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Tetrahedral amorphous carbon films have been a subject of
investigation during the past decade due to their unique prop-
erties, which are found to be between those of diamond and
graphite.[1] Most of the synthetic processes require relatively
drastic conditions, and the carbon source may be obtained by
ionization,[2] ion sputtering,[3] or laser ablation.[4] In a graphit-
ic structure, the 3.4 Å distance between each layer allows sig-
nificant p–p interactions.[5] As such, a radical species, which
can be generated on the surface, may add onto the second
graphene layer via a radical chain reaction process leading to
carbon–carbon bond formation. The overall process can be
considered as the conversion of the sp2 hybridized carbons

into sp3 hybridized carbons. This protocol might provide a
useful procedure for the synthesis of tetrahedral amorphous
carbon.

It is known that the pyramidal double bonds in C60 can easi-
ly react with an organic azide to yield the corresponding aziri-
dino- or aza-adducts,[6] and an aziridine ring can undergo ther-
molysis to generate a diradical or a zwitterion intermediate.[7]

Carbon nanocapsules (CNCs) are polyhedral nanometer-
scale particles that consist of a concentric graphene-layered
structure with a cavity in the center.[8] CNCs with diameters
of tens of nanometers have been synthesized by a pulse plas-
ma arc-discharge method.[9] CNCs are a very robust allotrope
of carbon which are stable up to 900 °C at ambient pressure
under an inert atmosphere. A representative transmission
electron microscopy (TEM) image of a CNC is shown in Fig-
ure 1. The spacing between each layer is 3.4 Å which is simi-
lar to the interval of graphite layers.[5] Since CNCs have a
ball-like structure, some of their double bonds might have

pyramidal character and, therefore, are expected to be more
reactive. The CNC itself may be considered to be a confined
p-system constituted of layers of graphene structures. It is en-
visaged that the CNC could be readily derivatized by aziridi-
nation. Thermolysis of such aziridino derivatives may gener-
ate a radical species on the surface. The radical species on the
surface may interact with the next graphene layer via a radical
chain reaction process to transform the graphene-layered
CNCs into a tetrahedral amorphous form. Here, we report
the first chemical synthesis of tetrahedral amorphous-carbon
nanoballs (CNBs) from graphitic CNCs.

A mixture of CNCs and an excess amount of azidobenzene
in chlorobenzene was refluxed for 48 h under a nitrogen at-
mosphere. The solution was passed through a membrane fil-
ter. The recovered insoluble CNCs were utilized in a second
derivatization reaction. The soluble portion was evacuated,
and the residue was taken up in pentane. The precipitate was
dissolved in chlorobenzene and the solution was spin-coated
onto a quartz plate. Under a nitrogen atmosphere, the deriva-
tized-CNC-coated quartz was placed in a tube furnace which
was heated at a rate of 10 °C min–1 to 700 °C. The sample was
the maintained at this temperature for 30 min. A second coat-
ing was applied by following the same procedure.
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Figure 1. TEM image of a CNC.



X-ray diffraction (XRD) patterns of the CNCs, CNBs, and
nanodiamond (ND) are displayed in Figure 2. The character-
istic (111) peak of ND in Figure 2 suggests a polycrystalline

nature, whereas the XRD spectrum of the CNBs implies an
amorphous phase with broad features. The pyrolyzed sample
was subjected to TEM analysis. Figure 3 shows a TEM image
of the pyrolyzed sample on silicon wafer substrates prepared

by plane-milling. Consistent with the powder X-ray analysis,
only amorphous structures were observed.

Figure 4 exhibits the C K-edge X-ray absorption near-edge
structure (XANES) spectra measured at an incident angle of
45° for the CNBs and the references, ND and highly oriented
pyrolytic graphite (HOPG). The spectra were normalized

using the incident-beam intensity I0, keeping the area under
the spectra in the energy range between 315 and 330 eV fixed.
According to the dipole-transition selection rule, the spectra
in Figure 4 are a result of transitions from the C 1s core level
to the p-like final unoccupied states above the Fermi level.
The general shape of the C K-edge XANES spectra of the
CNBs, which reflect local environments of the carbon atoms,

seems to be different from that of the HOPG
but fairly similar to that of ND. The XANES
energy range for the CNBs is typically divided
into two regions characterized by i) the spike
of the C 1s core exciton resonance at approxi-
mately 288.7 eV (labeled by a vertical solid
line), and ii) a relatively broad r* feature of the
sp3-bonded carbon occurring between about
290 and 302 eV.[10] A relatively weak peak at
≈ 285.4 in the CNB and ND spectra, which con-
versely is strong in the HOPG spectra, can be
assigned to the p* states of sp2-bonded car-
bon.[11] Presumably, the residual phenyl group
that arises from the N-phenylaziridine moiety
may account for the p* peak for the CNBs. The
p* peak in the CNB and ND spectra exhibits
not only a lower intensity but also a slight shift

C
O

M
M

U
N

IC
A
TI

O
N

S

2708 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.advmat.de Adv. Mater. 2005, 17, 2707–2710

a)

b)

Figure 2. X-ray diffraction patterns of a) CNB and ND samples (the in-
tensity is presented in log units), and b) CNCs.

a b

Figure 3. TEM images of the pyrolyzed sample on a silicon wafer substrate prepared by
plane-milling: a) Low-magnification and b) high-magnification images.
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Figure 4. Normalized C K-edge absorption spectra of HOPG, CNBs, and
ND.



towards the lower-energy side by 0.2–0.3 eV relative to that in
the HOPG spectrum. The lack of long-range order in the
amorphous compound has long been understood to cause the
excited electrons to be more localized near the core hole,
resulting in a lower energy shift for the peak in the measured
spectra.

A preliminary electrochemical examination indicated the
that CNCs spread onto an indium tin oxide (ITO) electrode
gave a quasireversible cyclic voltammetry (CV) curve,[12]

whereas that of the CNBs showed no current response under
the same conditions. This observation appeared to be consis-
tent with the C sp3 structure of the CNBs.

In order to establish that such amorphous CNBs were ob-
tained only from the pyrolysis of the derivatives of the CNCs,
a pristine CNC sample was heated at 700 °C for 30 min: no
morphological changes were observed. Even after the pristine
sample was treated under 5 kbar (1 kbar = 105 kPa) at 700 °C
for 24 h, only slight changes at the corners of the CNC were
observed in the TEM image, whereas the bulk of the graph-
ene-like layers remained intact (Fig. 5). These results sug-
gested that the conversion of the C sp2 hybridization into C
sp3 hybridization was facilitated when the CNC was modified

by the aziridine moieties. A plausible mechanism for the for-
mation of amorphous carbon nanoballs is summarized in
Scheme 1.

The radical species 1 generated by the homolysis of the
C–N or C–C bond in an aziridine ring may undergo an addi-
tion reaction to a neighboring graphene layer to yield a new
radical species 2. The new radical may proceed to react
further to precipitate a chain reaction that would result in the
formation of an amorphous C sp3 network (Scheme 1). The

generation of the radical species would be crucial in this over-
all process, and this radical species would preferentially react
with the p-system of the next graphene layer than revert to
the starting aziridine moiety. Since the CNC is a rigid ball-like
system, the overall reaction can be considered as a radical
polymerization of p-bonds belonging to a three-dimensional
confined system. The properties and potential applications of
CNBs are under investigation.[13]

Experimental

Cycloaddition of CNCs and Azidobenzene: CNCs (100 mg) were
dispersed in chlorobenzene (200 mL) in a two-necked flask (500 mL).
Air in the flask was removed under vacuum, and then the flask was
filled with nitrogen. Azidobenzene (400 mg) in chlorobenzene
(50 mL) was added dropwise into the above CNC slurry, and the mix-
ture was refluxed for 48 h. After cooling, the solution was passed
through a membrane filter (Advantec MFS Inc., PTFE, 0.5 lm). The
collected insoluble CNCs were again utilized in the derivatization re-
action described above. The solvent of the filtrate was removed under
vacuum (0.05 mm Hg, 1 mm Hg ∼ 133 Pa). The residue was taken up
in pentane (5 mL), and the precipitate was collected after centrifug-
ing. The precipitate was dried under vacuum to afford the crude aziri-
dino-CNCs as a brown powder (30.2 mg).

Synthesis of Amorphous CNBs: The crude aziridino-CNCs were
taken up in chlorobenzene and 20 lL of the solution (130 mg mL–1)
was spin-coated (spin rate: 3000 rpm for 20 s) onto a quartz substrate
(10 mm × 10 mm × 2 mm) or a silicon wafer (10 mm × 10 mm). The
coated quartz was placed in a quartz tube (diameter = 2.54 cm,
length = 60 cm). Air in the tube was expelled under reduced pressure,
and the tube was filled with nitrogen. The gas-exchange cycle was
repeated five times. The quartz tube was put in a tube furnace (Lind-
berg/Blue M, TF55035A-1), and the system was heated at a rate of
10 ° C min–1 to 700 °C and maintained at this temperature for 30 min.
The sample was cooled to room temperature and subjected to analy-
sis.

CV Experiments with CNCs: Cyclic voltammograms were obtained
by using an EG&G (PAR 273A) potentiostat/galvanostat to control
the potential applied to the working electrode. CV curves were mea-
sured in CHCl2 with 0.1 M tetra(n-butyl)ammonium hexafluorophos-
phate (TBAHFP) as the supporting electrolyte. A conventional three-
electrode configuration was used for CV experiments. ITO glass
(15 mm × 40 mm) with CNCs physically adhered, a Pt wire, and a
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Figure 5. TEM image of a CNC treated under high pressure and tempera-
ture.
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Scheme 1. Mechanism of formation of amorphous C sp3 network by a
radical chain reaction, resulting in carbon nanoballs.



Ag/Ag+ (0.1 M AgNO3) electrode were used as the working, counter,
and reference electrodes, respectively. Potentials were referenced to
the ferrocene/ferrocenium ion (Fe/Fe+) couple, and the scan rate was
100 mV s.
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The electronic properties of photoluminescent oligomeric
phenylenevinylene (OPV) derivatives, which serve as the
model compounds for the corresponding poly(phenylene-
vinylene) (PPV), have recently attracted great interest.[1] As
active materials, OPVs are also widely used in device studies
for their tunable electronic properties and well-defined chem-
ical structures.[2] The classic PPV oligomer, distyrylbenzene
(DSB, 1) and its derivatives,[3] exhibit a nice blue fluorescence
in dilute solution with a photoluminescence (PL) efficiency
up to 90 %, but in the solid state the fluorescence is strongly
quenched. This effect originates from intense crystallization
characteristics and the pronounced p–p interaction encoun-
tered in the crystalline lattice of these planar conjugated mol-
ecules. This architecture leads to the formation of sandwich-
type dimers (H-aggregates) in the ground state, and excimers
in the excited state, which usually exhibit red-shifted fluores-
cence and a low PL efficiency.[4] Much work has been done to
prevent the aggregation of DSB, involving the tetrahedral
linkage of four DSBs, referred to as tetrakis(4-tert-butylstyryl-
stilbenyl)methane (C(tBuSSB)4),[5] and the covalent assembly
of four DSBs arising from a calyx[4]arene core.[6] More re-
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