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Abstract: Quickly and accurately detect and analyze the intermediates and impurities produced in the synthesis of Hexanitro-
hexaazaisowurtzitane (CL-20), is important for controlling the purity or quality of CL-20, and ensuring its sensitivity and detona-
(NMR) and
chromatography-Quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS) were used to rapidly and efficiently analyze

tion performance. In this study, nuclear magnetic resonance ultra-high  performance liquid

the impurities in the typical synthesis process of CL-20. The results showed that the impurity in HBIW was 1, 3-dibenzyl imidaz-
ole, the impurity in tetraacetyl dibenzyl hexazepane (TADB) was low acylated triacetyl tribenzyl hexazepane (TATB), and the
impurity in tetraacetyl hexazepane (TAIW) was incomplete TADB. The impurities in CL-20 were not fully nitrated monoacetyl
pentanitrohexazazine (MPIW) and diacetyl tetranitrohexazazine (DATN).
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commercially used hexahydro-1, 3, 5-trinitro-1, 3,
5-triazine (RDX) and 1, 3, 5, 7-tetranitro-1, 3, 5,

7-tetraazecycloctane (HMX) (which has 14%-20%
)[2—6]

0 Introduction

High energy density materials (HEDM) are

more energy than HMX . A considerable amount

widely used in military fields such as explosives, L .
Y Y P of research for optimizing the synthesis pathway,
propellants, - pyrotechnics and fireworks, and can process conditions, and crystallization method of

rapidly release a large amount of stored chemical en- CL-20 has been reportediﬁm. Nevertheless, the high

ergy when actuated. 2,4,6,8,10,12-hexanitro-2,4,
6,8,10,12-hexaazaisowurtzitane (CL-20 or HNIW)

mechanical sensitivity and easy phase transition of

CL-20 have hindered its practical applications.

is one Of the most poWerfUl eXpIOSiVeS Wlth a hlgh ni- Therefore’ many approaches offer great potential to

trogen content (six N—NO, groups) and a tight produce less sensitive energetic CL-20-based materi-

[14-15]

polycyclic-cage structure'’. It is expected to replace als, such as promoting crystal quality , coating

[16]
9’

the crystal surface with insensitive explosives
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and cocrystallizing with other compounds'”’. But
these methods also obviously reduce detonation per-
formances of CL-20.

gaged in explosive analysis and detection technology research. Actually, the impurities contained in CL-20
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could also affect its mechanical sensitivity, seriously
damaging its safety and long-term stability. Accurate
detection and analysis of intermediates’ purity and

type during the CL-20 synthesis process, and further
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purification will be a choice to improve the quality
of CL-20 without reducing its detonation perfor-
mance. At present, most researches focus on the
analysis of morphology or purity of the final products
by GC-MS, HPLC, NMR, Raman, or FTIR, and so
on'"* However, the intermediates and impurities
produced during the synthesis process have a certain
impact on the quality of the final CL-20, and there is
no systematic detection and analysis. Therefore, the
of impurities in the synthesis of CL-20 is urgently
needed.

Accordingly, we developed a method to identify
the endogenous impurities in the synthesis process by
ultra-high performance liquid chromatography-qu-
adrupole flight
(UPLC-QTOF-MS) analysis. It has both HPLC analy-

sis method of high efficient separation ability, but al-

time  of mass  spectrometry

so has high sensitivity of mass spectrometry and de-
tection ability'”". In this work, CL-20 and its inter-
mediates were prepared by typical synthesis routes.
The main intermediates and final product of each
step in the synthesis of CL-20 were preliminarily de-
termined by the commonly used NMR measure-
Then, an UHPLC-QTOF-MS analysis was

conducted to qualitatively determine the product

ments.

composition of each intermediate and final product.
This work would provide technical support for

CL-20 quality control.
1 Materials and Methods

1.1 Materials
Benzylamine (98%) and glyoxal (99%) were

purchased from Aladdin. Fuming nitric acid (AR

grade, 95%) and acetonitrile (LC-MS grade,
99.9%) were obtained from J&K Chemical.
acid (LC-MS grade, 99.9%) was obtained from

Sigma-Aldrich. Pd/C was purchased from Shaanxi

Formic

Rock New Materials Co. Ltd. All chemicals were
used directly without further purification. The deion-
ized water was obtained in the lab and the ultrapure
water was produced by a Milli-Q water system (Mil-
lipore, MA, USA).
1.2 Synthesis process of CL-20

CL-20 and its intermediates were synthesized in
the laboratory of Beijing Institute of Technology,
adopting the
(Scheme 1), i.e. 2,4,6,8,10,12-hexabenzyl-2,4,
6,8, 10, 12-hexaazaisowurtzitane (HBIW) was first

most commonly used methods

formed by the condensation of three glyoxal mole-
cules with six benzylamine molecules in acetonitrile
using a protic acid (formic acid) as a catalyst. HBIW
is then hydrolyzed to obtain2, 6, 8, 12-tetraacetyl-4,
10-dibenzyl-2, 4, 6, 8, 10, 12-hexaazaisowurtzitane
(TADB) '**". Using the one-pot process, TADB can
be directly nitrated to CL-20 with a yield of 82%'*"".
Besides, the secondary catalytic hydrogenolysis of
TADB in acetic acid will produce 2,6,8, 12-tetraace-
tyl-2,4,6,8,10, 12-hexaazaisowurtzitane (TAIW) |
and then TAIW nitrification to CL-20 with a yield of
95% *. The purity of the compounds determined by
high performance
above 98% .

1.3 NMR analysis

The structure of CL-20 and its intermediates was

liquid chromatography were

analyzed by '"H NMR and "C NMR spectrum using a
Bruker Avance 500M Spectrometer equipped with a

CH,NH,
Ri— N;QN —| N—R
CHO N R, Pt R i ? [Pty N—R_
cHo Ri=N N-R; Ri— N)—’\N Ry NA_LNH
HBIW, R4=PhCH, TADB, Ry=CH;CO, Ry=PhCH, TAIW
ON-N N—-NO,
CL2  ~—— ON- N-NO,

Scheme 1  Synthesis route of CL-20
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5 mm inverse probe and operated at 500.16 MHz
and 298 K. The operating software was Bruker’ s
Topspin software version 3.2 (Bruker Biospin, Ger-
many). Before being injected into a nuclear magnet-
ic sample tube, the CL-20 sample was dissolved in
DMSO, and the three main intermediate samples
were dissolved in CDCIl, using tetramethylsilane
(TMS) as the internal standard. The nuclear magnet-
ic sample tube was tightly sealed before the NMR
test.

1.4 UHPLC-QTOF-MS analysis

Before the UHPLC-QTOF-MS analysis, 10 mg
dried and finely powdered samples (CL-20, HBIW,
TAIW) were dissolved in 1 mg-mL™" acetonitrile,
and 10 mg dried TADB sample was dissolved in
T mg-mL™" acetic acid. Then, diluting the above
samples to a concentration of 10 pg-mL™" using ace-
tonitrile, and sealed storing the samples in small bot-
tles waiting for the test.

The UHPLC analysis was conducted using an
ACQUITY™ UP LCsystem with an ACQUITY UPLC
HSS C,,column (50 mmX2.1 mm, 1.8 um, USA
Waters company). The mobile phase consisted of
solvent A (0.1% formic acid aqueous solution) and
solvent B (100% acetonitrile). The flow rate of mo-
bile phase was 0.25 mL-min™" using a gradient elu-
tion program shown in Table 1. Each injection vol-
ume was 5 pL, and the column temperature was set
at 30 °C. The mass detection was carried out using a
SYNAPT™ HDMS equipped with a Z-spray electro-
spray interface (USA Waters company), and the ion
source was electrospray ionization (ESI). The operat-
ing software was MassLynx software version 4.1
(Waters, Milford, MA), and the optimized operat-
ing conditions for electrospray ionization mass spec-
trometry (ESI-MS) were listed in Table 2. By adjust-
ing the wavelength scanning range, it was found
that CL-20, TADB, TAIW and HBIW only had impu-
rity peaks at their maximum UV absorption. So, the
detection wavelength of CL-20, TADB, TAIW,
HBIW were selected as 225, 205, 205 nm and 204

nm, respectively.

Chinese Journal of Energetic Materials, Vol.31, No.7, 2023 (688—698)

Table 1 The gradient elution program of UHPLC in this test
time /min  flow rate / mL-min™' A/ %, viv B/ %, viv

0 0.25 85 15

2 0.25 50 50

8 0.25 5 95

9 0.25 50 50
10 0.25 85 15

Note: A is 0.1% formic acid aqueous solution, and B is 100% acetonitrile.

Table 2 Operating conditions of ESI-MS in this test

parameter ESI-MS

resolution 9000

mode full scan/dd MS*
mass range / Da 100 to 1000

polarity positive negative
capillary voltage / kV 3 2
cone / V 35 35
source temperature / °C 100 100
desolvation temperature / °C 300 300
cone gas flow / L+h™" 50 50
desolvation gas flow / L-h™ 300 300

2 Results and discussion

2.1 NMR analysis of CL-20 and its intermediates
The main product structure at each step of the
CL-20 synthesis process was determined by NMR
spectrum. Fig.1 and Fig.2 show the '"H NMR and "C
NMR spectra of the three main intermediates (Inter-
mediate 1 , I and Il ) and the final product.
Twelve absorption peak groups in "C NMR spectra
of Intermediate | indicate that there are twelve types
of carbon atoms in different chemical environments
in the molecular structure (Fig.1a). According to cal-
culated values of chemical shift, peak shape and
coupling constant, the signals at §=141.0—-140.0 rep-
resent the quaternary carbon on the aromatic ring,
the signals at §=130.0-126.0 represent carbon on
the aromatic ring, the signals at 6=81.0-76.0 repre-
sent carbon on the isowurtzitane, and the signals at
86=58.0—55.0 represent carbon on the benzyl. Fig.1b
shows the '"H NMR spectra of Intermediate 1 , and
there are 48 protons with an integral ratio (from high
to low field) of about 2: 4:9: 4: 30. Combined with
the previous discussion, the signals at §=7.50—7.00

A A AL www.energetic—materials.org.cn
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e. "C NMR spectrum of TAIW

Fig.1 ""C NMR and '"H NMR spectrum of the three intermediates

(m, 30H) represent six single substitution hydrogen
on the aromatic rings, the signals at 6=4.15 (s, 4H)
represent hydrogen on the hexatomic ring, the sig-
nals at §=4.13-3.90 (m, 12H) represent hydrogen
on the submethyl of the benzyl group which give

multiple peaks due to the molecular asymmetry,

CHINESE JOURNAL OF ENERGETIC MATERIALS

8

f. 'H NMR spectrum of TAIW

and the signals at §=3.58 (s, 2H) represent hydro-
gen on the bridge structure of isowurtzitane. So it
is HBIW.
Fig.1c and 1d show that there are 10 types of carbon

can be concluded that Intermediate |

atoms and 32 protons with an integral ratio (from
high to low field) of ca. 12:4:4:2:10 in the molecu-
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lar structure of Intermediate II . Fig.1e and 1f show
that there are 7 types of carbon atoms and 20 protons
with an integral ratio (from high to low field) of ca.
12:2:4:2 in the molecular structure of Intermediate
IT . Types of hydrogen and carbon represented by
each signal are summarized in the Table 3 and Table
4. It can be seen that Intermediate I and Il are
identified as TADB and TAIW, respectively.

At the same time, the final product was also con-
firmed by NMR analysis. As shown in Fig.2a, there

are two absorption peak groups in *C NMR spectra

indicating two types of carbon atoms in different
chemical environments in the molecular structure.
The signals at 5=75.1 represent carbons on the hexag-
onal ring skeleton of isowurtzitane, and the signals at
6=72.2 represent carbons on the pentagon ring skele-
ton of isowurtzitane. Fig.2b shows 6 protons with an
integral ratio (from high to low field) of ca. 2: 1 in the
molecular structure. As the analysis method mentioned
above, the signals at 6=8.21 (s, 2H) represent hydrogen
on the pentagon ring skeleton of isowurtzitane, and

the signals at 6=8.35 (s, 4H) represent hydrogen on

Table 3 Carbon types to each signal in three intermediates and CL-20

compound 8 value carbon types
141.0-140.0 quaternary C on the aromatic ring
130.0-126.0 C on the aromatic ring
HBIW
81.0-76.0 C on the isowurtzitane
58.0-55.0 C on the benzyl
175.0-168.0 carbonyl C on acetyl group
140.0-135.0 quaternary C on the aromatic ring
130.0-128.0 C on the aromatic ring
TADB
75.0-65.0 C on the isowurtzitane
60.0-54.0 C on the benzyl
24.0-18.0 C on the acetyl methyl
169.0-167.0 carbonyl C on the acetyl group
TAIW 75.0-62.0 C on the pentagon ring skeleton of isowurtzitane
25.0-7.0 C on the acetyl methyl
75.1 C on the hexagonal ring skeleton of isowurtzitane
20 72.2 C on the pentagon ring skeleton of isowurtzitane

Table 4 Hydrogen types to each signal in three intermediates and CL-20

compound & value hydrogen types
7.50-7.00 six single substitution H on the aromatic rings
4.15 H on the hexatomic ring
HBIW
4.13-3.90 H on the submethyl of the benzyl group
3.58 H on the bridge structure of isowurtzitane
7.80-7.00 H on the aromatic ring
7.00-6.20 H on the bridge structure of isowurtzitane
TADB 6.10-4.60 H on the hexagonal ring skeleton of isowurtzitane
4.50-3.70 H on the benzyl
2.40-1.60 H on the acetyl methyl
6.80-6.10 H connecting with carbon atoms of isowurtzitane
TAIW 6.00-5.10 H connecting with carbon atoms of isowurtzitane
4.30-2.80 H connecting with nitrogen atoms of isowurtzitane
2.30-1.80 H on the acetyl methyl
8.21 H on the pentagon ring skeleton of isowurtzitane
20 8.35 H on the hexagonal ring skeleton of isowurtzitane

Chinese Journal of Energetic Materials, Vol.31, No.7, 2023 (688—698)
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Fig.2 NMR spectrum of CL-20

the hexagonal ring skeleton of isowurtzitane. These
results confirm that the final product is CL-20.
2.2 UHPLC-QTOF-MS analysis of impurities

UHPLC-QTOF-MS has high efficiency separa-
tion ability, high sensitivity and detection ability
which can qualitatively determine the product com-
ponents of each step in the CL-20 synthesis process.
In this work, the three intermediates namely HBIW,
TADB and TAIW were scanned in a positive ion
mode, and CL-20 was scanned in a negative ion
mode. The liquid phase chromatography of each
product composition was basically the same as their
total ion current diagram, so the liquid phase chro-
matography and ESI-MS results of each product com-
position will be detailedly discussed in the following.
2.2.1 Impurities in HBIW

Fig.3 shows the liquid phase chromatography of
HBIW and its main impurity at the resident time of
1.26 min and 1.14 min, respectively. According to
the ESI-MS of HBIW in Fig.4a, the positive ion mode
of HBIW is [M+H] " at m/z=709.3924, and there

are two complementary ion pairs at m/z=237.1356

CHINESE JOURNAL OF ENERGETIC MATERIALS
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Fig.4 Positive ESI-MS and ESI-MS? spectrum

and m/z=473.2766 after the ring cracking in the
ESI-MS*spectrum. Then, an elemental fitting is con-
ducted due to the ESI-MS result of the main impurity
in Fig. 4b, suggesting the molecular formula is
C,;H,;N,, and its unsaturation degree is calculated
of 10.5. Further, the ESI-MS*spectrum data at m/z=
91.0546 indicates there is a benzyl group in the mo-
lecular structure, indicating the impurity is 1,
3-dibenzylimidazole.
2.2.2 Impurities in TADB

Fig.5 shows the liquid phase chromatography of
TADB and its main impurity at the resident time of

N XK 2023 % H 314 # 78 (688-698)
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4.74 min and 4.88 min, respectively. According to
the ESI-MS of TADB in Fig.6a, the positive ion mode
of TADB is [M+H " at m/z=517.2648, and the main
fragmentation pathway is consistent with its structur-
al features in the ESI-MS* spectrum (Fig.6b). The pos-
itive ion mode of the main impurity is [M+H]" at
m/z=565.2839 (Fig.7a), and the molecular formula
is suggested as C,;H,,N,O, by elemental fitting,
which adds C.H, and reducesone oxygen atom com-
pared to TADB (C,H,,N,O,) , indicating an acetyl
group leaving the TADB and adding a benzyl group

in the structure. Combined with the fragmentation

0.4
1# 4.74
I‘TADB
0.3
- 0.2
=
0.1 |
|| 2#
488TATB
0.0 . . ‘ - —
0 1 2 3 4 5 6
resident time / min
Fig.5 Liquid phase chromatography of TADB and its main
impurity
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Fig.6 Positive ESI-MS and ESI-MS’ spectrum of TADB
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Fig.7 Positive ESI-MS and ESI-MS? spectrum of TATB

pathway in the ESI-MS?spectrum (Fig.7b), the impu-

rity in TADB is triacetyltribenzylhexaazaisowurtzi-

tane (TATB).

2.2.3
Fig.8 shows the liquid phase chromatography of

Impurities in TAIW

TAIW and its main impurity at the resident time of
1.62 min and 4.74 min, respectively. According to
the ESI-MS spectrum in Fig. 9a, the positive ion
mode of TAIW is [M+H] " at m/z=337.1614, and
the main fragmentation pathway is consistent with
the ESI-MS’
(Fig.9b). The positive ion mode of the main impuri-
ty is [M+H]* at m/z=517.2648 (Fig.6a)

molecular formula is suggested as C,;H,,N,O, by ele-

its structural features in spectrum

, and the

mental fitting, which adds C,H,, compared to
TAIW (C,,H,N,O,) ,

were added to the TAIW structure. The main frag-

indicating two benzyl groups

mentation pathways shown in Fig. 6b are fragment
jon at m/z=475.2440 by hydrogen rearrangement
deethylketone (CH,CO) , m/z=458.2174 by ring
m/z=416.2068 by further
deethylketone, and m/z=357.1699 by ring opening

cracking deethylamide,
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P 80
2.2.4 Impurities in CL-20
The liquid chromatograph in Fig.10 shows that, % 60 O’NNYE(:,NNO’
(2]
there are two main impurities in CL-20(3.06 min) k5] i AN
. ) . . i = oN  fo, J~en
with a resident time of 2.38 min (Impurity I ) and 470.0164 g
20 M+CI
2.54 min (Impurity I ) , respectively. The nitro 4?&'_?_'5],57 Bl
. ) 0 4 T J
groups in the CL-20 usually have a strong electron %00 500 500
absorption, which makes CL-20 not ionized in the miz
. . Lo . . c. MPIW
positive ion mode, but ionized well in the negative
ion mode in ESI-MS test. Fig.11a shows that CL-20 Fig.11 Negative ESI-MS spectrum of CL-20 and its impurities
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gives two negative ions which are [M+NO,] ™ at
m/z=500.0124 and [2M+NO,] "at m/z=938.0380.
There are three negative ion modes of Impurity | in
Fig.11b, i.e. [M+NO,]™ at m/z=494.0663, [M+Cl ]
at m/z=467.0504, and a weak [M-H ] ion at m/z=
431.0759. The molecular formula of Impurity T is
C,,H,N,,O,,
which adds C,H,and reduces N,O, compared to

suggested as by elemental fitting,
CL-20 (C,H,N,,0,,) , indicating two acetyl groups
were added and two nitro groups were removed
from the CL-20 structure. Impurity II also has three
negative ion modes which are [M+NO,] ™ at m/z=
497.0432, [M+Cl]~ at m/z=470.0164 and [M-H ]~
at m/z=434.0557 (Fig.11c). Its molecular formula is

fitted to CyH,N,,O,,. Compared to CL-20, C,H, is

Table 5 Product components identified by UHPLC-QTOF-MS

added and NO is reduced, indicating that an acetyl
group is added to the structure of CL-20 and a nitro
group is removed. Because the ionization type is ad-
ditive ions, only NO,” (m/z=61.9870) without other
ion fragments was obtained in the ESI-MS? of CL-20
and its two impurities. Therefore, combined with
the reaction pathway and mechanism, it can be con-
cluded that Impurity 1 is diaceryltetranitrohexa-
azaisowurtzitane (DATN) , and Impurity II is unni-
trated

(MPIW).

So far, the main product and its impurities in

monoacetylpentanitrohexaazaisowurtzitane

each step of CL-20 synthesis process were confirmed
by NMR and UHPLC-QTOF-MS analysis, and the re-

sults were summarized in Table 5.

resident molecular

theoretical M, detected M,

number . . selected ion MS? / Da product components
time / min formula / Da / error, mDa
1.14 [M+H]* C,,H,,N, 91.0546 249.1386 249.1378(-0.8) 1,3-dibenzylimidazole
1 473.2766
1.26 [M+H]* CogH N, 709.4019 709.3924(9.5) HIBW
237.1356
4.74 [M+H]" C,,H,,N, O, - 517.2563 517.2648(0.9) TADB
? 4.88 [M+H]* C,,H,N,O, - 565.2927 565.2839(1.6) TATB
1.62 [M+H]* C,,H,N,O, - 337.1624 337.1614(1.0) TAIW
’ 4.74 [M+H]* C,,H,,N,O, - 517.2563 517.2648(0.9) TADB
2.38 [M+NO,]”  C,,H,N,,O,, 61.9870 494.0616 494.0663(-4.7) DATN
4 2.54 [M+NO,]”  C,H,N,,0,, 61.9870 497.0361 497.0432(-7.1) MPIW
3.06 [M+NO,]”  CH.N,,0,, 61.9870 500.0106 500.0124(-1.8) CL-20
Note: M, is the monoisotopic mass.

3 Conclusions

We developed a simple strategy to improve the
quality of CL-20 in an attempt to ensure its detona-
tion performance by accurately and quickly detect-
ing and analyzing impurities in the synthesis of
CL-20. The main conclusions are as follows:

(1) The intermediates HBIW, TADB, TAIW
and the product CL-20 were identified by ""C-NMR
and '"H-NMR.

(2) The UPLC-QTOF-MS analysis showed that
the impurities in HBIW were mainly 1, 3-dibenzyl-
imidazole, the impurity in TADB was TATB, the im-

Chinese Journal of Energetic Materials, Vol.31, No.7, 2023 (688—698)

purity in TAIW was the unreacted TADB in the previ-
ous step, and the impurities in CL-20 were MPIW
and DATN.
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