LT~

CHEMICAL
RESEARCH,
T—DEVELOPHENT &
ENGINEERING
CENTER ERDEC-TR-314

ENERGETIC COMPOUNDS FOR USE
IN SHAPED-CHARGE, FOLLOW-THROUGH DEVICES

Peter A. Wade

DREXEL UNIVERSITY
Philadelphia, PA 19104

John D. Sullivan, Jr.

U.S. ARMY RESEARCH LABORATORY - APG SITE
| Abe Turetsky
RESEARCH AND TECHNOLOGY DIRECTORATE

March 1997

Approved for public release; distribution is unlimited.

U.S. ARMY
: ARMAMENT

MUNITIONS
CHEMICAL COMMAND

Army Research Laboratory

Aberageen Proving Ground. Maryiand 21010-5423

R




Disclaimer

The findings in this report are not to be construed as an official Department of the Army
position unless so designated by other authorizing documents.




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the coliection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden. to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson
Davis Highway. Suite 1204, Arlington, VA 22202-4302, and t0 the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, GC 20503,

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
: 1997 March Final, 93 Sep - 94 Nov
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Energetic Compounds for Use in Shaped-Charge, Follow-Through
Devices C-DAAL03-91-C-0034

6. AUTHOR(S)

Wade, Peter A. (Drexel University); Sullivan, John D., Jr. (ARL);
and Turetsky, Abe (ERDEC)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORM!NG ORGANIZATION
REPORT NUMBER
i i i ia, PA 19104
Drexel University, Philadelphia ERDEC-TR-314

CDR/DIR, USARL, APG, MD 21005
DIR, ERDEC, ATTN: SCBRD-RTL, APG, MD 21010-5423

9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

DIR, ARO, P.O. Box 12211, Research Triangle Park, NC 27709

11, SUPPLEMENTARY NOTES . g . .
Laboratory tasl?s were performed under a Scientific Services Agreement issued by Battelle,

Research Triangle Park Office, 200 Park Drive, P.O. Box 12297, Research Triangle Park, NC
27709. Field tests were performed at APG.

12a. DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

Six organic compounds (4,5-dihydro-3-nitroisoxazole, 2,2-dinitropropane, 1,1-dinitroethane, 1,3-
dinitropropane, nitrocyclopropane, and trans-1,2-dinitrocyclopropane) were prepared for
detonation testing. Sensitized nitromethane solutions of these compounds were detonated using
plastic blocks to observe blast power. The volume of the crater in the observation block was
measured: the larger the crater, the more powerful the detonation. A statistical treatment of the
results was performed. 1,1-Dinitroethane and trans-1,2-dinitrocyclopropane gave the most
promising results. 1,3-Dinitropropane was also promising. A synergistic effect was noted
between 4,5-dihydro-3-nitroisoxazole and nitromethane. Calorimetry studies were performed on
most of the compounds, and the results were compared to the detonation studies. Nitrocyclo-
propane gave poor results in detonation testing but good results in the calorimetry study. Other
calorimetry results agreed with the detonation ones.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Nitroalkanes Dinitroethane 27
Detonation studies Nitroisoxazoline 16. PRICE CODE
Liquid explosive mixtures Nitrocyclopropane

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION ] 19. SECURITY CLASSIFICATION |20, LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescnibed by ANSI Std Z39-18
298-102




Blank




PREFACE

The work described in this report was authorized under Contract No. DAALO3-91-
C-0034. This work was started in September 1993 and completed in November 1994.

The use of either trade or manufacturers’ names in this report does not constitute
an official endorsement of any commercial products. This report may not be cited for
purposes of advertisement. -

This report has been approved for public release. Registered users should request
additional copies from the Defense Technical Information Center; unregistered users should
direct such requests to the National Technical information Service.

Acknowledgments

The authors express their thanks to William B. Sunderland, U.S. Army Research
Laboratory, for conducting detonation tests of prospective energetic mixtures. Assistance
with graphics and helpful related discussions with Dr. Ngai Wong, U.S. Air Force
Armstrong Laboratory Detachment, Aberdeen Proving Ground, MD, are also acknowledged.




Blank




1.

DO P DOWREOWEW O NNNNNN N
N LSS '

CONTENTS

INTRODUCTION . .ottt e e e e e e e e e 7
SYNTHESIS ... it e e e e e it e e era e 7
Synthesis of Compound 1: 4,5-Dihydro-3-nitroisoxazole (DHI) .......... 8
Synthesis of Compound 2: 2,2-Dinitropropane (DNP") . .. ............. 8
Synthesis of Compound 3: 1,1-Dinitroethane (DNE) . ................ 8
Synthesis of Compound 4: 1,3-Dinitropropane (DNP?) ... ............. 9
Synthesis of Compound 5: Nitrocyclopropane (NCP) ... ...... . ... .... 9
Synthesis of Compound 6: trans-1,2-Dinitrocyclopropane (DNCP) ...... 11
DETONATION EXPERIMENT S . . ittt ittt e et et e e, 12
Detonation StatistiCs . . .o v vt ittt e, 14
Statistical Results . . . .. .. .. i 14
One-Sided Normal Test of Table 1, Entry 2: Compound 1, DHI . ..... 14
One-Sided Normal Test of Table 2, Entry 1: Compound 2, DNP' .... 15
One-Sided Normal Test of Table 3, Entry 1: Compound 3, DNE .. ... 15
One-Sided Normal Test of Table 3, Entry 2: Compound 3,DNE ..... 15
One-Sided Normal Test of Table 4, Entry 1: Compound 4, DNP?> .... 16
One-Sided Normal Test of Table 5, Entry 1: Compound 5, NCP .. ... 16
CALORIMET RY ittt ittt e e e 16
CONCLUSIONS .. e e e e e 17
RECOMMENDATIONS FOR FURTHER STUDY .. .ot ee e, 18
LITERATURE CITED ot ittt ittt e ettt e e et e e e i 27




o o A~ W N

-

© 00 N o O A W N

FIGURES

Detonation Apparatus . . .. .....c vttt 19
Calorimetry Study of Nitromethane . . .. ............00 .. 19
Calorimetry Study of 4,5-Dihydro-3-nitroisoxazole (1) . . ................ 20
Calorimetry Study of 2,2-Dinitropropane’ (2) . ... ......ou ... 20
Calorimetry Study of 1,3-Dinitropropane? (4) . . . ... ... .. 21
Calorimetry Study of Nitrocyclopropane (5) . ... .. ... v ... 21
TABLES
Shaped-Charge, Follow-Through Candidate Explosive Compounds ......... 22
Detonation Results for 4,5-Dihydro-3-nitroisoxazole (1) . ............... 22
Detonation Results for 2,2-Dinitropropane (2) . .......... v oo, 23
Detonation Results for 1,1-Dinitroethane (3) . .............ccouuunn... 23
Detonation Results for 1,3-Dinitropropane (4) .. ......... oo, 24
Results for Nitrocyclopropane (5) .. ..........c.uuuuu . 24
Results for trans-1,2-Dinitrocyclopropane (6) . . . ... .ooooov oo, 24
Statistical Treatment of Reference Detonations . ..................... 25
Calorimetry Results ... ...... .. ..., 25




ENERGETIC COMPOUNDS FOR USE
IN SHAPED-CHARGE, FOLLOW-THROUGH DEVICES

1. ' INTRODUCTION

Six organic compounds (structures 1-6), shown in Table 1, were selected
for synthesis and testing as new explosive materials for use in shaped-charge, follow-
through devices. These compounds were selected by the following criteria: (a) theo-
retical high-energy potential, (b) either liquid or a low-melting solid readily soluble in
nitromethane, (c) reasonable synthetic procedures either already available or easily
designable based on literature references, and (d) all compounds are members of
general classes from which related compounds could be picked for further

investigation.

The six compounds selected were synthesized in as large a quantity as
practical in an organic chemistry research laboratory. The first five compounds were
prepared in 15-50 g quantities. Compound 6, the most difficult to synthesize, was
prepared in a 1 g quantity.

Explosive compositions of candidate compounds were diluted in nitro-
methane to study their energetic properties. Test detonations were conducted on
25-mL samples, where one-fourth to one-third of the volume was the test compound,
and the remainder was nitromethane and a sensitizer, which was required for
detonation. Consequently, morpholine, a known nitromethane sensitizer, was added to
each candidate explosive composition. Remaining portions of the candidate com-
pounds were combusted in a calorimeter to check the detonation results, and the heat
of combustion was measured. Results were referenced to nitromethane for both the
detonation and calorimetry studies.

2. SYNTHESIS

All six compounds presented in Table 1 were successfully synthesized.
The first five were prepared in 15-30 g quantities. Compound 6, the most difficult to
obtain, was prepared in a 1 g quantity. Solids 2 and 6 were tested for solubility in
nitromethane and were soluble in excess of 1 g/4 mL. Structure identification and
purity were determined by the usual spectral techniques [i.e., NMR, IR, MS, and TLC
(one spot)].




2.1 Synthesis of Compound 1: 4,5-Dihydro-3-nitroisoxazole (DHI).

Compound 1 was prepared by a procedure originally developed by
Wade.' 1-Bromo-3-chloropropane (157.5 g) was added to a solution of NaNO, (138 g)
and n-propyl! nitrite’ (50.3 g) in DMSO (1 L). The resulting mixture was stirred
mechanically for 20 hr. During the first hour, the reaction temperature was allowed to
rise from 21-40 ©C but not allowed to exceed 40 OC. Intermittent cooling of the reaction
flask with an ice-water bath was required to maintain temperature control. (Caution!
On one duplicate run, the reaction was not cooled sufficiently, and the temperature
rose above 50 OC. At that point, the reaction rapidly became exothermic and
uncontrollable. Reaction contents erupted violently through the condenser.) One hour
after this episode, the reaction temperature slowly subsided without further cooling from

40 OC to room temperature.

Work-up was accomplished by pouring the reaction mixture into ice water
(4 L). Compound 1 was extracted with three 400-mL portions of methylene chioride.
The combined extracts were washed with three 1-L portions of water to remove DMSO,
were dried over anhydrous Na2S04, and were concentrated at reduced pressure. The
concentrate was distilled at reduced pressure, and the fraction (51.8 g, 45% yield)
boiling at 78-80 ©C (0.3 mmHg) was collected as product. Spectra were consistent with
published spectra.

2.2 Synthesis of Compound 2: 2,2-Dinitropropane (DNP').

Compound 2 was prepared by Kornblum nitration,’ a general procedure
reported also in the patent literature for synthesis of compound 2. 2-Nitropropane
(8.9 g) was added to a NaOH solution (4.8 g NaOH in 130 mL methanol and 170 mL
water). The resultant mixture was stirred until a homogeneous solution was obtained,
and this was added dropwise over 30 min to a vigorously stirred mixture containing
KsFe(CN)s (163 g), NaNO, (69 g), water (670 mL), and pentane (1300 mL) kept under
argon. Stirring was continued for 60 min. The organic layer was separated, and the
aqueous layer was extracted with pentanes (two 500-mL portions). The combined
organic layers were washed with water (two 250-mL portions), and dried over
anhydrous Na,SO.. The concentration provided 8.8 g (66% yield) of slightly impure
compound 2, which was recrystallized from warm pentanes to give 5.9 g of pure
compound 2 (mp 50-51 ©C). The procedure was repeated twice to obtain 16.6 g of
compound 2.

2.3 Synthesis of Compound 3: 1.1-Dinitroethane (DNE).

Compound 3 was prepared by a procedure originally developed by
Kaplan and Shechter.* Nitroethane (30 g) and NaNO; (8 g) were added to aqueous
NaOH (17 g NaOH in 160 mL water). The resultant mixture was stirred until a
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homogeneous solution was obtained; this was poured into a stirred cold (0-5 ©C)
mixture of AGNO; (141 g), aqueous NaOH (four drops, Ag,0 was present), and diethyl
ether. The initial cream-colored solid blackened over a few minutes. The cooling bath
was removed, and the mixture was stirred for 30 min. Silver and other solids were
filtered off and washed with several portions of dichloromethane. The organic layer
and washings were combined and concentrated to give an oily residue. Distillation
provided pure compound 3 (25.9 g; 53% yield) boiling at 60-61 ©C (6 mmHg) and a
forecut containing impure compound 3. '

Alternatively, compound 3 was prepared by Kornblum nitration,® a
superior procedure not requiring expensive AgNO; but previously untested for this
preparation. Nitroethane (15.5 g) was added to an aqueous NaOH solution (18.8 g
NaOH in 200 mL water). The resultant mixture was stirred until a homogenous solution
was obtained. This was poured into a second solution containing KsFe(CN)s (165 g)
and NaNO; (74 g) in water (1 L) kept under argon. Stirring was continued for 150 min.
Methylene chloride (100 mL) was added, then glacial acetic acid (10 mL) was added,
giving off brown fumes. The organic layer was separated, washed with water (50 mL),
and dried over anhydrous Na,SO,. Distillation provided pure compound 3
(10 mL) boiling at 60-63 ©C (6 mmHg).

24 Synthesis of Compound 4: 1,3-Dinitropropane (DNP?).

Compound 4 was prepared by reacting 1,3-diiodopropane with AGNO; in
ether.’ A mixture of freshly-prepared AgNO, (164.3 g) and anhydrous diethy! ether
(252 mL) was mechanically stirred and cooled to -1 ©C using an ice-salt bath. Distilled
1,3-diiodopropane (127.8 g) was added to the cold stirred mixture dropwise over 1 hr.
The cooling bath was allowed to thaw, and stirring was continued at ambient
temperature for 24 hr. Ether was added, and the mixture was filtered to remove silver
salts, which were washed with two portions of dichloromethane. Solvents were
removed at reduced pressure, and the residue was added dropwise to mechanically
stirred, cold, concentrated H,SO, (200 mL) to destroy the nitrite ester side product.
The reaction temperature was maintained at < 8 ©C during the addition. The resulting
cold mixture was added to ice-water (500 g); extraction with dichloromethane, water
washing, drying with anhydrous Na,SO,, and concentration at reduced pressure
afforded a crude product. The crude product was twice distilled to provide 18.7 g (32%
yield) of pure compound 4 (bp 115-120 ©C, 0.1 mmHg). The procedure was repeated
to provide another 17 g (30% yield) of compound 4.

2.5 Synthesis of Compound 5: Nitrocyclopropane (NCP).

Two routes were investigated for preparing nitrocyclopropane (com-
pound 5). The first route, developed by Kai and co-workers,® involved a three-step




sequence beginning with 1-bromo-3-chloropropane. First, a solution of 1-bromo-3-
chloropropane (280 g, 1.77 mol) in DMSO (700 mL) was prepared and cooled under
argon to 16 OC. After 20 min, NaNO, (106.2 g, 1.53 mol in 10 equal portions) was
added while the reaction temperature was kept at 14-16 OC with a cold water cooling
bath (only occasional cooling needed). Use of the cooling bath was discontinued, and
the temperature was allowed to rise to 30 °C (12 min); whereupon, the reaction was
immediately quenched by adding ice-cold water (1 L). The product was extracted with
dichloromethane (three 250-mL portions). The combined extracts were washed with
water (three 250-mL portions), dried over anhydrous MgSOg, filtered, and concentrated
to an oil. Distillation afforded a large forecut of impure starting material followed by
58.8 g (27% yield) of 1-chloro-3-nitropropane (bp 85-95 ©C, 18 mmHg), sufficiently
pure for the next step.

A mixture of 1-chloro-3-nitropropane (58 g, 0.47 mol), Nal (159.5 g,
1.1 mol), and acetone (460 mL) was refluxed for 43 hr and filtered. The filtrate was
concentrated; water (100 mL) and dichloromethane (100 mL) were added to the
residue. The layers were separated, and the aqueous layer was extracted with
dichloromethane (two 50-mL portions). The organic layers were combined, dried over
Na2S04, and concentrated to afford 100.9 g (100% yield) of 1-iodo-3-nitropropane,
which was used without further purification in the next step.

A mixture of 1-iodo-3-nitropropane (96 g, 0.45 mol), K.COs (112 g,
0.8 mol), and benzene (400 mL) was heated under reflux under argon with vigorous
stirring for 3 hr. The mixture was cooled and filtered: the solids were washed with
benzene (three 60-mL portions). The combined filtrate and washings were concen-
trated at atmospheric pressure, and the oily residue distilled at reduced pressure to
give 9.8 g (25% yield) of nitrocyclopropane (compound §) (bp 33-34 °C, 11 mmHg).

The above route to prepare nitrocyclopropane was not entirely satis-
factory because of the reduced yield and excessive number of steps. In particular, the
first step is not amenable to scale up because of a difficulty in controlling the large
exotherm. Thus, we chose to develop a new route to nitrocyclopropane synthesis. Yu
and co-workers’ were able to cyclize a number of 3-nitro alcohols via a Mitsunobu
reaction to produce nitrocyclopropanes. However, preparation of the parent com-
pound 5 from 3-nitro-1-propanol was not investigated.

To prepare 3-nitro-1-propanol, the procedures of Jager and co-workers®
were used. Borane - dimethy! sulfide reduction of commercially available 3-nitro-
propanoic acid was employed first. Borane - dimethyl! sulfide (26.2 mL of a 2 M solution
in ether) was added dropwise over 15 min to a stirred solution of 3-nitropropanoic acid
(2.53 g, 22 mmol) in ether (60 mL), and the resulting mixture stirred for 2 hr at 20 OC,
followed by stirring under reflux for 1 hr. The mixture was cooled to 0-5 OC and
methanol (40 mL) was cautiously added to destroy excess borane. The mixture was
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kept in the freezer overnight and concentrated at reduced pressure later. The residue
was dissolved in ether and filtered twice through NaCOs to give 2 g of 3-nitropropanol
as a light-yellow oil suitable for the next step.

For large scale preparations, it was less expensive to prepare 3-nitro-
propanol from 3-nitropropanal, made from acrolein.® Glacial acetic acid (23.9 g) was
added dropwise over 1 hr to a vigorously stirred cold (0-5 ©C) mixture of acrolein
(23.17 g, 90% pure, 0.37 mol), NaNO, (33.1 g, 0.47 mol), and THF (150 mL). Stirring
and cooling were maintained for 2.5 hr, and then water (60 mL) was added to dissolve
solids. Layers were separated, and the aqueous layer was extracted with ether (three
70-mL portions). The combined organic layers were washed with saturated NaHCO;
solution (two 70-mL portions), brine (two 50-mL portions), and water (20 mL). Drying
over anhydrous MgS0O4 and concentration gave 19 g of 3-nitropropanal as an oil. A
solution of the crude aldehyde in ether (100 mL) was treated with borane - dimethyl
sulfide (230 mL of a 2 M solution in ether) added in nine portions over 10 min. The
resulting mixture was stirred at room temperature for 12 hr, cooled to 0-5 ©C, and
treated cautiously with methanol (120 mL). Stirring was continued for 1 hr. Then, the
mixture was concentrated at reduced pressure to yield 12 g of 3-nitro-1-propanol as an
oil suitable for use in the next step.

3-Nitro-1-propanol (5.06 g, 48.1 mmol) was added over 2 min to a pre-
prepared (under nitrogen, 1 hr) solution of triphenylphosphine (18.8 g, 72 mmol) and
diisopropyl azodicarboxylate (DIAD; 14.5 g, 72 mmol) in benzene (300 mL), and the
solution was stirred for 1 hr. Volatiles were stripped at reduced pressure into a dry ice-
cooled receiver to remove the desired product from phosphorus-containing materials at
low temperature (failure to do so resulted in none of the desired product). The last
traces of product were entrained by adding three 25-mL portions of benzene to the
distillation pot, followed each time by stripping. Kugelrohr redistillation of the combined
distillates at atmospheric pressure gave 0.88 g (20% yield) of nitrocyclopropane
contaminated with a little benzene. This procedure was not optimized but should be
amenable to scale up if desired.

2.6 Synthesis of Compound 6: trans-1,2-Dinitrocyclogrogane (DNCP).

Wade and co-workers’ procedure® for the synthesis of trans-1,2-dinitro-
cyclopropane (compound 6) was substantially improved for scale-up purposes. The
original and the improved procedures employ 1,3-dinitropropane in DMSO solution.
The original procedure used dimethylsodium as the base, and reaction temperature
and time were crucial. The original procedure is strongly exothermic and would not be
readily amenable to scale up.
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The improved procedure involves treatment with 10 molar equivalents of
sodium acetate” as a mild base and 3 molar equivalents of iodine. Ring closure takes
place in approximately 2 hr. In our best run on a 100 mg scale, a 43% crude yield of
compound 6, which could be readily recrystallized to yield pure compound 6 (not
optimized, small scale), was obtained.

When scaled up, the improved procedure gave pure product by
recrystallization but provided a lower yield. A solution of 1,3-dinitropropane (2.0 g,
14.9 mmol) in DMSO (50 mL) was added dropwise over 5 min to a cooled solution
containing sodium acetate (12.3 g, 149 mmol) and iodine (11.4 g, 45 mmol) in DMSO
(200 mL). Cooling during the addition was performed so that the temperature did not
rise above 30 OC. In one run where the reaction temperature was not controlied and
rose to near 50 ©C, a side product tentatively identified as 5-nitroisoxazole was formed
in significant quantity. The resulting solution was poured into ice-cold brine (2 L).
Extraction with ethoxylacetate (three 100-mL portions) followed by washing with brine
(three 100-mL portions), drying over anhydrous Na,SO,, and concentration gave 1.86 g
of crude product. The product was recrystallized from CClg4-hexanes to give 223 mg of
pure compound 6 and a second crop of 83 mg of fairly pure compound 6. Chroma-
tography of the mother liquor provided more product, which was combined with the
second crop and recrystallized to yield 200 mg of pure compound 6 (423 mg total, 21%
yield). The procedure was repeated two times to prepare a total of 1.2 g of com-
pound 6.

3. DETONATION EXPERIMENTS

Detonation studies were conducted on compounds 1-6 to determine which
compounds would be best to use in follow-through devices. Most of the detonation
studies involved using 25 mL of a nitromethane solution of the compound being tested
and employing morpholine as a sensitizer. The solution was placed in a sample tube
mounted on a plastic block (blast observation device). Polypropylene and high-density
polyethylene blocks were used.

The sample tube was fitted at the top with a blast cap and explosive
booster pellet placed touching the solution, and the device was detonated remotely
(Figure 1). The observation block typically developed a crater from the ensuing blast.
The size of the crater was measured by filling it with water and determining the volume
of water. The results obtained are presented in Tables 2-6. A number of experiments
involving detonation of sensitized nitromethane, not admixed with test compounds,
were performed to develop reference standards. The results of the reference
detonations are listed in Table 7.

"It has been previously noted that potassium acetate functions in DMSO solution as a base
capable of deprotonating nitro compounds.
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Of the two kinds of blocks used for blast observation, the polypropylene
blocks were deformed less under the test conditions. They routinely gave smaller
reference craters and showed no crevices. For polypropylene blocks with a reference
mixture, the craters ranged from 16.0-24.5 mL, with the mean crater size being
20.5 mL. Similar reference standards run with polyethylene blocks gave craters
hoiding from 20.3-29.6 mL of water, with the mean crater size being 25.0 mL. In
addition, the crater lips were somewhat more jagged for the polyethylene blocks, and in
some sample runs, crevices were observed in the blocks. '

Although, sensitized 4,5-dihydro-3-nitroisoxazole (compound 1) was less
powerful than sensitized nitromethane, the former did detonate. The resulting crater
was only 42% as large as the mean reference crater. When compound 1 was admixed
with nitromethane and morpholine sensitizer, a more powerful explosion than for either
sensitized component by itself was noted (crater was 113% greater than the mean
reference crater: four out of five reference craters were smaller, so there is an 80%
confidence level for this result). For a more refined analysis, refer to Section 3.1. It
appears that compound 1 in nitromethane produced a synergistic detonation.

Sensitized nitromethane solutions of 1,1-dinitroethane (compound 3J) gave
very large craters. These were 154-160% greater than the mean reference crater. No
reference crater was as large as that produced by detonation of compound 3. This
compound has a high nitro to carbon ratio (two nitro groups to two carbon atoms) and
theoretically would be a good candidate for a powerful explosive.

Sensitized nitromethane solutions of 2,2-dinitropropane (compound 2)

(craters only 98% of the mean reference crater) and nitrocyclopropane (compound 5)
(crater only 104% of the mean reference crater) showed low potential based on these
detonation studies. However, a sensitized nitromethane solution of 1,3-dinitropropane
(compound 4), which is isomeric with compound 2, showed high potential (crater was
134% greater than the mean reference crater; no other reference crater was as large).
This is surprising because isomers such as compounds 2 and 4 would be expected to
produce similar results.

An attempt to detonate a sensitized solution containing nitroethane and
1,3-dinitropropane (compound 4) was unsuccessful. Therefore, mixtures employing
nitroethane rather than nitromethane are not good candidates for further investigation.

A sensitized nitromethane solution of trans-1 ,2-dinitrocyclopropane
(compound 6) gave the most promising results, since it formed a very large crater
considering the size of the sample. Indeed, a 4-mL sample of compound 6 gave a
crater 107% greater than the mean crater for 25 mL reference samples. Although the
device used for compound 6 was not equivalent to the device used with the larger
reference samples, this result is unequivocal. Compound 6 is a powerful explosive
when admixed with nitromethane.

13



3.1 Detonation Statistics.

The performance of a sensitized nitromethane mixture of a given
compound was determined by answering the following question. Did the mixture
crater volume statistically exceed the reference crater volume? The test statistic
"u," a function of the z-statistic (one-sided normal test) was determined in each
case.'® A formula for "u" follows:

U=z (6 n)

where "o " is the significance level (the probability of mistakenly finding a
difference where none exists) and should always be as small as possible, and
"2" is the cumulative normal distribution for a value of the standard normal
variable p = 1 - a. Values of "z" do not depend on the number of tests. Because
only increased crater size was of interest, decisions were made based on a one-
sided test. The variable "o " denotes the population standard deviation, and "n"
is the number of tests (typically 1). For a small number of tests, 3 <n < 10, an
estimate of "s," denoted "s" is defined as s = range/ Vn. This formula can be
used directly for the reference detonations where the range is the difference
between the largest and the smallest crater. For comparison to the mixtures
under study, it is assumed that a similar spread of crater volumes would result
(i.e., the reference and compounds under study have a similar standard
deviation). This seems logical. The performance may vary, but the standard
deviation should be similar for all the liquid explosives. If there is a difference,
the more powerful explosive mixtures might give a slightly greater standard
deviation. Thus, the statistical analysis is based on assumptions, which could
be challenged but are at least reasonable.

3.2 Statistical Results.

Statistical results are provided in Tables 2 through 8 and Sections
3.2.1 through 3.2.6.

3.2.1 One-Sided Normal Test of Table 1, Entry 2: Compound 1, DHI.

¢ Significance level: o =0.25

Cumulative normal distribution: z;o = 2975 = 0.67

Crater volume: x =23.1

e Assumption of variability of the population: ¢ = 3.80

Size of population: n =1

Test statistic: u = z44(c/Nn) = 0.67 (3.80/1) = 2.55

Test decision: (x-m,)>u?
(23.1-20.5)=2.6>255
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¢ Decision: Crater exceeds that caused by detonation of the
reference mixture. However, the probability of being mistaken, o = 0.25, is
somewhat high.

3.2.2 One-Sided Normal Test of Table 2, Entry 1: Compound 2, DNP' .

Significance level: a =0.25
Cumulative normal distribution: z;_, = zo75 = 0.67
Crater volume: x =24.6
Assumption of variability of the population: ¢ = 4.65
Size of population: n= 1
Test statistic: u = 21 (o/Vn) = 0.67 (4.65/V1) = 3.11
Test decision: (x-m,)>u?
(24.6 -25.0) =-0.4 < 3.11
Decision: Crater does not exceed that caused by detonation of

the reference mixture.

3.2.3 One-Sided Normal Test of Table 3, Entry 1: Compound 3. DNE.
¢ Significance level: o =0.05
e Cumulative normal distribution: z;, = Zges = 1.645
e Crater volume: x=31.5
e Assumption of variability of the population: ¢ = 3.80
o Size of population: n=1
o Test statistic: u =2z, (c/¥n)=1.645(3.80NV 1) =6.25
o Test decision: (x-m,)>u?

(31.5-20.5)=11.0>6.25
» Decision: Crater significantly exceeds that caused by detonation
of the reference mixture.

3.24 One-Sided Normal Test of Table 3, Entry 2: Compound 3, DNE.

¢ Significance level: o = 0.05
Cumulative normal distribution: zy, = zges = 1.645
Crater volume: x=32.8
e Assumption of variability of the population: ¢ = 3.80
Size of population: n =1
Test statistic: u =z, (o /N n) = 1.645 (3.80 1)=6.25
Test decision: (x-m,) >u?
(32.8-20.5)=12.3>6.25

e Decision: Crater significantly exceeds that caused by detonation

of the reference mixture.
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3.2.5 One-Sided Normal Test of Table 4. Entry 1: Compound 4, DNP?,

Significance level: o = 0.05
Cumulative normal distribution: zy, = zges = 1.645
Crater volume: x = 33.4
Assumption of variability of the population: ¢ = 4.65
Size of population: n=1
Test statistic: u =z, (/¥ n) = 1.645 (4.65\ 1) = 7.65
Test decision: (x-m,)>u?
(33.4-25.0)=8.4>7.65

e Decision: Crater exceeds that caused by detonation of the

reference mixture. The confidence level, a = 0.05, is quite high.

3.26 One-Sided Normal Test of Table 5, Entry 1: Compound 5. NCP.
o Significance level: o =0.05
o Cumulative normal distribution: z,, = Zges = 1.645
e Crater volume: x=25.9

Assumption of variability of the population: ¢ = 4.65
Size of population: n =1
Test statistic: u =2z, (c/Vn)=1.645 (4.65/N 1)=7.65
Test decision: (x-m,)>u?
(25.9-25.0)=0.9<7.65
* Decision: Crater does not exceed that caused by detonation of
the reference mixture.

4. CALORIMETRY

Nitromethane and compounds 1, 2, 4, and 5 were combusted in a bomb
calorimeter to determine heat of combustion. The calorimeter was charged with a
300-mg sample in all but one case, after which oxygen was introduced to 30 psi. The
sample was combusted, and the temperature rise of the surrounding water bath was
measured with an accurate computer-monitored thermocouple. The resulting
calorimetry plots are presented in Figures 2-6. Results are summarized in Table 9
where the best candidates for high-energy performance are shown to be compounds 4
and 5. These two compounds gave the highest heat of combustion per gram. Com-
pound 1 gave a lower heat of combustion than nitromethane (agreed with the
detonation results). Compound 2 also gave a lower heat of combustion than nitro-
methane; but, this result is somewhat questionable since only 128.9 mg of sample was
available for combustion. The remainder was consumed in earlier detonation studies.
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5. CONCLUSIONS

Based on the detonation studies, the best candidate explosive mixtures
are those employing 1,1-dinitroethane (compound 3) and frans-1,2-dinitrocyclopropane
(compound 6). These materials gave the largest craters in the detonation studies.
Although compound 6 was not directly compared to a reference, detonation of its 4-mL
sample resulted in a larger crater than the mean of the 25 mL reference samples.
Presumably, a more powerful detonation wave was generated, although owing to the
smaller sample size, the detonation wave was likely of shorter duration. It would seem
that blast pressure is more important in deforming the observation blocks than the blast

duration.

Compound 4 also showed considerable promise in the detonation studies.
Surprisingly, compound 2 did not meet expectations. The calorimetry studies showed a
higher heat of combustion for compound 4 than for compound 2, although only a small
sample of it was available for study. Thus, compound 4 with the nitro groups on
separate carbon atoms proved the more energetic material. Additional candidates
should be chosen based on this consideration.

Those compounds, which had acidic hydrogens and formed nitronate
salts with the sensitizer, appeared to be the best candidates based on measurements
in the detonation studies. Nitromethane with its acidic hydrogens would be expected to
form a salt with the sensitizer (Equation 1), and it is theorized that salt formation may
be responsible for the sensitizer's effect. Compounds 3, 4, and 6 could form similar
salts,"’ and all were observed to be powerful explosives when admixed with nitro-
methane. Conversely, compound 2, which had no acidic hydrogens and did not form
salt, did not increase the explosive power of nitromethane when admixed with it.

CH3NO, * foj [ ]
N +
H

N
H

|

CHa=NOs (1

Compound 1, when admixed with nitromethane, gave a more powerful
explosion than was observed for either component by itself. The confidence level for
this result is 80%. It seems likely that these materials develop a synergistic explosive
effect. More study of this mixture and additional explosive mixtures would seem
warranted based on this observation.
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Compound 5§ showed low potential based on the detonation study but high
promise in the calorimetry study. Theoretically, it would be a good candidate because
of the ring strain inherent in a 3-membered ring (about 30 kcal/mol). However,
nitrocyclopropane (compound §) has only one nitro group for three carbons. When
combusted, it provides considerable energy; but, when detonated, it would not
necessarily be powerful because of the low nitro-to-carbon ratio. It is noteworthy that
compound 6, which has two nitro groups for three carbons and also has ring strain, was
confirmed as a powerful explosive addant to nitromethane in the detonation study.

Compound § is not sufficiently acidic to form a salt with a morpholine
sensitizer (compound § has an abnormally low acidity).” This may also explain the
discrepancy between the calorimetry and detonation studies for the compound.

6. RECOMMENDATIONS FOR FURTHER STUDY

More study is recommended of synergistic effects with components of
explosive mixtures based on the observation of a likely synergistic effect between
nitromethane and 4,5-dihydro-3-nitroisoxazole (compound 1). A theoretically
interesting mixture would be nitrocyclopropane (compound 5), which needs more nitro
groups, and 1,1-dinitroethane (compound 3), which has two nitro groups for two
carbons. Alternatively, tetranitromethane and nitrocyclopropane might provide a
powerful explosive mixture.

More study of trans-1,2-dinitrocyclopropane (compound 6) explosive
mixtures is recommended based on its detonation result. This compound should be
prepared in larger quantity, and detonation studies should be performed on mixtures
with nitromethane and 1,1-dinitroethane.

Additional candidate explosives might be examined including 1,2-
dinitroethane and 1,2,3-trinitropropane. Trans-1 ,2-dinitrospiropentane with 70 kcal/mol
of ring strain might also prove of interest but is difficult to synthesize. "

Application of a sensitized mixture of either nitromethane and com-
pound 3 or nitromethane and compound 6 to actual weapons production should be
considered. Decisions on storage time and temperature requirements, sensitivity
requirements, and production cost requirements would be necessary, and additional
studies to determine if these mixtures meet the requirements would need to be
performed.

It should be noted that 1,1-dinitroethane in nitromethane, which showed

high detonation capability, could be produced on a large scale relatively cheaply. This
mixture should definitely be considered for military application.
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Table 1. Shaped-Charge, Follow-Through Candidate Explosive Compounds

o NO, NO,
N |< |
\ HaC~C—CH, CH,CHNO,
NO, 3 oil
ON" 4 il 2 solid 1,1-dinitroethane
4,5-dihydro-3-nitro- 2,2-dinitropropane bp 185-186 °C
isoxazole mp 53 °C bp 64-66 °C (4 mmHg)
bp 114-118 °C (4 mmHg)
02N_CH20H2CH2_N02 A "..A
4 oil 5 of NO: ON' 6 solig NO2
1,3-dinitropropane nitrocyclopropane trans-1,2-dinitrocyclo-
bp 109-112 °C (19 mmHg) bp 143-145 °C propane
bp 65-67 °C (58 mmHg)  mp 61 °C

Table 2. Detonation Results for 4,5-Dihydro-3-nitroisoxazole (1)

% relative blast
Mixture@ Crater Volumeb size
Entry (parts by volume) (mL) sample/reference
1 ONM/OMOR/25DH]I 8.64 42
2 18NM/1MOR/6DHI 23.1 113
reference | 23.75NM/1.25MOR 20, 16.0, 20.9, 100
mixture Reference mixture 24.5,21.3

aNM = nitromethane, MOR = morpholine, DHI = 4,5-dihydro-3-nitroisoxazole

bPolypropylene block
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Table 3. Detonation Results for 2,2-Dinitropropane (2)

% relative blast
Mixture@ Crater VolumeP size
Entry (parts by volume) (mL) sample/reference
1 18NM/1MOR/6DNP" 24.6 98
2 16NM/1MOR/8DNP' 24.4¢ 98
reference 24NM/1TMOR 26.9, 23.0, 100
mixture Reference mixture 29.6, 20.3

aNM = nitromethane, MOR = morpholine, DNP' = 2,2-dinitropropane
bHigh density polyethylene block
CCrater lip heavily damaged in this run: volume perhaps low due to leakage.

Table 4. Detonation Results for 1,1-Dinitroethane (3)

% relative blast
Mixture@ Crater VolumeP size
Entry (parts by volume) (mL) sample/reference
1 16NM/1MOR/8B8DNE 31.5 154
2 18NM/1MOR/6DNE 32.8 160
reference | 23.75NM/1.25MOR 20, 16.0, 20.9, 100
mixture Reference mixture 24.5, 21.3

aNM = nitromethane, MOR = morpholine, DNE = 1,1-dinitroethane
bpPolypropylene block
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Table 5. Detonation Results for 1,3-Dinitropropane (4)

% relative blast
Mixture@ Crater Volumeb size
Entry (parts by volume) (mL) sample/reference
1 18NM/1MOR/6DNP 33.4 134
2 18NE/1MOR/6DNP No detonation 0
reference 24NM/1MOR 26.9, 23.0, 29.6, 100
mixture Reference mixture 20.3

@NM = nitromethane, MOR = morpholine, DNP = 1,3-dinitropropane, NE = nitroethane

bHigh density polyethylene block

Table 6. Results for Nitrocyclopropane (5)

Mixture?@

Crater VolumeP

% relative blast

size
Entry (parts by volume) (mL) sample/reference
1 18NM/1MOR/E6NCP 25.9 104
reference 24NM/1MOR 26.9, 23.0, 29.6, 100
mixture Reference mixture 20.3

@NM = nitromethane, MOR = morpholine, NCP = nitrocyclopropane
bHigh density polyethylene block

Table 7. Results for trans-1 .2-Dinitrocyclopropane (6)

Crater VolumebP

Reference blank

Entry Mixture@ (mL) Comments
1 NM/MOR/DNCPC 26.7 for just 4 mL!
blank Water, 4.0 mL Small dent, no blast cap did not

crater in block.

cause resuit

@NM = nitromethane, MOR = morpholine, DNCP = trans-1,2-dinitro-cyclopropane

bHigh density polyethylene block

€3.13 mL of 24NM/1MOR reference mixture dissolving 1.0005 g of DNCP:
total volume 4 mL
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Table 8. Statistical Treatment of Reference Detonations
Block Range o=s= Mean Crater
Material (mL) n_ | rangeWn | Volume, m, mL
polypropylene 8.5 5 3.80 20.5
polyethylene 9.3 4 4.65 25.0
Table 9. Calorimetry Results
Sample Observed AT per % AT of
Material Wt, mg AT, °C gram, °C/ Reference
NMma 298.7 0.50 1.67 100
1 306.8 0.36 1.17 70
2 128.9P 0.17 1.32 79
4 313.6 1.40 4.46 267
5 310.5 1.20 3.86 231

aNM = nitromethane
bvery small sample size: accuracy questionable
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