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Abstract

3,6-bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine (BTATz) is a high-nitrogen
energetic material with attractive properties including low sensitivity, excellent gas-
generating capacity, and environmentally friendly decomposition. In this work, the
synthesis of BTATz from 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine (BDT) and
5-aminotetrazole (5-AT) in sulfolane was optimized using the Taguchi method with an
L9(3%) orthogonal array, considering three factors: BDT/5-AT molar ratio, reaction
temperature, and reaction time. Statistical analysis revealed that the molar ratio of BDT/5-AT
was the most influential factor on yield, while reaction time exhibited the least effect. The
optimal conditions (BDT/5-AT = 2.8, temperature = 135°C, time = 20 h) afforded a
maximum experimental yield of 88.3%, which agreed well with the predicted value of
86.4%. The ignition temperature of ~274°C remained unchanged across all conditions,
confirming the consistent quality of the synthesized product. Structural characterization by
FT-IR and NMR supported the successful preparation of BTATz. Sensitivity tests indicated
relatively low impact and friction sensitivity, highlighting BTATz as a promising candidate
for advanced energetic formulations.

Keywords: BTATz; Taguchi method; optimization; synthesis.

1. Introduction

In the context of the increasing demand for high-energy-density materials
(HEDMs), research has been directed toward the development of compounds that meet
stringent requirements for performance, thermal stability, and environmental
compatibility, serving both military and civilian applications [1]-[3]. Among the
various classes of energetic compounds, particular attention has been devoted to
nitrogen-rich heterocycles, which typically exhibit high heats of formation and
decompose predominantly into nitrogen gas, a stable and non-toxic product, thereby
minimizing environmental impact and leading to cleaner decomposition products.

Within this class, derivatives of 1,2,4,5-tetrazine (commonly referred to as
s-tetrazine) are of particular interest due to their aromatic ring structure containing four
nitrogen atoms. The combination of aromaticity and high nitrogen density confers high
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heats of formation, reduced sensitivity to impact and friction, as well as enhanced
thermal stability. These features make tetrazines attractive structural scaffolds for the
development of high-performance explosives, advanced solid rocket propellants [4], [5],
and clean gas-generating systems [6] in modern defense industries. A representative
compound in this category is 3,6-bis(1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-tetrazine
(BTATz), which consists of both tetrazine and tetrazole moieties and contains
approximately 80 wt% nitrogen. BTATz has been extensively investigated in
applications such as solid rocket propellants [7]-[12], gas generators [13], and next-
generation explosives due to its favorable properties: low impact sensitivity, high
thermal stability, and excellent gas-generating capacity, with environmentally friendly
decomposition that predominantly produces inert, non-toxic nitrogen gas. Notably, only
1 g of BTATz can release ~0.7 L of nitrogen gas [14], highlighting its potential for
applications such as automotive airbags and fire-suppression devices [13].

BTATz was first synthesized by Hiskey and co-workers at Los Alamos National
Laboratory [15], [16], through the reaction of sodium 3,6-dichloro-1,2,4,5-tetrazine with
5-aminotetrazole (5-AT) in acetonitrile. The currently most widely used method
involves the reaction of 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine (BDT) with
5-AT in sulfolane at 135°C for 16-25 h [5], [14], [16], [17]. However, the reaction
between BDT and 5-AT often forms stable intermediates that reduce overall yield. To
minimize byproduct formation, the reaction temperature must exceed 135°C, and the
purification procedure must be carefully controlled. A typical procedure involves
combining BDT and 5-AT in sulfolane, heating to 135°C, stirring for 18 h, followed by
purification in DMF and recrystallization from a DMSO/methanol mixture, yielding
BTATz in 40% yield. Parvari et al. [18] synthesized BTATz from BDT and 5-AT
monohydrate dissolved in sulfolane and stirred at 135°C for 25 h; the product was
washed with cold ethanol to afford pure BTATz in 61% vyield. Saikia et al. [14],
reported an improved method, involving recrystallization of the intermediate
3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-1,2,4,5-tetrazine from hot isopropanol,
followed by conversion to BTATz and purification by recrystallization from a
DMSO/methanol mixture, yielding 47%. Microwave-assisted synthesis of BTATz has
also been reported [19], although the yield was not disclosed. While this method
shortens the reaction time to ~1 h, it is limited to small-scale preparation and requires
specialized equipment. Subsequent studies have focused on improving yield by varying
solvents, reaction temperatures, durations, and purification strategies [20]. Despite
numerous reports describing individual synthesis routes and yields, a systematic and
statistically robust investigation of the key reaction parameters governing BTATz
formation remains notably absent. In particular, the combined effects of BDT/5-AT
34
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molar ratio, reaction temperature, and reaction time on product yield have not been
comprehensively evaluated.

Therefore, the present work focuses on optimizing the synthesis of BTATz from
BDT in sulfolane, by systematically investigating the effects of BDT/5-AT molar ratio,
reaction time, and reaction temperature on yield. To achieve rapid and reliable
optimization, the Taguchi design of experiments was employed. A Taguchi L9(3%)
orthogonal array with three factors at three levels each was used to design the
experimental matrix. Experimental data were then analyzed to determine the optimal
combination of synthesis parameters for maximum BTATz vyield, as well as to assess
ignition temperature as an indicator of product quality. The synthesized BTATz was
further characterized by microscopy, nuclear magnetic resonance (NMR), and Fourier
transform infrared spectroscopy (FT-IR).

2. Experiment
2.1. Chemicals

5-aminotetrazole (5-AT) and 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine
(BDT) were synthesized at the Laboratory of High-Energetic Materials, Le Quy Don
Technical University [21]. Methanol (CH3OH, 99.5%) was purchased from Fisher
Scientific (USA). Sulfolane and dimethyl sulfoxide (DMSO, 99.5%) were obtained
from Xilong Scientific Co., Ltd. (China). The purity of all chemicals was guaranteed by
the suppliers, and the reagents were used directly without further purification.

Prior to the reaction, 5-AT and BDT were dried at 110°C for 2 h. Sulfolane was
dehydrated by storing it with desiccant beads for four weeks before use, ensuring that the
sulfolane temperature was maintained above 30°C to prevent solidification. Immediately
before use, sulfolane was filtered through a funnel to remove any solid residues.

2.2. Design of experiment using the Taguchi method

In the reaction of BDT with 5-AT in sulfolane, the most relevant parameters are
the molar ratio of BDT/5-AT, reaction time, and reaction temperature. Literature data
indicate that the BDT/5-AT molar ratio has been varied from 1:2.5 to 1:2.7, with
reaction temperature fixed at 135°C and reaction times ranging from 16 to 25 h,
affording maximum yields of ~62% after purification.

In the present study, the above three factors were optimized using the Taguchi
method to further improve the yield of BTATz. An L9(3%) orthogonal array comprising
nine experimental runs was constructed from all combinations of the three factors at
three levels. The factors and levels are summarized in Tab. 1, and the orthogonal matrix
is shown in Tab. 2.
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Tab. 1. Control factors and levels in the Taguchi experimental design

Levels
Control factor
1 2 3
A. BDT/5-AT molar ratio 2.4 2.6 2.8
B. Reaction temperature (°C) 120 135 150
C. Reaction time (hours) 16 20 24
Tab. 2. L9(3®) orthogonal array for the Taguchi experimental design
Exp. No. BDT/5—AT Reaction temperature | Reaction time
molar ratio (°C) (hours)
Al 2.4 120 16
A2 2.4 135 20
A3 2.4 150 24
A4 2.6 120 20
A5 2.6 135 24
A6 2.6 150 16
A7 2.8 120 24
A8 2.8 135 16
A9 2.8 150 20

After purification in methanol, the BTATz products from each run were evaluated
by ignition temperature and compared with that of pure BTATz under the same
experimental conditions.

2.3. Synthesis of BTATz

Caution! BTATz and its intermediates are high-energy substances with potential
for ignition or detonation. Rigorous safety measures, including protective eyewear, face
shields, and appropriate laboratory attire, are essential during the handling and synthesis
of these compounds.

BTATz was synthesized from BDT and 5-AT in sulfolane (Fig. 1) under the
specific temperatures and times defined by the Taguchi experiments A1-A9.

—
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Fig. 1. Scheme of BTATz synthesis.
In a typical experiment, 2.0 g BDT and 5-AT were added to 15 mL of sulfolane in

a 100 mL three-necked round-bottom flask and stirred vigorously with a magnetic
36
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stirrer. Immediately upon stirring, an orange suspension was formed, likely due to the
complexation of BDT and 5-AT. The mixture was heated to the designated reaction
temperature and maintained with continuous stirring for 4 h, during which the solid
dissolved to give a dark red solution. The reaction was then continued at the set
temperature for the specific time corresponding to runs A1-A9. After completion, the
reaction mixture was cooled to 35°C. The product was filtered, washed thoroughly with
methanol, and dried at 100°C for 6 h.

The crude BTATz was then refluxed in 15 mL of methanol for 8 h, cooled to
room temperature, filtered, and washed extensively with methanol. The resulting
product was dried in a vacuum oven at 100°C for 3 h, and the yield was determined.

2.4. Analysis

The crystal morphology of BTATz was observed using a NIKON YS100 optical
microscope. Functional groups in the BTATz structure were characterized by Fourier
transform infrared spectroscopy (FT-IR, Perkin-Elmer Spectrum 400) in the range
400-4000 cm™. Proton and carbon nuclear magnetic resonance spectra (*H, *C NMR)
were recorded on a Bruker Avance 600 MHz spectrometer.

2.5. Determination of explosive properties and ignition temperature

Friction sensitivity was tested per STANAG 4487 [22] using a BAM Friction
Tester (Germany). Impact sensitivity followed GOST 4545-88 [23] using Hammer
K-44-11 (Russian Federation).

The ignition temperature of BTATz was experimentally determined by heating the
sample at a constant rate until ignition occurred. Tests were performed on a DT-400
apparatus, which consists of a heating block with three vertical wells for test tubes, a
remotely controlled heating system, and a heat sink. The ignition process was recorded
by a video camera to determine the ignition temperature. Three samples (0.05 g each),
previously dried, were placed in test tubes inserted into the heating block and heated at
10°C.mint until ignition was observed.

3. Results and discussion
3.1. Analysis and verification of Taguchi experiments

Statistical analysis based on the Taguchi method was applied to evaluate the
influence of three reaction factors on the synthesis yield of BTATz: (A) BDT/5-AT
molar ratio, (B) reaction temperature, and (C) reaction time. The experimental design
using an L9(3%) orthogonal array allowed simultaneous evaluation of all three factors
with only nine experiments, thereby reducing experimental workload while maintaining
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reliability in identifying optimal conditions. The experimental results are summarized in
Tab. 3. The output data, expressed as BTATz yield (%), were converted to the signal-to-
noise (S/N) ratio using the “larger-the-better” criterion, reflecting the objective of
maximizing yield while minimizing the effect of noise.

The results show that the highest yield was obtained for experiment A8 (84.1%),
while the lowest was for Al (60.1%). The measured ignition temperatures for samples
A1-A9 ranged from 273.6°C to 275.9°C, indicating negligible differences in product
quality among the samples.

Tab. 3. Experimental design matrix and results

Exp. Control factor Vield of te%g;ei:;otz .
No. | BDT/5-AT Reaction Reaction time | BTATZz (%) (°C)
molar ratio | temperature (°C) (hours)
Al 2.4 120 16 60.1 275.9
A2 2.4 135 20 72.6 273.6
A3 2.4 150 24 64.6 273.7
Ad 2.6 120 20 72.1 274.3
A5 2.6 135 24 76.7 273.8
A6 2.6 150 16 715 275.7
A7 2.8 120 24 79.2 274.3
A8 2.8 135 16 84.1 274.6
A9 2.8 150 20 78.8 274.4

The results from the mean response table (Tab. 4) indicate that factor A had the
greatest effect on the yield, with a variation range A = 14.93. Yield increased
consistently from level 1 (2.4) to level 3 (2.8), reflecting the need for excess BDT to
achieve complete conversion of 5-AT. Reaction temperature showed a moderate effect
(A =17.33), with the highest yield at 135°C; the slight decline at 150°C may be attributed
to product decomposition or side reactions. Factor C (reaction time) had the least effect
(A = 2.60), with the optimal time being 20 h. The predicted yield was calculated from
the Taguchi response table by combining the mean effects of the optimal factor levels
(A3, B2, and C2). Specifically, A3 = 80.70%, B2 = 77.80%, C2 = 74.50%, and the
overall mean was 73.30%. According to the Taguchi method, the predicted yield is
given by (A3 + B2 + C2 — 2 x Mean), which results in 86.4%.
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Tab. 4. Range and ranking of factor contributions to BTATz yield

Control factor
Levels A.BDT/5-AT B. Reaction C. Reaction time
molar ratio temperature (°C) (hours)

1 65.77 70.47 71.90

2 73.43 77.80 74.50

3 80.70 71.63 73.50
Range 14.93 7.33 2.60
Rank 1 2 3

The main effect plot of means (Fig. 2) shows a clear increase in yield with the
BDT/5-AT molar ratio rising from 2.4 to 2.8, with the maximum vyield (84.1%) at
level 3. This confirms that excess BDT is necessary for complete conversion of 5-AT. For
reaction temperature, the yield increased when raised from 120°C to 135°C, but declined
at 150°C, likely due to side reactions or decomposition at higher temperatures. Reaction
time showed its maximum yield at 20 h, whereas extension to 24 h resulted in lower yield,
which may be attributed to degradation or solvent loss affecting reaction equilibrium.
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Fig. 2. Main effect plot for BTATz synthesis yield. Fig. 3. Main effect plot for S/N ratio.

The S/N ratio plot (Fig. 3) confirmed the same trends, indicating that the optimal
conditions are level 3 of factor A (2.8), level 2 of factor B (135°C), and level 2 of factor
C (20 h). This analysis further confirmed that factor A was the dominant variable,
consistent with the mean plot results.

The linear regression model obtained was:

Yield of BTATz (%) =-33.0 + 37.33x A+ 0.039% B + 0.200xC
where the coefficient of factor A (37.33) had a p-value = 0.011, statistically significant
at the 95% confidence level. In contrast, factors B (0.039) and C (0.200) had p-values
> 0.6, indicating no statistical significance. Analysis of variance (ANOVA) confirmed
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this: factor A showed an F-value of 15.49 (p = 0.011), well above the a = 0.05
threshold, while factors B and C had negligible F-values.

The Pareto chart (Fig. 4) of standardized effects further confirmed that only factor
A exceeded the significance threshold. This agreed with both regression analysis and
S/N ratio evaluation. The normal probability plot of residuals (Fig. 5) showed that the
data points were distributed close to the straight line, indicating normally distributed
errors without systematic bias or outliers. Thus, the regression model is considered
reliable within the investigated range.

Pareto Chart of the Standardized Effects Normal Probability Plot
(response is Yield of BTATz, o = 0.05) (response is Yield of BTATz)

99
Term 251

Percent
n
8

o 1 2 ’ 3 4 -10
Standardized Effect Residual

Fig. 4. Pareto chart of standardized effects. Fig. 5. Normal probability plot of residuals.

Overall, the optimal conditions for maximizing BTATz yield were identified as:
BDT/5-AT molar ratio = 2.8, reaction temperature = 135°C, and reaction time = 20 h. The
predicted yield under these conditions was ~86.4%. Three confirmatory experiments were
conducted under the optimized conditions (A3B2C2), and the results are shown in Tab. 5.

The experimental yield under optimal conditions was 88.3%, which exceeded all
values obtained in experiments A1-A9. The absolute deviation of 1.9% from the
predicted value fell within the acceptable experimental error (x5%), confirming the
reliability of the Taguchi model without requiring additional trials.

Tab. 5. Results of confirmatory experiments

Parameter Value
Optimal parameter combinations A3B2C2
BDT/5-AT molar ratio 2.8
Reaction temperature, (°C) 135
Reaction time, (h) 20
Yield of BTATz, (%) 88.3
Ignition temperature, (°C) 274.6
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The ignition temperature at the optimized condition was 274.6°C, comparable to
that of A1-A9 (273.6-275.9°C), indicating that optimization improved yield while
maintaining product quality.

3.2. Structural identification

The synthesized BTATz was obtained as a red to reddish-brown powder (Fig. 6(a)).
After purification, the crystals exhibit a rod-like morphology with a relatively uniform
particle size distribution (Fig. 6(b)). Quantitative analysis using ImageJ [24] indicates
that the average crystal length falls within the range of 18-44 um. The product
synthesized under the optimized conditions was subjected to melting point
determination, followed by spectroscopic characterization (FT-IR, *H NMR, *C NMR).
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Fig. 6. Photographs of BTATz products:

a) powder before purification; b) crystalline form after purification (x300).

3.2.1. FT-IR spectral analysis

The FT-IR spectrum of the synthesized product (Fig. 7) displays the characteristic
absorption bands of 3,6-bis(1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-tetrazine (BTATz).
Strong N—H stretching vibrations appear at 3436 and 3183 cm™, corresponding to both
tetrazole N—H groups and the bridging —NH- moieties attached to the tetrazine core.
The absorption at 1621 cm™ is assigned to N-H bending coupled with C=N stretching.
Bands at 1544 and 1434 cm™ are attributed to C-N and N-N stretching modes within
the tetrazine—tetrazole framework, respectively. A distinct and diagnostic band at
1346 cm™ corresponds to asymmetric stretching of C-N/C=N, which serves as a
fingerprint feature of BTATz. In addition, the band at 1066 cm™ is assigned to in-plane
deformation of the tetrazine ring. These experimental results are consistent with
previously reported theoretical and experimental data [14], [25], confirming the
successful synthesis of BTATz.
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Fig. 7. FT-IR spectrum of BTATz.

3.2.2. (*H, °C)-NMR spectral analysis

The H and C NMR spectra of BTATz are shown in Fig. 8 and Fig. 9,
respectively. In the *H-NMR spectrum (Fig. 8), two distinct resonances were observed at
0 = 12.40 and 15.72 ppm. The sharp signal at 12.40 ppm corresponds to the bridging —
NH- group between the tetrazine and tetrazole rings. The broad signal at 15.72 ppm is
attributed to the N—H proton of the tetrazole moiety, broadened due to resonance and
possible intramolecular proton migration within the tetrazole ring. The *C-NMR
spectrum (Fig. 9) displayed two characteristic signals: 6 = 158.14 ppm, corresponding to
the carbon atoms of the tetrazine ring, and 6 = 150.94 ppm, attributed to the carbon atoms
of the tetrazole rings. These chemical shifts are consistent with previously reported data
[9], [14], [17], [18], [25], further verifying the successful synthesis of BTATz.

.:\ \\/1

.V | |

T e T T T T T T
19 18 17 16 15 14 13 12 11 10 98 8 7 6 5 4 3 2 1 [] ppm T T T T T T
[ i L ) 220 200 180 160 140 120 100 80 80 40 20 0 ppm

3 :
Fig. 8. '"H NMR spectrum of BTATz. Fig. 9. 3C NMR spectrum of BTATz.
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3.2.3. Explosive properties

The measured energetic and thermal properties of BTATz are summarized in
Tab. 6. The synthesized BTATz exhibited an impact sensitivity of 48%, which is
comparable to Tetryl, lower than RDX (70-80%), and higher than TNT (4-8%). The
friction sensitivity was relatively low, with measured values exceeding 360 N, while the
ignition temperature was determined to be 274.6°C.

Tab. 6. Explosive properties of BTATz

Explosive properties Experiment
Impact sensitivity, (%) 48
Friction sensitivity, (N) > 360
Ignition temperature, (°C) 274.6

4. Conclusion

This study successfully optimized the synthesis parameters of 3,6-bis(1H-
1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine  (BTATz) using the  Taguchi
experimental design. Among the investigated factors, the BDT/5-AT molar ratio
exhibited the most significant influence on the yield, followed by reaction
temperature, while reaction time had only a minor effect. The optimal synthesis
conditions were determined to be a BDT/5-AT molar ratio of 2.8, reaction
temperature of 135°C, and reaction time of 20 h, leading to an experimental yield of
88.3%, which is in close agreement with the predicted value of 86.4%. The ignition
temperature of the product remained stable around 274°C, confirming that the
optimized conditions do not compromise product quality. Structural characterization
by FT-IR and NMR further verified the successful synthesis of BTATz. Impact and
friction sensitivity tests revealed that the obtained BTATz possesses relatively low
sensitivity compared to conventional explosives, demonstrating its potential as a
safe high-nitrogen energetic material.
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TOI UU HOA CAC THONG SO QUY TRINH TONG HOP
3,6-BIS(1H-1,2,3,4-TETRAZOL-5-YLAMINO)-S-TETRAZINE

Hoang Trung Hiru!, Ha Pinh Viétt
'Khoa Ky thudt hé thong, Truong Pai hoc Ky thudt Lé Quy Pén

Tém tat: 3,6-bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine (BTATZ) 1a vat liéu nang
luong giau nito vdi cac dac tinh héip dan bao gém d6 nhay thép, kha nang sinh khi tdt va san phém
phan hity than thién véi moi truong. Trong nghién ciru ndy, qua trinh tong hop BTATz tir
3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine (BDT) va 5-aminotetrazole (5-AT) trong
sulfolane da duoc t6i uu hoa bang phuong phap Taguchi véi mang truc giao L9(3%), xem xét ba
yéu td: ti 16 mol BDT/5-AT, nhiét d6 phan tng va thoi gian phan Gng. Phan tich thong ké cho thay
ti 16 mol BDT/5-AT la yéu t6 anh hudng 16n nhat dén hiéu suét, trong khi thoi gian phan tmg anh
huéng it nhat. Diéu kién tdi vu (BDT/5-AT = 2,8; nhiét d6 = 135°C; thoi gian = 20 gid) di duogc
xéac dinh, cho hiéu suit thuc nghiém dat 88,3%, phu hgp voi gia tri du doan la 86,4%. Nhiét do
bling chay khoang 274°C dugc ghi nhan 1 gan nhu khong doi trong moi diéu kién, qua d6 khing
dinh su 6n dinh vé chat luong cua san phim téng hop. Viéc phan tich cau tric bang phd FT-IR va
NMR di xac nhan sy diéu ché thanh cong BTATz. Cac phép thir vé do nhay ciing di chimg minh
d6 nhay va dap va ma sat & muc twong ddi thap, nhd d6 BTATz dugc danh gid 1a mot ing vién
day hira hen cho cac cong thirc vat liéu ning luong tién tién.

Tir khéa: BTATz,; phuong phdp Taguchi; téi wu héa; tong hop.
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