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A high-efficient one-step synthesis of cubic gauche polymeric nitrogen was developed just by thermal treatment of
KNj3 powders. Raman and infrared spectra confirm the formation of cubic gauche polymeric nitrogen. Further thermo-
gravimetric differential scanning calorimeter measurements show that the content of cubic gauche polymeric nitrogen is as
high as 1.5 wt% with high thermal stability, which is the highest content value reported so far.
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1. Introduction

Polymeric nitrogen is characterized by its N-N single or
N=N double bonds, when these bonds transform into N=N
triple bonds in nitrogen gas, the process releases a vast amount
of energy. The most attractive polymeric nitrogen is the cubic
gauche polymeric nitrogen (cg-N), which consists of only N—
N single bonds with similar crystal structure of diamond.!!=!
After cg-N was successfully synthesized at 110 GPa, LP-N,
HLP-N, and BP-N were discovered successively under pres-
sures of 126 GPa, 244 GPa, and 146 GPa, respectively.[>~10]
However, the extreme high-temperature and high-pressure
conditions required for these syntheses have significantly hin-
dered their practical applications.

In recent years, researchers have begun exploring more
moderate synthesis methods, particularly the preparation of
cg-N under ambient conditions using plasma-enhanced chem-
ical vapor deposition (PECVD) technology.!!!~1! Since 2020,
we have started to work in this field.!'”! Most recently, we re-
ported that KNj3, as a precursor, is more favorable than NaN3
for the synthesis of cg-N, and free-standing cg-N was suc-
cessfully synthesized at ambient conditions, which shows high
thermal stability up to 760 K, and related explosion parame-
ters were reported for the first time.!'®! In this work, we report
a one-step synthesis of cg-N just by thermal treatment, which
is the simplest way to date, and the highest cg-N content is
realized.

2. Results and discussion

The detailed synthesis process and measurement results
are shown below. A certain amount of ordered KN3 powder
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was put into the porcelain boat and then heated at temperatures
between 150 °C and 300 °C for 0.5-3 h in vacuum or protec-
tion gas. Flow rates of 20 sccm (standard cubic centimeters per
minute) were maintained for each gas and the heating rate was
fixed at 10 °C/min. The raw KN3 was white powder (Fig. 1(a))
and the color was changed into green after thermal treatment
(Fig. 1(b)). Moreover, we also compressed KN3 powder into
a white pellet (Fig. 1(c)) and then the same thermal treatment
process was applied. As shown in Fig. 1(d), it could be seen
that the surface and interior of the pellet turned green after
thermal treatment, indicating that the thermal treatment can ef-
ficiently induce bulk reaction with high yield, whereas plasma
is confined to the surface of the sample.
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Fig. 1. KN3 powder (a) before and (b) after thermal treatment. KN3 pellet
(c) before and (d) after thermal treatment (Inset: the cross-sectional view
of the pellet sample).

The as-synthesized sample was characterized by FTIR
spectra and the result is displayed in Fig. 2(a). The character-
istic peaks of KNj are observed at 640 cm~! for the bending
v, mode and the absorption at 2100 cm ™! is related to the an-
tisymmetric stretching v3 mode of azide ions. A low-intensity
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vibrational peak located at 883 cm™! of the as-synthesized
sample can be assigned to the T(TO) symmetry vibration of
cg-N at room temperature and ambient pressure. This is in
agreement with the results of infrared spectra measured by
Benchafia er al.!''l using PECVD process involving NaN3,
and is also consistent with the experimental results of our ear-
lier research.[1¢]
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Fig. 2. (a) FTIR and (b) Raman spectra of KNj after the thermal treatment.

Figure 2(b) shows the Raman spectra of the as-
synthesized sample. The characteristic peak at 1269 cm™! cor-
responds to the 2v, mode of the azide ion. Specifically, a peak
located at 637 cm ™! could also be observed. This is in agree-
ment with the results measured by Benchafia e al.!'!l and with
Caracas’ density-functional theory calculations of the peak po-
sitions and intensities of Raman-activated modes at zero pres-
sure for the cg-N phase,!'®! as well as the experimental results
of our previous work.[!®! The results above suggest the suc-
cessful synthesis of cg-N from KNj3 using one-step heating
process.

Thermogravimetric differential scanning calorimeter
(TG-DSC) analysis of the KN3 after thermal treatment was
carried out in a flowing N, atmosphere (Fig. 3). The DSC
curve shows KN3 undergoes a phase transition from the solid
state to the liquid state in the temperature range from 325 °C to
350 °C and the complete decomposition temperature of KN3 is
above 500 °C, while a minor endothermic DSC peak at 448 °C
is owing to the decomposition of cg-N. These results are con-
sistent with the experimental results of our previous work by
using PECVD process. !¢

Importantly, a clear weight loss of ~ 1.5 wt% at 448 °C
in the TG curve (see inset in Fig. 3(b)) is attributed to the de-
composition of cg-N, indicating that the cg-N content in this
one-step synthesis is ~ 1.5 wt%, which is two times higher
than that of our previous work by using PECVD process. 6]
This is the highest content reported so far, suggesting that our
one-step method is high-efficient to obtain cg-N.
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Fig. 3. The (a) DSC and (b) TG curves of KNj3 after the thermal treatment.

Since we observed the transformation from KNj3 into cg-
N in PECVD, 10 we started to understand the reaction mech-
anism. First of all, we should answer the question whether
potassium exists after the formation of cg-N. Therefore, a
small amount of deionized water was added into the tube con-
taining raw KN3 powder (Fig. 4(a)). As shown in Fig. 4(b),
the raw KN3 powder dissolved immediately and no bubble ap-
peared. However, a large number of bubbles were generated
in the case of KN3 containing cg-N (Fig. 4(d)). The gas chro-
matographic analysis demonstrated the presence of H,, N, and
O, (Fig. 4(e)). In this case, Hy can only be generated from the
reaction between metal potassium and water. Thus, it can be
speculated that metal potassium is precipitated from the KN3
during the reaction process. It is noted that N, and O, may de-
rive from the air, therefore determining whether the reaction
product of cg-N with water contains N> is difficult at present
and further investigation is needed.
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Fig. 4. The digital images of KN3 powders (a) before and (b) after adding
deionized water. The digital images of thermally treated KN3 (c) before
and (d) after adding deionized water (the related video is available on-
line). (e) The gas chromatographic analysis of the bubbles.

3. Conclusion

In summary, we developed the simplest way to synthesize
cg-N with high yield via a one-step scheme to date. The high-
est content of cg-N was obtained so far under ambient condi-
tions. The same thermal treatment process was also applied to
NaNj3 and the cg-N was successfully synthesized, however, the
conversion efficiency was lower than that of KN3. We are try-
ing to apply this one-step routine to other azides. Our results
will promote the applications of polymeric nitrogen.

Note

Just before submitting this manuscript, we notice the
work on thermal-chemical route with multi-steps to synthe-
size cg-N.!") In that work, a solution of azides is prepared
first, and then pretreatment under vacuum conditions is used,
finally, the obtained precursor is heated at high temperature.
Here, we used one-step method through heating the primary
material under vacuum condition or protection gas environ-
ments to get the cg-N.
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