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pressure across the array relaxes to zero there is a clearly distinguish-
able tone smoothly drifting from high to low frequency during the
transient, which lasts for several seconds. This simple observation
marks the discovery of coherent quantum oscillations between
weakly coupled superfluids.

To quantify this assertion we have processed several digitally
recorded transient signals. Each transient is broken into equal, short
time intervals. The average membrane position during the interval
is used to calculate the pressure difference. For each time interval we
compute the power spectrum of the membrane motion. As the
frequency is drifting during any interval, the peak in the Fourier
transform is not sharp. We identify the centre frequency of the
strongest spectral component in the range of interest. This is the
oscillation frequency corresponding to the pressure difference
across the weak link during that interval.

Figure 2 plots the oscillation frequency, f, as a function of DP for a
series of different temperatures. The frequency is found to be
proportional to DP, the proportionality factor being 194 kHz Pa−1,
with a statistical error of 61 kHz Pa−1, and a systematic uncertainty
of 615 kHz Pa−1. The linear relationship between f and DP, and the
measured value of the slope, are in clear agreement with equation
(3), over a pressure range of more than two orders of magnitude.
This is a direct confirmation of the quantum-oscillation equation
for superfluid 3He.

The relation between frequency and pressure difference is
observed to be independent of temperature, to within the error of
the measurement. It is expected13,14,17 that the actual current–phase
relation might become increasingly distorted from the simple sine
form in equation (1) as the coherence length gets smaller with
falling temperature7. The distorted I(Df) would lead to higher
harmonics of the quantum oscillations. We have searched for these
higher harmonics in the spectral signal of the sound, and find that
(to within our signal-to-noise ratio) they are absent over a wide
range of temperatures.

The experimental results reported here lead to three significant
conclusions. (1) The aperture array behaves like a single coherent
superfluid weak link. (2) The current–phase relation is similar to
the d.c. Josephson equation (equation (1)), that is periodic with
modulus 2p. (3) The time evolution of the quantum phase across
the array leads to current oscillations that drive the upper dia-
phragm at the frequency predicted by equation (3).

The remarkable properties of the weak-link array may lead to the
observation of several physical phenomena analogous to those
found in superconductivity. These include Shapiro23 steps and,
perhaps most significantly, the development of the superfluid
analogue of a d.c. SQUID24. M
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The nucleation and growth of curved carbon structures, such
as fullerenes, nanotubes and soot, are still not well understood.
A variety of models have been proposed1–17, and it seems clear that
the occurrence of pentagons, which yield 608 disclination defects
in the hexagonal graphitic network, is a key element in the puzzle.
The problem of nucleation has been complicated by the great
variety of structures observed in any one sample. Here we report
an unusual carbon sample generated by pyrolysis of hydrocar-
bons, consisting entirely of graphitic microstructures with total
disclinations that are multiples of +608. The disclination of each
structure corresponds to the presence of a given number of
pentagons in the seed from which it grew: disks (no pentagons),
five types of cones (one to five pentagons), of which only one was
known previously18, and open tubes (six pentagons). Statistical
analysis of these domains shows some unexpected features, which
suggest that entropy plays a dominant role in the formation of
disclinations. Furthermore, the total disclination of a domain is
determined mainly at the nucleation stage.

Several models have been proposed for the formation of full-
erenes, which are also relevant to the nucleation of other curved
structures such as nanotubes. The ‘‘pentagon-road’’1,3 and the ‘‘ring-
stacking’’ models4 are among the best known. The essence of the
pentagon-road model is that small flat hexagonal networks of
carbon have so much dangling-bond energy at the edges that, if
the temperature and timescale are such as to permit annealing, the
structures will try to eliminate dangling bonds by folding and
incorporating pentagons until the structure is closed (12 pentagons
or 4p total disclination). Dynamic calculations support this idea5.
Reduction of the reaction enthalpy DH is the overriding concern in
the pentagon-road model. In the ring-stacking model, it is proposed
that curved surfaces are created by the selective assembly of mono-
cyclic carbon rings4, to account for the fact that only very few of the
possible fullerene isomers are formed15. As it considers only certain
reaction paths, the ring-stacking model is essentially driven by
entropy changes (DS). Monocyclic rings are known to be the
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dominant structures for cluster sizes between 10 and 30 carbon
atoms, and some elegant experiments show that they can lead to the
formation of fullerenes9–11, although not necessarily in such a way as
to support the ring-stacking model.

Although they start from very different considerations, both
models contain as their key the probability of forming a disclination.
However, we know next to nothing about the probability of forming
curved carbon surfaces having disclinations consistent with one,
two, three pentagons and so on. Furthermore, what does this
probability tell us about the products and their yields?

Our sample was made by the pyrolysis of hydrocarbons in a
carbon arc. We use an industrial-scale carbon-arc plasma generator
(torch configuration) under a continuous flow of hydrocarbon (in
this case heavy oil) at a typical feed rate of 50–150 kg h−1 and a
reactor pressure of 2–3 bar. The solid carbon products are recovered
and the residual undecomposed hydrocarbon and hydrogen are fed
back into the reactor. The effective plasma temperature is hard to
determine but from the level of graphitization of the sample, we
estimate it to be at least 2,000 8C. The sample is composed nearly
entirely of turbostratic (where the graphitic sheets are not ordered
relative to each other in the plane) microstructures (Fig. 1) which
have total disclinations (TD) that are a multiple of 608:
TD ¼ P 3 608, where P > 0, and corresponds to the effective
number of pentagons necessary to produce that particular total
disclination. Besides disks (P ¼ 0), there are also a variety of cones.
By considering the symmetry of a graphite sheet and Euler’s
theorem, it can be shown that only five types of cone can be made
from a continuous sheet of graphite corresponding to values of P
between 1 and 5. These are all present in this sample (Fig. 2a–e). The
cone angle v is given by sinðv=2Þ ¼ 1 2 ðP=6Þ. As far as we know, only
the cone with TD ¼ 3008 (P ¼ 5) has been observed before18.
Nanotubes are also present, although in smaller amounts. Figure
2f shows how the parallel basal planes follow the contour of the cone
tip. Cones and nanotubes form ,20% of the sample, the rest being
mainly disks.

We measured ,1,700 microstructures from transmission elec-
tron micrographs. The cone angle v can be deduced from the
projected dimensions of the tilted cones. A histogram of frequency
versus cone angle v (Fig. 3a) reveals that there are a number of
maxima, which become better defined at smaller angles. Each
maximum corresponds to a total disclination equivalent to between
no pentagons and six pentagons. The width of the peaks increases
with the cone angle v mainly owing to measurement errors, it being
hardest to accurately de-project the largest cone angles. In Fig. 3b
the same data are reduced to the total count found at the average
angle of each peak, with error bars, and corrected for underestima-
tion of occurrence of cones with large angles. These angles corre-
spond closely to those expected for solid angles which are multiples
of 608 or an integer number of pentagons (open circles).

Figure 3 gives us the probability of nucleating each of type of
microstructure and, therefore, of having seed structures with a given
disclination (or number of pentagons). Surprisingly, there is a broad
peak with a maximum at a cone angle corresponding to three
pentagons. Reasoning on purely enthalpic grounds, one would have
expected that small disclinations would have been more probable
as they are less strained19. Thus, a Boltzmann distribution cannot
account for the observed distribution as shown in Fig. 3b.

This result indicates that, whereas enthalpy (DH) is obviously the
driving force for the formation of curved structures, entropy (DS)
plays a dominating role in the distribution of disclinations formed.
Here one must understand entropy changes in terms of the multi-
tude of chemical pathways leading to a particular disclination.
Furthermore, temperature will moderate the various possible path-
ways. A model like the ring-stacking model considers only a small
subset of all the possible pathways leading to a given disclination.
Monocyclic ring structures have been proved to favour the formation
of fullerenes9–11. However, it is not clear if these monocyclic rings

Figure 1 Transmission electron micrograph of the microstructures in the sample.

Scale bar, 200 nm.

Figure 2 Examples of the five types of cones in the sample (scale bars in a–e,

200 nm): a, TD ¼ 3008, v ¼ 19:28; b, TD ¼ 2408, v ¼ 38:98; c, TD ¼ 1808, v ¼ 60:08;

d, TD ¼ 1208, v ¼ 84:68; and e, TD ¼ 608, v ¼ 112:98. Note the faceting of the disk

in a. f, Higher magnification image of a cone tip (scale bar, 5 nm).
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form the dominant pathway for the generation of all the disclina-
tions observed in curved carbon structures. In principle, cones can
be built by the growth of graphitic structures onto such rings. From
statistical-mechanics considerations, there are many more ways of
embedding a ring of a given size around the tip of a conical graphitic
surface than into a graphite sheet. For example, there are 16 ways to
embed a C16 ring into a planar graphite sheet about a fixed point,
whereas there are 2,500 conformations of the same ring that will
wrap around the tip of a P ¼ 2 cone. Furthermore, starting from an
odd-numbered open ring, a structure where P is even cannot be

grown and vice versa, unless crosslinking of the ring occurs.
Consequently, the pentagons are not the sole source of disclinations
in the system. A disclination is inherent to the monocyclic ring
topology and becomes fixed once growth has started. With mono-
cyclic carbon seeds, pentagons are a consequence of the disclination,
not vice versa. Of course, other seed topologies such as crosslinked
rings will also be important. We are exploring this entropic
‘‘monocyclic avenue’’ further.

Although a mixture of hydrocarbons was the source of carbon in
these experiments, hydrocarbons are known to dehydrogenate at
high temperatures2, yielding under the right conditions the same
family of products as a pure carbon plasma. Therefore, these
findings should have broad implications for high-temperature
generation of curved carbon structures. The wide distribution of
disclinations, and the fact that this distribution is controlled by
entropy, indicate that, in the absence of catalysts, it will always be
hard to make a single type of disclination (except totally spheroidal
structures) from a soup of carbon clusters, as discussed next.

Nanotubes and nanoparticles formed in a carbon arc have a
bimodal distribution in terms of length13,20. Furthermore, yields of
nanotubes versus nanoparticles have never been higher than about
half the sample, despite numerous efforts over several years to
increase the yields. Those results can now be better understood in
the light of the distribution of seeds. At the higher temperature
(3,700 8C) of formation of nanotubes in the arc, the probability of
forming pentagons in a seed increases6. The optimal yield of
nanotubes versus nanoparticles indicates that the distribution of
seeds must be centred near six pentagons. However, all seeds with
seven or more pentagons will inevitably form closed nanoparticles
as the edges of the curved surfaces are on collision course as they
grow. Seeds with six or fewer pentagons have a finite probability of
becoming tubes, depending on the kinetics of growth and the
probability of the introduction of another pentagon in the structure
during the growth stage (see below). So what was originally a wide
distribution of disclinations is now narrowed into mainly two
products, hence the bimodal distribution20. The broad distribution
of seeds also implies that it would be difficult to improve the yield of
nanotubes beyond what has already been achieved. Conversely it is
easy to reduce the yield of nanotubes by shifting the disclination
maximum of the seeds, as found in nanotube fabrication.

The formation of spheroidal soot particles from hydrocarbons
involves both nucleation and growth stages16. Although very little is
known of the nucleation process17, the possible connection to fullerene
formation has been pointed out1,2. By analogy with colloidal
suspensions, liquid hydrocarbon nuclei have been invoked to explain
the formation of uniformly spherical soot particles16. In the context of
these results, just like the nanoparticles, it suffices that the distribution
of disclinations in the seeds is such that most of them have disclinations
.3608 for all them to result in uniform spherical or polygonal
particles. In other words, a broad distribution of disclinations in the
seeds leads to nearly uniformly spheroidal soot particles.

Our results indicate that the total disclination, or curvature, is nearly
always determined in the nucleation stage. A change in disclination
after seeding (for example, the addition of pentagons or heptagons
during growth) was rarely found in these samples. An example of such
occurrence is shown in Fig. 4 where a cone with a 3008 disclination
has turned into a tube by the addition of a sixth pentagon. The
relatively low probability of the formation of pentagons or heptagons
during growth could point to different mechanisms of disclination
formation in the nucleation and growth stages. Alternatively, it
could be due simply to chemical factors during growth such as
differences in rates or the thickening of structures. M

Received 21 April; accepted 17 June 1997.

1. Zhang, Q. L. et al. Reactivity of large carbon clusters: spheroidal carbon shells and their possible
relevance to the formation and morphology of soot. J. Phys. Chem. 90, 525–528 (1986).

2. Kroto, H. W. & McKay, K. The formation of quasi-icosahedral spiral shell carbon particles. Nature
331, 328–331 (1988).

Figure 3 a, Statistical distribution of the measured cone angles among the
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Figure 4 Example of tube formation after nucleation of a cone with a 3008

disclination (scale bar, 200 nm). Note the open-ended growth.
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Infrared radiation can induce low-frequency molecular vibra-
tions, but, with the exception of hydrogen-bond reorganiza-
tion1–3, the excitation energy tends to be dissipated rapidly
through molecular collisions rather than inducing photochemical
changes. Here we show that in a macromolecular system that is
designed to be insulated against collisional energy scattering,
infrared absorption can excite photoisomerization by multi-
photon intramolecular energy transfer. We have prepared highly
branched dendrimers4–6 from aryl ethers with a photoisomeriz-
able azobenzene core, in which infrared excitation of the aromatic
units is apparently followed by a channelling of the absorbed
energy to the core while the dendrimer matrix protects against
collisional de-excitation. These findings suggest a strategy for
harvesting low-energy photons to effect chemical transformations.

Dendrimers are nanometre-size macromolecules with a regular
tree-like array of branch units4–6. We have recently synthesized
dendrimer porphyrins in which a porphyrin chromophore is
spatially isolated by the dendrimer framework7–10. As may be
expected from the gradient in branch density from the interior to
the exterior, the surface of these large dendrimers is conforma-
tionally frozen, whereas the interior space is not constrained
irrespective of the size of the dendrimer framework, so that the
core porphyrin is able to undergo free conformational motion8.
Thus spherical, large dendrimers should provide a non-constrained
environment insulated from collisional energy scattering. This
motivated us to explore the possibility of intramolecular energy

transfer within these unimolecular matrices.
For this purpose, we have synthesized a series of azobenzene-

containing aryl ether dendrimers (trans-LnAZO, where n is the
number of aromatic layers and is 1, 3, 4 or 5; Fig. 1), by alkaline-
mediated coupling of dendritic benzyl bromides (L(n 2 1)Br; ref. 8)
with trans-3,39,5,59-tetrahydroxyazobenzene. We characterized this
series of trans-LnAZO compounds unambiguously, by using 1H
NMR, ultraviolet–visible spectroscopy and matrix-assisted laser
desorption ionization time-of-flight mass spectroscopy (further
details are available; see Supplementary Information). Azobenzenes
are photochromic molecules that isomerize from trans to cis on
ultraviolet irradiation, and from cis to trans either thermally or on
exposure to visible light11. Single-photon (ultraviolet) photoisome-
rization of azobenzene dendrimers similar to ours was demon-
strated recently12.

We measured 1H NMR pulse relaxation times (T1) of the trans-
LnAZO family at 21 8C in CDCl3, and confirmed an egg-like
structural resemblance8 to higher-generation trans-LnAZOs. The
T1 value for the methoxy protons on the exterior surface (filled
circles in Fig. 2a) decreased sharply as the dendrimer framework
became larger whereas that of the protons in the interior azobenzene
functionality (open circles in Fig. 2a) remained almost intact. Thus
L4AZO and L5AZO possess a non-constrained interior environ-
ment within a stiff exterior shell.

On ultraviolet radiation at 21 8C in CHCl3, trans-LnAZO (n ¼ 1,
3–5, 5 3 10 2 5 M) isomerized normally to cis-LnAZO, which then
gradually isomerized back to the trans form after the irradiation was
stopped. When a CHCl3 solution of cis-L5AZO in a KBr cell was
exposed to infrared radiation (a 75-W glowing nichrome source) in
an infrared spectrophotometer, it isomerized very rapidly to trans-
L5AZO. We found that this infrared-radiation-induced isomeriza-
tion depends greatly on the size of the dendrimer framework (Fig.
2b): on exposure to the infrared radiation cis-L5AZO completely
isomerized to the trans form in only 8 min (Fig. 3b) at a rate
constant of 3:4 3 10 2 3 s 2 1, which is 260 times as high as that of the
thermal isomerization at 21 8C in the dark (1:3 3 10 2 5 s 2 1, Fig. 2b)
and even 23 times as high as the rate constant found on irradiation
with visible light (440 6 9 nm, 21 8C). Similarly, under infrared
illumination cis-L4AZO underwent rapid isomerization to trans-
L4AZO (Fig. 2b). In sharp contrast, we observed no effect of
infrared radiation for the isomerization of the smaller homologues
cis-L1AZO (Fig. 3a) and cis-L3AZO. cis-L1AZO was also unaffected
by the infrared radiation even in the presence of a large dendritic
benzyl alcohol (L5OH; 4 equiv.) unanchored to the azobenzene
unit. Furthermore, although the molecular weight is almost com-
parable to that of L4AZO, the isomerization of cis-mono-L69AZO
(Fig. 1), a non-spherical mono-dendritic azobenzene, was not
facilitated by infrared. Thus spatial isolation of the azobenzene
functionality by the highly constrained, large dendrimer matrix
(Fig. 2a) seems to be a prerequisite for the infrared-radiation-
induced isomerization.

We further investigated the isomerization of cis-L5AZO
(5 3 102 5 M, in CHCl3 at 21 8C) by using monochromatized
infrared radiation (a 75-W glowing nichrome source through a
JASCO model CT-25C monochromator, bandwidth 650 cm 2 1) of
three different wavenumbers; 2,500 cm 2 1 (transparent for LnAZO),
1,597 cm 2 1 (a stretching vibrational band for aromatic rings) and
1,155 cm 2 1 (a stretching vibrational band for CH2–O), and found
that only the 1,597 cm 2 1 radiation facilitates the isomerization
reaction. This observation indicates that the infrared energy
absorbed by the aromatic rings excites the cis-to-trans isomeriza-
tion. We consider the following two possibilities for the mechanism
of this effect; (1) direct infrared excitation of the interior azoben-
zene moiety, and (2) intramolecular energy transfer from the
dendrimer matrix to the azobenzene. To investigate (2), we selec-
tively excited the dendrimer framework of cis-LnAZO at its char-
acteristic 280-nm absorption, where we again observed a definite
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