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ABSTRACT: Electron irradiation of anthracite functionalized by dodecyl
groups leads to recrystallization of the carbon network into diamonds. The
diamonds range in size from ∼2 to ∼10 nm and exhibit {111} spacing of 2.1 Å.
A bulk process consistent with bias-enhanced nucleation is proposed in which
the dodecyl group provides hydrogen during electron irradiation. Recrystalliza-
tion into diamond occurs in the hydrogenated graphitic subsurface layers.
Unfunctionalized anthracite could not be converted into diamond during
electron irradiation. The dependence of the phase transition pressure on cluster
size was estimated, and it was found that diamond particles with a radius up to
20 nm could be formed.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Chemical vapor deposition (CVD) of diamond has been
developed so that diamond growth on diamond at

subatmospheric pressure is efficient and well understood.1 In
contrast, diamond growth on nondiamond surfaces requires a
nucleation step that has only recently been addressed.2 Biased
enhanced nucleation (BEN) has been shown to provide the
most controlled pathway for nucleation onto nondiamond
surfaces.3,4 This process allows nucleation to be achieved either
by direct ion beam bombardment5 or by exposing a negatively
biased substrate to a CVD plasma.3,4 Nucleation sites that have
been identified include the formation of randomly oriented
diamond on graphite edges6−8 and for heteroepitaxial oriented
growth on silicon.9

During our studies on the reductive alkylation of anthracite
by dodecyl groups (Scheme 1),10,11 we found that diamonds
were formed when the dodecylated anthracite was exposed to
the electron beam during analysis by transmission electron
microscopy. Because extensive measurements with pristine

anthracite failed to yield diamonds, we suggest that these results
can be explained in terms of a process that is assisted by
hydrogen atoms that are formed by the “knock-on” effect12

from the hydrogen bearing dodecyl groups.
Nucleation would be an internal bulk process that occurs in

subsurface layers, consistent with the model proposed and
substantiated by Lifshitz and coworkers.2 The layered structure
of the unfunctionalized anthracite11 is clearly visible in the
transmission electron microscopy image shown in Figure 1a.
The diamonds are embedded in amorphous carbon with fringes
of ∼2.1 Å, corresponding to the {111} diamond crystal
structure (Figure 1b). The diamond particles range in size from
∼2 to ∼10 nm. The high-resolution transmission electron
microscopy images of anthracite reveal a layered structure with
some regions that are amorphous and others with poorly
orientated graphitic-like fringes.11

The bright-field high-resolution transmission electron
microscopy images of a twinned diamond identified by the
arrow in Figure 2a,b are shown more clearly in Figure 2c.
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Scheme 1. Reductive Dodecylation of Anthracite.10,11
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It is well known that the most stable carbon phase is graphite
and that diamond is metastable. Although the energy difference
between the two phases is only 0.01 to 0.04 eV/atom,13,14 the
high activation barrier (∼0.4 eV/atom15−17) that is required to
achieve the phase transition requires extreme conditions of
temperature and pressure. However, on nanoscale the carbon
phase diagram has to be reconsidered by introducing cluster
size.17−19 It has been shown recently that fullerenes are the
most stable form of carbon for small clusters, while there is a
“window” of stability for diamonds within the range 19−52 Å,
beyond which graphite is more stable.20,21 Small diamonds
were observed to be unstable under electron irradiation.22 We
observed that electron irradiation of the particle shown in
Figure 3a forms and then rapidly reforms the anthracite (Figure
3b−d). This transformation takes <30 s. The diameter of the
diamond is ∼2.5 nm.
The formation of diamond observed during this study is

consistent with the model proposed and substantiated by
Lifshitz and coworkers.2 The graphitic-like layers of anthracite
allow a bulk process to be initiated between the layers of the
coal when hydrogen atoms displaced from the dodecyl groups
by the “knock-on” effect12 penetrate the anthracite and form a
dense amorphous hydrogenated carbon (C:H) phase. After the
carbon is saturated by hydrogen, precipitation of sp3 carbon
clusters would form. Most of the clusters would probably be
amorphous, but a few would have the structure of diamond.
The addition of hydrogen atoms to the dangling bonds would
follow. The presence of hydrogen along the edges of the
diamond would prevent the formation of the graphenic
structure observed by Lueking and coworkers when anthracite
was investigated as a vehicle for the storage of dihydrogen.23,24

Ball milling of the anthracite with cyclohexene (the source of
hydrogen) led to a carbon structure that decomposed upon

heating to give molecular hydrogen. Crystalline regions were
attributed to the high temperature (1400 °C) that was used to
remove metals. The onion-like graphitic structures that
surround the diamond probably formed when insufficient
hydrogen was present to protect the edges of the diamond.
The elegant experiments that have been carried out recently

by Dahl and his coworkers25 emphasize the importance of
hydrogen in the growth of diamondoids that occur naturally in
oil. The lower members of this family have been synthesized
through a series of carbocation rearrangements that eventually
lead to the more stable lower homologues adamantane,
diamantane, and triadamantane. Chemists have assumed
logically that the large diamondoids that occur in high
concentrations in oil are formed through similar rearrange-
ments. However, these workers established a free radical
process, similar to CVD growth, with hydrogen playing a
dominant role. Similarly, recent studies have demonstrated that
diamond nanowires can be formed inside carbon nanotubes
with appropriate seeds in the presence of a hydrogen
atmosphere.26

Experiments to demonstrate the importance of hydrogen
were carried out by exposing the anthracite to a less robust
source of hydrogen. Thus, when anthracite functionalized by n-
butyl groups was exposed to the electron beam, regions were

Figure 1. Bright-field high-resolution transmission electron micros-
copy images of (a) raw anthracite showing layers and (b) dodecylated
anthracite showing diamonds (dark areas) after exposure to the 200
kV electron beam.

Figure 2. Bright-field high-resolution transmission electron microscopy images (a−c) of a single twinned diamond.

Figure 3. HRTEM images showing a nanodiamond reverting back to
anthracite upon exposure to the electron beam. The scale bar is 1 nm.
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found where onion-like fringes started to form, but no fully
formed diamonds could be observed (Figure 4).

In contrast with anthracite,10 reductive alkylation of
subbituminous coal by dodecyl groups leads to a more complex
mixture of products that result from collapse of the coal matrix
during the reductive alkylation.27 Despite the structural
diversity of products, the HRTEM image of subbituminous
coal functionalized by dodecyl groups shows nanoscale
diamond particles distributed throughout the coal. When
simple alkenes (dodecene) are grafted onto the coal, as
described in our previous work,27 an unusually high density of
nanodiamonds is formed upon exposure of the polydodecene-
grafted coal to the electron beam (Figure 5a,b). We attribute
this observation to the high concentration of hydrogen atoms
that are formed by irradiation of the hydrogen-rich
polydodecene.

Other high-resolution images of nanodiamonds found in the
polydodecene-grafted subbituminous coal after electron irradi-
ation are illustrated in Figure 6a−c.
To substantiate the role of hydrogen in the formation of the

diamond clusters, we used an atomistic simulation by reactive
force-field potential (ReaxFF),28 implemented in LAMMPS
package.29 To evaluate the accuracy of this approach, the
corresponding characteristics of the bulk diamond were
calculated using ReaxFF and compared with reference data.
The phase-transition pressure (at 0 K) between graphite and
diamond was evaluated as 4.76 GPa. This overestimates the

experimental value of graphite-diamond phase transition (1.7
GPa).30

Using graphene as a model, it was found that the adsorption
of adatoms to a multilayered graphene surface leads to the
formation of a diamond nanofilm without any activation
barrier17 (at least for the films containing two to six layers); this
effect is termed a chemically induced phase transition. The
experimental evidence of chemically induced phase trans-
formations in carbon structures has been demonstrated for an
amorphous structure2 and for graphite31 after exposure to
either hydrogen or fluorine. In the latter case, X-ray, NMR, and
electronic microscopy analyses32 showed the formation of an
ordered thin diamond film.
The binding of reference atoms to the surface of the layered

carbon structure leads to the transformation of a nearly
chemically inert sp2-hybridized carbon lattice to a partially
hydrogenated sp3-hybridized structure. The dangling bonds not
bound to hydrogen compensate by connecting to the
underlying carbon layers to form the sp3-hybridized structure.
The carbon atoms that are not bound to hydrogen then form
bonds to adjacent layers. This leads to a “zipping” process that
results in the formation of sp3-hybridized diamond without any
activation barrier (at least for nanometer-sized objects).17,33

Because the diamond clusters that we observe have the (111)
surface, a theoretical investigation was initiated using a model
of diamondization of hydrogenated multilayered graphite
clusters to diamond clusters faceted by (111) surfaces, as
illustrated in Figure 7. The diamond clusters would be obtained
from the hydrogenated multilayered graphene clusters by the
formation of bonds between the neighboring layers.
We find that the graphene cluster with hydrogen bound to

the surface has a binding energy that is less than the binding
energy of the corresponding diamond cluster. Because this
difference is negative, the formation of diamond will occur
without an activation barrier.
Using atomistic simulation, the dependence of the phase-

transition pressure upon the cluster radius was also calculated.
(See Figure 8.) Using the method of Viecelli et al.,18 the
dependence of the phase transition pressure on the average
cluster radius, compared with bulk diamond, could be fitted as
P(R) = −3934R−1 + 32 866R−2 − 17 899R−3 + 4.76, where 4.76
GPa is the calculated phase-transition pressure of the diamond.
It should be noted that for large clusters only the first term is
sufficient. Therefore, the transition pressure is proportional to
R−1.
One can see from Figure 8 that the dependence of the phase-

transition pressure on the average radius exhibits nonlinear
behavior. The pressure increases with an increasing size of the
cluster leading to the bulk value (4.76 GPa) and changes the
sign (become positive) at >14 nm (Figure 8), which is in
agreement with the experimentally observed range (2−10 nm).
This result allows one to conclude that an activation barrier will
appear only in the case of large clusters and that small particles
will be obtained by chemical adsorption of hydrogen onto the
carbon surface.
We should point out that the difference between the

calculated data and the fit is related to nonspherical shapes of
clusters. The average radii of the clusters could not be
determined unambiguously by applying the analytical ex-
pression derived for spherical clusters. Also, the overestimation
of phase-transition pressure could lead to the underestimation
of the critical cluster size that would form under hydrogenation.

Figure 4. HRTEM image of anthracite functionalized by n-butyl
groups showing changes in the amorphous carbon.

Figure 5. HRTEM images of nanodiamonds formed by electron
irradiation of polydodecene-grafted subbituminous coal.
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In conclusion, electron irradiation of either anthracite or a
subbituminous coal functionalized by hydrogen-bearing groups
leads to rearrangement of amorphous carbon into diamond.
Consistent with a previous study,2 it is proposed that a dense
amorphous hydrogenated carbon phase (C:H) is formed that is
further reduced by hydrogen to form sp3 carbon clusters that
contain some diamond structures. Dangling bonds along the
edges are removed by reaction with hydrogen. The theoretical
investigation shows that the adsorption of hydrogen plays a
major role in the formation of diamond from amorphous
carbon. It was estimated that this effect is dominant for clusters
with an average radius up to 20 nm, in good agreement with the
experimental result. These results can be critically important in
the synthesis of ultrasmall diamond particles and can stimulate
further investigations of sp3-hybridized carbon particles.

■ EXPERIMENTAL SECTION
A sample of anthracite was obtained from J. Crelling (Southern
Illinois University). The anthracite came from the Mammoth
seam that is located in Schuylkill county Pennsylvania. The
composition of the sample was determined by XPS to be 92%
carbon and 6.4% oxygen. Nitrogen, silicon, and sulfur were each

present in <1%. Subbituminous coal came from Western
Energy Company’s Rosebud Mine in Montana. All other
reagents were purchased from Aldrich. Both coals function-
alized by dodecyl groups have been characterized fully during
our previous studies.
HRTEM images were recorded using a JEOL 2100 field-

emission transmission electron microscope (JEM 2100F TEM)
operated at an accelerating voltage of 200 kV.
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