p electronic density of states in the
ground state. The electronic spectrum of a finite
cluster or a molecule is, of course, discrete. The
location of a spectral line on the energy scale is
given by the eigenvalue of the MO. The intensity of
a given spectral line in the X-ray spectrum is ob-
tained using the projection on the appropriate AOs in
the ground state. It is calculated by summing up the

Ž .squared coefficients of the 2p C AOs participating
in the construction of a particular MO. The lines
were normalized and convoluted with a Lorentzian
curve with a full width at half maximum of 0.6 eV.
The theoretical spectrum of a tube fragment was
obtained by superposing the broadened molecular
orbitals.

The calculated electronic spectra of 40 central
Ž .atoms in fragments of various n,m nanotubes are

Ž .shown in Fig. 3 II . These 40 central atoms form the
10 hexagons of the central part of cluster and are
equally positioned at the cluster edges. We expect
the electronic structure in the central region of the
finite fragments to resemble closely the electronic
structure of long, defect-free tubes. The calculated
spectral profiles agree quite well with the experimen-
tal spectra, justifying a posteriori the use of quan-
tum–chemical methods to interpret the X-ray spectra
and to study the electronic structure of tubular car-
bon nanoparticles. Weak differences are observed in

Ž . Ž .the theoretical spectra of the 10,0 – 5,5 tube series.
Ž .Our results in Fig. 3 II indicate a tendency for the

intensity of peak B to increase with respect to the
Ž .main peak C when changing from the zig-zag 10,0

Ž .tube to the armchair 5,5 tube.



( )A.V. Okotrub et al.rChemical Physics Letters 289 1998 341–349346

Ž . Ž . Ž . Ž . Ž . Ž . Ž .Fig. 3. I Perspective end-on view of n,m nanotube fragments considered in the calculations: 1 10,0 zig-zag tube; 2 9,1 tube; 3
Ž . Ž . Ž . Ž . Ž . Ž . Ž .8,2 tube; 4 7,3 tube; 5 6,4 tube; 6 5,5 armchair tube. Calculated X-ray spectra, based on the local densities of states at sites in the

Ž . Ž .center II and at the exposed edge III of the tube fragments.

Carbon atoms at tube ends contribute significantly
to the X-ray spectra of real samples containing short
and defective tubes. To study the effect of tube ends
on the X-ray spectra, we show the calculated CKa

spectra of the 40 carbon atoms at the end of the tube
Ž .fragments in Fig. 3 III . In contrast to the theoretical

spectra of the tube centers, the spectra of the edge
atoms change considerably across the nanotube se-

Ž . Ž .ries, from 10,0 to 5,5 . The atoms at the open edge
Ž .of the 10,0 zig-zag tube fragment are bound by

strong s bonds, which are reflected in the domi-
nance of the peak C. The electrons at the open edge
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Ž .of the 5,5 tube fragment, on the other hand, are
shared evenly by the s and p systems. The calcu-

Ž .lated spectra of edge atoms, shown in Fig. 3 III ,
primarily correspond to the electronic states near the
open tube ends. Open-ended tubes are observed in

w xthe samples containing multiwall 32 as well as
Ž .single-wall structures Fig. 1.2 . A small concentra-

Ž .tion of hydrogen -0.5 wt% , which is expected to
be present in the soot during the arc-discharge evap-
oration of graphite, can lead to the formation of C–H

w xbonds at the open tube ends 33 .
The ends of most tubes are closed by hemispheri-

w xcal domes or polyhedra 2 . Scanning tunneling spec-
Ž .troscopy STS measurements show that the elec-

tronic structure of the valence band differs consider-
Ž .ably between the body and the end of n,0 tubes

w x34 . These data indicate an increase of the electronic
density of states by localized states at the tube ends,

and the appearance of an additional sharp maximum
near the Fermi level. Then, also the intensity of peak
AX in the X-ray spectrum should increase accord-
ingly, which is in agreement with our theoretical

Ž .results for the 10,0 tube fragment. As seen by
Ž . Ž . Xcomparing Fig. 3 II and Fig. 3 III , peak A appears

more pronounced near the edge of the fragment,
which may be either open or terminated by a cap
than in the central part of the tube. The local elec-
tronic density of states near the tube ends has been
found to depend significantly on tube diameter and
chirality and only to a much lesser degree on the

w xstructure of the tube apex 35 .
As seen in Fig. 2, the relative intensities of peaks

A and B are enhanced with respect to the main peak
C when comparing the X-ray spectrum of sample 2
with that of sample 1. The same intensity increase of
peaks A and B is observed in the calculated spectra

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Fig. 4. Character of the HOMO in the 1 10,0 , 2 9,1 , 3 8,2 , 4 7,3 , 5 6,4 , and 6 the 5,5 tube. The circle radius at each site
denotes the contribution of the corresponding atomic p-orbital to the HOMO, and the circle color denotes the phase.
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Ž .of Fig. 3 when comparing armchair m,m to zig-zag
Ž .n,0 tube fragments. This trend appears even more
pronounced in the density of states of edge atoms,

Ž .shown in Fig. 3 III and should be best observable in
Ž .X-ray spectra of short m,m nanotubes with a large

fraction of edge atoms or defects. However, the local
electronic densities of states at the edge and in the

Ž .central part of n,0 zig-zag tubes are similar when
comparing the relative intensities of peaks A, B and
C. Consequently, a larger fraction of edge atoms or
defects, occurring in short zig-zag-like tubes, is un-
likely to change their X-ray spectra significantly.
The only exception is a relative intensity increase of
the low binding-energy peak AX at the open end of
zig-zag nanotubes. As seen in Fig. 2, this peak
appears to be more pronounced in sample 1, taken
from the cathode deposit, than in sample 2 obtained
from the cold chamber walls, leading to the conclu-
sion that short zig-zag nanotube fragments may be
more abundant in the cathode deposit than at the
chamber walls.

We have already mentioned that the shift of peak
AX towards lower binding energies, along with its
intensity increase, is a characteristic of zig-zag-like
tubes. It is also intriguing to study any other changes
of the electronic structure, in particular that of the
HOMO, as the nanotube geometry changes from a
zig-zag-like to a more armchair like morphology.
The character of the HOMO in the different nan-
otube fragments is shown in Fig. 4. The contribution
of a radially oriented atomic p orbital at a particular
site to the p-like HOMO is visualized by the radius
of a circle at that site. The color of the circle denotes

Žthe phase of the particular p orbital white circles
denote an orbital directed ‘radially in’, black circles

.an orbital directed ‘radially out’ . We find the char-
acter of the HOMO changes drastically as the mor-
phology transforms from zig-zag towards armchair-
like. In nanotubes with a morphology close to that of

Ž . Žzig-zag n,0 nanotubes, the HOMO and also the
.LUMO is predominantly localized at tube ends,

where the dangling bonds may be saturated by hy-
drogen. In armchair-like nanotubes, on the other
hand, atoms in the center and at the edge appear to
participate evenly in the HOMO. Since the reactivity
of nanotubes is closely related to the character of
their frontier orbitals, we conclude that zig-zag nan-
otubes may be especially reactive near their growing

edge. The relative inertness of armchair nanotubes,
on the other hand, may be explained by the equally
small participation of all tube sites in the HOMO.

5. Conclusions

Based on the present study, we believe that car-
bon soot, which is formed in the atmosphere of the
arc-discharge apparatus, contains carbon nanotubes
with structures that most closely resemble those of
Ž .m,m ‘armchair’ nanotubes. Our calculations show
that fragments of these tubes are the most thermody-
namically stable. The difference between the X-ray
spectra of samples produced under various synthetic
conditions can be understood by comparing the theo-
retical spectra of zig-zag and armchair tubes. These
differences are even more pronounced in systems
with a large fraction of edge atoms, such as in short
and defective tubes.
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