
to positive (for 6, y is already positive 
where @ exhibits a negative peak; the 
deviation here may be, at least in part, 
attributable to the fact that we are comnar- 
ing pJ3 with y, as noted above). 

The theoretical study provides strong 
evidence that, as a function of F, a, p, and 
y are related by derivatives. Because the 
BOA is also determined by F, we can relate 
the derivatives back to chemical structure. 
In order for these derivative relations to 
hold in the experiments described above, 
it is necessarv to treat donor-accentor 
strength, topology, and solvent stabiliza- 
tion as analogous to application of an effec- 
tive electric field across a conjugated T-sys- 
tem. Thus, of fundamental importance to 
our basic understanding of the structure of 
molecules, the derivative relations demon- 
strated here provide strong support for the 
validity of this "effective electric field" con- 
cept, as applied to linear polymethine dyes. 
Still an open question is how well the 
"effective electric field" annroximation and . . 
therefore the derivative relations will apply 
to two-dimensional molecules or to mole- 
cules with more extended conjugation. In 
addition, we demonstrated, contrary to 
some previous assessments (27), that y will 
be roughly zero when P is optimized. The 
existence of molecules with negative y, 
measured well below the three-photon res- 
onance frequency (a phenomenon that has 
been a subject of controversy in the non- 
linear o~ t i c s  communitv) is a natural out- 
come o i  a peaking at zkro BOA (a result 
that can be derived from simple free elec- 
tron calculations) because aZol/aF2 is clearly 
negative at this point. Furthermore, predic- 
tions were made for 8 as a function of 
molecular structure (BOA or BLA). 

These results thus provide a unified pic- 
ture of linear and nonlinear optical proper- 
ties of linear conjugated molecules that 
were heretofore often treated separately. 
We believe that our understanding of the " 
relation between molecular structure and p 
and y has progressed to the point where the 
measurements of these hyperpolarizabilities 
can themselves be used to provide detailed 
insight into the chemical structure (in par- 
ticular, regarding mixing of various charge- 
transfer resonance forms) of linear poly- 
methine molecules. 
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A Formation Mechanism for Catalytically Grown 
Helix-Shaped Graphite Nanotubes 

S. Amelinckx, X. B. Zhang," D. Bernaerts, X. F. Zhang,? 
V. Ivanov,S J. B. Nagy 

The concept of a spatial-velocity hodograph is introduced to describe quantitatively the 
extrusion of a carbon tubule from a catalytic particle. The conditions under which a 
continuous tubular surface can be generated are discussed in terms of this hodograph, the 
shape of which determines the geometry of the initial nanotube. The model is consistent 
with all observed tubular shapes and explains why the formation process induces stresses 
that may lead to "spontaneous" plastic deformation of the tubule. This result is due to the 
violation of the continuity condition, that is, to the mismatch between the extrusion velocity 
by the catalytic particle, required to generate a continuous tubular surface, and the rate of 
carbon deposition. 

T h e  formation of coiled carbon fibers and sheets. They are prepared by the Bigh- 
their morphology have been described re- temperature (600" to 700°C) catalytic de- 
cently in a ;lumber of papers (1 -1 0). The composition of organic vapors such as acet- 
fibers h r e  found to be hollow tubes con- ylene or benzene on a finely divided metal- 
sisting of concentric cylindrical graphene lic catalyst such as Co, Fe, or Ni. The 

tubules can adopt various shapes such as 
S. Amelinckx, X. B. Zhang, D. Bernaerts, X. F. Zhang, 
EMAT, University of Antwerp (RUCA), Groenenborg- straight, curved, planar-spiral* and he1ix, 
erlaan 171, 8-2020 Antwerp, Belgium. often with a remarkably constant pitch. It is 
V. lvanov and J. 8. Nagy, ISIS, University of Namur, generally accepted that the grow by 
rue de Bruxelles 61, 8-5000 Namur, Belgium. the extrusion of carbon, dissolved in a 
'Permanent address: Department of Materials Sci- metallic catalyst particle that is oversatu- 
ence and Engineering, Zhejiang University, Hang- 
zhou, People's Republic of China. rated in carbon at one part of the surface. 
?Permanent address: Beiiing Laboratory of Electron The most detailed descrintion of the growth 
Microscopy, Chinese ~ c a d e h ~  of sciences, People's process was given by (I) ,  wi;o em- 
Republic of China. 
$Permanent address: Chemistly Department, Moscow phasized the chemical aspects and treated 
State University, MOSCOW, Russia. only the case of straight cylindrical tubes. 
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So far, a consistent explanation of the 
growth of helix-shaped carbon nanotubules 
is lacbig, although an attempt was made to 
discuss the possible role of the anisotropy of 
the particle surfaces (5). 

In a recent paper, we gave a detailed 
description of the fabrication procedure for 
well-graphitized and extremely thin coiled 
nanotubules (the coil radius of the smallest 
one is about 6 nm), with cobalt as a catalyst 
and acetylene as the carbon source (9). We 
also studied the morphology and the inter- 
nal structure of such fibers by high-resolu- 
tion imaging and by electron ditliaction 
(10, 11). Here, we present a detailed and 
coherent picture of the growth mechanism 
for the various observed sha~es. A survev of 
the morphology of the graihite nanotubes 
of interest is given in Fig. 1. The internal 
structure of a helix-shaped tube is visible in 
Fig. 2, where the graphite spacing of 0.34 
nm is imaged. The graphite texture of the 
catalytically grown straight tubules is the 
same as that of the fibers grown by electric 
arc (12). The growth mechanism must be 
difTerent, however, because metallic parti- 
cles do not seem to play an essential role in 
the electric arc process. Moreover, helix- 
shaped tubules have only been observed in 
the catalytically grown fibers. 

A growth mechanism for helix-shaped 
tubules should be sufficiently general to 
account for the variability in pitch of the 
helices, for the occasional formation of 
planar spirals, and for the formation of 
straight tubes. Catalytic particles are in- 
volved in this mechanism (3) and help to 
determine the cross section of the tubules. 
The distinction between mechanisms, 
whereby the particle promotes "tip growth" 
or "base growth," does not appear to be 
essential because in both cases the tubule 
grows away from the particle by the depo- 
sition of carbon in the contact region (C) 
between the particle and the already formed 
tubule segment. We discuss growth, assum- 
ing that the ring-shaped tube nucleus has 
formed already. The initial tube is assumed 
to serve as a template for the deposition of 
successive layers. However, the initial tube 
could be multilayered already. Whether the 
carbon diffuses through the particle before 
precipitating at the surface of the particle 
(1,2, 13) or is formed directly from the gas 
phase at the surface area in contact with the 
tubule is also not essential for the geometry 
of the process. 

Figure 3 shows that tip and base growth 
probably both occur, either simultaneously 
or in succession. Here, the initial tubule 
must have been fonned to a large extent 
from the particle that afterward became 
encapsulated in the tube, perhaps according 
to a scenario shown in Fig. 4, A to F. In the 
first stage, the particle is lifted by the 
growing tubule, with carbon deposited at 

Ftg. 1. Graphiie tubules grown by 
the cobalt-catalyzed decomposi- 
tion of acetylene, exhibiting various 
shapes. (A) Helii-shaped tubules 
having pitches of different magni- 
tudes. Straight tubules are also pres- 
ent; one is single and straight, a 
second one is bent, and the third 
consists of a pair of parallel tubules 
kept together by Van der Waals at- 
traction. (B) Complicated interaction 
between straiaht and helix-sha~ed 
tubules. (C) parallel arrangement of a straight and a heli-shaped tubule, presumably kept together 
by Van der Waals attraction. (D) Coiled tubule intercoiling with itself after having made a U-turn. (E) 
Straight tubule making a closed loop, the straight ends sticking together. (F) Bundle of parallel straight 
tubules and one helix. (Q) Planar spiral-shaped tubule. 

the annular contact with the particle and at 
the bottom contact with the support. After 
the particle is captured within the tube, 
further growth may presumably be contin- 
ued by the catalyst at the support. 

Tip growth as well as base growth is 
consistent with the assumption that growth 
occurs by the extrusion of carbon along the 
contact curve between the particle and the 
already formed tube. In the case of the 
growth of a straight tube, the longitudinal 
growth velocity, v, or the speed of extru- 
sion, is the same all along the ring-shaped 
area (C) where carbon is being "deposited." 

To describe the growth process more 
quantitatively, the concept of a "spatial 
hodograph" of the growth velocity v, along 
the curve (C) is introduced (Id), 'which 
ignores the atomic structure and considers 
the graphene sheet as a continuum. For 
simplicity, we first assume the curve (C) to 
be planar and circular. If the velocity vector 
v, is perpendicular to the plane of (C) and 
is constant along the ring as in Fig. 5A, a 
straight tubule is formed because successive 
growth fronts, corresponding to successive 
small time intervals, are related by the 
parallel translation vo. Unfolding the cylin- 

flg. 2. High-resolution images of (A) a helix- 
shaped tubule containing 11 graphene tubes 
and (B) a straight tubule containing 17 gra- 
phene sheets. The fringe spacing is consistent 
with the graphite spacing, C/2 = 0.34 nm. 

drical surface in a plane gives a "planar 
hodograph." For a straight tube, the result- 
ing graph of y versus the azimuth cp is 
simply a straight line parallel to the cp axis. 
The surface area under the hodograph is a 
measure of the amount of material deposit- 
ed per unit of time (Fig. 5B). 

However, as is suggested in (5), the 
catalytic activity is often anisotropic and 
inhomogeneous because it depends on the 
exposed crystal facet of the particle and on 
its topography. The spatial hodograph of 
the extrusion speed can therefore be more 
complicated and may, for instance, be as it 
is sketched in Fig. 5, C and D. However, 

Ftg. 3. (A and B) The encapsulated particle 
forms the termination of the tubule. It is covered 
by layers of graphite that inhibit further catalytic 
action at the tip. Note the presence of lattice 
fringes in the catalytic particle in (B); the inset 
shows it at higher magnification. (C and D) 
Catalytic particles encapsulated in tubules. The 
central channel changes in width at the level of 
the particle. 
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ly matched, the resulting tubular surface 
will be "stress-free." Bv this term we mean 
free of stresses other than those arising from 
its curved shaue. If the two do not match. 

Fig. 4. Growth stadia of a nanotubule. (A) A small catalytic particle resting on a larger one that acts 
as a support. ( 6  and C) The small particle "lifted" away from the support by the deposition of 
graphene sheets, formed from carbon diffusing through the small catalytic particle and through the 
base. (D) The outer diameter of the tubule becoming equal to the particle size. (E) A layer of 
graphite covering the small particle and inhibiting further tip growth of the tubule (see the 
obse~ations for Fig. 3, A and B). (F) Tubular layers fed by the supporting particle grown beyond the 
small particle. Eventually the tube may become closed (see the observation for Fig. 3, C and D). (G 
and H) The particle already covered by a graphite layer during the initial stage. Further growth 
occurs by extrusion through the base, and diffusion occurs along the graphite surface. 

the continuity of the tube imposes the 
condition that the loci of uoints reached at 
successive instants be related to the curve 
(C) by translations, rotations, or both. If 
this were not the case, the integrity of the 
tube would not be maintained. This conti- 
nuity condition restricts the possible shapes 
of hodographs; in particular, it requires that 
the endpoints of all vectors be situated in a 

plane. One has thus to distinguish between 
the particle hodograph representing the 
catalytic activity along (C) and the growth 
hodograph representing the speed of prop- 
agation of the growth front, which is sub- 
ject to the condition just mentioned. In a 
real growth process, the two have to be 
matched by the formation of a tubular 
surface of the adequate geometry. If perfect- 

Fig. 5. Hodograph of the extru- A 
sion velocities for the formation of 

B 

straight tubules. The locus of ac- 
tive sites is a circle (C). (A) Spatial 
hodograph: The extrusion velocity 
is constant along (C). (6) Planar 
hodograph corresponding to (A): 

I 
0 2 x 

The surface area under the 
hodograph is proportional to the 
amount of extruded material. (C) 
General spatial hodograph. (D) 
Planar hodograph corresponding C D 
to (C). 

additional g;owth-induced stresses will 
arise, as discussed below. 

The simplest non-trivial hodograph 
leading to a curved tubule and in which the 
velocity vectors are normal to the plane of 
(C) is shown in Fig. 6. The endpoints of v, 
terminate in a plane that is not parallel to 
the plane of (C). The spatial hodograph is 
represented in Fig. 6A, and the correspond- 
ing planar hodograph is represented in Fig. 
6B. The latter is a sinusoid with a maxi- 
mum velocity u,, and a minimum velocity, 
u,, correspondkg to diametrically opposed 
points of (C); it is symmetric with respect 
to the minimum .and the maximum. 
Growth based on such a hodoerauh causes 
curvature of the tubule (see ~ i i .  6, E to G, 
where the time increment At is arbitrarily 
small), the axis of curvature being the 
intersection line of the planes II, and II, 
(Fig. 6A). The resulting tube will be a 
torus, the radius, Ro, of which is given by 

where r is the radius of the tube. which is 
directly related to the size of the catalytic 
particle, and u, = (1/2)(uM + u,). The 
point b generates the outer rim, and a 
generates the inner rim of the torus. If Au = 
uM - urn decreases or increases in the course 
of time, the tubule becomes a planar spiral 
(Fig. 1G). A completely closed torus can- 
not be formed, but tubules such as the one 
shown in Fig. 1E have grown in their 
curved part according to such a hodograph 
with variable Au. 

Generally, curve (C) may deviate from a 
circle (for instance, be ellipse-shaped as in 
Fig. 7). However, the stable cross section of 
a graphene tube is circular. For this shape, 
the strain energy associated with formation 
of the cylindrical surface out of a planar 
sheet is a minimum. The strain energy is 
then uniformly distributed along the whole 
surface, the curvature being the same along 
the cross section (13). A tube formed from 
an ellipse-shaped curve (C) will therefore 
tend to become circular. This theoretical 
argument is consistent with the observation 
thUat all helix-shaped tubes studied in cross 
section were found to be rouehlv circular. 
Because it is probable that th l  rkg-shaped 
nuclei have a variety of initial shapes, devi- 
ating more or less from the .circular, the 
observed circular cross sections can be ratio- 
nalized most simply by assuming that the 
tubes grow along a direction inclined with 
respect to the plane 11, of (C) so as to 
approximate a circular cross section. The 
spatial hodograph is then as it is shown in 
Fig. 7A; the corresponding planar hodo- 
graph is clearly equivalent to that of Fig. 5B. 
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A straight tube is formed along a direction 
inclined with respect to (C). Note that the 
tubular surface can be formed by the trans- 
lation along vector v, of the curve (C). 

To generate a helix-shaped tube, the 
hodograph must be a combination of a 
hodograph of the type shown in Fig. 7A 
and of that represented in Fig. 6A. Such a 
spatial hodograph is shown in Fig. 7B. The 
line 1 is the intersection of II, and II,. The 
continuity condition is satisfied because all 
velocity vectors terminate in a plane. The 
difference of the components of urn and uM 
normal to this intersection line causes a 
rotation of (C) and so leads to wrapping of 
the tube on a cylinder while the inclusion 

angle, a ,  causes a translation and deter- 
mines the pitch, along with u, and Au. 

As shown below (1 5), the geometrical 
parameters of the resulting helix can be 
deduced from the model and expressed in 
terms of the extreme values uM and urn of the 
extrusion velocity and of the inclination 
angle. The difference in velocity, Au, causes 
the plane of the growth front to rotate about 
1 (Fig. 7B) with an angular velocity given by 

w = dpldt = Au sin al2r  (2) 

The time needed to form one complete spire 
of the helix described by the point c is thus 

t = 4.rrrlAu' sin a (3) 

Fig. 6. (A and B) Hodograph of the extrusion velocities for the case of a uniformly bent tubule. The 
active sites are on a circle (C). (A) Spatial hodograph: The locus of the endpoints of the velocity 
vectors is a planar curve in an inclined plane. The point a generates the inner rim of the torus, and 
b generates the outer rim. (B) Planar hodograph. The full line is a sinusoid obeying the continuity 
condition for the growth of a uniformly bent tubule. The .thin line represents the hodograph of the 
extrusion velocity. Note the mismatch between the two curves. The cross-hatched areas corre- 
spond to an excess (+) or a deficiency (-) of carbon. Stress distribution in a torus formed 
according to the dotted hodograph of (B). (C and D) The outer rim is under tensile stress, and the 
inner rim is under compressive stress. For (C), the excess and deficiency regions are indicated. For 
the stress distribution in (D), the dotted line is the neutral surface. (E to G) Successive stages in the 
extrusion of carbon according to the hodograph in (A). The resulting tubule is a torus and has a 
constant curvature. The time interval, A t ,  is arbitrarily small. 

Fig. 7. (A) Hodograph of a straight tubule. The locus of active sites is an ellipse. Because the tube 
is a circular cylinder, it must be inclined with respect to no. (B) Spatial hodograph generating a 
helix-shaped tube. The locus of the endpoints of the velocity vectors is a planar curve in n, that is 
inclined with respect to no. The velocity vectors form an angle a with no. 

The radius R, of this helix is given by Eq. 1, 
and its pitch is given by 

The special configuration of Fig. 7 was 
selected because it could be conveniently 
represented. The limiting plane II, of the 
hodograph was chosen in such a way that 
the intersection line, 1, of II, and II, is 
parallel to the projection of uc on II,. For a 
general orientation of II,, the intersection 
line encloses an angle y with the projection 
of u, on II,. In that case, Eqs. 1 and 2 must 
be adapted. Now R, = 2ruc/Au cos y ,  but 
because w = Au sin a cos y/2r, Eq. 4 for the 
pitch remains unchanged. 

The proposed mechanism gives rise to 
the formation of a stress-free tubular surface. 
provided the continuity condition for the 
extrusion velocities is obeved. However. the 
catalytic activity of the particle in general 
does not obev this condition. Its ~ lana r  
hodograph ma;, for instance, be as shokn by 
a thin line in Fig. 6B for the simplest 
nontrivial case of the torus. The full line 
then represents the closest approximation to 
the real hodograph describing the displace- 
ment rate of the growth fronts by means of a 
sinusoid. which would satisfv the continuitv 
condition. The initial mismatch between 
the two hodographs tends to disappear, and 
a stationary regime is established whereby 
anv initial difference is minimized and a 
smooth profile that approximately satisfies 
the continuitv condition is realized. At the 
points where kxcess carbon is generated the 
resulting compressive stress slows the carbon 
deposition rate, and in points where too 
little carbon is produced the resulting tensile 
stress tends to increase the deposition rate of 
carbon. This feedback process is responsible 
for the stationary regime and leads to a 
compromise that may correspond to a spatial 
hodograph not satisfying the continuity con- 
dition, thus leading to a stressed situation. 
The shaded areas in Fie. 6B corres~ond to 
the deposition of an excess (+) o; a defi- 
ciency (-) of carbon, as compared to the 
quantity needed to form a stress-free tube. 
The figure shows that in areas 1 and 4 of the 
torus too much material is deposited, where- 
as in areas 2 and 3 not enough material is 
de~osited. This difference causes the inner 
rim of the torus to be under compressive 
stress while the outer rim is under traction. 
with the dotted line representing a neutral 
surface along which the stress changes sign 
(Fig. 6, C and D). Because graphite is strong 
in tension and because of the absence of 
shear stresses, the outer rim of the torus may 
only be elastically deformed. However, large 
stresses may induce the formation of pentag- 
onal meshes in the graphite network to 
relieve part of the stresses. Such pentagonal 
meshes, which cause positive curvature (el- 
liptic points), are present at $60" disclina- 
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tions, that is, they are associated with the 
removal of a 60" wedge from the hexagonal 
network (1 2, 16, 17). On the other hand, 
graphite deforms by "kinking" when it is 
under compressive stresses parallel to the 
basal planes. In general, the growth-induced 
stresses seem to be sufficientlv large to acti- , u 

vate this mode of plastic deformation, as 
shown in some of the illustrated tubules in 
(I I). However, part of the compressive 
stresses may also be relieved by the forma- 
tion of heptagons associated with -60" dis- 
clinations, that is, with the insertion of a 60" 
wedge that causes negative curvature (hyper- 
bolic points). The occurrence of pentagon- 
heptagon pairs minimizes the long-range 
stresses. These considerations may readily be 
extended to helices. They explain why most 
of the graphite helices show deformation 
pattems, which are characteristic of kink- 
ing, preferentially along the inner rim (I I), 
or polygonization suggestive of the presence 
of (5-7) ring pairs as discussed in (1 0). 

The mobility of a particle promoting tip 
growth is appreciable, because the particle 
rests on a film of carbon atoms that has 
fluid-like characteristics (3). If the soatial 

\ ,  

hodograph of the particle is asymmetric 
with respect to the line cd (Fig. 6A), the 
continuity condition cannot be satisfied. 
The planar hodograph is then asymmetrical 
as well. More material tends to be deposited 
on one side of the symmetry line cd than on 
the other side. This difference causes the 
particle to be tilted about the line cd, 
thereby changing the azimuth of the line 
connecting the minimum and maximum in 
the spatial hodograph. Tilting of the parti- 
cle may thus lead to a change in azimuth of 
the hodograph, which in turn changes the 
bending axis of the tubular surface. One 
can thus envisage that under rather soecial 

u 

conditions the particle describes a preces- 
sion motion. imoosine a continuous rota- , L 

tion in the azimuth ofihe hodograph. This 
rotation would lead to -the formation of a 
coiled tube wound on a toroidal surface 
rather than on a cylinder. An example of a 
tubule that was presumably formed partly in 
this manner is shown in Fig. ID. 

Because the catalvtic activitv of a oarticle 
may change in the course of time due to local 
poisoning, for example, the hodograph is 
often time-dependent. The resulting tubular 
surfaces mav then have comolicated shaoes 
such as a helix with a variable pitch. Howev- 
er. the radius of the tubule remains rounhlv - ,  

constant because this parameter depends 
mainlv on the size of the active particle. The 
growth-induced stresses may fuither lead to 
complicated deformation pattems of the tu- 
bules that may in part account for the ob- 
served polygonization of helices (I 0, 1 I). The 
stresses could be periodically relieved by the 
introduction of (5-7) ring pairs when the 
elastic limit is exceeded. 
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A Devonian Tetrapod from North America 

Edward B. Daeschler,* Neil H. Shubin, Keith S. Thomson, 
William W. Amaral 

An early tetrapod fossil from the Upper Devonian of Pennsylvania (Catskill Formation) 
extends the temporal range of tetrapods in North America and suggests that they attained 
avirtually global equatorial distribution by the end of the Devonian. Derived features of the 
shoulder girdle indicate that appendicular mechanisms of support and propulsion were well 
developed even in the earliest phases of tetrapod history. The specialized morphology of 
the pectoral skeleton implies that the diversity of early tetrapods was great and is sug- 
gestive of innovative locomotor patterns in the first tetrapods. 

T h e  origin of terrestrial vertebrates is one 
of the major events in the history of animal 
life. The transition from life in water to life 
on land was extremely complex. Current 
controversy centers on the evolutionary 
relations between fish and tetrapods, the 
timing of tetrapod origins, the early biogeo- 
graphic history of tetrapods, and the func- 
tional and physiological changes that al- 
lowed the invasion of terrestrial ecosystems 
(1, 2). Fossil evidence of the earliest tetra- 
pods comes from a small number of widely 
scattered Upper Devonian localities 1-370 

to 362 million years ago (Ma)]. The most 
complete material consists of partially artic- 
ulated skeletons of Ichthyostega and Acan- 
thostega from East Greenland (3). Less com- 
pletely preserved remains of other Upper 
Devonian tetrapods have been recovered 
from sites in Scotland (4), Latvia (9, 
Russia (6), and Australia (7). Devonian 
tetrapod trackways, which are much less 
reliable evidence, have been reported from 
Australia (8) and Brazil (9). Here we de- 
scribe an Upper Devonian tetrapod from 
continental North America. The speci- . . 
mens include early, well-preserved shoulder 
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