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The polymerized nitrogen material with single bonds is consid-
ered one of the candidates for storing huge chemical energy due to 
the significant energy difference between triply bonded di-nitro-
gen and singly bonded nitrogen [1]. It was anticipated that the 
greatest utility of fully single-bonded nitrogen would yield a ten-
fold improvement in detonation pressure over HMX (one of the 
more powerful high explosives) [2] and therefore polymerized 
nitrogen is of great interest to physical sciences. It was predicted 
in 1985 that molecule nitrogen would polymerize to atomic solid 
at high pressure [3]. Later, cubic gauche structure (cg-N) was pro-
posed [4]. It was not until 2004 that Eremets et al. [5] successfully 
prepared cg-N directly from molecular nitrogen at pressures 
exceeding 110 GPa and temperatures above 2000 K, using a 
laser-heated diamond cell [6]. Over the past few years, the 
plasma-enhanced chemical vapor deposition (PECVD) technique 
has been developed to leverage the non-equilibrium plasma envi-
ronment for synthesizing polymerized nitrogen materials [7–12]. 

In this communication, the long-sought cg-N with N-N single 
bond has been synthesized for the first time by a thermal-dri-
ven-only chemical route at ambient conditions. The successful syn-
thesis of cg-N was achieved by first creating a solution of azides, 
which was then pretreated under vacuum conditions. Following 
the pretreatment, the resultant concentrated azide was heated at 
temperatures ranging from 260 to 330 °C for a reaction time of 
3 h, ultimately leading to the formation of cg-N (Fig. S1 online). 
The emergent intense Raman peak characterized of cg-N provides 
solid evidence that the double bonded nitrogen-nitrogen trans-
forms into a single bond form, which agrees well with cg-N struc-
ture. To date, this is the only work achieving the quantity of cg-N 
synthesized at ambient conditions by a facile route that can be fur-
ther developed for the scalable synthesis and applications of poly-
merized nitrogen-based materials as high energy density
materials.

The inset of Fig. 1 shows the crystal structure of cg-N, in which 
nitrogen atom naturally adopts an sp2 hybridization. Therefore, 
each N atom can be single-bonded to three nearest neighbors at 
equal distance and the remaining p orbital is occupied by the lone 
pair electrons. Thus, cg-N exhibits a tetrahedral structure similar to 
that of the ammonia (NH3) molecule. The bond angle of N-N-N 
extracted from the compressed structure of cg-N is 108.835° [6] 
and it tends to increase as the structure recovers to ambient pres-
sure [13]. Consequently, the N-N-N bond angle in cg-N slightly 
deviates from the ideal tetrahedral angle of 109.28°, resulting in 
minimal structural tension in cg-N. Furthermore, it is expected that 
cg-N will be stable at ambient pressure because the cg-structure is 
energetically the most favorable. This is well-demonstrated by the-
oretical work, which has shown that no imaginary frequencies are 
observed in its phonon spectrum [14].

Fig. 1 displays the Raman spectra of KN3 samples subjected to 
various experimental processes. Primarily, it includes the Raman 
spectrum of the raw material KN3 (R) and the Raman spectrum 
of polymerized KN3 (PPA: polymerized potassium azide), which 
was obtained through a facile route reported in this work. For com-
parison, the Raman spectrum of heating-only KN3 (UPA: unpoly-
merized potassium azide) is provided in Fig. S2 (online). As is 
well known, the Raman vibron peaks in azides principally originate 
from the N3 anion. The Raman spectrum of cg-N dominated by the 
A mode was proposed theoretically by Caracas [13] and the posi-
tion at 35 GPa is included in the bottom of Fig. 1 as a reference. 
Additionally, the experimental observation of cg-N at 110 GPa by 
Eremets et al. [5] is also shown. Based on these two references, a 
shift rate of 1.87 cm 1 /GPa can be calculated. By extrapolating this 
line to ambient conditions, it is estimated that the Raman peak 
position of cg-N should be around 635 cm 1 (as shown in Fig. S3
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Fig. 1. The Raman spectra: the black line and blue line are the Raman spectra for 
KN3 raw material (R) and polymerized KN3 (PPA), where the fingerprint peak 
indicative of cg-N is detected. For reference, the Raman spectrum of cg-N at 110 GPa 
extracted from experimental observation [5] and the calculated vibron position of 
cg-N from the A mode at 35 GPa [13] are shown in the bottom panel, which can be 
extrapolated linearly to ambient pressure as shown by the dashed line (see Fig. S3 
online).
online), comparable to the calculated positions at ambient pressure
condition [15]. The sharp peaks of KN3 at 146, 1269, and
1341 cm 1 are assigned to the vibrational lattice mode, the first
overtone of the IR active bending v2 mode and the symmetric
stretching v1 mode of the azide ion, respectively, which matches
Fig. 2. The TG-DSC curves of polymerized KN3 sample (PPA). TG, DSC, and temperature c
346 °C and the exothermic peak at 433 °C correspond to the melting and decompositio
exothermic peak emerging at 477 °C is from the decomposition of cg-N produced in PP

3813
well with the free-standing KN3 [11]. The Raman vibrons for the 
UPA sample are the same as those of R sample (see Fig. S2 online), 
indicating that simply heating KN3 cannot lead to the formation of 
cg-N. As reported in a recent work, plasma plays a dominant role in 
the cg-N synthesis, even when similar heating conditions were 
applied [11]. After pretreating and heating, the Raman spectrum 
of the PPA sample is highlighted in the blue line in Fig. 1, where 
the emergent intense line at 635 cm 1 and the much weaker line 
at 700 cm 1 are definitively observed. The line at 635 and 
700 cm 1 for polymerized potassium azide sample PPA are compa-
rable to the theoretical results when extrapolated to ambient pres-
sure, as the Raman modes tend to soften with decreasing pressure. 
It also aligns with the recent work by Xu et al. [11]. Consequently, 
the lines at 635 and 700 cm 1 are assigned to the pore breathing A 
symmetry and N-N tilting T(TO) symmetry Raman-active modes of 
cg-N, respectively. Therefore, the new Raman peak at 635 cm 1 is 
the fingerprint peak of cg-N, unequivocally indicating the success-
ful synthesis of cg-N. The synthesis conditions of cg-N were sys-
tematically investigated while the optimized polymerized 
potassium azide sample PPA was obtained at 300 °C as shown in 
Fig. S1 (online). 

In order to provide a quantitative comparison, the intensity 
ratios of the characteristic Raman peaks are used as a measure of 
the abundance of the cg-N phase in the sample. The partial line 
intensities of KN3 and cg-N are recorded in Table S1 (online). Here, 
the amount of cg-N synthesized is reflected by the peak intensity at 
635 cm 1 , while the peak at 1341 cm 1 represents the unreacted 
KN3. Herein, a simplified conversion degree from KN3 to cg-N is 
defined by the peak intensity ratio. The intensity ratios of KN3 at 
146 and 1341 cm 1 , calculated by (I146 Ibg)/(I1341 Ibg), are 
2.35, 1.81, and 2.20 for the KN3 raw material (R), KN3-heating only 
sample (UPA), and polymerized KN3 sample (PPA), respectively, 
and they remain little changed. For samples of R and UPA, no sig-
nals of cg-N are found. After pretreating, for PPA sample the vibron 
intensity of cg-N enhances dramatically and the ratio of cg-N to 
KN3 is 5.15. Therefore, it means that the pretreating process 
strongly promotes the formation of cg-N. 

To study the thermal stability of polymerized KN3 (PPA) sample, 
TG-DSC measurement was performed. Fig. 2 displays the time 
dependence of mass loss, heat flow, and temperature changes 
during these measurements. The endothermic peak at 346 °C 
corresponds to the melting of unreacted KN3 in the PPA sample,
urves are shown in black, blue and red lines, respectively. The endothermic peak at 
n of remnant or unreacted KN3 raw material in PPA sample, respectively. The new 
A sample.
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while the exothermic peak at 433 °C corresponds to its decompo-
sition. This is further confirmed by the significant mass loss 
observed in the TG curve at 433 °C. Additionally, a new exothermic 
peak appears at 477 °C, which aligns well with the decomposition 
temperature of 488 °C reported for the cg-N sample in a recently 
published work [11]. However, the exact amount of cg-N in the 
PPA sample cannot be determined accurately due to baseline shifts 
in the TG curves. The shift was caused by instantaneous volume 
expansion or pressure increases resulting from the thermal decom-
position of cg-N. Here, it was found that the thermal decomposi-
tion of unreacted KN3 occurs between 410 to 500 °C, highly 
depending on the preparation process of PPA samples after several 
measurements. That should be related to the discrepancies in sam-
ple microstructure.

The long-sought cg-N to be synthesized at ambient condition 
was successfully realized at ambient condition using a facile route. 
We got same polymerized nitrogen upon replacing KN3 by NaN3. 
This should be applicable to other azides. It seems that the poly-
merization is regardless of the alkali metal in use. This is the sim-
plest way so far to experimentally obtain cg-N. 
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Supplementary materials to this short communication can be 
found online at https://doi.org/10.1016/j.scib.2024.11.004. 
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