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There is an emerging demand for nanodiamonds with controlled structures or shapes for applications in bio-
medical imaging and sensing. Synthetic conditions proceeding at less harsh temperatures and pressures are
considered crucial to control nanodiamond formation process. We report a germanium iodide (Gel,) mediated
synthesis of nanodiamonds from diamondoid molecules and alkane hydrocarbon under moderate high-pressure
high-temperature (m-HPHT) conditions. For the first time, Gel, is used to generate nanodiamonds at 3.5 GPa and

500 °C, which is considerably lower than the conditions reported for common HPHT methods for nanodiamond
synthesis. The strategy reported herein allows synthesizing nanodiamonds based on well-defined molecular
precursors, which paves the way to a bottom-up diamond synthesis designed at a molecular level.

1. Introduction

The unique properties of nanodiamonds make them a promising
material for various applications such as biomedical imaging and sen-
sing [1]. Nanodiamonds are biocompatible and chemically robust due
to their sp® bonded carbon lattice. More importantly, some atomic
defects in the lattice known as color centers exhibit emission from the
visible to the near-infrared light with high photostability, and they can
serve as fluorescent biomarkers and nanoscale sensors [2]. The prop-
erties are strongly affected by the structures of the nanodiamonds. For
instance, the type of color center determines the emission spectrum; the
brightness of the fluorescent nanodiamonds depends on the average
number of emitting color centers per particle, and the color center
stability is associated with the sizes of the nanoparticles and their
surface chemistries [3]. Thus, it is of great importance to control their
sizes, shapes and defects in a reproducible fashion. Common methods of
nanodiamond synthesis such as detonation [4], laser ablation [5] and
chemical vapor deposition (CVD) [6] proceed either under non-equili-
brium conditions or the pressure and temperature are insufficiently
controlled, thus limiting the control of the final products' structures
[1,7]. Alternatively, the high-pressure high-temperature (HPHT) tech-
nique holds great promise by providing pressure and temperature
control over a wide range. It has been demonstrated that the precursors
have an important impact on the structures of the final products under
HPHT conditions [8]. Graphite is a conventional precursor, which re-
quires harsh conditions (over 10 GPa and 2000-3000 °C) for direct
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conversion to diamond [9]. If non-graphitic carbon materials, like
amorphous carbon or glassy carbon, are used as starting materials,
conversion to diamond occurs at lower temperatures (1600-1800 °C)
[10]. By applying different catalytic medium, the synthetic conditions
have been reduced to 5-7 GPa and 1300-1500 °C [11-13]. Recently,
hydrocarbons such as diamondoids have been demonstrated as pro-
mising precursor molecules, and it was speculated that the presence of
sp>-hybridized carbon in their structure promotes the formation of
diamond [14]. A diamondoid molecule resembles part of the hydrogen-
terminated diamond lattice and could be considered as an ultrasmall
diamond with a precisely defined structure. Therefore, seeded growth
based on diamondoid molecules would enhance nucleation and yield
much higher quality nanodiamonds [3]. Moreover, a molecular “seed”
with preorganized defect atoms would be favorable for the controlled
growth of specific color centers within diamond [3]. However, the
vigorous HPHT reaction conditions with very high temperatures of
above 1000 °C would decompose any organic precursors into pyrolysis
intermediates thus limiting the possibilities for engineered diamond
growth. Thus, less harsh, “moderate” HPHT (m-HPHT) synthesis con-
ditions are considered a key step towards the controlled synthesis of
nanodiamonds. Some studies demonstrated that low temperature is
available for diamond synthesis [15,16]. However, the pressure they
use was still as high as 10 GPa and no in situ investigation was per-
formed to study the chemical change inside the sample during the re-
action.

Herein, we present the synthesis of nanodiamonds using
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adamantane as the “seed” and tetracosane as the carbon source under
m-HPHT conditions (Fig. 1) in the presence of germanium iodide
(Gel4). Adamantane has a molecular structure that resembles the dia-
mond crystal lattice. It has been demonstrated that the diamondoid
structure plays a key role in lowering nucleation barriers during dia-
mond synthesis [17]. In some way, adamantane is able to act as a
molecular “seed” to promote nucleation. The in situ Raman spectro-
scopy suggests that Gel, can activate both adamantane and tetracosane
to produce nanodiamonds at significantly lower pressure (3.5 GPa) and
temperature (500 °C) compared to the conventional HPHT methods
(normally 5-7 GPa and above 1000 °C). These results suggest that Gel,
could play a similar role in diamond HPHT synthesis as an initiator does
in conventional organic reactions. Based on these new insights, we
envision that diamond synthesis could be accomplished by classic or-
ganic chemistry methods thus opening up new opportunities for the
bottom-up synthesis of nanodiamonds.

2. Experimental

The m-HPHT experiments were carried out in a diamond anvil cell
(DAC) setup by placing the sample inside a gasket hole between the two
anvils as a reaction chamber (as shown in Fig. 1a and supporting in-
formation). Pressure inside the chamber is generated by pressing the
anvils and detected using ruby as the calibrant. The transparent dia-
mond anvils also serve as windows for conducting in situ Raman spec-
troscopy and wide-field imaging. The sample consists of a mixture of
Gel,, adamantane and tetracosane with the molar ratio of 1:1:1000.

3. Results and discussion

In situ Raman spectroscopy records the evolution of the vibrational
modes inside the sample during the reaction process. As shown in
Fig. 2a, the Raman spectrum of the mixture of Gel,, adamantane and
tetracosane before heating shows the typical characteristics of alkanes
with C—H stretching in the range of ~2700-3100 cm™! and C—C
stretching as well as C—H bending modes at ~1000-1300 cm ™! and
~1500 cm ! [18]. These signals correspond to the Raman spectrum of
pure tetracosane (see Fig. Sla), which was used in great excess. The in
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Fig. 1. Illustration of the Gel,-mediated synthesis of
nanodiamonds under m-HPHT conditions. (a)
Schematic of the diamond anvil cell (DAC) setup. (b)
Schematic of nanodiamond synthesis inside the
sample chamber (as indicated by the dashed box)
using adamantane as a molecular “seed”, tetracosane
as alkane carbon source and Gel, as an initiator.

" Molecular “seed” @ Initiator /\/ Carbon source

CH;(CH,),CH;

situ Raman analysis gives important information about the chemical
reaction during the m-HPHT cycle. At 500 °C, the intensities of the
peaks at ~1000-1500 cm ' diminished and the peak width became
wider due to the high temperature. A new peak at around 1641 cm ™!
appeared in the spectrum, which is associated with amorphous carbon.
Since the strong Raman peaks from the diamond anvils overshadow the
signals of any possible synthetic diamonds during the process, the for-
mation of amorphous carbon becomes a good indicator for the re-
activity of the precursors. Under these reaction conditions, tetracosane
decomposes into smaller alkyl chains [19] that then either attach to
adamantane for diamond growth or form amorphous carbon material
through unsaturated aliphatic and alicyclic intermediates. After the
reaction was quenched to room temperature, the amorphous carbon
peak became even more evident and a broad photoluminescence
background was observed. This strong photoluminescence background
reveals a high hydrogen concentration in the amorphous carbon clus-
ters [20]. The absence of clear D and G lines indicates that a large
amount of sp>-hybridized carbon species has formed. It has been de-
monstrated that hydrogenated diamond-like carbon normally forms
together with diamond using diamondoid hydrocarbons as precursors
in HPHT experiments [21], which also agrees with our experimental
observations. Control experiments were performed with a mixture of
adamantane and tetracosane without the Gel,. The decrease in the peak
intensity was also observed as shown in Fig. 2b. However, in this case,
no peaks associated with the formation of amorphous carbon structures
were detected in the Raman spectrum and only very minor changes in
the fluorescence background occurred during the reaction. Therefore,
the control experiment indicates that the mixture of adamantane and
tetracosane is much less reactive in the absence of Gel,. The same ob-
servations were reproduced in other control experiments with pure
tetracosane and pure adamantane. In the presence of Gel,, amorphous
carbon peaks were observed after the heating cycles in both experi-
ments (Figs. S1 and S2). These results indicate that Gel, can function as
an initiator, which enhances the chemical reactivity of both ada-
mantane and tetracosane, thereby enabling the reaction already at
moderate conditions.

After the m-HPHT reaction, the products were extracted with a
tungsten carbide needle into 50 pL of isopropanol alcohol and sonicated

Fig. 2. In situ Raman spectra of the mixture of ada-
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for 20 min for further characterization. The products obtained from the
experiment with the mixture of Gel,, adamantane and tetracosane were
characterized by transmission electron microscopy (TEM). Clusters
were found and their images were depicted in Fig. 3a. The particle sizes
ranged from several nanometers to tens of nanometers. A rough esti-
mation of the size distribution is shown in Fig. S3 with an average
particle size of around 14.3 nm. The selected area electron diffraction
pattern (Fig. 3b) showed reflections at 2.06, 1.27, and 1.08 A corre-
sponding to Miller indexes of (111), (220) and (311), thus indicating
the diamond structure of these nanoparticles. Energy dispersive x-ray
spectroscopy (EDX) in Fig. S4 reveals that carbon is the predominant
element in the product, confirming that these reflections belong to
diamond cell parameters rather than contaminations with similar
crystalline structures. High resolution TEM image (Fig. 3c) revealed
that the nanodiamonds were covered by organic residues and amor-
phous carbon materials that were detected in the Raman spectra. The
crystalline lattice fringes were clearly visible with a d-spacing of ap-
proximately 2.06 A confirmed by fast Fourier transform (FFT) image
(Fig. 3d) corresponding to the (111) plane of cubic diamond. Note-
worthy, some forbidden reflections of (200), (222), (420) were also
observed at another location on the grid as shown in Fig. S5, which can
be attributed to atom defects within the cubic diamond lattice [22].
These defect-containing diamonds could be considered as intermediate
products or byproducts. One could speculate that the defects could be
incorporated germanium atoms since the large size of the germanium
atoms would distort the crystalline structure, whereas the low Ge
amount would not be sufficient to be detected in the EDX spectrum. The
control experiment with a mixture of Gel, and tetracosane without the
adamantane “seed” only yielded amorphous carbon material (Fig. S6).
Most likely, the cage structure of adamantane could reduce the energy
barrier for diamond formation compared to alkanes as it provides a
similar diamondoid structure as bulk diamond [21]. These results
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Fig. 3. TEM measurements of the product obtained
after m-HPHT reaction of the mixture of Gel,, ada-
mantane and tetracosane. (a) TEM image of a dia-
mond cluster observed in the product; (b) electron
diffraction pattern exhibiting lattice spacings of 2.06,
1.27, and 1.08 A corresponding to diamond (111),
(220) and (311) planes; (c) a high resolution image;
(d) fast Fourier transform calculated from image (c).

indicate the important role of the molecular adamantane “seed” for
nanodiamond growth. The application of Gel; as an initiator is also
essential for diamond synthesis at moderate HPHT condition as Gely
seems to enhance the chemical reactivity of the saturated hydro-
carbons. Moreover, the iodo-substituent could actively react with the
unsaturated carbon bonds from the decomposed precursors, thus in-
hibiting the formation of graphite and stabilizing the nuclei with sp®
hybridized carbon [23,24]. We envision that the synthesis strategy re-
ported herein opens great opportunities for the bottom-up synthesis of
nanodiamond materials through molecular design of the “seed” struc-
tures.

4. Conclusion

In summary, we present the first nanodiamond synthesis from
adamantane and tetracosane in the presence of Gel, that presumably
serves as an initiator. Gels enables nanodiamond synthesis at much
milder conditions i.e. 3.5 GPa and 500 °C, which are significantly lower
than the reaction conditions during common HPHT synthesis. We en-
vision that the combination of molecular precursors that could be fur-
ther modified to impart ie. heteroatom lattice defects as well as the
potential initiators holds great promise for engineered growth of na-
nodiamonds with tailored optical properties.
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