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Carbon Nitrides

3,6-Di(azido)-1,2,4,5-Tetrazine: A Precursor for
the Preparation of Carbon Nanospheres and
Nitrogen-Rich Carbon Nitrides**
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Microbead and nanophase carbon materials attract many
researchers due to their unique applications,"! which include
high-density and high-strength carbon artifacts,”! super-active
carbon beads of high surface area,” lithium storage,* lithium
battery anodes,** ¥ spherical packing materials for HPLC,"
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hydrogen storage applications, and catalysis."! Much atten-
tion has focused on the preparation (precursors and methods)
and properties of these carbon materials, because their
applications significantly depend on the shape and size of
the particles.

Carbon nitrides are of current interest due to their novel
mechanical, optical, and tribological properties, including low
density, extreme hardness, surface roughness, wear resistance,
chemical inertness, and biocompatibility.®! These superhard
diamondlike materials promise a variety of technological and
biological applications. For example, they are used as
biocompatible coatings on biomedical implants,* battery
electrodes,'”) catalytic supports,'!! gas separation systems,'
electronic materials,”® and humidity and gas sensors.'¥
Unlike carbon-based materials, applications of carbon
nitrides are not only governed by the texture and size of the
particles™ but also by the relative nitrogen content. As a
consequence, an extensive effort has focused on the discovery
of precursors along with the appropriate methods to increase
the nitrogen content in carbon nitrides.

There is very little literature on the preparation of carbon
nanospheres and nitrogen-rich carbon nitrides (> 60 wt % N).
Gillan reported preparations of carbon nitrides C;N,
(60.9 wt% N) and C;N; (66.0 wt % N) and graphitic carbon
using high-nitrogen 2,4,6-tri(azido)-1,3,5-triazine as the pre-
cursor; however, the graphitic carbon consisted of irregular
polygons, and no detailed description of its dimensions was
provided.™ Lee et al. recently published a preparation of
aggregate interlinked three-dimensional network of carbon
nanospheres from naphthalene-derived isotropic pitch using a
lengthy five-step process consisting of acidification, extrac-
tion, stabilization, oxidation, and carbonization. By mild
grinding, carbon nanospheres ranging from 100 to 300 nm
were individually separated.!"

We report here a new synthesis of the high-nitrogen
compound 3,6-di(azido)-1,2,4,5-tetrazine (DiAT, 1), from
which carbon nanospheres ranging from 5 to 50 nm and
nitrogen-rich carbon nitrides C;N, and C;N; can be prepared.
Both preparation methods are simple, use mild conditions
(i.e., low temperature and without applied pressure), and
require no vacuum systems, extraction, carbonization and
purification.

In 1963, Marcus and Remanick reported the preparation
of 1 with a melting point of 130°C, but no other physical
properties or crystal structure were available.'! We devel-
oped an improved synthetic pathway for 1 that involves the
two-step process illustrated in Scheme 1. The readily avail-
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Scheme 1. Synthesis of DIAT (1).
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able 3,6-bis(3,5-dimethylpyrazol-1-y1)-1,2,4,5-tetrazine (2;
2.0 g, 7.4 mmol)!'” rapidly reacted with hydrazine hydrate
(0.78 g, 15.6 mmol) to give 3,6-di(hydrazino)-1,2,4,5-tetrazine
(DHT, 3)," which underwent diazotization in 3m HCl at 0°C
to yield 1.1

The isolated sample of 1 was characterized by X-ray
crystallography,”” differential scanning calorimetry (DSC);
cyclic voltammetry; and IR, UV/Vis, and *C NMR spectros-
copy.”!! The structure of 1 in the crystal, grown by slow
evaporation of a solution in benzene/octane (4/1), is shown in
Figure 1. Selected bond lengths and angles are listed in
ref. [22].
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Figure 1. ORTEP diagram (25% ellipsoids) and labeling scheme for 1.

The X-ray analysis shows how molecules of 1 are packed
densely (d=1.72 gcm™) in the crystals. Figure 2 displays a

Figure 2. Packing of 1 in the crystal viewed along the a axis. The
planar molecules are seen almost edge-on in this view, and close inter-
molecular C—N approaches between neighboring tetrazine rings are
shown as dashed lines.

pattern formed by planar molecules that adopt two different
alternating inclinations. This familiar type of packing is
commonly called a herringbone pattern, and it is frequently
seen in crystals of non-hydrogen-bonded planar molecules,
for example, naphthalene.® In 1, the dihedral angle between
the ring planes of neighboring molecules of differing tilt is
72.1°. The closest intermolecular distance in the crystal is
shown as a dashed line (repeated by symmetry operations)
between nearest neighbors. It is a ring C to ring N approach of
3.037 A that is slightly shorter than the corresponding
van der Waals contact distance of 3.25 A Parallel mole-
cules, such as the neighbors occurring vertically or horizon-
tally in Figure 2, have no close contacts. Each azido group is in
rather close contact with four neighboring azido groups,
displaying six approach distances of 3.13-3.15 A, just slightly
beyond the N--N van der Waals contact distance of 3.10 A.
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Carbon nanoparticles were prepared at two different rates
of heating in the presence of air. A 0.2 g sample of 1 was
loaded into a 50 mL stainless steel bomb and then heated to
150°C over 2h to give carbon nanospheres that were
characterized by IR spectroscopy, gas pycnometry, elemental
analysis® and by SEM (Figure 3).
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Figure 3. SEM images of carbon nanospheres at magnifications of
25000x (left) and 150000x (right).

When the heating time was reduced to 1 h, an audible pop
occurred, and irregular carbon nanopolygons doubled in size
were obtained (Figure 4). Gas pycnometry, IR spectroscopic
data, and elemental analysis indicate that they are similar in
composition to the carbon nanospheres.

[26]

Figure 4. SEM images of irregular carbon nanopolygons at magnifica-
tions of 25000 (left) and 150000x (right)

In the presence of air, brown, nitrogen-rich carbon
nitrides were prepared by using two different heating proto-
cols in a 50 mL stainless steel bomb. A 0.3 g fluffy sample of 1
was heated to 100°C over 2 h and held at this temperature for
an additional 4 h. The temperature was then increased to
150°C over 3 h and maintained overnight to yield leaf-like
carbon nitride C;N, (Figure 5, left). When 1 was heated
continuously to 150°C over 5h and then held at that
temperature overnight, rope/ball-like carbon nitride C;N,
was obtained (Figure 5, right). Both carbon nitride products

Figure 5. SEM images of leaf-like (left) and rope/ball-like (right)
carbon nitride C;N,.
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were characterized by IR spectroscopy, elemental analysis,
thermal gravimetric analysis (TGA), gas pycnometry,?’* and
SEM imaging.

Under a nitrogen atmosphere, a 0.3 g consolidated sample
of 1 was again heated to 150 °C with the two different heating
protocols (see above). The sheet-like and rope/ball-like
carbon nitrides C;N5 were characterized by IR spectroscopy,
elemental analysis, TGA, gas pycnometry,*”™ and SEM
imaging (Figure 6).

Figure 6. SEM images of sheet-like (left) and rope/ball-like (right)
carbon nitride C;Ns.

Unlike many other organic compounds, for example,
meso-carbon microbeads,® mesophase pitch-based carbon
fibers,”” and non-azido-substituted triazines® and hepta-
zines,®! 10°! and other polyazido compounds containing only
C and N atomsP? are ideal precursors for nitrogen-rich
carbon nitrides because of their clean and thermodynamically
favorable decompositions, which presumably extrude nitro-
gen gas as the only by-product [Egs. (1) and (2)].

3C,N,,22CH, + 11N, (1)

3N, A2 CH; + 10N, 2)

More importantly, the conversion processes to nitrogen-
rich carbon nitrides from these polyazido compounds gen-
erate no environmental waste or pollution.

The reproducible results in this study are novel and
important in demonstrating that 1 undergoes decomposition
in a single-step heating process to give 1) the first carbon
nanospheres ranging from 5 to 50 nm at low temperature and
without applied pressure and 2) three novel morphologies of
nitrogen-rich carbon nitrides. Remarkably, since the texture,
size, and nitrogen content of carbon nitrides (o=0.58-
1.32 gcm™®) are highly dependent on the heating protocols,
they can be tailored for particular applications.
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