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Abstract: With the help of the constant-volume standard combustion heat (Q.) of N,N’-bis[ N-(2,2,2-trinitroethyl ) -N-nitro ] ethylenediamine (BTNEDA)
the initial temperature (T,), at which DSC curves deviates from the baseline, the onset temperature (T, ) and maximum peak temperature (T, ) from
the non-isothermal DSC curves at different heating rates (3), the thermal decomposition activation energy ( Ey and E,) and pre-exponential constant

(Ag) obtained by Kissinger's method and Ozawa’s method, the value of by, ,, from equation InB; =In[ Ay /beyor poy G(a) ] + beg(or poy T

e(or p)iand

the value of .y, o) from equation Ing; =1In[ Ay/(ag(orpoy +1) G(a) ] + (ag(orpoy +1)InT, the value of b from equation In(L) =

(orp)i»
_Tl)i

ei

A i A
In( 0 ) +bT,,, the value of a from equation In( L) = In( ° ) +alnT,;, the estimated values of specific heat capacity(c,), density (p)

G(a) i —Tor G(a) e
and thermal conductivity (A), the decomposition heat ( Q,, taking half-explosion heat), Zhang-Hu-Xie-Li formula, Hu-Yang-Liang-Xie formula,
formulae of calculating the critical temperature of thermal explosion based on Berthelot’s equation and Harcourt-Esson’s equation, Smith’s equation,
Friedman’s formula, Bruckman-Guillet formula, thermodynamic formulae and Wang-Du formulas, the constant-volume standard combustion energy
A U grnepa.s.208.15x) and standard enthalpy of formation A;Hp, (grnepa.s.20s.15x) Obtained by ideal combustion reaction and Hess's law, the values
(Too» Teo and Tyy) of Ty, T, and T, corresponding to 8 ——0, critical temperature of thermal explosion ( Ty, and T, ) , adiabatic time-to-explosion
(traq) » 50% drop height ( Hs,) of impact sensitivity, critical temperature of hot-spot initiation ( T, ), thermal sensitivity probability density function
S( T) for infinite platelike, infinite cylindrical and spheroidic BTNEDA with half thickness and radius of T m surrounded with surrounding of 350 K,
peak temperature corresponding to the maximum value of S( T) vs T relation curve ( Tg 1), ) » safety degree (SD), critical thermal explosion ambi-
ent temperature ( T, ) and thermal explosion probability ( P;) of BINEDA were calculated. The following results of evaluating the thermal safety of
BTNEDA were obtained: (1) A U graepa.s.20s.15) = — (3478.11 £6.41) kJ - mol ™" and AHY, (gruepa.s.0s.15) = — (53.54 £6.41) kJ - mol 7' (2)
Too =438.73 K, Toupr =T, =440.73 K, T,, =446.53 K; T, =449.88 K, T, =455.28 K; (3) when E, =199.5 kJ - mol =", A, =10%% 571,
c,=1.12)-g7' - K™, Q;=3226)-g7", T,=T, =440.73 K, T=T, =455.26 K, f(a) =3(1 -a)?’, a=10""cm, p=1.87 g- cm~?,
t=1t, =10"%s, Tpom =293.15 Kand 2 =0.00269 J - cm ™' - s7' « K™, Hy =15.03 cm, tr,9 =1.25 s, T, porepor =333.86 K, for infinite plate,
o rymax =350K, T, =345.47 K, SD =28.55% , Py, =71.45% , for infinite cylinder, Ty ;.. =354.5 K, T,, =349.73 K, SD=39.31%, P, =
60.69% , for sphere, T 7). =357.00 K, T, =352.42 K, SD=45.81%, Py =54.19%. The conjunction of BTNEDA was optimized with density
functional theory (DFT) B3LYP. The atomic charges, total energy and frontier orbital energy were also discussed.
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This is quite useful in the evaluation of its heat-resistance
1  Introduction ability under non-isothermal condition and in the exploration

N, N'-Bis[ N-(2,2, 2-trinitroethyl ) -N-nitro ] ethylenedia- of its phenomenon, mechanism and process from thermal

mine (BTNEDA) is a typical nitramine compound. lIts crystal
density is 1. 87 g - cm . The detonation velocity is about
8970 m - s ' (p=1.842 g - cm ). Therefore, BTNEDA is
used as high explosive. Its explosion and combustion proper-
ties'"” and thermal and kinetic behavior under isothermal and

decomposition to thermal explosion. The theoretical calcula-
tion was also performed for further studying the relationship
between the structure and properties of this material.

2 Experimental

non-isothermal conditions have been reported™ ~*'. In the pres-
ent work, we report its thermal safety and the theoretical results 2.1 Material
obtained by the quantum chemical investigation method. BTNEDA was prepared in Xi’ an Modern Chemistry

Research Institute. The compound was purified by recrystalliza-
tion from nitromethane. |Its structure was characterized by
elemental analyses, IR spectrometry, mass spectrometry and

Received Date: 2012-05-21; Revised Date: 2012-06-24
Project Supported . National Natural Science Foundation of China (No. 21073141;

No. 21173163) nuclear magnetic resonance spectrometry. Its purity was more
Biography: HU Rong-zu (1938 - ), male, professor, research-fields: thermo- than 99. 5%. The sample was kept in a vacuum desiccator
chemistry and thermoanalysis. e-mail: hurongzu88@ 163. com before use.
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2.2 Apparatus and Experimental Conditions

DSC apparatus, highly-sensitive Bourdon glass membrane
manometer and their operating procedure and conditions used
in experiment and the principal and method of collecting, ana-
lyzing and treating the data from DSC curves and pressure(p) -
time(t) curves were the same as those in Refs [3,4,7 -9].

2.3 The quantum chemical investigation
Many studies''*~"*) have shown that the density functional
theory ( DFT) methods, especially the B3LYP hybrid model,
in combination with the basis set 6-311 + + G**[""") can
produce reliable geometries, energies and infrared vibrational
frequencies. The initial geometry of BTNEDA generated from
Chem3D software was fully optimized at the DFT-B3LYP level
by the Berny method with 6-311 + + G*" basis set. The
scaled IR frequencies were calibrated by multiplying 0.96'"°".
All calculations were carried out on an IBM P4 computer with

Gaussian-03W'"”) program.
3 Results and discussion
3.1 Specific heat capacity c, and thermal conductivity A

Assuming that ¢, =0.8c, and substituting the values of M
of 476.19 and a, b, cand din Eq. (1) into Eq. (2),

C,H,ON,=CH;O N, (1)
o = 3 R(a+b+c+d) y
V‘{z M

1+ 2¢ _ 2ac (2)
[ (4a+b)(a+b+c+d) (4a+b)(a+b+c+d)2]}
we obtain ¢, =0.8 ¢, =1.12 ) - g - K™

By substituting the values of ¢, of 1.12 ) - g™ - K™', p of
1.87 g-cm™, T_of453.15 K and M of 476.19 into Eq. (3)""*'.
A :3,7287 X1075CP3.U1]6p0.9279

T -0.7652 MO.Z]SB (3)
the value of A of 0.269 W - (m - K) ~' was obtained.
3.2 STANDARD COMBUSTION ENERGY
The standard combustion enthalpy of BTNEDA,

A H), (sraepa.s.0s.15x) » Was referred to the combustion enthalpy

change of the following ideal combustion reaction at 298.15 K

and 100 kPa.

CoHgN,, O, (5)——6CO, (g) + 4H,0 (1) + 5N, (g) (4)
The standard combustion energy of BTNEDA, A_U was

calculated by the following equations;

AcHlﬂn(BTNEDA.s,zqa.wsK) = Ac U(BTNEDA,5.298.15K) + An RT (5)
AI’] = ng(producls) - ng(reactanls) . (6)
where A H' = - (Q,) = - (3450.84 +6.41)""", n_is the

total amount in mole of gases present as products or as
reactants, An=6 +5 =11, R=8.314 J - K" - mol™", T=
298.15 K. The result is —(3478.11 £6.41 ) kJ - mol™".

3.3 STANDARD ENTHALPY OF FORMATION

The - standard enthalpy of formation of BTNEDA,
AHY, sinepacs.08.156) » Was calculated by Hess's law according
to the thermochemical equation (7).

0
Afl_lm (BTNEDA,s,298.15K) _6AfH?n (C0O»,8,298.15K) +

6
4AYH:’V (H20,1,298.15K ) _Ac Hm (BTNEDA,s,298.15K) ( 7 )
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when AHY (o, paoiso = ( =393.51 £0.13) k) - mol ™",
AH? G0, 1008 15¢) = ( —285.83 £0.042) kJ - mol™", the
results obtained is —(53.54 £6.41 ) kJ - mol~".

3.4 Explosion properties

By substituting the values of a, b, c and d in C,H,O_N,
=C,H, N,,O,,, 8=1.87 g+ cm™, A;H) = =53.54 kJ - mol "
into Kamlet-Jacobs equations (8) ~(12).

D=1.01(NM"2 Q") (1 +1.30p) (8)
p=1.558 NM"2 Q' p? (9)
b+2d+2c

N2 T om 10
4M (10)

AM
_ 11
b+2c+2d (an

28.9b+94.05a +0.239AH’ 5
Q=4.184 x x10 (12)
M

where D is detonation velocity, km - s

; p is detonation
pressure, GPa; N is moles of gases detonation products per
gram of explosive; M is average molecular weight of gaseous
products; Q is chemical energy of detonation, J - g™'; p is
density of explosives, g - cm ~*; and A;H'is standard enthalpy
of formation, the values of D of 9.298 km - s, p of 39.23
GPa, N of 0.0315 mol - g™', M, of 31.73 g - mol™", Q of

6879.7 ) - g” are obtained.

3.5 Thermal behavior

A typical DSC curve for BTNEDA is shown in Fig.1. DSC
curve consists of one endothermic peak and one exothermic
peak. The endothermic peak at 180 °C is the phase change
from solid to liquid, while the exothermic peak at 197 °C is
caused by the decomposition reaction.

(dHIdt)  md-s!
endo <—exo

175 180 185 190 195 200 205
T/C
Fig.1 DSC curve for BTNEDA at a heating rate of 10 °C + min ™'

3.6 Kinetic parameters based on initial temperature, onset tem-
peratures and peak temperatures at different heating rates

In order to obtain the kinetic parameters (the apparent
activation energy E, and pre-exponential constant A) of the
exothermic decomposition reaction of BTNEDA, a multiple
heating ( method Kissinger’ s method" ™’ ) [Eq. (13)] is
employed. From the original data in Table 1, the value of E is
determined to be 199. 50 kJ -+ mol ~".
10%* 57", The linear correlation coefficient r, is 0.9976. The
values of E,, and E,, obtained by Ozawa’s method *' [Eq. (14)]
are 197.03 and 183.98 kJ - mol ™', respectively. The values
of r,, and r,, are 0.9978 and 0.9967, respectively.

The values of b, b, , a, and a,, obtained by Eqs. (15)
and (16) and the values of b, a and E obtained by Egs.
(17), (18) and (19) are shown in Table 1.

The value of A, is

o
2
oo
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Table 1 The original data of BTNEDA determined by non-isothermal DSC and kinetic parameters of thermal decomposition reaction obtained by Kis-
singer’s method, Ozawa’s method and Egs. (15), (16), (17), (18) and (19)

initial data calculated values”
p T T oo, T, , Kissinger’s method Ozawa's method Eq.3(15) : Eq.4(16) ¢ Eq. (17) Eq.(18) Eq.(19)
Kt /K Kk KUK o B BAS) R By B be” be” gV @y’ B &P
/Kol /Kol /Kol I o I'eo I'o Iy r, /Kol
1.053 443.15 445.15 450.15 438.73 440.73 446.53 199.50 20.45 0.9976 197.03 0.9978 183.98 0.9967 0.1108 0.1162 49.78 52.83 0.1108 50.78 193.46
2.105 451.15 453.15 457.15 0.9976 0.9977 0.9972 0.9978 0.9976 0.9972 0.9976

5.294 458.15 460.15 463.15
10.56 465.15 467.15 470.15
20.63 470.15 472.15 476.15

Note: 1) cited from Reference [3].
2) E, apparent activation energy; A, pre-exponential constant; Subscript K, data obtained by Kissinger’s method!'*]; Subscript O data obtained by Ozawa’s method 2.

3) The value of beyor o) is from Ing; vs. T ), relation in Eq. (15).
4) The value of A0(or p0) is from Ing; vs. |nTe(0, i relation in Eq. (16).

5) The value of b is from In( Gl ) vs. T relation in Eq. (17).
ei — 100
6 . Bi =
) The value of a is from In( ) vs. InT, relation in Eq. (18).
ei 0
7) The value of E is from | ( A ) ion i
e value of E is from In vs. 1/T, relation in Eq. (19).
ei ~ 10
Bi AR E 1 . N tie_E"/RT“"
ln(z)—ln PR (13) @ () =min| 3 3 o =n(n=1) (20)
A E E " ke Fa/RTa
lgg, =g X oetoron °‘°<°’°P>] ~2.315 —0.4567 2o 14 = mi 5 T T a(n-
gB\ RG(OL) RTo(orp)i ( ) leoD/k( Eu) min Z ; kje-fa/RTa,j n( n 1 ) (21 )
A n W Eo/RTq i
Ing, =In| —— "% | +b T . 15 o i€
ng; n[bemmpmc(a>] F Beo(orpoy eorpyi (15) Qion,w(E,) =min Z ; 7W/efa/’<7n~/_n(n_1) (22)
A
Ing, =1In 0 ] +(a +1)InT, . (16
B\ [ (aemmpo) +-I )G(OL> ( e0(or p0) ) e(orp)i ( > .
5 A, 600 1170°C 150°C 140C  130°C
In[ 2 =|n[ ]+bT. 17 o
(Tm _Tm) G(a) o (17) 160°C
A — 400 A
In _B =In[ 0 ]+a|nTe‘ (18) ©
Te\ - TO\ G(a) g
A =
In(—P_ :In[ 0 ]—i (19) = 2001
T =T G(a)l RT,
3.7 Apparent activation energy of decomposition reaction at 0 1000 2000 3000
130 -170 C time / min

we

oe ?

To verify the reliability of the values of E,, E,, and E i ) . o )
Fig.2 The curves of change in gas formation with time during the thermal

» i ‘ decomposition of BTNEDA with the loading density of 1 x10™* g - mL™" at
under the conditions of vacuum and low loading density at various temperatures

130 °C, 140 °C, 150 °C, 160 °C and 170 °C, using a highly

sensitive Bourdon glass membrane manometer and calculated 08 -
the characteristic data, induction period (¢, ), half decomposi-
tion period (t,,,), initial decomposition rate ( W, ), maximum
decomposition rate (W,,), and time to maximum decomposi-
tion rate (t,) at different temperatures from the obtained
standard volume of gas evolved (V) and decomposition rate
(dV,/dt) vs. time (t) curves shown in Figs. 2 —5 and the
values of apparent activation energy E, obtained by differential
and integral isoconversional non-linear equations (20) ~ (22)
tabulated in Table 2. These E values are used to check the
validity of the values of apparent activation energy E_ obtained 0 . : ‘ . . .
by non-isothermic method. Because the E, values calculated 0 2000 4000 6000 8000 10000 12000
approach to those obtained by Kissinger’'s method and Ozawa's time / min

method, we conclude that the values of E,, E, and E_ Fig.3 The curves of change in rate with time during the thermal

op
obtained are tenable. decomposition of BTNEDA at 130 °C and 140 °C

measured the thermal decomposition processes of BTNEDA

/mL- g'1~min'1

dWy
dt

W
oo
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1257
10.0 1
€ 751 160°C
>
e}
£ 50
s
25 4 150°C
0 —_— I . ——
0 100 200 300 400 500 600 700
time / min
Fig.4 The curves of change in rate with time during the thermal

decomposition of BTNEDA at 150 °C and 160 °C

50 7
40 1 170C
=30
>
-
E
. 201
S|Ie
10 -
0 == \ ,
0 10 20 30 40 50 60
time / min
Fig.5 The curve of change in rate with time during the thermal

decomposition of BTNEDA at 170 °C

Table 2 The apparent activation energy obtained by characteristic data of

the thermal decomposition reaction of BTNEDA at different temperatures'’

characteristic temperature /°C E?
data 130 135 140 145 150 160 170 /kJ-mol™
t, ,/min 9540 1607 449.5 110.3 26.0 215.31
WO
.., 0.001 0.032 0.090 0.30 211.82
/mL-(g-min)
W 0.02107 0.1665 0.6924 2.198 11.78 226.51
. 0 X . . . .
/mL-(g-min)
WMZ
.y 0.2402 0.6950 2.500 10.87 44.5 195.55
/mL-(g-min)
ty,/min 10300 1910 497 120 26.9 217.81

Note: 1) t,,,, the half decomposition period; W, the initial decomposition
rate; Wy, the maximum decomposition rate; ty,, the time to maximum
decomposition rate.

2) The data are obtained by differential and integral isoconversional

non-linear methods!2! -221,

3.8 Self-accelerating decomposition temperature T;,;
Setting T, as the initial decomposition temperature, at which
the DSC curve deviates from the baseline, T, as the onset temper-

ature and T as the peak temperature, and defining T, , as the

value of T corresponding to g — 0 and T,

o as the

(e0 or p0)i
self-accelerating decomposition temperature T,,,;, we have

TOoreorp = TUOureOorpD +bﬁi+cﬂf2 +dBi3! I=1 ’2"."[- (23>
and T, =Tg.por (24)

The values of T,,, T, and T, obtained by using linear
regression of T, , T, and T, against 8, as described in Eq. (23)
are all listed in Table 1. The value of T, of 440.73 K is
obtained by the value of T, in Table T and Eq. (24).
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3.9 Critical temperature of thermal explosion T,
The critical temperature of thermal explosion ( T,) is an

important parameter of evaluating the safety and elucidating
transition tendency from thermal decomposition to thermal
explosion for small-scale EMs.

For BTNEDA, the values of T, obtained by Zhang-Hu-Xie-Li
equation [ Eq. (25) ] taken from Ref.[23 ] using the values of
T, and T, and the value of E,, and £, listed in Table 1 are

449.88 and 455.28 K, respectively:
E -4E RT,

Eoe or op - oe or o oe or o e0(or p0)
T — P P P
beO(orbpo) — 2 R

(25)

The values of T, obtained by Hu-Yang-Liang-Xie equation
[Eq. (26) ] taken from Refs. ** "> using the values of T,,, T,

[ e0
or T,, E,(orE,) listed in Table 1 are 446.69 and 452.92 K,

PO ?
respectively.

Ene(or np)G—he()(or bpﬂ)_TO()_'—ZRTbeO(or bp0) TﬂO Ece(or op) (T —T) =1 (26)
RT F (T ) RT be0(or bp0) eo) -
be0(or bp0)+ oe(or op) be0(or bpo) ~ T00 be0(or bp0)

The values of T, obtained by Eq. (27)'**! based on Ber-
thelot’s equation using the values of b,, and T,, b, and T,
listed in Table 1 are 449.76 and 455.14 K, respectively.

1

T

beo (or bpo)

= Teo(orpo) +b (27)

€0 (or p0)

The values of T, obtained by Eq. (28)"%”’ based on
Harcourt-Esson’s equation using the values of a,, and T, a,
and T, listed in Table 1 are 449.76 K and 455.14 K, respec-
tively.

a

e0(or p0) T
a 1 e0(or p0)

T

be0 (or bp0) =

(28)

0 (or po)
The values of T, obtained by Eq. (29)"®**’ based on Ber-

thelot’s equation containing T, using the values of b and T,

and T, listed in Table 1 is 439.81 K.

+ ! ] =1

1+(T,-Ty,)b

The values of T, obtained by Eq. (30)"**’ based on

Harcourt-Esson’s equation containing T, using the values of a

and T, and T, listed in Table 1 is 435.75 K.

b(T, =Ty) |1 (29)

a a
B Tb—Ti(Tb—Too)
=+

(Ty = Ty) =1 (30)

a
b 1+(Tb-TOO)Tb

It can be seen from the above-mentioned results that the
calculated values of Ty, 0, Obtained by the six different for-
mulae agree well to each other, demonstrating that (1) for
BTNEDA, the value of T, of 445.28 K and T, of 454.62 K
are acceptable; (2) Eqgs. (25) —(30) are suitable for estima-
ting the values of T, for small-scale EMs; (3) In compasion
with RDX with T, =449.01K, the value of T, of 454.62 K for
BTNEDA shows that it has better thermal sensitivity.

3.10 Adiabatic time-to-explosion t,,,

The adiabatic time-to-explosion (t;,,) of EMs is the time
of EM decomposition transiting to explosion under the adiabatic
conditions and is an important parameter for assessing the
thermal stability and the safety of EMs. In order to acquire the
value of t;,, of BTNEDA, substituting the following data:
c,=1.12)-g" - K", Q;=3226)-g7", A =10""s"",
E=E,=199500 ) - mol ™', R=8.314 ) - mol ™' - K",

A et
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fla) =3(1 —a)??, T, =T, =440.73 K, T=T, =455.26 K
into Eqs. (31) —(33)%%,

dT E
CPE:QdAexp( _ﬁ)f(a) (31)
oty T cpexp(E/RT)
b = J; dt_QdAjTn R dr (32)
1 ("¢
= —LdT 33
“ QdAfTO Q, G

the value of t;,, of 1.25 s is obtained.

3.11 Critical temperature of hot-spot initiation T,

cr, hot-spot

In order to obtain the critical temperature of hot-':;potp initia-
tion (T, hopo) Of BTNEDA, assuming that T, o o
tion of the size and duration of the hot-spot and of the physical
and chemical properties of the explosive, the equation! ' ~**

for calculating the value of T,

is a func-

may be expressed as

cr, hot-spot
4 —E/RT ) 3o r=a
(57 ot 1-epl- 1) A T e, [ Perte[ 2 ar
r—a
= al(T -T
=f4*n'l2pCp ( cr hot-spot mom)erfc , 2 ; dr (34)

pC
where a is the radius of the hot-spot in cm; pPiS the density in
g+ cm’; Q,is the heat of reaction in J - g~'; t—t, is the time
interval in s; A is the frequency factor in s ™' ; E is the activation
energy in ) - mol~'; R is the gas constant in J - mol ™" - K™';
T, is the critical temperature of hot-spot initiation in K; c, is

cr,hot-spot
the spzcific heat capacity in J - g~ - K™'; T is the ambient tem-
perature in K; A is the thermal conductivity in J - cm™ - s™' - K™,
By substituting the following data of BTNEDA;
a=10"cm,p=1.87g-cm™>, Q,=3226)-g ', t—t, =10""s,
A=A, =10"% s F=F =199.5 kJ - mol ',
R=8.314)-mol™" - K™, ¢,=1.12)-g™ - K",
T...=293.15K, A =26.9%10"*)-cm™ +s7" - K™

into Eq. (34), the value of T, of 333.86 °C is obtained.

cr, hot-spot
3.12 Characteristic drop height of impact sensitivity H;,

To obtain the characteristic drop height of impact sensitivity
(H,,) of BTNEDA, by substituting the values of A, p, A, Q,
and E of eight explosives with known 50% drop height listed in

Table 3 into Eq. (35)""%* | the corresponding values of n of
0.564623, and of D, of 33.8765, and of D, of —0.347174
are obtained. By substituting the values of A, p, A, Q, and E
of BTNEDA listed in Table 7 and the values of n, D, and D,
into Eq. (35), the value of H,, of 15.03 cm of BTNEDA is
obtained, showing that it has impact sensitivity level approac-
hing those of PETN and tetryl (data seen Table 7).

1 A 0.02612E
—nlgH +I§/ +D, + 35
2 870 Ade ’ T1 + Dz H;o ( )

where n, D, and D, are parameters of the correlation.

3.13  Critical thermal explosion ambient temperature T

acr ?

thermal sensitivity probability density function S(T),
safety degree SD and thermal explosion probability P,

In order to explore the heat-resistance ability of BTNEDA,
the values of T,.., S(T) vs T relation, SD and P, are calculat-
ed by Frank-Kamenetskii formula (36)"°) and Wang-Du’s
formulas (37) ~(42)7° 7). In formulas (36) ~(42), T, is
the critical thermal explosion ambient temperature in K; E is
the activation energy in J - mol™'; A is the pre-exponential
constant in s~'; R is the gas constant in 8.314 J - K™' « mol '}
A is the thermal conductivity in W - m™" - K™'; § is the Frank-
Kamenetskii ( FK) parameter; §., is the criticality of thermal
explosion of exothermic system; r is characteristic measurement
of reactant in m; Q, is decomposition heat in J + kg™';
p is density in kg + m*; u, is the average value of temperature,
K; o, is the standard deviation of FK parameter; o is the stand-
ard deviation of ambient temperature; T is surrounding tempera-
ture; S(T) is the thermal sensitivity probability density function;
SD is safety degree; P, is thermal explosion probability.

Substituting £ with 199500 J + mol ™", A with 10™* s™", p
with 1.87 x10” kg - m ™, A with 0.269 W - m™" - K™, Q, with
3.226 x10° ) - kg ™', rwith 1.0 m, T with 350 K, ¢, with 10 K in
Egs. (36) ~(42), S(T) vs. Trelation curves for infinite plate,
infinite cylindrical and spheroidic BTNEDA in Fig. 6 and the
maximum value of S(T) vs T relation curve ( Ty ,.), SD,
T., and P, of BTNEDA in Table 4 are obtained, showing that
the thermal safety and the accelerating tendency from adiabatic
decomposition to explosion of BTNEDA.

Table 3 Explosive parameters and comparison of experimental and predicted 50% drop heights ( Hs,)
No. acronym /\1)10471 I P _ log(A/s71)* Qq” ~ £ i Hso fcm - D, D,
/Jeem s K /g - cm /)-g™! /)« mol Exp.'’ predicted
1 HMX 34.43 1.79 33.80 2764 373700 32 33.4 0.564623 33.8765 -0.347174
2 RDX 10.58 1.66 12.50 2810 140000 26 20.1
3 TNT 21.30 1.57 11.10 1506 155017 59 56.4
4 PETN 25.10 1.68 10.40 3263 112300 16 15.60
5 BTF 20.92 1.81 22.81 2949 255000 28 30.0
6  HNS 8.53 1.65 22.63 1389 289000 54 50.1
7 Tetryl 18.74 1.67 16.90 1904 172500 174 17.6
8 NG 12.55 1.60 16.09 2092 150122 74 9.4
9 BTNEDA 26.90 1.87 20.45 3226 199500 - 15.03
Note: 1) cited from Ref. [1]; 2) cited from Ref. [2]; 3) Qg taking a half of the explosion heat; 4) cited from Ref. [33 ]
Table 4 The calculated values of Ty 7)., SD, T, and Py for BTNEDA
infinite cylinder sphere infinite plate
Ts(rymax /K T,../K Pre /% SD/% T rymax /K T,./K Py /% SD/% Ts(rymax /K T,../K P /% SD/%
354.5 349.73 60.69 39.31 357.0 352.42 54.19 45.81 350.0 345.47 71.45 28.55
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Fig.6 The S(T) vs. T relation curves for infinite platelike, infinite
cylindrical and spheroidic BTNEDA

-k,
T.= (36)
2RLambertW71( _ AEB, )
2 IZdeAKR
E 2
W(E, —2RT . .
ﬂn=—LL—Jap- “% J 20,0 -\ (37)
A/ 2’1T(T§ RT4 W -I—2 _acr RT
rQ,EpA
where % =W (38)
E. —2Ru, E,
o, =Wl ——"— exp( - )a‘ (39)
e B e B
- E,
My = (40)

2 RLambertW _, _L MBS
2 erdpAKR

And ¢ ; is the standard derivation of Frank-Kamenetskii parame-
ter, o is the standard derivation of the measured surrounding
temperature and wu, is the mean value of T.

SD was obtained by Eq. (41)

. ff W(E, —2RT)

b )/ 2mo, RT
E, : )
_ exp(—i) 2 _EK _(Y_T+MT)
exp{ W : RT -5, /20'5 RT 720T2 d7dy (41)

The thermal explosion probability ( P;.) was expressed as
Eq. (42)
P =1-SD (42)
3.14 IR frequencies and NMR chemical shifts
Vibrational frequencies were calculated after stationary
points were located in order to ascertain that the structure
obtained corresponds to a minimum on the potential energy sur-
face. In the result of frequency calculation, there is no imaginary
frequency which indicates that our optimized geometry is the sta-
ble one. To verify the suitability of the basis set we used, single-
point calculations were further carried out with the aug-cc-pvdz
basis set. The total energy calculated with 6-311 + +G" " basis
set is —1984.2167852 hartree and that with aug-cc-pvdz basis
set is —1983.9525405 hartree which indicates that the results
are not greatly affected by basis set size.

From the optimized geometry (Fig.7), one can conclude
that the whole molecule has an inversion center in the center
C—C bond and the atoms are symmetric about the center.
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Fig.7 ~ optimized structure of BTNEDA

Based on the simple harmonic oscillator analysis, 3 N—6
(the number of atom is 40) frequencies and intensities of 114
frequencies were obtained, only those larger than 600 cm ™'
were listed in Table 5. The scaled IR frequencies were calibra-
ted by multiplying 0. 96. For the complexity of vibrational
mode, it is difficult to assign all bands, so we have only
analyzed some typical vibrational modes comparing with those
of the experimental. The theoretical value at 1299 cm ™' is
caused by C—H stretching vibration. The asymmetric charac-
teristic absorption peaks of C—NO, are found to be at 1285
and 1292 cm™'. The asymmetric characteristic absorption
peaks of C—H are found to be at 3017 and 3023 cm~'. The
stretching vibration of N—NO, is found to be at 1245 cm ~'.

Table 5 The scaled IR frequencies for BTNEDA

v 1 v 1 v I
/em™' /km - mol™" /em™'"  /km -+ mol™" /ecm ™' /km - mol ™'
602 6 963 40 1370 15
616 11 983 4 1372 8
651 2 988 7 1391 12
653 2 1036 17 1401 33
662 16 1052 85 1424 22
695 9 1071 1 1433 41
709 5 1127 37 1565 400
725 4 1175 13 1577 125
725 29 1220 23 1587 138
738 24 1245 210 1590 451
752 7 1260 340 1605 730
760 11 1285 176 1609 112
790 23 1286 214 1620 260
792 71 1286 0 1622 232
818 131 1290 43 2945 9
822 30 1292 152 2964 9
835 47 1299 41 2965 3
836 6 1308 33 2986 2
839 34 1320 17 3006 0
854 64 1326 20 3017 10
911 109 1334 1 3023 20
928 13 1340 4 3038 2
940 12 1364 32

3.15 Population analysis

From Table 6, we can see that the molecule has an inver-
sion center in the center C(3)—C(21) bond and all the C—C
bonds are of antibonding molecule orbital, the overlap
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between C—C bonds are very largest. The overlap between
N(7)—C(3) and N(22)—C(21) are lowest and these two
bonds will be broken firstly.

Table 6 Population analysis of BTNEDA

bonds population bonds population
C(1)—C(2)  =-24.2797 C(25)—C(27) -24.2797
C(1)—N(4) ~5.2672 C(27)—N(32) ~5.2672
C(1)—N(5) ~1.0017 C(27)—N(33) -1.0017
C(1)—N(6) -6.3534 C(27)—N(34) -6.3534
C(2)—N(7) 0.7919 C(25)—N(22) 0.7919
N(7)—N(8) ~3.5066 N(22)—N(26) ~3.5066
N(7)—C(3) ~0.7030 N(22)—C(21) ~0.7030
C(3)—C(21) -8.7750

3.16 Atomic Charges

From Table 7, we can see that the charges of all the
carbon atoms are negative. All the charges on N(N(7) and
N(22)) which are connected with a nitro-group are positive
and carry large charges (0.927080e), those on two N atoms
of NO, are positive while those on the other four N atoms of
NO, are negative. From the total atomic charge calculation of
—NO,, the total atomic charges of —NO, on C—NO, carry
positive charges of 0. 040974e (N (33),0(37),0(38)),
0.25827e (N(34),0(39),0(40)), 0.05788e (N(32),
O(35),0(36)) while the total atomic charges of —NO, on
N—NO, carry negative charges of —0.55683e (N(26),0(30),
O(31)), since the NO, connected with different atoms.

Table 7 Mulliken net charges of BTNEDA

atoms charges/e atoms charges/e

C(1) -0.520740 C(27) -0.520740
C(2) —0.488207 C(25) ~0.488207
C(3) ~0.796312 C(21) ~0.796312
N(4) -0.092293 N(32) -0.092293
N(5) -0.130489 N(33) -0.130489
N(6) 0.164160 N(34) 0.164160
N(7) 0.927080 N(22) 0.927080
N(8) —0.644464 N(26) ~0.644464
0(9) 0.026025 0(35) 0.026025
0(10) 0.124148 0(36) 0.124148
o(11) 0.068473 0(37) 0.068473
O(12) 0.102990 0O(38) 0.102990
0(13) 0.034594 0(39) 0.034594
0(14) 0.059516 0(40) 0.059516
O(15) 0.029329 0O(30) 0.029329
0(16) 0.058302 0(31) 0.058302
H(17) 0.290125 H(28) 0.290125
H(18) 0.328260 H(29) 0.328260
H(19) 0.232199 H(23) 0.232199
H(20) 0.227303 H(24) 0.227303

3.17 Frontier Orbital Energy Analysis

Based on the composition of the molecule and the basis
set we selected, there are 121 occupied molecule orbitals and
639 unoccupied molecule orbitals. According to the MO
theory, the Highest Occupied Molecular Orbital (HOMO ) and
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the Lowest Unoccupied Molecular Orbital (LUMO) are the
most important factors that affect the properties of compounds.
Studying the frontier orbital energy can provide good informa-
tion about the properties of compounds. The frontier energy
gap (AE = E o — Eiomo = —0.15610 = ( —0.32544)) for
BTNEDA is 0. 16934 Hartree which indicates that the
compound is stable in some extent. The frontier orbitals of
BTNEDA were shown at Fig. 8. The main compositions of
HOMO in the compound are the atoms of C(2), C(3),
C(21) and C(25), the nitro-groups of N(7) and N (22),
while the main compositions of LUMO are four nitro-groups of
N(4), N(5), N(32) and N(33) atoms.

Fig.8 HOMO and LUMO of BTNEDA

4 Conclusions

(1) AU greoncamsiso = — (3478.11 £6.41) k) - mol ™'
and A HY graeon 200150 = — (53.54 £6.41) kJ - mol ™.

(2) Too comnion, = 454. 62 K, T, eon, = 449. 01 K,
showing that BTNEDA has better thermal sensitivity.

(3) Digraeon, = 9-298 km - s™' (p=1.87 g - cm™),
Pismeoa=39-23 GPa, D y,0=9.041 km « s ™' (p=1.877 g - cm ™),
Pimxy = 37.17 GPa, HSO(BTNEDA) =15.03 cm, HSO(PETN) =
15.60 €M, Hyy rapyy =17.60 cm, T oo aiveon, =333.86 °C,
indicating that BTNEDA has explosion performance level
approaching that of HMX. It is sensitive to shock, and has
impact sensitivity level approaching those of PETN and tetryl.

(4) The theoretical calculation indicated that the whole
molecule has an inversion center in the center C—C bond and
the atoms are symmetric about the center, and the overlap
between N(7)—C(3) and N(22)—C(21) are lowest and
these two bonds will be broken firstly.
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