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SENSITIVITY RELATIONSHIPS IN ENFRGETIC MATERIALS

<. B. Storm, J. R. Stine, and J. F. Kramer
Los Alamos National Laboratory

l.os Alamos, NM 87545

USA

In searching for new explosives one is most conce ned with
pcerformance (detonation velocity and pressure), thermal properties, and
sensitivity. Whether a new candidate explosive is ultimately widely
ased may well be determined by other factors, such as cost, texicity,
melting point, etc., but the initial rescarch cffort is guided by the
trinity of performance, thermal stability, and sensitivity. This
presents a difficult multifactoral problem in assessing the vavious
molecular propertios that contribute to each of these principal
selection criteria. For instance, detonation velocity is atfected by
density, elemental composition, and heat of formatlon. These factors
must be varied together in such a way as to maximize the combined
effect on performance.

Sensitivity is a complex problem and there is no single usetul
detinition. Tests of the sensitivity of an explosive are devised with
the fdea of judging the potentlial safety of use in a particular
application. This immedlately raises two questions: 1) How do
different molecules rank within any piven sceusitivity test?  ?2) How do
different secsitivity tests compare in ranking molecules?

An understanding of sensitlvity is In large part a chemlcal
problem., The ecase with which a detertable reaction ol any kind can be
fnltlated in an explosive; the tendency of a small reaction, once
citablished, to pgrow to destructive proportions; and the cazne with
which a Liph-order detonation can be established in an explosive all
contribute to the materials response to the stimulus fn a sensftivicy
test,  These propertles are a consequence of the kinetices and
thermodyramices of the thermal decomposition of the explonive,

Weston ot al. [1] have consldered relationships among various shock
sensiofivity teste and Price [2-4] han considered a vintety ol factors

fwportant (o shoek sensftlivity tests . Among, the more sensitive
explosivens, correlations tend to be satlsfactory bhetween tests that
1ely on shoek inftlatlon, 1t 15 feportant to anderstand the critieal

factors o each test Gamall seale pap teat, Lape seale pap test,
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radius of Extex primer in the minimum priming test, run distance to
detonation in the wedge test (8.3 CPa), critical diameter for
propagation in sccady state detonation, critical {lying plate kineric
energy {luence). In less sensitive explosives tailure diameter etfects
appear to be the major problem in poor correlations.

Urizar et al. have coasidered the relations between four shock
sensitivity tests [5] used at Los Alamos that initiate a detonation.
These are the minimum priming charge, wedge, lTarpe scale gap and small
scale gap tests. The tests reported in Ref. % were carried out on
twenty one different materials made up under different conditions and
in various compositions from seven pure explosives. They conclude
"that the correlation is generally pood, but that exeeptions are
uumcrous enough that no one test can be used with confidence as a
measure of the detonation sensitivity of an explosive over a range =of
conditions of practical interest™. Of the six possible
cross-correlations among the four tests the poorest, surprisingly, was
between the small-scale and large-scale gap tests

By far the most commonly used mzasure of an explosive's sensitivity
is the drop-weight lmpact test. This is convenient, casy-to-run, and
inexpensive. An important question is whether this test is indicative
of the erxplosive’s behavior under other circumstances, j.e., a shock
stimilus. 1In a typlcal drop-weight impact vest the time constant for
reaction is In the range of 200-250 us and the pressure is between
7-15 kbar. In a shock experiment the times range from 0.05-2.0 ps
and the pressures range from 30-200 kbar. = the mechanism of
decomposition of the cxplosive at all similar under chese rather
different conditlonsg?

A problem that one immedlately ercounters In approachlng these
questions is that only a limited number of compounds have been studied
under well-controlled and detined conditions. For shock Initiated
studies the larpgest collection of Information has been pathered Ly the
Naval Surface Warfare Center (NSWC) using the Navy Small Scale Gap Test
[6,7). For drop-welght Lmpact tests a larpge collection of cousistent
data {4 available from NSWGC [8-12] and from the Los Alamos National
lLaboratory (LANL) [13-1%].

In Table | we give the drop-welpht lmpact sensitivity (hy,,cm)
H()
and the shock sensltivity as measured by the NSWC small scale pap test
(Pgy the pressure in kbar required to fnftiate miterial pressed to
908 theoretical maximmm Jdensity (TMD), gy, — 9% TMD, Fyg — 8%
T™D) for 21 cexplosives. The lmpact sensltivity piven for TATB i
cutimnted from oxypen balance correlations and will be dlscussed Tater,

H one selocts from Table | a series of compounds that me closely
telated stracturally, .o TNB, DIPAM, MATB, DATB, TATHB, the
correlation between the fmpact sens!tivity and the shock sensitivity at
90w TMD (h.'(, - /. l'il'.m-')l b R = 0.9 g excellent, Fipue 1.
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Figure 1. A plot of the drop-weight impact sensitivity (hyp) vs the
NSWC small scale gap test shock sensitivity at 90% TMD for TNB, DIPAM,
MATB, DATB, and TATB. Data from Table 1.
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TABLE 1. The impact and shock sensitivities of a variety of common
explosives and their mixtures.

Compound Composition hypa Papb Pgg Pgg
(cm) _~ (k!).’ﬂ"_)

PETN® CgligN,0,, 12 J.41  10.76 13.69
Pentolite  50/50, PETN, TNT 18 8.21 11.73 15.18
TNETBY CeleNgO1 4, 18 9.25  13.13  17.48
PDX® CqHeNeO, 24 10.97  15.77 20.35
HMxf C,HgNgOg 26 10.81  14.32  17.49
HNABE C1oH,Ng0; 32 12.77  18.11 22.48
Tetryld G HgNSOg 32 10.64  15.14  19.42
Octol 75/25, HMX, TNT 42 12.62 19.23 25.98
Octol 65/35, 1IMX, TNT 42 12.30 18.50  25.02
HNS -1 Cy4llgNg01 9 41 26.26  30.15 32.90
HNS-11J C14HgNg01 5 39 15.03  20.29 24.70
Comp B 60,40, RDX, TNT 65 16.15  21.54  27.76
TNEDVK C4HgN50; 5 /I 14,99  -ceen oeee-
HNB! CyoHaNeO1 16 18.25  --een aeee-
TACOT-z"  C),H,Ng0y BS .43 41.26  -----
TNB" CgllaN40, 100 14.96  27.28 37.25
DIPAM® C19HgNg0} 2 132 25.11  29.71  33.04
TNTP Gyl N3O, 160 17.12 25.65 33.35
MATA' Cglty, N, 0, 17 2/7.91  35.3% 41,02
DATB® CglyN,O 120 66.70 94,22 59.98
TATB® Gl NGOy, w90 1078 121,92 164.86

a. The Impact senslitivity (h.m,('m) as measured at LANL and/or NSWG,
using the Bruccion method, type 12 tools, 2.9 kp welpht, 40 mg sample,
%/0 sandpaper, 29 trials. b, The shock sensitivity as measured by the
NSWC wmall acale pap test, Pyy the pressure in kbar required to
Initiate material preased to 90% theoret fcal maximun density (TMD),
I'.).)-‘)'.)\ TMD, Pyg~98% TMD. ¢. Pentacrythnitoltetranitrate,

da. Trinltroethyltrinitiobutyrate, ¢, Cyclotrimethylenctrinitramine,
{. Cyelotetramethylenctetranitramine. p. 2,2 4,47 6,6 -Hexanltro-
azobenzene, b, 2,4,6 Tylnitvophenylmethylnitramine., 1, Hoxa
nitrostithene (0.2 2 5 partiele slee). J. No partiele size
specifleation, k. Trinltroethyl 4,4 dinftrovalerate,



TABLE 1. (Continued)

2,

2 4,-6,0’' -Hexanitvobiphenyl. m. 1,73,/ ,9-Tetranitrodibenzo-
a,h4,
4

1.
1,3 6a-tetraazapenta'cene. n. Trinitrobenzence. o. 3,3'-Diamino-
2,2',4,4" 6,6'-Hexanitrobiphenyl. p. 2,4,6-Trinitrotolucne.

q. 2,4,6,-Trinitroaniline. r. 1,3-Diamino-2?,4,6-trinitrobenzene.
s. 1,3,5-Triamino-2,4,6-trinitrobenzene. t. Estimated from oxygen
balance of TNB, MATB and DATB.

The correlation for this series between the shock sensitivity and
90% TMD and 95% TMD (Pgg = 1.74Pgn-10.44, R® - 0.92) is good and
the correlation betwecB rhe shock sensitivity at 95% TMD and 98% TMD
(P98 - 1.60P95-7.79, R = 0.99) is excellent.

If one takes all 21 explosives listed in Table 1 and plots
§0 vs Pgy the correlation is not as pood (hgy = 7.23Pg(-50.0,

- 0. 87) as one might expect, Figure 2. There are three main
ouclxers off of the principal regression line, HNS-I, TACOT, and TNT.
HNS-1 is a special grade of hexanitrostilbene that has a 0.2-2 u
particle size distribution. HNS-II, which has no particle size
specification, lies close to the regression i1ine. 1t is well accepred
that a small particle size can reduce shock sensitivity at high
density. TNT lies off of the regression in the other direction, i.e.
it is somewhat more shock sensitive than its impact sensitivity would
suggest. TNT has an unusually low melting point and it has been
suggested that melting in the impact test makes it appear to be less
sensitive. TACOT, the third extreme outlier iz a zwitterionic
heterocycle, has not been extensively characterized, and may be a true
structural anomaly.

If these three outliers are removed the remaining_i8 explosives
give an excellent correlation (h50 - 7.83P90-56.25, R = 0.99),
and this is the suggested regression for estimating the sensitivity of
new miaterials. The shock sensitivity from 90& TMO to 95% TMD again
correlates fairly well (P95 - 1.55P90-3.03. R -~ 0.%4) and the
correlation between 95% TMD and 98% TMD is cxcellent (Pgg =
1.33Pg4-1.84, R® = 0.99).

It is desireable Lo be able to estimate the sensitivity of proposed
new materials. Even if only crude estimates can be made It is stlll
useful for guidance for a syntheric effort, Kamlet [9-12] proposed a
method for estlmating impact sensitlivity based on oxypen balance, which
he defined as OB])O - lOU(?nO-n“-ZHC-?HCOO)/Mnluvulur weight,
where ny, ng, e, e, are the number of oxypen, hydrogen,
carbon aud carboxylate in the molecule.  The problem has been
consfidered by a number of other investigators [16 29).  Kamlet found
reasonable correlations between OBy and lop, by ftor broad classes
of compounds, {,e. nitroaromatlics, nltroaromatics with a ring methyl

vroup, nitramlnes, nitroaliphatics, and dinitrof luoro compounds | It
18 ' ' |



was pointed out that individual impact measurements have a large
scatrer, but that when a large number of measurements are averaged
reasonably consistent results are obtained. The regressions reported
by Kamlet and Adolph [9,12] for the various classes are:

1) Nitroaromatic, log hgy = 1.73-0.320B,,,

2) Nitroaromatic (alpha CH3), log h50 as 1.33-0.2608100

3) Nitroaliphatic, log hgg = 1.74-0.230By,

4) Dinitrofluoro, log hSO - 2.14-0.300B100

5) Nitramine, log hgy = 1.37-0.170B;,

Because of the multi-component nature of the sensitivity-
nerformance problem in energetic materials it is highly desirable to
have a system in which C,H,N,0 explosives can be organized. Because
the performance of an explosive is dependent only on relative
composition, Stine [26] has proposed a system based on the geometric
properties of a regular tetrahedron. The empirical formula for a
CaHchod compound can be normalized so that:

A+B+C+D=1, where A = a/n, B -~ b/n, C = ¢/n, D = d/n, n=a+b+c+d (Eq. 1).

This provides a convenient reference formula so different molecular
compositions can be compared. A regular tetrahedron has the property
that the sum of the four distances from any interior point to each of
the four sides is a constant, which can arbitrarily be taken to be
unity. Hence, every normalized chemical formula is represented by a
unique point in a tetrahedron whose corners represent carbon, hydrugen,
nitrogen and oxygen.

If the tetrahedron is centered at the origin of a cartesian
coordinate system so that the four distances from any interior point to
each of the four sides sum to unity, the coordinates on any intericr
point are: X = J2(3D-1+C)/4; Y = J6(A-B)/4; Z = C-1/4; where
A,B,C, and D are as given in Eq. 1. Two oxygen balance planes can now
be defined; one containing the normalized points for CO, H,0, and
N, and the other containing the points for CO,, Hp0, and N,.

The two definitions of oxypen balance (balance to CO or C02) are then
the perpendicular distances from the point to the respective piane.
Illustrations of this tetrahedral representation are given in ref. 26.

We have chosen as an index of sensitivity the distance of a point
from the CO oxygen-balance plane. This sensitivity index 1s then
defined as SI = 100(d-a-(b/2)-nCO)/%(atbtctd), where a,b,c,d are the
coefficients of C,H,N,0, and nCO corresponds to the number of carbonyl
groups in the molecule. This suns&tivity index transforms to Kamlet's
definltion as OBK -~ O .B/81-0.0%, R = 0.99, for the 38 compounds in
ref. 9.

In Tables ?2-1% we have compiled the impact sensitivities for the
compounds reported in Refs. 8-1%.  The compounds are grouped together
by structural type. Table ?2 reports nitroaromatic explosives (40
compounds); Table 3V, nitroaromatic explosives with an alpha C-H



linkage (17 compounds); Table 4, nitropyridine explosives (6
compounds); Table 5, nitroimidazole explosives (10 compounds); Table 6,
nitropyrazole explosives (8 compounds); Table 7, nitrofurazan and
nitrooxadiazole explosives (7 compounds); Table 8, nitro-1,2,4-triazole
explosives (18 compounds); Table 9, nitro-1,2,3-triazole explosives (l6
compounds); Table 10, nitrepyrimidine explosives (4 compounds); Table
11, nitroaliphatic explosives (7 compounds); Table 12, nitroaliphatic
explosives containing other functional groups (44 compounds); Table 13,
nitramine explosives (61 compounds); Table 14, nitrate ester explosives
(7 compounds); and ‘fable 15, miscellaneous nitroheterocyclic explosives
(13 compounds), providing impact sensitivity information on 258 pure
explosives. Since the methods discussed here depend on having a close
structural analogy, this wide variety of information is provided.

In Figure 3 the sensitivity index (SI) is plotted against the
impact sensitivity (log hgy) for 40 nitroaromaric compounds from
Table 2. This is very much the same result as obtained by Kamlet [9].
The correlation for the original set of nitruaiomatics reported by
Kamlet and Adolph [9] of OB,y vs log hgg is R® = 0.866; for the
correlation of SI vs log hgy R™ is 0.836, essentially the same.

The overall regression fsr the 40 compounds in Table 2 is
log hgp = 1.72-0.19SI, R® = 0.639.

If one considers groups of compounds that are structurally closely
related the relation between impact sensitivity (log hgg) and SI are
excellent. 1In Flgure 4 we plot log hgy vs SI for TNB, MATB and DATB
(Table 2, Nos. 5,12,15). This series gives an excellent correlation.
If this is extrapolated to the SI of TATB (Tables 2-18) an impact
sensitivity of 490 cm is predicted. This is the value used in Table 1
and in Figures 1 and 2. A similar value would be predicted from the
hgg vs Pgg plots in Figures 1 and 2.

Several of the families of compounds in Table 2 have excellent
correlations between log hgy and SI, i.e.

polynitroanilines (2-4,9,12), log hSO = 1.75-0.24S1, R2 - 0 997
polynitrobenzenes (2-1,3,5), log hgg = 1.70-0.13SI, R% = 0.938

pglyaminopolynitrobcnzenes (2-1,2,5), log h50 ~ 0.58-0.84S1,
R = 0.998

polynitrophenolg (2-6,7,8,10,11,21,23,30,31), log h50 -
1.72-0.2R S1, R® = 0.895,

The apparent scatter of points in Figure 3 is then the result of a
series of families of crossing straight lines with rather different
slopes and intercepts. If one wishes to estimate the impact
sensitivity of a proposed explosive, and it is in any v y related to
known compounds, as closely related a serles as possible should be
choscen for interpolation or extrapolation to the appropriate S1 value.



TABLE 2. The drop-weight impact sensitivities ol nitroaromatic

explosives.

No. Compoﬁnd Formula Mol. SI hgy  Ref.

We. (cm)

1 Hexanitrobenzene CgNgO1o 348 5.00 12 13

2 Benzotrifuroxan CeNgOg 252 0.00 50 13

3 1,2,4,5-Tetranitrobenzene CgHoN4Og 258 1.00 27 13

4 2,3,4,5 ,6-Pentanitro- CeHoNgO10 318 2,50 15 9
aniline

5 1,3,5-Trinitrobenzene CgHaN30g 215 -1.67 100 9

6 Picric acid CgilaN307 229 -0.53 87 9

7 2,4,6-trinitroresorcinol CgHiN40g 245 0.50 43 9

8 2,4,6-Trinitrophloro- CeH3N309 261 1.43 27 9
glucinol :

9 2,3,4,6-tetranitroaniline CgHqaN50g 273 0.45 41 9

10 2,4-Dinitroresorcinol CgHyN2Og 200 -2,22 296 9

11 4,6-Dinitroresorcinol CgHyN20g 200 -2.22 >32C 9

12 2,4,6-Trinitroaniline CeHyN40g 228 -2.00 177 9

13 2,4,6-Trinitro-3-amino- CgHyN4 07 244 -0.95 138 9
phenol

14 2,3,4,6-Tetranitro- CgHyNgOg 288 0.45 41 8
aniline

15 1,3-diamino-2,4,6- CgHgN50g 243 -2.27 320 9
trinitrobenzene

16 l-Hydroxy-3,5-diamino- CgHgNg07 259 -1.30 120 8
2,4,6-trinitrobenzene

17 Ammomium picrate CeHgN4 07 246 -1.76 135 13

18 1,3,5-Triamino-2,4,6- CeHgNgOg 258 -2.50 >320 8
trinitrobenzene

19 2,4,6-Trinitro- C7H9N,0¢ 238 -2.11 140 9
benzonitrile

20 2,?,6-Trinitrobcn20ic C7H4N40g 257 -1.43 109 9
acid

21 J,6,6-Trinitroanisole C7HgN40y 243 -2.27 192 9

22 3-Methoxy-2 4 ,6- G7HgN,O7 7?58 -2.50 >320 9
trinitroaniline

™ 1,3-Dimethoxy-2,4,6- CghlyN30g 273 -2.69 251 9
triuvicrobenzenn

24 2',2"-Trinitroethyl - CollyNgQ 14 420 1.21 240 9

2' 7
? ,/o ,6-trinitrobenzoate



TABLE 2. (Continued)
No. Compound Formula Mol ST heg  Ref.
We. (cm)

25 2' 2',2'-Trinitroethyl- CgHsN50q9 375 -0.32 13 9
3,5-dinitrobenzoate

26 2',2',2'-Trinitroethyl- CgHgN504 gl 0.31 45 9
3,5-dinitrosalicylate

27 1,4,5,8-tetranitro- Cy0H4N4Og 308 -3.08 10 8
napthalene

28 2',2'-Dinitropropyl- C1oH7N5012 389 -1.23 214 9
2,4 ,6-trinitrobenzoate

29 2,2'.,4,4°,6,6'-Hexanitro- Cj9H4NgO19 424 -1.18 85 9
biphenyl

30 3-hydroxy-2,2',4,4',6,6'- CyoH4N5011 440 -0.57 42 9
he:tanitrobiphenyl

31 3,3’ -dihydroxy-2,2'.,4 4'- C12H4NgO14 456 0.02 40 9
6,6 -hexanitrobigheny

32 2,2',4,4',6,6"-Hexanitro- Cy2H5N70q99 439 -1..9 48 9
diphenylamine

33  3,3’-Diamino-2,2',4,4'- C1oHgNgO12 454 -1.58 132 9
6,6’ -hexanitrobiphenyl

34 2,2' .4 ,4' 6-Pentanitro- C13H4Ng5011 407 -1.12 54 8
benzophenone

35 2,2°,2",4,47,4",6,6' ,6"- CjgHgNgOyg 635 -1.00 39 8
nonanicro-m-terphenyi

36 2,2" 4,4 4" 6,6',6"- C1gHgNg0O1 6 590 -2.08 63 8
Octanitro-m-terphenyl

37 2,2'.,2" .4, 4",5"' ,6,6"- C1gHgNgO016 590 -2.08 40 8
Octanitro-p-terphenyl

38 2,2',2",4,4" ,6,6" ,6"- C18HgNg016 590 -2.08 59 8
octanitro-p-terphenyl

39 Dodecanitroquater- CoqHgN 120924 846 -0.88 40 8
phenyl

40 Azo-bis-2,2',4,4' ,6,6'- CoqHgM 14094 874 -0.88 40 8

hexani“robiph=nyl



TABLE 3.

explosives with an alpha C-H linkage.

The drop-weight impact sensitivities of nitroaromatic

No. Compound Formula Mol. SI hey Ref .
Wt. (cm)

1 2,4,0-Trinitro- C7H3N707 271 -2.08 36 9
benz: ldehyde

2 2,4,6-"rinitro- C7H4N4,07 256 -1.82 42 9
benzaldoxime

3 2,4,6-Trinitrotoluene C7HgN30¢ 227 -4.09 160 9

4 1-Dinitromethyl-3- C7HgN30¢ 227 -4.09 105 8
nitrobenzene

5 2,4,6-Trinitrobenzyl C7HgN409 243 -2.27 52 9
alcohol

6 2,4,6-Trinitro-m-cresol C7Hg5N307 243 -2.27 191 9

7 1-(2,2,2-Trinitroethyl)- CgHg4NgO712 376 1.33 13 9
2,4,6-trinitrobenzene

8 2,4,6-Trinitrostyrene CgHsN30¢ 239 -3.41 32 8

9 1-(2,2,2-Trinitroethyl)- CgHgNgO19 331 -0.36 3t 9
2,4 dinitrobenzene

10 3,5-Dimethyl-2,4,6- CgH7N107 257 -3.60 7 9
trinitrophenol

11 1-(3,3,2 trinitropropyl)- CgqHgNgO12 390 0.00 21 9
2,4,6-trinitrobenzene

12 1-(3.3,3-trinitropropyl)- CgH7N501q 345 -1.61 31 8
2,4-dinitrobenzene

13  3-Methyl-2,2',4,4',6,6'- C13HgNgO 438 -2.16 53 9
hexani{rob{phenyl 137676712

14 3-Methyl-2,2',4,4",6,- C13H7Ns019 393 -3 143 9
pentanitrobiphenyl

15 Hexanitrostilbene C14HgNg012 450 -2.63 39 8

16 2,2',4,4’,6,6'-Hexa- C14HgNgO12 452 -3.00 114 9
nitrobibenzyl

17 3,3'-Dimethyl-2,2", C14HgNg014 452 -1.90 135 9

4,4',6,6"'-hexanitro-
biphenyl



TABLE 4. The drop-weight impact sensitivities of nitropyridine

explosives.

No. Compound Formula Mol. SI hg Ref.

We. (cmj

1 2,4,6-Trinitropyridine- C5HoN Oy 230 1.11 20 13
l-oxide

2 3,3,5,5'-Tetranitro- C1oH4NgOg 364 -2.67 56 13
2,2'-azopyridine

K 2,6-bis-(picrylazo)- C17HgN13076 647 -1.27 33 13
3,5-dinitropyridine

4 2,6-bis-(picrylamino)- C17H7N11V16 621 -1.76 63 11
3,5-dinitropyridine

5 3,5-bis-(picrylamino) - C17H7N110 621 1.76 92 13
2,6-din1t¥opy¥idine 1757711716

6 2,6-bis(plerylamino)- C17HgNgO0 2 531 -4.04 192 13
pyridine

TABLE 5. The drop-welght impact sensitivities of nitroimidazole

explosives.

No. Compound Formula Mol. Sl he ) Ref.

We, {zm)

1 2,4,5-Trinitro- C3HN50g 203 3.1 68 13
imidazole

2 2,7-Dinitroimidazole CqH9N4 Oy, 158 0.00 10 13

3 Ammonium-2 4,5- C3H,NgOg 220 0.88 50 13
trinitroimldazole

4 Ammonium-4,5- C3ligNs0y, 175 -1.76 i1l
dinitroimidazole

5 4 4' 5,5 -Tetranitro- CgHoNgo 314 0.8) 1)
blimidazole 6¥278"8

6 Diammonium-4 ,4° ,5,5" - CeligN100g 348 -1.29 0 1)
tetranitrobiimidazolate

/ 2,4-Dinitro-1-pleryl- CgliaN ;01 3695 -0, 34 h6 173
imidazole

8 2-Nitro-l-plcryl- ColyNgOg 324 -2, iz 13
imidazole

9 4-Nitro l-picryl- CollyNpOy 120 -2.27 ol 11
imidazole

10 1l-Plery!!imidazole GollyNy0y, 214 ho60 316 1Y



TABLE 6. The drop-weight impact se..sitivities of nitropyrazole

explosives.

No. Compound Formula Mol . S1 g Ref.

Wt. (cm)

1 Ammonium 3,5- CaHgN50, 175 -1.76 158 13
dinitropyrazole

2 4-Nitro-1l-picryl- CgH4NgOg 324 -2.22 112 13
pyrazole

3l 4-Nitro-3-plcrylamino- CgHgN70g 339 -2.41 >320 13
pyrazole

4 3,5-Dinitro-]-methyl- CioHsN7010 383 -1.56 118 13
4-plcrylpyrazole '

5 3,5-Dinitro-1-methyl- C10HeNg010 398 -1.76 274 13
4-picrylaminopyrazole

6 1,4-Dipicrylpyrazole C15HeNg012 490 -2.93 314 13

7 4-Nitro-1-pieryl-3- CyisHgN100y4 550 -1.78 149 13
plerylaminopyrazole

8 5-Nitro-1l-plecryl-4- C15HgN 10014 550 -1.78 >320 13

plcrylaminopyrazole

TABLE 7. The drop-welght impact sensitivitics ol nitrofurazan and

nitrooxadlazole explosives,

No. Compound Formula

1 3-Amino-4-nitrofurazan CallpN,0Oq

2 4 4'-Dinitro-3,3'- CyNg0g
blfurazan

3 3-Nitro-4-plcrylamino- CglijN ;09
furazan

h 3-Amino-4-plcrylamino- CgligN,0/
furazan '

Y 2-5-Diplcry'-1,3,4- C1alaNgO 1y
oxadiazole

6 3,4-Bls-(plerylaminm) -
furazan

/ 1,9-Bls-(plerylamino) -
1,2.0-0oxadiazole

CiaHeNy o0y

ClalleN) oy

Mol . S hyg

Wt (cm)

110 0.00 72/
228 2.50 13
0l -0.3) €0
111 =259 120
04 1.9 20
Y27 -1.80 /1
hY?27 1.86 7

va.



TABLE 8.

The drop-welight impact sensitivities of nitro-1,2,4- triazole

explosives.
No. Compound Formula Mol . St hgq Ref .
Wt . (cm)

1 3-Nitro-1,2,4-triazole C9H9N,09 114 -2.00 >320 13

2 3-Nitro-1,2,4-triazole- CoHoN4O 130 1.82 291 14,15
S-one

3 Ammonium 3-nitro-1,2,4- CoHgNy 09 131 -3.57 >320 3
triazolate -

4 Ammonlum 3,5-dinitco- CoHg4NgOy, 176 0.00 110 13
1,2,4-triazolate

5 4- He»hyl -3,5-dinitro- C3H3N5O, 173 -0.6/ 159 8
1,2,4 -triazole

6 5,5'-Dinitro-3,3’'-pi- C4ligNgOs, 226 111 18313
1.2,4-triazole

7 4-(2-Nitroethyl)-3,5- CyHyNgO 232 0.00 15 8
dinitro-1,2, hytrlnzole 4H6T676

8  3-Nitro-l-pleryl-1,2,4- CgH3N;0g 324 ‘1,15 68 13
triazole

9 1-Plcryl-1,2,4-triazole CglgNs01 280 -3.33 >320 13

10 3, Plcr{lnmino 1,2,4- CglligN70¢g 299 -3.406 320 )3
triaze

11 4-Plerylamino-1,2,4- CgliyN70g 295 =406 e 1)
triazole i

12 3-Amino-S-picrylamino CygligNgUg 110 -3,/ 230 11
1,2 4 - triuzolc

11 -Dinitrobenzyl) CyllsN,0 319 -2.41 96 8

8 At ntretTo5oheY R

trln7olo

14 4-(4-Nitrobenzyl)-3,5-  CgligNgOy, 294 b6 23200 8
dinftro-1,2,4- trinzole

1 2-Pleryl-3 plerylamino-  CyaHgNpOyp 506 2.18 120 1Y
1,2, 4-triazole

16 3,9-Blapi-rylamino- CraHyNy1 10y h?1 -2.90 2600 11
\'2 4-trinzole AT/

1/ N N'Dipieryl-5,%"- CralaN 40 6h B 0.80 138 1)
NN ST 1 2 T6TAT1ATL6
triazole

18 9,5 ClelaNpa0y) 988 1.200 320 13

, qu¥|\l lumlnn

l i-triarzole



TABLE 9.

The drop-weight impact sensitivities of nitro-1,2,3-

triazoles.
No. Compound Formula Mol. Y hro Ref .
Wt (cm)

1 4-Nitro-1,2,3-triazole ColipN, 09 114 2.0 25 13

2 Ammonfum 4-nitro- ColigN« 0y 131 -3.57 235 13
1,2.3-triazole ’ -

3 4-Nitro-1-plecryl- CaliyN 0 LYA -1.15 9 13
1,2,3-triazole gt/

4 4-Nitro-1l-picryl- CgligN 0y w2h -1.15 67 13
1,2 3-triazole SRR

5 -(37, diniLro henyl) CgliyNg 0 280 -3.33 56 13
h nlcro 1, Ynzo ¢

6 1-(3',4 dtnltro henyl)- CgHlyNgOg 280 -3.33 51 13
h-nitro 1, azole

7 1-P1cry1-1.2,3-trluzo]u CghlyNg 0 280 -3.33 10 13

8 °-P1cryl-1.2.3-trinzolo CgHyNgOg 280 -3.33 200 13
1-(3'-Amino-2', "otri- GgHyN O 294 -3.40 31 13
nitrophenyl)-1, i triazole

10 4-Pler; 1nmln()-l,2,3- CygliyN 0 29% -3.46 103 13
triazo

11 4,6-Dinltro-1-pleryl- Gyl NgOY o 620 2.3n 40 13
benzotrinzole

12 LO0-Dinftro-1-plceryl- G20, NgO g W20 -2, 1% 1)
bvn&otrlnzolo

13 1-Piceryl-4-plerylamino: Cyallg N1 O - 90¢ 2.4 M1
1,2,3 Lriavale HAT6T10712 '

14 ? 6- Dl)l(lylbon.u [1.2-a: Cpglt, N0y, 612 1. 99 1)

9- H bistrinzole-a, 8 18 1214

(Ilonu

1 1,7- dlplrrylhnn/n CraleNpO) "87 V.o /% o1y
(1.2-d24,%2d"]-
bistlazole

16 Y-Dipferylbenzo- CrallgN1p0)) "2 V./h h 1)

I. b Y -d' ) -
I)I-. llulnll-



TABLE 10. The drop-weight impact sensitivities of nitropyrimidine

explosives.

No. Compound Formula Mol. SI hgg  Ref.

wt. (cm)

1 2,4,6,2'2" 4" ,6"- CipHrNgOYy, 547 -2.05 58 8
heptanitro-4°,6" - 1657914
diaza-m-terphenyl

2 2,4,6,64' 2" 4" ,6"- C16ll5Ng0y 4, 547 -2.05 58 8
heptanitro-2',6' - ’
diaza-m-terphenyl

3 l-picryl-2-picrylamino- Crpll NGOy 2 517 -3.41 106 13
1,2-dihydropyrimidine '

4 5-Nitro-2 ,4,6-tris- CoatigN| 4099 803 -1.97 2010 13

(plerylamino) -pyrimidine

TABLE 11. The drop-weight impact sensitivitices of nitroaliphatic

explosives.

No. Compoun Formula

1 1,1,1,9 tetranitro CollgN, Og
butane

2 1,1,0,3,9,9,5- CylyN ;0

heptamtropentane

3 1,1,1,6,6,6-hexanitro-
3- hexyne

4 1,1,1,6,6,6-hexanitro-
3-hexene

% 3,3, 4,4-tetranitro-
hexane

6 2,272,060 Hh,6,6-
hexantt roheptane

/ 2,2,0,6,6 pontanitro

hept ane

Colly N, O 19
CollgNgO12
Gl N Oy
Gy aNgOL Y

(:,"l lNl)()l()

Mol. 51 hgq Ref .
Wt . (cm)

238 0.91 33 10
387 4.19 8 10
192 2.96 7 8
354 2.00 17 8
266 -2.14 80 10
370 0.G0 29 10
RYR) -1.%2 5 10



TABLE 12. The drop-weight impact sensitivities of nitroaliphatic
explosives containing other functional groups

No. Compound Formula Mol. ST hgy Ref.
We. (cm)

1 2,2,2-Trinitroethyl- C3l4 N4 Og 224 2.11 18 10
carbamate

2 ﬁlZiDinitrn-1,3-propnne- CqHgN7Og 166 0.00 110 10

o

3 Methyl-2,2,2-trinitro- C4ligNa0g 239 1.43 28 10
ethyi carbonate

4 4,4, ,4-Trinitrobutyramide C4HgN,O7 222 -0.95 40 8

H Bis-(2,2,2-trinitro- CstyNgOy 5 388 4.67 16 10
cthyl) -carbonate

6 Methylene-bis-N, N’ - CrH4NgOy 4 400 3.23 2 10
(2,2, 2-trinitroacetamide) ST4T8 14

7 Bis- (trinitrocthoxy)- CqligNgO1 4 374 3.87 17 8
methane i

8 N,N’'-Bils-(2,2,2- CsllgNgO13 386 2.50 17 10
trinftrocthyl) -urca

9 5,5, 5-Trinftropentanone-2 CgliyN40y 221 -2.2] 125 10

10 Ethyl-2,2,2-trinitro- TyHNqCq 253 -0.42 81 10
cthylcarbonate '

11 N-(?-Propyl)- CoHgNg4 Oy 236 -2.50 112 8
trinitroacetamice

12 Bis-(trinitroerthyl)- ColigNgO g 410 3.7 15 8
oxalate

13 2.2,2-Trinftroethyl- CellgNg O 386 2.50 18 10
6.‘0.’0-('!'!"‘ll()l)ulzr:llv 6767614 )

14 Bis-(trinltroothyl) ColNgO4 hln 1.76 173 B
oxaulde

1 Trinftroethyl 2,7 Gl NyO Yy LRy 1.61 1Y 8
dinltropropylearbonate

16 N-Trinftroethyl 4 4 6. CollyN,O 18" 1.5%7 18 L}
trinftrobut yramide

1/ 1% Bls- 2 vinftroethyl) Gl NgO Y, h79 1.9 24 4
bluret

18 N (t Butyl) trinitio Gl oNaOYy 750 3.0 110 Y
acctamide

19 Tein (2,2.7 ll'lnil|'m-l||y|)(?,II,N:,())| Y Nl !/ 10

orthofeamate



TABLE 12. (Continued)
No. Compour.d Formula Mol. SI hgg Ref.
Wt (cm)

20 1,1,1,7.7,7-Hexanitro- C7HgNg0y 3 184 0.59 34 10
heptanoue-4

21 Methylene-bis-(trinitro- CyligNgO;¢g 460 1.54 27 8
etnyl) -carbamate

22  2,2-Dinitropropyl- C7HyN4 O] 2 355 -0.30 151 8
Lnnltlobutyrnu- '

23 2,2,2-Trinitroethyl- C7HoNg0y 9 355 -0.10 70 10
4,4-dinitrovalerate ) '

24 Bis-(2,2-dinitropropyl)- CyHoN401 326 -1.25 300 10
carbonate

25 2,2 Dinitropropyl- C7H10N6011 354 -1.18 72 10
4,4 4-trinitrobutyramide

26 Bis-(trinitropropyl)- CyH10Ng01 3 414 0.00 23 8
urca

27 Bis-(1,1,1-trintro-2- C N oNg01 3 hl4 0.00 19 8
propyl)-urea

28 Bis-(trinitroethyl)- CgligNO1 6 042 1.67 14 8
fumarate

29 Trinltroulh?'l -bis- CghNg0p9 581 4.13 6 8
(trinltroethoxy)-acetate '

30 4,4 ,4-Trinitrobutyric CgHgNgOp 428 0.54 30 10
.mhydr ide '

31 Bis-(2.2.2-trloitro: CgllgNg01 6 hah 1.05 30 10
ethyl) - succlinate

32 Bis-(2,72 -dinftropropyl). CglijgN4O| 9 YH4 -1.76 227 10
oxalate

33 N,N-Bls-(3,3.3-trinltro- CglljgNgOyy, ha? -0.50 45 10
propyl)-oxamide

34 2,272,727 Trinitroethyl Cglly INyO o9 -1.19 138 10
h h- ‘dinft rohexanoat e

3h 2,2 Dinltrobut GgHyp NGOy 169 -1.39 101 10
h,h 10-(l'lnltrn?;ulyr.'lmhlv SR

36 72,7 diultropropyl- CyHypN4O V24 2,94 320 1C
hoe diualtrovalerate

37 Nitcolsobutyl -4 4 4 Gyl 9NAO 1724 -7.94 279 10
tr inltrobutyy atoe

'8 Tetrakis (2,72,7 trinltro CyHyN909 g IR Y, h".?76 !l 10
ethyl) o thocarbonate

49 Methylone bis (4,44 Cally )Ny R 1.40 117 10
trinitrobuatyramide)

40 Ethylene bhis (4,4,4 Crothy »Ng Oy hil? 0,91 120 10
trinftrobutyrate)

4l NN B (2,7 dinftio Croty 4Ng ), Hlo 1.28 /17 10

vopyl; A4 4 tilnitio

mtyramlde



TABLE 12. (Continued)

No.

Compound Formula Mol. S1 hsgg Ref.
Wt (cm)
42 8is-(2,2,2-trinitro- C11H19Ngo0 576 0.39 68 10
ethyl)-4,4-dinitro- 1171278720
heptanedioate
43 2,2-Dinitropropane-1,3- Cy1Hy19NgO 576 0.39 50 10
13-diol-bis-(h,h.4- 1171278720
trinitrobutyrate)
44 Bls-(2,2,2 Trinitro- C15H16N1209g 812 0.85 32 10

ethyl)-4,4,6,6,8,8-
nexanitro-undecanedioate



TABLE 13.

The drop-weight impact sensitivities of nitramine

explosives.
No. Compound Formula Mol. S1 hgg Ref.
wt. (cm)

1 N,N'-Dintiro- CH/ N, Oy, 136 1.54 13 10
methanediamine

2 N-Nitro-N-methyl- CoH,N205 104 -3.64 320 13
formamide i

3 N,N’-Dinitro-1,2- ColgN4Oy, 150 -1.25 34 10
ethanediamine

4 Methyl-2,2,2-trinitro- CqHgNg0g 239 2.38 9 10
ethylnitramine

5 Trinitroethyl- CaligN70g 267 2.17 15 8
nitroguanidine ’

6 Cyclotrimethylene- CqHgNgOg 222 0.00 26 10
trinitramine '

7 N-Methyl-N,N’-dinitro- CqHgN4Oy, 164 -3.16 114 10
1,2-ethrnediamine

8 Trinitroethyl- €y, NgOg 264 1.82 11 8
cyanomethylnitramine

9 Bis-(2,2,2-trinitro- C,H,Ng0q 4, 388 5.33 5 10
ethyl) -nitramine

100 N-Methyl-N-nitro- C,llgNg0 1 g 283 2.08 17 8
(trinitroethyl)-carbamate ’

11 N,N’-dimethyl-N /N’ - Gl N,O 206 -3.00 79 8
dinitrooxamide

12 N-Nitro-N-(trinitro- L4HgNg0g 282 0.80 17 8
ethyl) -glycinamide

13 Cyclotetramethylence- C,HgNgOg 296 0.00 29 10
tetranitramine

14 N,N’'-Dinltro-N-{(7- CallyaNgOp 238 -2.31 39 10
(nitroamino)ethyl |-
1,?2-cthanediamine

1y  1,3,3,95 % Pentanitro- CulgNgO0 310 1.48 14 10
plporldlno

16 ?,? 2-Trinftroethyl . CollgNgO 4 H0? .64 6 10
WA Y trinitropropyl
nitramine

1/ N, N'-Blg-2,2,72-trinitro (:l,“(,Nl()()“, H6? 6,12 5 10
ethyl)-N N' -dinltro
methaned bamine

18 Trinftrocthyl N othyl ColyNyGO 29 0.37 19 8
N nitro-carbamate

(,n)“('Nu,()q 28 -0.36 4? 8

19 'I'I‘il\lll'n('lh\(l ? methoxy
te

ot hy‘lli tram



TABLE 13. (Continued)
No. Compound Formula Mol. SI hgqg Ref.
wt. (cm)

20 N-mathyl-N'-trinitro- C5HgN7010 327 0.32 11 10
ethyl-N,N’-dinitro-1,",
-ethanediamine

21  N,N’-3,3-Tetranitro- Cs5HioNgOg 282 -1.38 35 10
1,5-pentanediamine

22 N-nitro-N-(3,3,3- CgHegNgO16 446 3.0 9 10
ttinitroprop{l)-2,2,2-
trinitroethyl carbamate

25 2,2, 2-Trinitroethyl- CgHgNgO 446 3.33 9 10
N-(Q,Z,Z-trinitrozthyl)- 6767816
nitramino acetate

24 2,2,2-trinitroethyl-4- CgHgN501 311 -1.00 35 10
nitrazavalerate

25 TrinitropropXI-(2,2 CgHgN701 9 371 0.88 17 8
dinitropropyl)-nitramine

26 2',2',2'-Trinitroethyl- CeHgN7019 71 0.29 15 10
2,5-dinitrazahexancvale

27 2,2,2-trinitroethyl-3,3- CgHqgN70,9 371 0.88 20 10
dinitrobutyl nitramine B

28 N-(2,2-Dinitropropyl)- CgH10NgO10 326 -0.63 29 10
N,2,2-trinitro-1-
propanamine

29 1,7-dimethoxy-2,4,6- CgH14NgOg 298 -2.94 166 8
trinitrazaheptane

30 N,N’'-Dinltro-N,N’'-bis Ce¢Hy(NgOg 326 -2.78 53 10
{ﬁ-(nitroaminc)ethyl]-

,2-ethanediamine

31 Bis-(trinitroethyl)- C7li4N7 0020 550 3.72 10 8
2,4-dinitrazapentanedioate

32 2,2-dinltropropyl-3,5,5-  CyHgN;0y 615 0.81 16 8
trinftro-2-
nitrazapentanoate

13 Trinitroethyl-5,5- C7HgN70q4 415 0.81 25 8
dinitro-3-nitrvazahexanoate

4 2,2,2-Trinitroethyl- CyHgN; 0y, 415 0.81 22 10
2,5,5-trinitro-2-
azahexanoate

1 N-nltro-N,N'-bls- C7HgNyO | 4 459 1.25 21 8
(trinttropropyl)-urea

' 2,2, 2-Trinltrocthyl-?2,4,  C HgNgO hlH 1./71 18 10
6,6-tet ranitro-2,4-
diazaheptancoate

3/ Bisw-(?2,2,7-trinivroethyl) CgligNgOrg YOh 1.90 14 10

Ponltrazaglutarate '
18 N,N'-Dinftro NN’ -bis- CgHgNoC18 RV 1.847 9 10

1,3, trinftropropyl) -
oxamfde



TABLE 13. (Continued)

No.

Compound Formula

Mol.

wt.

SI

hso
(cm)

Ref.

39

40

41

42

a3

44

45

46

47

48

09

50

I)l

92

bR

yh

Bis-gtrinitroethyl)-
2,4,6-trinitraza-
heptanedioate

2,2,6,9,9-Pentanitro-
4-oxa-5-oxo0-6-azadecane

CgHgN12029
CgHy2Ng07 2

1,1,1,3,6,9,11,11,11-

nonanitro-3,6,9-
triazaundecane

N-§2-2-Dinitrobuty1)-
N-2,2-trinitro-1-
butanamine

N,N’-Dinitro-N,N’'-bis-(3- CgHy,Ng0
nitrazabutyl)-oxamide gh14%8v10

2,2,4,7,9,9 hexanitro-
A,7-dlazadecane

N,N'-dinitromethylene-
bis-(4,4,4-trinitro) -
butyramide

1,1,1,5,7,10,14 14 ,14-
Nonanitro-3-12-dioxa-
4,11-dloxo-5,7,10-
triazatetradecane

Bis-(5,5,5-trinitro-3-
nitrazapentanoyl)-
methylenedinitramine

1,1,1,4,6,6,8,11,11,11- CgH12N129020
Decanitro-4,8-
diazaundecane

1,1,1,3,6,6,9,11,11,11
Decanitro-3,9-
diazaundecane

Bis-(2,? ?-trinitroethyl) CygH12Ng01g
-4-nitraza-1,7-
heptanedioate

Bis-(2,2,2-trinltroethyl) Cygly2N190
-3,6-dln traza-1,8- y 1071271020
octanedloate

Bis-(trinitroethyl)-2,5, CigH192N19209
8-tr1nltrnzanonn%cdlontn 10712712722

N ,N'-Dinltro-N,N’-bis-

(ﬁ,3-dlnltrobuty[)-
oxamide-trlazatetradecane

1.1,1,3,6,9,12, 14,14, 14-  CioHyNp 40
Dncnnllr0-3,6,6,lﬁ-tctrnznnlo 16714720
tetradecine

CgH12N12018

CgH14Ng010

CgH14Ng012

CgHioN10018

CgHjoN12022

CoHyoN14022

CgH12N12030

Ciolt14Ng014

Bis-(trinftroethyl)-5%,9- G Hy9Ny904,
dinftro-2 8-dinltraza- LE7212570
nonanedfoate

624

384

564

354

3182

414

546

638

666

608

608

690

0.

.20

.58

.60

.63

.50

.43

.85

.26

18

.89

.89

.00

71

.43

.1/

6/

.69

13

47

12

80

90

72

13

15

11

10

29

29

17

3/

19

12

10

10

10

10

10

10

10

10

10

10

10

10



TABLE 13. (Continued)

No. Compound Formula Mol. SI hgg Ref .
we. (cm)

56 2,2,4,7,7,10,12,12- C11H18N10016 546 -1.45 44 10
Octanitro- 4 io-
diazatrldecane

57 2,2,5,7.7 9,22 12- C11H18N10016 546 -1.45 37 10
0ctan1tro-5
d1azatr1decane

58 1,4-Bis-(5,5,5-trinitro- CjsH19N109020 616 0.00 16 8
2-nitrazapentanocate)-2-
butyne

59 1,18,18,18-Hexanitro Cy92H¢N140 740 0.61 19 10

16 dioxa-4 ,15-dioxo-5, 1271€714724

11 14- tetranitrazaoctadecane

6C 1,1,1,3,6,6,8,10,10,13, C19H1¢N1 60 800 1.721 23 10
15,1515~ trxdecanlrro- 12716716726
3.ﬁ,13,-trlazapentadocane

61 2 .2-Dinitropropauediol - -3Hy1gN10 634 -1.31 138 8
bis (5.5-dlnitpo-2- ¢i3t18M10020
nitraza- hexanoate)



TABLE 14. The drop-weight impact sensitivities of nitrate ester
explosives.

No. Comporind Formula Mol. SI hgg Ré?T
we. (cm)
1 1,2,3-Propanetriol CaH5N30q 227 1.50 20 13
trinitrate
2 N-(2,2,2-Trinjtroethyl)- Cg4HgNgOy1 314 2.96 7 10
nitraminoethyl nitrate
3 2, 2-Bis(nitroxymethyl) C5HgN4Oq 2 316 2.07 13 13
-i,3-propanedi01 dinitrate
4 3-[N-(2,2,2-Trinitro- CsHgNgO11 328 1.33 12 10
ethyl) nitramino]-propyl
nitrate
5 3,5,5-Trinitro-3- C5HgN50g 283 0.36 21 10
azahexyl nitrate
6 1,9-Dinitrato-2,4,6,8- CsH10N10014 434 2.05 10 8
tetranitrazanonane
7 4.,4,8, 8-Tetranitro- C10H16N8016 504 -0.80 87 10
1,11-dinitrato-6-nitraza
undecane
TABLE 15. The drop-welght impact sensitivities of miscellaneous
nitroheterocyclic explosives.
No. Compound Formula Mol. SI hg) Ref .
Wwt. (cm)
1 Ammonium 5-Nitro- CH4NgO9 132 -1.54 30 13
t trazolate
2 Etiwyienediammonium C4H10N120 290 -3.33 42 13
di-5-nitrotelrazolate 471071274
3 3,5 Dinitroisoxazole C3H N4Og 159 2.50 29 13
H 1,4-Dinitroglycoluril CqyHyNgOg 232 -2.0 100 13
p) l-Nitro-2,5-bls- CeligNg01 4, 414 2.94 6 8
(trinftromethyl) -pyrrolidine
6 “-Plcrylaminotetrazole CyHl,NgO0g 296 -2.40 36 13
/ 3,3,9,9-Tetranitro- C)ligNy0) 2 340 0.65 66 10
l.’ %, 7,11-Tetraoxaspliro-
(%.9%) -undecane
8 N-(2,2,2-Trinitroethyl) - G, lHgNgOyy, L2728 1.62 18 10
1 i 4 }‘-r('.r_r.-mllrn- y /TBTHELA
plpeéridine
8

0§ N S'l‘r initropropyl) Gyl oNgOY 4, Wiy 0.%0 29
3,89, 9 - tetranitro
piperdine



TABLE 15. (Continued)

No. Compcund Formula Mol. SI hgq Ref.
Wt. (cm)

10 1,3,7,9-Tetranitrodibenzo Cj7H.4NgOg 388 -3.75 85 8
-1,5a,A,6a-tetraazapenta1ene

11 3-6-Bis-(picrylamino) - C14HgN12072 534 -2.27 61 13
s-tetrazine

12 1,3,5-Tris(l-ox0-5,5,5- CysH18N1g027 882 0.00 13 8
trinitro-3-nitrazapentyl)
s-triazacyclohexane

13  Tripicryl-s-triazene Cg1HgN12018 714 -2.11 85 8



Figure 3. A plot of the impact sensitivity (log hgg. cm) of the 40
nitroaromatic explosives in Table 2 vs Ehe sensitivity index (S81). The
regression is log hgg = 1.70-0.20 SI, R™ = 0.605.
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An example of the use of the different families is given in
Figure 5. Here we plot compounds 1,2,3,5,12,15,18,29 and 33 from Table
2, providing examples of the polynitrobenzene series, the polyaminotri-
nitrobenzene series and benzotrifuroxan. To estimate the rznsitivity
of 5,7-diamino-4,6-dinitrobenzofuroxan (DADNBF) a tie-line between TATB
and BTF is used, log hgg = 1.70-0.40SI. This family relationship
suggest: a sensitivity of 268 cm for DADNBF. To estimatc the impact
sensitivity of 7-amino-4,6-dinitrobenzofuroxan (ADNBF) a tie line is
constructed between DATB and BTF, log h50 = 1.70-0.36SI. This
estimates an impact sensitivity for ADBNF of 174 cm.

In Figure 6 we plot the impact sensitivity of the 18
1,2,4-triazoles given in Table 8. The 1,2,4-triazoles that have no
other sensitive functional group generally lie above the regression
observed for nitroaromatic explosives and thus form an inherently
less-sensitive class of explosives.

The 1,2,3-triazoles also provide some interesting examples,
Tablc 9. The very large difference in the impact sensitivities of
l-picryl-1,2,3-triazole compared to 2-picryl-1,2,3-trazole and 4-nitro-
l-picryl-1,2,3-triazole compared to 4-nitro-2-picryl-1,2,3-
triazole have been cummented on previously [19]. Recent consideration
of the problem {27] has ascribed the large difference in sensitivity to
the facile loss of nitrogen in the l-picryl isomers. This lllustrates
another use of the correlations, large exceptions point vut important
structural factors. This in turn suggests molecules that are
interesting for detalled calculations and provides clues as to
decomposition mechanisms.

Among explosives chemists the bellef is widely held that ammonium
salts are "unusually stable®. When an acid ls converted to its
ammonium salt three extra hydrogens are added and the ammonium salt
will certainly be more stable (i.c. less sensitive) than the parent
acid. In Figure 7 we plot the S1 vs log hgy for a variety of
ammonium salts. The numbers in the flipure refer to the table from
which the data are taken. The solid line represants the general
nitroaromatic regression and is for reference. The two extreme
deviations in the scensitive direction (1%-1,2) are nltrotetrazoles, an
fnherently soensitive class of materfals.,  Seven of the ten ammonium
salts follow the pgeneral nftroaromatlc repression reasonably woll.,
Ammonium 3,5-dinitro-1,?2,4-triazolate appears to be rather more
Insonsftive than expected. 1t has alrcady been pointed out (Figure 6)
that 1,2,4-triazoles are as a class loss sensitive, 1t appears that an
ammonfum counter-fon provides no specefal "inaensitivity”,

In any energetic material ene s pursaing a compromise between
enerpy content and metastability.,  When a hot spot s formed [t will
prow 'f the rate of heat production is preater than the rate of heat
loun [28,29). In peneral as more nitro groups are added the avallable
heat per molecule (Q) Inerveanes.  For a homolopous nervlen, ng oa
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Figure 5. A plot of the impact sensitivity (lop hyy, cm) of
compounds 1,2,3,5,12,15,18,29 and 33 frum Table ? vs the sensitivity
index (SI1).
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reaction becomes more exothermic the transition state leading to the
products hecomes lower (Hammond postulate) [30]. This leads to an
increased rate of energy relcase at a given temperature. It is
commonly observed in linecar free encrpy rcelationships in homolopous
series that rate constants (k) and equilibrium constants (K) have
linear relationships. So it is not surprising that the sensitlvity
i{ndex (an oxygen balance related number) relates in a systematic way to
the impact senrsitivity.

Based on an examinatlion of the propertics of various explosives
tested for impact and/or shock sensitivity it would be desireable to
identify the most important factors contributing to the decomposition,
Kamlet and Adolph [12] suggested in 1981 "that impact sensitivities of
explosives depend on the rates of thermal decomposition reactlons which
occur at the temperatures generated under the impact hammer, with the
rate determining step usually being the homolytic cleavage of the
weakest atom linkage (referred to as the "tripger linkage")."” Their
proposal was based in part on earlier work by Wenograd [31] which
demonstrated that the time delay to explosion for most organic
explosives could be described by r = Acxp(B/RT), where 7 is the
delay time, T the absolute temperaturce, and A and B constants. This
led Wenograd [31] to suggest that the important parameter In lmpact
sensitivity Is the temperature reached during the 250 us
confinument Interval under the impact hammer.

An explosive has a characteristic critical temperature, i.e. the
lowest constant surface temperature .t which a specitlic materlal of a
speclfic size and shape will self-heat catastrophically. Below the
critical tempoerature, cnergetic materials still decompose, but thoy
fall to genarate sufficient heat to become self-sustalning.

Tho critical temperature for the thermal explosion of an explosive
may be calculated from the Frank-Kamenetskil equation [32]:

. 2 o
L. RinZ QZE
Tm Tin“A6R ,

where R i the pgas constant (1.99 cal mnl'lK l), a Is the radius of

a sphere or cy&lndur or the hall-thlckness of a :iluhI p 1a the

density (¢ em 7), Q Is the heat of explosion (eal p" '), Z Is the
pre-exponential (s °) and E the activation encrgy (kcal mol ") {rom

the Arrh‘-nluulux reasfon, A Is the thermal conductivity

(cal em “nee”'KTY), and 8 1xs a shape factor (O 88 {for Infinlte

alabu, 2.00 for infinfte cyllinders, and .27 for spheren).  Ropers
{12,3] has determined the kinetles constantys tor a varfety of
exploslives (PETN,TETRYL,RDX,HMX, DITPAM TNT UNS  DATR TACOT , TATB) for which
shock sensitivity and Tepact senaftivity data are alxo avallable (Table
1). Using, the kineticens constants and physical propertfes reported by
Ropers [32,33), the heats of explosion piven by Zeman ot al . [], and



the cylindrical dimensions of the NSWC small scale gap test [6] we

calcuiate the critical temperatures for these explosives as given in
Table 16.

In Figure 8 the calculated critical temperature (Tm) for the diverse
set of explosives in Table 16 is plotted against the shock Iinitiation
pressure (log Pgqp) taken from Table 1. The regression is
log P90 = 0.007Tm-2.03, R® = 0.848. For these snms explosives Tm
plotted against the sensitivity index provlides a R correlation of
0.554, impact sensitivity (log hgg) plotted agaipst the sensitivity
index for thils series of explosives provides a R correlation of
0.512. The critical temperature-shock sensitivity rslntionship is about
as satisfactory at 95% TMD (logP952- 0.007Tm-1.87, R“=0,823) and at
98% TMD (log Pyg- 0.00/Tm-1.76, R“=0.808). This relationship of
calculated critical temperature and shock senslitivity is consistent with
tha hypothasis of Wenoprad [31] and of Kamlet and Adolf [12] that the

rate of thermal decomposition Is a critical factor in shock and impact
sensitivity,

A grecat deal of attention nas been focussed on the notlon of a
critical "trigger linkape" in explosives. If such a bond could be
fdentified, and avolded, less sonsitive materials could be designed
(12). In more sensitive explosives it Is likely that a single early
dominant step can be identified. A detallied analysis of a serles of
plcryl-1,2 ,3-triazoles bas been made (27). 1n less sensitive explosives
complex chemistry is likely to preceed a rate determining step and the
Insensitivity of the explosive Is in fact the consequence of the
chemistry prececding the rate determining step.

A pood example Is TATB. The thermal decomposition of TATB has been
reported to consist of a slow endothermice stage {followed by two slow
exothnrmic stages, culminatling In an explosive reaction above the
eritical temperature (%) . Sharma et al. [36) have obscrved thae
formatfon of furazans in lmpacted TATB and suppest that this is an
fmportant early decomposition step for the reaction of TATB. The heat
of formation of TATH s 1/ keal/mole and for BT it {s 145 kenal/molo
(V7). Op converting an ortho-nitroamine funct!onality to a furoxan the
Al s Incereased on averape by 61 keal/mole.  Tne value for a furazan
would be gomewhat lTewss, but st a substantfal ponitive change. Thus
the ellmination of water ( H8 keal/mole) to form a furazan functionnlity
i nearly a thermochiemlcally neutial reaction,  During the early stapes
of hot apot extutance there fu 1fttle early enerpgy release to drive
prowth. This provides a Lavorable effect on seanltiveneun (ease of
Inftlating a vreaction conter) and on explosiveness (vate of transition
to n violent explosion).  Since the aafety of an explosive {x
approximately the reciprocal of tne product of these tactors {8], TATD
faw a rathor aate material (tor an explodlive) to work with,  The {nherent
fngonuitive natwie of the mater fal ventdes in the themocheml ally
neutral chemlutry requbied betore exothermbe decomponition ennuen, It
o dittienlt, tn this seheme, to fdent ity o "tedipper Hinkase "
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TABLE 1€6. The critical temperatures calculated from the Frank-Kamenetskii
cquation for n diverse set of explousives,

Compound? Tm(K) Compound Tm(K)
PETN 421 TNT 491
TETRYL 449 HNS 508
RDX 450 DATB 533
HMX 483 TACOT 539
DIPAM 4,84 TATB 562

A, See Table T for abbreviations.

Nitromethane is another interesting cas:. Engelke et al. [39] h.ve
provided a variety of evidence that the early critical intermediate in
nitromethane decomposition is the aci ion (CH2N02'). In pure
nictromethane the driving force at high pressure Is the electrostrictlion
cffect of the formation of the CH, NO, n* CH2N02 fon palir.

If this has a AV of -20 cs/nole OTS can very crudely estimate aci

ion concentrations of 10 to 10 M at pressurec conditions

adequate to Initiate homogenoous nitromethano. The aci ion is a very
reacuive specles. It is known to be a pood nucleophile, a precursor to
fulminic acid, and a facile electron transfer agent. If thase very
small amounts of an intermedliate are kinetically coupetent to bring
about the violent exothermic decomposition of nitromethane It must
indeed be very reactive. This is the basis for the argumonts relatad to
the amine sensftization of nitromethane [39]). Does one than view the
G- bond In nitromethane as the trigger linkape?

A third example Is the dramatic difference In the impact sensitlivity
of 1-pleryl-1,2,3-trlazolo and 2-pleryl-1,2,3-trinzole, as mantioned
carlier in this article. An extonsive structural and theorctical
analyses [?2/7] has bean carriad out on these isomers. It was concluded
that the |-pieryl-1,2,3-trinzole lsomer loses nitrogen by a low
activation cnerpy, exothermic, process. This drives the propagation of

the hot spot, In thiy case the Ny loss is cortalnly a “rrigper
inkage"

We have nhown a relat{onship between impact and shock sensitivity
and il lukrrated how a senaitivity index based on oxypen balance can be
nsed to estimate senaltivity in closely relatoed series of moleculen. 11
in shown that the crlitical temperature of an explosive calceulated by the
Frank Kamenetskil equation correlaten falrly well with the shock
sensltivity of the materfal.  Thia supporta the {dea that the shock or
lmpact Inftiatfon of an oxplosive Ly primartly a thermal event and not
domfnated hy pressum e delven chemlatry.  The concopt of the "tiippm
Hnkape" fn explodives fa diacanned and (t {a polnted out that
tnsensitive explosivens will require early chemiatry that i
thermochemieal ly nentral o endothermfe aned leads to the butld ap of
Tater wtronpely exothermic chemfatry,
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