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Abstract：Using 3‑azido‑4‑aminofurazan（AAF） as starting material，3‑azido‑3´‑nitrodifurazanyl ether（ANFO）was designed
and synthesized for the first time via Caro´s acid oxidation，hydrolysis and intermolecular etherification sequence with a total
yield of 32.7%，and the structures of ANFO and intermediates were characterized by 1H NMR，13C NMR，FT‑IR，MS and ele‑
mentary analysis. The oxidation method for 3‑azido‑4‑nitrofurazan（ANF）was improved from hydrogen peroxide（50%），sulfu‑
ric acid and sodium tungstate as new oxidation system with a yield of 75.1%. The optimal conditions of oxidation and etherifica‑
tion were discussed，and the best conditions were obtained as follows：n（H2O2）∶n（H2SO4）is 1∶1.5 for oxidation system. The re‑
action temperature is at 30 ℃ for etherification system. The structure of ANFO was optimized by B3LYP/6‑31G（d，p）method，
the thermodynamic properties of ANFO at different temperatures were calculated on the basis of vibration analysis. The physico‑
chemical properties and detonation performances of ANFO were studied by DSC measurement and the density functional theory
（DFT）method. The calculated density，melting point，detonation velocity，detonation pressure，impact sensitivity（H50） and
heat of detonation are 1.85 g·cm-3，182.3 ℃（dec.），8660 m·s-1，33.81 GPa，35.2 cm and 6725 kJ·kg-1，respectively.
Key words：synthesis；3‑azido‑3´‑nitrodifurazanyl ether（ANFO）；unsymmetrical furazan ether；performance
CLC number：TJ55；O62 Document code：A DOI：10.11943/CJEM2018204

1 Introduction

Furazan ether energetic compounds have be‑
come an important research direction in recent years
as high energetic explosives and plasticizers due to
their low melting point and good detonation perfor‑
mances［1-4］. Linear furazan ether and annular fura‑
zan ether are two typical furazan ether compounds.
The former mainly includes 3，3´‑dinitrodifurazanyl
ether（FOF‑1）［5-6］ ， 3，3´‑dicyanodifurazanyl ether

（FOF‑2）［7］，3，4‑bis（3‑nitro furazan‑4‑oxy）furazan
（FOF‑11）［8］，3，4‑bis（3‑cyanofurazan‑4‑oxy） fura‑
zan（FOF‑12）［9-10］，and 3，3´‑bis（fluoro dinitrometh‑
yl）difurazanylether（FOF‑13）［11］，while the latter
mainly includes bifurazano［3，4‑b：3´，4´‑f］ furoxa‑
no［3″，4″‑d］oxacyclo hetpatriene（BFFO）［12］，and
trifurazanooxacycloheptatriene （TFO）［13］. Most of
these furazan ether compounds are symmetry struc‑
ture due to the convenience in design and synthesis.
From the synthetic point of view，the construction of
unsymmetrical furazan ethers is much more difficult
and there were few reports for the synthesis and
properties of unsymmetrical furazan ether com‑
pounds. However， unsymmetrical furazan ethers
usually exhibit good performances such as high den‑
sity，good thermal stability and detonation perfor‑
mances［14］. In this paper，using 3‑azido‑4‑aminofura‑
zan（AAF） as starting material，a novel energetic
compound 3‑azido‑3´‑nitrodifurazanyl ether （AN‑
FO） with a unsymmetrical structure was designed
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and synthesized for the first time. The structures of
all intermediates and target compound were charac‑
terized by FTIR，1H NMR，13C NMR，MS and ele‑
mental analyses. The key intermediate 3‑azido‑4‑ni‑
trofurazan（ANF）was synthesized by a new oxida‑
tion system，and the reaction conditions for the oxi‑
dation and etherification were optimized. The physi‑
cochemical properties and detonation performances
of ANFO were studied by with density functional
theory（DFT）method.

2 Experimental

2. 1 Materials and Measurements
3，4‑Diaminofurazan was purchased from com‑

mercial sources and recrystallized from water.
3， 4‑Dinitrofurazan［16］ and 3‑azido‑4‑aminofura‑
zan［17］ were prepared according to the references.
Acetonitrile was chromatographical grade. Other
chemicals were obtained from commercial sources
and used without further purification. 1H NMR and
13C NMR were obtained in DMSO‑d6 on a Bruker
AV500 NMR spectrometer. Infrared spectra were ob‑
tained from KBr pellets on a Nicolet NEXUS870 in‑
frared spectrometer in the range of 4000-400 cm-1.
Elemental analyses of C，H and N were performed
on a VARI‑El‑3 elementary analysis instrument. Dif‑
ferential scanning calorimetry（DSC） were carried
out in a platinum sample container using a Q‑2000
at a heating rate of 2.5 ℃·min-1.
2. 2 Synthesis and Characterization

Using 3‑azido‑4‑aminofurazan （AAF） as the
starting materials，our target compound ANFO was
synthesized via Caro´s acid oxidation，hydrolysis and
intermolecular etherification，outlined in Scheme 1.
2.2.1 Synthesis of 3⁃Azido⁃4⁃nitrofurazan(ANF)

At 0 ℃ ， to a solution of sodium tungstate
（1.65 g，5.0 mmol） and 50% hydrogen peroxide
（15 g，220 mmol），98% sulfuric acid（33 g，330 mmol）
was added dropwise under stirring. After the reaction
of 30 min，3‑azido‑4‑aminofurazan（1 g，8 mmol）
was added in batches at 15 ℃，and the reaction was
carried out at 30 ℃ for 4 h. Then the mixture was

poured into ice‑water，and extracted with CH2Cl2
（4×50 mL）. The combined organic phase was dried
by anhydrous magnesium sulfate，filtered and dried
by vacuum to give 0.93 g yellow liquid with a yield
of 75.1% and a purity of 98.6%（HPLC）. IR（KBr，
ν/cm-1）：2150，1536，1485，1378，1355，1181，
1021；13C NMR（DMSO‑d6，125 MHz）δ：155.495，
149.730；Anal. calcd for C2N6O3（%）：C 15.39，
N 53.85；found C 15.74，N 53.44；GC‑MS m/z（%）：

156（M+）.
2.2.2 Synthesis of 3⁃Azido⁃4⁃hydroxyfurazan(AHF)

To a solution of 3‑azido‑4‑nitrofurazan（1.0 g，
6.5 mmol）in THF（40 mL），a solution of potassium
hydroxide（5 g，25 mmol） in water（15 mL）was
added dropwise at room temperature under stirring.
The reaction mixture was heated to 40 ℃ for 2 h.
Then it was poured into water（60 mL），and acidi‑
fied with 36% concentrated hydrochloric acid and
extracted with Et2O（4×50 mL）. The combined organ‑
ic phase was dried by magnesium sulfate， filtered
and the solvent was removed，0.74 g white solid was
obtained with a yield of 91.5%. IR（KBr，ν/cm-1）：

3424， 2150， 1605， 1561， 1371， 1268， 1166，
1006， 864； 13C NMR（DMSO‑d6， 125 MHz） δ：

145.920，158.441；1H NMR（DMSO‑d6，500 MHz）δ：
13.5203；Anal. Calcd. for C2HN5O2（%）：C 18.91，
H 0.79，N 55.12；found C18.74，H 0.73，N 54.98%.
2.2.3 Synthesis of Sodium 3⁃Azidofurazan⁃4⁃oxide

(AOF⁃Na)
Methanol（8mL） solution of sodium methylate

（1.40 g，7.77 mmol）was added dropwise to solu‑
tion of 3‑azido‑4‑hydroxyfurazan（1.0 g，7.80 mmol）
in 40 mL of ether. The mixture was stirred at room
temperature for 1 h. The precipitate was collected，

Scheme 1 Synthetic route for the title compound ANFO
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and washed with MeOH and Et2O to get 1.07 g pale
yellow solid with a yield of 91.3%. IR（KBr，ν/ cm-1）：

2160，1693，1581，1543，1449，1385，1014，863；
Anal. Calcd. for C2N5NaO2（%）：C 16.11，N 46.98%；

found（%）C 16.44，N 46.63%.（CAUTIONS：This
compound is high explosive and may be sensitive to
shock or heating and must be handled with appropri‑
ate precautions）.
2.2.4 Synthesis of 3⁃Azido⁃3′⁃nitrodifurazanyl

Ether (ANFO)
To a solution of 3‑azido‑4‑hydroxyfurazan sodi‑

um salt（0.95 g，6.4 mmol）in absolute MeCN（20 mL），
a solution of 3，4‑dinitrofurazan（1.0 g，6.3 mmol）
in absolute MeCN was added at 30 ℃ under an at‑
mosphere of N2. The reaction mixture was stirred at
this temperature for 7 h，diluted with water（50 mL），

extracted with CH2Cl2（4×50 mL）. dried over anhy‑
drous magnesium sulfate， filtered and the solvent
was evaporated. 0.78 g yellow liquid was afford by
silica gel flash chromatograpy using pentroleum/eth‑
yl acetate（10∶1）as eluent with a yield of 52.1%. IR
（KBr，ν/cm-1）：2146，1594，1532，1487，1357，
1292， 1197， 1034， 840； 13C NMR （125 MHz，
DMSO‑d6）δ：146.729，152.936，154.980，155.099；
Anal. Calcd. for C4N8O5（%）：C 20.01，N 46.67%；

found C 20.42，N 46.19%；MS（EI）m/z（%）：

240（M+）.
2.2.5 Quantum Chemistry Calculation

B3LYP method maintains the advantages of the
ab initio method，and the structure and properties of
the molecule calculated at the level of 6‑31G（d，p）
are close to the experimental values［18-20］. In the pres‑
ent work，B3LYP / 6‑31G（d，p）method on Gauss‑
ian09［21-22］ package was carried out to optimize the
structure of ANFO，and the minimum value on the
potential energy surface was obtained. The vibration‑
al frequencies，IR spectra and thermodynamic prop‑

erties in the range of 273 K to 1000 K were further
obtained.

3 Results and Discussion

3.1 Improved Synthetic Method for ANF
The synthesis of 3‑azido‑4‑nitrofurazan（ANF）

was reported for the first time in 1996［23］. The oxida‑
tion of amino group was carried out by N2O5/aceto‑
nitrile system，and ANF was extracted with dichloro‑
methane with a yield of 63%. However， N2O5

should be prepared from industrial nitric acid before
each reaction because it is not stable in storage.
Therefore the using of N2O5 will increase the experi‑
mental steps and danger even it can be applied as ef‑
ficient oxidant in the above method.

In 2014， Lin reported another oxidation pro‑
cess［24］. The 3‑azido‑4‑aminofurazan was added into
the oxidation system，which was composed of hy‑
drogen peroxide（30%），sodium tungstate and meth‑
ane‑sulfonic acid. The product ANF was extracted
by ethyl acetate，and further purified by silica gel
chromatograph with a yield of only 25%.

In this paper，the synthetic process of ANF was
improved by using a new oxidation system，which
was composed of hydrogen peroxide（50%），sodi‑
um tungstate and sulfuric acid. The yield of ANF
could reach up to 75.1% and the purity of the crude
product is more than 98%.

Compared with the reported methods，our syn‑
thetic process of ANF is simple and convenient with
higher yield. The crude product could be applied in
the next step without further purification.
3.2 The Optimization of Synthetic Condition for

ANF
The effects of molar ratio of concentrated sulfu‑

ric acid and hydrogen peroxide on the yield of ANF
was investigated at 30℃ by reaction for 4 h，and the

Table 1 Comparison of three methods for synthesis of ANF
oxidation method
Ref.［23］
Ref.［24］
this paper

oxidants
N2O5

30% H2O2/ Na2WO4/CH3SO3H
50% H2O2/ Na2WO4/H2SO4

time / h
16
2
4

temperature / ℃
0
20-22
30

purification method
silica gel flash chromatograpy
silica gel flash chromatograpy
without purification

596



CHINESE JOURNAL OF ENERGETIC MATERIALS 含能材料 2019 年 第 27 卷 第 7 期 （594-602）

A Novel Unsymmetrical Furazan Ether 3‑Azido‑3´‑nitrodifurazanyl Ether（ANFO）：Synthesis and Quantum Chemistry Studies

results are summarized in Table 2.

It can be seen from Table 2 that the yield of
ANFO was enhanced with increasing the amount of
H2SO4 under a certain quantity of hydrogen peroxide.
When the molar ratio of H2SO4∶H2O2 was 1.5∶1，the
maximum yield can be obtained as 75.1%，while
the yield of ANFO decreased by adding more exces‑
sive H2SO4. The reason may be ascribed to that oxi‑
dation was hampered because of the low reactivity
of the amino group bound to the furazan ring which
possesses a considerable electron‑withdrawing ef‑
fect，similar to that of the dinitrophenyl group. Usu‑
ally，by enhancing the content of H2SO4，the oxida‑
tive ability of H2O2/H2SO4 mixtures increases，which
could convert amino compound AAF to nitro com‑
pound ANF easily. However，AAF was protonated
just in very acid media，corresponding to a decrease
in their capacity to be oxidized to ANF［25］. The de‑
crease of product yield is probably attributed to the
formation of —NH3

+ in strong acid media.
3.3 Etherification Reaction Conditions of ANFO

The effect of temperature on the yield of ANFO
was studied and the result is listed in Table 3. It was
found that the yield of ANFO was improved with the
increasing of temperature. When the temperature
was 30 ℃，and the maximum yield can be reached
up to 52.1% with the purity of 98.5%. Because bi‑
molecular etherification reaction of 3，4‑dinitrofura‑
zan run faster than the etherification reaction be‑
tween 3，4‑dinitrofurazan and sodium 3‑azido fura‑
zan‑4‑oxide at higher temperature［26］，continued at‑
tempts to obtain more ANFO samples by further in‑
creasing temperature were failed. In a word， the
control of the appropriate temperature is essential for
the synthesis of ANFO.

3.4 Thermal Behavior of ANFO
The thermal stability of ANFO was investigated

using differential scanning calorimetry（DSC）under
the conditions of heating rate of 2.5 ℃ ·min-1 and
pressure of 1.0 MPa. In the DSC curve（Fig.1），ther‑
mal decomposition started at 122.0 ℃ and an exo‑
thermic peak temperature is at 182.3 ℃. There is no
endothermic peak in the DSC curve，which indi‑
cates that ANFO melts with concomitant decomposi‑
tion under the heating condition. From the integral
data in Fig.1，it can be seen that the output of heat
of ANFO was 601 kJ·mol-1，which was almost same
as the calculated standard molar enthalpy of forma‑
tion of 630.0 kJ·mol-1（The calculated enthalpy of
formation of ANFO can be seen from 3.11）.

3.5 Geometric Configuration
The optimized geometric configuration of

ANFO was shown in Fig.2，The bond lengths，bond
angles and dihedral angles were shown in Table 4.
The geometries have been optimized based on the
true local energy minima on the potential energy sur‑
face without imaginary frequencies.

It can be seen from Fig.2 and Table 4 ，the fura‑
zan ring attached to the nitro group is almost copla‑

Table 2 Effect of molar ratio of concentrated sulfuric acid
and hydrogen peroxide for ANF
H2SO4∶H2O2（n∶n）

1∶1
1.5∶1
2∶1

yield / %
71.2
75.1
70.6

purity / %
98.1
98.5
98.2

Table 3 Influence of the reaction temperature on etherifica‑
tion reaction
temperature / ℃
20
25
30
35
40
50

yield / %
17.2
46.8
52.1
51.6
46.4
31.0

purity / %
80.7
95.4
98.5
98.1
95.6
83.3

Fig.1 DSC curve of ANFO at high pressure
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nar with the nitro group（dihedral angle -178.414°）.
The furazan ring attached to the azido group is al‑
most coplanar with the azido group（dihedral angle
-178.975°），the dihedral angle between two fura‑
zan rings is about 70° . It is due to a conjugated sys‑
tem on each furazan ring，which counterpoises the
C—C and C—N bond length（1.299 to 1.430 Å）.

3.6 Atomic Charge
The charges of ANFO atoms are listed in Table 5.

It can be seen from Table 5 and Fig.2 that the C（3）
and C（7）atoms attached to the ether oxygen atom in
the furazan ring have more positive charges due to
the strong electronegativity of the O atom，The C（8）
atom connected to the azido group on the furazan
ring has a larger positive charge than the C（2）atom
attached to the nitro group. It indicates that the elec‑
tron withdrawing ability of the azido group is stron‑
ger than that of the nitro group.
3.7 Molecular Orbital

The molecular orbital theory presents that the
highest occupied molecular orbital（HOMO），the
lowest unoccupied molecular orbital（LUMO） and
their nearby molecular orbital have the greatest influ‑

Fig. 2 The geometric configuration of ANFO optimized at
B3LYP/6‑31G（d，p）level

Table 4 The geometric parameters of ANFO optimized at B3LYP/6‑31G（d，p）level

bond

N（1）─C（2）
N（1）—O（5）

C（2）—C（3）

C（3）—N（4）

N（4）—O（5）

C（3）—O（6）

O（6）—C（7）

C（7）—C（8）

C（8）—N（9）

N（9）—O（10）

C（7）—N（11）

O（10）—N（11）

C（2）—N（12）

N（12）—O（13）

N（12）—O（14）

C（8）—N（15）

N（15）—N（16）

N（16）—N（17）

length / Å

1.305

1.353

1.429

1.306

1.385

1.343

1.368

1.430

1.310

1.384

1.299

1.367

1.456

1.228

1.222

1.386

1.250

1.133

bond

N（1）—C（2）—C（3）

C（2）—C（3）—N（4）

C（3）—N（4）—O（5）

N（1）—O（5）—N（4）

C（2）—C（3）—O（6）

C（3）—O（6）—C（7）

O（6）—C（7）—C（8）

C（7）—C（8）—N（9）

C（8）—N（9）—O（10）

C（8）—C（7）—N（11）

N（9）—O（10）—N（11）

C（7）—N（11）—O（10）

C（7）—C（8）—N（15）

C（8）—N（15）—N（16）

N（15）—N（16）—N（17）

C（2）—N（12）—O（14）

angle /（°）

109.123

108.687

104.589

112.361

126.212

117.573

128.381

108.179

104.976

109.913

112.067

104.862

124.258

116.722

171.338

117.446

bond

N（1）—C（2）—C（3）—N（4）

O（5）—N（4）—C（3）—C（2）

O（5）—N（1）—C（2）—C（3）

C（3）—N（4）—O（5）—N（1）

C（2）—C（3）—O（6）—C（7）

N（4）— C（3）—O（6）—C（7）

C（3）—O（6）—C（7）—C（8）

O（6）—C（7）—C（8）—N（9）

C（7）—C（8）—N（9）—O（10）

C（8）—N（9）—O（10）—N（11）

N（9）—O（10）—N（11）—C（7）

O（6）—C（7）—N（11）—O（10）

C（7）—C（8）—N（15）—N（16）

C（8）—N（15）—N（16）—N（17）

N（1）—C（2）—N（12）—O（13）

dihedral angle /（°）

-0.118

0.248

-0.074

-0.310

-173.818

7.017

70.022

174.598

-0.254

0.2047

-0.058

-174.921

-178.975

-0.532

-178.414

Table 5 The atomic charges of ANFO
atom
N（1）
O（5）
N（9）
O（13）
N（17）

charge
-0.125
-0.181
-0.212
-0.363
-0.175

atom
C（2）
O（6）
O（10）
O（14）

charge
0.470
-0.516
-0.194
-0.350

atom
C（3）
C（7）
N（11）
N（15）

charge
0.569
0.487
-0.138
-0.469

atom
N（4）
C（8）
N（12）
N（16）

charge
-0.173
0.549
0.370
0.450
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ence on the activity of the compound. Therefore，
studying the properties of the frontier orbital can pro‑
vide important information for determining the active
site on the molecule and exploring its mechanism.
HOMO acts as an important role to provide electrons，
LUMO has an important role in receiving electrons.
The HOMO（Fig.3a）and the LUMO（Fig.3b）of ANFO
are -8.0355 eV and -3.6365 eV respectively，and the
frontier orbital energy difference ΔE is 4.3990 eV. It
can be seen that C（3）and C（8）occupy the smallest
proportion in the LUMO though they have the maxi‑
mum positive charges. So，it is not easy to play the
role of electron acceptor. The O atom on the ether
group has the maximum negative charge，and occu‑
pies slight proportion in the HOMO. Therefore，it is
not easy to play the role of electron donor. The above
results show that the stability of ANFO is good.

3.8 Bond Order
The bond order plays a very important role in

judging the strength of the bond in the molecule.
The bond order of ANFO obtained by natural bond
orbital（NBO）analysis are shown in Table 6. It can
be seen that in the ANFO structure，the C—N bond
order attached to furazan ring and nitro group is the
smallest. It indicates that the bond is easy to break.
Moreover， the C—O bond order attached to the
ether bond and furazan ring is also smaller.

3.9 Vibration Spectroscopy
The vibration frequency and intensity of ANFO

（the correction factor is 0.96）was shown in Fig.4. It
can be seen from Fig.4 and Table 7 that the calculat‑
ed absorption peaks was almost same as the experi‑
mental values.

3.10 Thermodynamic Properties
The relationship curves between the standard

thermodynamic functions and temperature of ANFO
in the temperature range of 273 K to 1000 K were
shown in Fig.5.

It can be seen from Fig.5 that，all the thermody‑
namic functions in the range of 273-1000 K are in‑
creased with temperature. It is because high tempera‑
ture can increase the vibration. The thermodynamic
properties of ANFO at different temperatures were
calculated，and the relationship between the ther‑
mo‑energy（E θ

t，m），heat capacity（c θ
p，m），entropy（S θ

p，m）

and temperature（T）in the range of 273 K to 1000 K
was as follows：
E θ
t，m = 0.00003T 2 + 0.031T + 47.82 （1）
c θp，m = -0.00006T 2 + 0.127T + 23.02 （2）

S θ
p，m = -0.00004T 2 + 0.171T + 76.62 （3）

Table 7 Comparison of calculated absorption peaks and ex‑
perimental values of ANFO cm-1

attribution

N—N bond of the azido group
the nitro group
C—N bond of furazan ring
C—O bond.

calculated
values
2213
1511，1347
1612，1453
1292

experimental
values
2146
1532，1357
1594，1487
1292

a. HOMO of ANFO b. LUMO of ANFO

Fig.3 HOMO and LUMO of ANFO at B3LYP /6‑31G（d，p）
level

Fig.4 The calculated IR spectrum of ANFO

Table 6 The bond order of ANFO at B3LYP/6‑31G（d，p）level
bond
N（1）—C（2）
N（4）—O（5）
O（6）—C（7）
N（9）—O（10）

order
1.5999
1.0685
0.9336
1.0796

bond
C（2）—C（3）
N（1）—O（5）
C（7）—C（8）
C（7）—N（11）

order
1.1605
1.1570
1.1450
1.6300
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Correlation coefficients were 0.999，0.998 and
0.999，respectively. In addition，it can be conclud‑
ed the increase values of c θ

p，m is small with the in‑
crease of the temperature in the range of 273 K to
1000 K. When T＞2117 K，d c θ

p，m / d T < 0，c θ
p，m will

decrease with the increase of temperature.
3.11 Density and Enthalpy of Formation

On the basis of optimization by B3LYP/6‑31G**，
the Monte‑Carlo method was used to calculate the
molecular volume with higher precision，and then the
density of the compound was calculated by the formu‑
la ρ=M/V. The calculated density is 1.85 g·cm-3.

Hess´ law of constant heat summation（equa‑
tion 2）was used to obtain the solid‑phase enthalpy

of formation ［ΔH f（solid，298 K）］ basis on the
gas‑phase enthalpy of formation［ΔH f（gas，298 K）］.
The enthalpy of sublimation were calculated by
equations 2 to 6，which was firstly presented by
Politzer［27］. The standard molar enthalpies of forma‑
tion for gas phase and the electrostatic potential of the
molecule surface were calculated by B3LYP/6‑31G**.
ΔH f ( soil d,298 K ) = ΔH f ( gas,298 K ) - ΔH sub ( 298 K )

（4）
ΔH sub ( 298 K,kJ/mol ) = 0.001986A2 +

8.8591( νσ2
tot )0.5 - 9.405

（5）

σ2
tot = σ2

+ + σ2
- =

1
m∑i = 1

m

[V + ( r i ) - V̄ +
S ]2 +

1
n∑j = 1

n

[V - ( r j ) - V̄ -
S ]2

（6）

ν =
σ2
+σ

2
-

[ σ2
tot ]2

（7）

Where V+（ri）and V-（rj）denote the positive and
negative values of the electrostatic potential at any
point on the surface of the molecule，respectively，
and V̄ +

S and V̄ -
S represent their mean values，In for‑

mulae 5 and 6，A represents the molecular surface
area（Å2）.

V̄ +
S =

1
m∑i = 1

m

V + ( ri ) （8）

V̄ -
S =

1
n∑j = 1

n

V - ( rj ) （9）

The calculated enthalpy of formation of ANFO
was 630 kJ·mol-1.
3.12 Detonation Performance

The Kamlet‑Jacobs formula［28］ is commonly
used to estimate the detonation performances of
CHON type high energetic compounds. The detona‑
tion velocity and detonation pressure for CaHbOcNd ex‑
plosive can be calculated by the following formula：

D = 1.01(N-M 1/2
Q 1/2 )

1/2

(1 + 1.30ρ0 ) （10）

p = 1.558ρ0N
-M

1/2
Q 1/2 （11）

Since ANFO satisfies b/2≤c≤2a＋b/2. There‑
fore，in the above formula：
N = (b + 2c + 2d ) /4M （12）
-M = ( 56d + 88c - 8b ) / (b + 2c + 2d ) （13）

a. thermo‑energy curve of ANFO

b. heat capacity curve of ANFO

c. entropy curve of ANFO

Fig. 5 The relationships of thermodynamics properties of
ANFO with temperature.
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Q =
28.9b + 94.05( c/2 - b/4 ) + 0.239Δ fHm

M
（14）

Where D and p are detonation velocity（m·s-1）
and detonation pressure（GPa），Q is the heat of det‑
onation，kJ·kg-1，ρ0 is the explosive charge density，
g·cm-3，ΔfHm is the standard molar enthalpy of for‑
mation，kJ·mol-1.

The calculated detonation velocity of ANFO is
8660 m·s-1，the detonation pressure is 33.81 GPa，
and the heat of detonation is 6725 kJ·kg-1.
3.13 The Impact Sensitivity (H50)

The impact sensitivity（H50） for ANFO can be
predicted by the equation［29］.
H 50 = ασ 2

+ + βν + γ （15）
Where σ2

+ is indicator of the strengths and variabil‑
ities of the positive surface potentials and ν is the de‑
gree of balance between positive potentials and nega‑
tive potential on the isosurface. The coeffivients α，β
and γ are -0.0064，241.42 and -3.43，respectively［29］.

The calculated impact sensitivity（H50）of ANFO
is 35.2 cm.

4 Conclusions

（1）A novel energetic compound 3‑azido‑3´‑ni‑
trodifurazanyl ether（ANFO）was designed and syn‑
thesized for the first time with a total yield of
32.7%，and its structure was confirmed by FTIR，
NMR，MS and elemental analysis.

（2）The study of molecular orbital and bond or‑
der shows that ANFO possesses good thermal stabili‑
ty ，and the DSC curves show that the max exother‑
mic peak of ANFO is at 182.3 ℃ at a heating rate
2.5 ℃·min-1.

（3）The molecular structure， thermodynamic
properties and detonation performances of ANFO
were calculated by DFT method. The calculated den‑
sity is 1.85 g·cm-3，the calculated detonation veloci‑
ty is 8660 m·s-1，the calculated detonation pressure
is 33.81 GPa，the calculated value of H50 of impact
sensitivity is 35.2 cm and the calculated heat of deto‑
nation is 6725 kJ·kg-1， showing that ANFO is a
promising energetic plasticizer.
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非对称性呋咱醚 3⁃叠氮基⁃3′⁃硝基呋咱醚：合成及量子化学研究

王锡杰，毕福强，廉 鹏，刘 宁，王伯周
（西安近代化学研究所，陕西 西安 710065）

摘 要： 以 3‑叠氮基‑4‑氨基呋咱（AAF）为起始原料，经卡罗酸氧化，水解及分子间醚化反应，首次合成了 3‑叠氮基‑3´‑硝基双呋咱

基醚（ANFO），总收率 32.7%。采用 1H NMR，13C NMR，FT‑IR，MS和元素分析表征了 ANFO和中间体的结构；以过氧化氢（50%）、

硫酸、钨酸钠为新的氧化系统，对 ANF氧化法进行了改进，产率达 75.1%。探讨了氧化和醚化反应的最佳条件，得到最佳反应条件

为：氧化体系 n（H2O2）∶n（H2SO4）=1∶1.5，醚化体系反应温度为 30 ℃。采用 B3LYP/6‑31G（d，p）法优化了 ANFO的结构，在振动分

析的基础上计算了 ANFO在不同温度下的热力学性质。采用差示扫描量热法（DSC）和密度泛函理论（DFT）研究了 ANFO的物理化

学性质和爆轰性能。计算的密度、熔点、爆速、爆压、撞击感度（H50）和爆热分别 1.85 g·cm-3，182.3 ℃（dec.），8660 m·s-1，
33.81 GPa，35.2 cm，6725 kJ·kg-1。
关键词：合成；3‑叠氮基‑3´‑硝基双呋咱基醚（ANFO）；非对称性呋咱醚；性能
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