
*&} 
Technical Progress Report 75-2 Final 

July  1,   1975 to December 31,  1975 

SENSITIVITY FUNDAMENTALS 

By:    T. MILL, D. S. ROSS, N. A. KIRSHEN, C. M. TARVER 
R. SHAW, and M. COWPERTHWAITE 

Prepared for: 

OFFICE OF NAVAL RESEARCH 
DEPARTMENT OF THE NAVY 
ARLINGTON, VIRGINIA 

Contract N00014-70-C-019Q 

STANFORD RESEARCH INSTITUTE 
Menlo Park, California 94025 • U.S.A. 

T>V 

Atl: 



STANFQRD RESEARCH  INSTITUTE 
Menlo Park, California   94025 - USA 

Technical Progress Report 75-2 Final 

July  1,   1975 to December 1,  1975 
January  1976 

SENSITIVITY FUNDAMENTALS 

By:    T. MILL, D. S. ROSS. N. A. KIRSHEN, C. M. TARVER, 
R. SHAW, and M. COWPERTHWAITE 

Prepared for: 

OFFICE OF NAVAL RESEARCH 
DEPARTMENT OF THE NAVY 
ARLINGTON, VIRGINIA 

iM; 

Contract N00014-70-C-0190 

SRL Project.PYU-8525 \- 

Reproduction in whole or in part is permitted for any purpose of the United State* Government 

Approved by: 

MARION E. HILL, Oirector 
Chemittry Laboratory 

CHARLES J. COOK, Fxeortft* Director 
Phyttcal Science* Divklon 

r 



PREFACE 

This project is the responsibility of the Chemistry Laboratory in 

the Physical Sciences Division of Stanford Research Institute, and is 

under the overall supervision of M. E. Hill, Laboratory Director. 

Project organization and principal contributors to the technical work 

are: 

Project Supervisor: 

HVD Phenomena: 

Thermal Decomposition: 

T. Mill 

C. Tarver, R. Shaw, 
M. Cowperthwaite 

D. S. Ross and N. Kirshen 

ACKNOWLEDGEMENT 

We thank Dr. Ralph Roberts and Dr. Richard Miller of the Office of 

Naval Research for continued interest and support of this research 

program for so many years. 

IKEKiSit Is 

mis 
m 

?' 

i v. 

ii 

k 
"U7•~ 

•v 
"^fS^w^^ps^^^y ;—• <-^^i.»j*mrs*>*m!mr anfi. ^wnu^wipinni iitiwilii* 



SUMMARY 

This  final  report  for  the ONR-supported program on sensitivity 

fundamentals at SRI   summarizes   the  results  of  five years  of research 

on   the  kinetic and detonation properties  of several dinitroalkanes. 

Three manuscripts are  included as  part  of  this   report and are summarized 

below. 

Thermal  decomposition of neat,   liquid  1,1-DNP at  1 and  1000 atm 
o 

and   135-155  C  gives  over 90%  propionic acid  with  small  amounts 

of acetic acid with conversions  ranging from 29% in  1.5 hours 

at  135° and   1000 atm  to  10%  in 21 hours  at  155    and  1 atm.    2,2-DNP, 
o 

in contrast,  decomposed slowly at  165 C to give only acetone, NO 
o 

and NO   .    Pressure retarded  the reaction slightly.    At  190 C 2,2-DNP 

had a  half-life of  15 hours and gave with  increasing conversion 

increasing amounts of acetic acid, CO   , CO, and NO,    Reactions 
2 * 

of isobutane and neopentane with NO -N 0, indicate that HN0„ is 
2 2 4 3 

an intermediate oxidizer in these reaction mixtures. 

The unimolecular decomposition of four dinitropropanes has 

been studied in the gas phase using a low-pressure pyrolysis technique. 

1,2-Dinitropropane was found to undergo cyclic elimination of H0N0, 

giving 1- and 2-nitropropene. The rate constant for the process 

is log k (sec ) = 11.3 - 40/©. Three gem-dinitroalkanes, 1,1- 

and 2,2-dinitropropane and 1-fluoro-l,1-dinitropropane undergo 

C-N scission rather than HONO elimination, with essentially the same 

rate constant, log k (sec ) = 17.0 - (47 ± l)/0. Major decomposition 

products in these cases were propionaldehyde and acetone in the case 

of the 1,1- and 2,2-dinitropropanes, and propionyl fluoride in the 

case of 1-fluoro-l,1-dinitropropane. 
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The doton.it ion failure diameters of lour Liquid ni tronlkrmes 

( n i ti imoth:<no . 1,1-dinitroethane , 1,1-dinitropropane , and 2.2-dinitro- 

propane) were measured for the cases of heavy confinement in thick- 

wallt  lead cylinders and Dremin's weak shell confinement. Shock- 

induced reaction times and failure wave velocities in decaying 

detonation waves were also measured and used in the Dremin-Trofimov 

model to calculate failure diameters of the unconfined liquids. 

The Dremin-Trofimov model was found to give good agreement with 

experiment when the Chapman-Jouguet (CJ) properties of the steady 

state detonation wave are accurately known. 
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INTRODUCTION AND BACKGROUND 

For fourteen years SRI has carried out a program of basic research 

for the Office of Naval Research into the relationship between detonation 

phenomena and chemical structure and kinetics, first with difluoramino- 

alkanes and later with dinitropropanes. 

The overall objective of the program is to study the fundamental 

sensitivity properties of energetic organic compounds to define the 

minimum number of physical and chemical parameters needed to predict 

initiation and failure characteristics of high- and low-velocity 

detonations.  Put in simple terms, our goal is to define the characteris- 

tics of a molecule that determine its degree of susceptibility to 

initiation and that establish its subsequent action in the detonation 

phase. Empirical tests have given only a series of relative sensitivity 

values and none of the test methods seemed to correlate with one 

another.  Thus a worker has been forced to estimate roughly the extent 

of his problem by running small scale tests of a compound's sensitivity 

to impact, friction, spark, shock pressure, and thermal ignition.  The 

test results were affected by the scale, the mechanics of the test, the 

perturbations introduced by the equipment, and a variety of phenomena 

unrelated to the inherent sensitivity characteristics of the compound 

being studied.  Consequently, much important information was left un- 

detected, such as failure diameter, ability to propagate, susceptibility 

to low-velocity detonation, and whether a detonation will be sustained 

in a medium when the quantities are larger than the few milligrams or 

grams used in small scale tests.  Thus, the results were not useful 

to predict conditions beyond the scale of the tests because they may 

reflect only different paths of decomposition after the initial hot 

spot is induced by different modes of initiation. For example, an impact 

test may reflect the ease of thermal decomposition; the hot wire test 

may reflect vaporization and gas phase ignition; spark tests may reflect 4 
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ignitability in vapor phase; friction tests may reflect thermal decomposi- 

tion characteristics. 

Of the many available sensitivity tests, we have selected shock 

initiation and failure diameter of liquids for our basic studies, 

because these tests show under what conditions the liquids will undergo 

low- and high-velocity detonation (LVD and HVD).  These tests are more 

reproducible, more homogeneous, and more susceptible to theoretical 

treatment than most sensitivity tests. 

The explosive properties of a molecule are inherently related 

to its structure, which defines its energy, physical state, and ease of 

ignition.  In a gross sense, the differences in sensitivity of RDX and 

TNT, of nitroglycerin and dinitrobutane are easy to distinguish. But 

what is not known is the contribution of various energy groupings to 

the overall sensitivity picture.  Consequently, to avoid studying 

compounds that are unrelated in structure and in properties, we chose 

to study the isomers of compounds that contained important energetic 

groups, such as difluoroamino and nitro.  To a first approximation then, 

the differences in detonation behavior can be related to chemical 

structure. 

The results of this study on difluoroaminoalkanes were summarized 
l* 

in a report issued in 1970;  most of those results have subsequently 
2-5 

been published.    During the past five years, we have investigated 

the detonation sensitivity of isomeric dinitropropanes and other 

dinitroalkanes in three areas: 

(1) High-velocity detonation (HVD) phenomena, including gap tests 
for smooth shock reaction times, failure diameters, and 
shock temperature calculations. 

(2) Low-velocity detonation (LVD), 

(3) Kinetics of homogeneous gas-phase and liquid phase 
decomposition, including effects of high pressure on rate. 

References are numbered separately in the report and in the three 
manuscripts found in Appendix I. 
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This report summarizes the major efforts in HVD phenomena and kinetics 

of homogeneous gas and liquid phase decompositions of dinitroalkanes 

and is in the form of three manuscripts that have been or will shortly 
g 

be submitted for publication.   This is the last report to be issued 

on Contract N00014-70-C-0190.  Although the ultimate objective of this 

program, prediction of detonation parameters from chemical structure 

and kinetics, has not been totally achieved, a large number of significant 

scientific advances were made in understanding the relation of structure 

to both detonation phenomena and chemical kinetics for these energetic 

compounds.  This program has also discovered several important new 

effects of structure on detonation properties and chemistry, including 

the "alpha-hydrogen effect," the origins of which remain obscure and 

which deserves additional study. 

This last report for this project consists of the following brief 

section on our results during the last report period followed by an 

appendix containing three manuscripts prepared from this research during 

the past 3 to 4 years. 



RESULTS DURING THE LAST REPORT PERIOD 

Much of the last report period from July to December 1975 was 

devoted to writing two manuscripts:  (1) "Thermal Decomposition of 

1,1- and 2,2-Dinitropropanes II.  Liquid Phase," by Ross, Mill, and 

Kirshen; and (2) "Detonation Failure Diameter Studies of Four Liquid 

Nitroalkanes," by Tarver, Shaw, and Cowperthwaite. These appear in 

the Appendix along with a third manuscript, "Thermal Decomposition of 

Dinitropropanes I. Gas Phase," by Ross and Piszkiewicz. 

Some experimental work was done with mixtures of isobutane or 

neopentane with N0„, the results of which are described in manuscript 1, 

r 
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D. S. Ross, N. Kirshen and T. Mill 

"^v|~;J"w*^'P>*'''i*»«,i»»iyJp«n» »»••?' ^'•fi^wps 
r 



1HERMAL DECOMPOSITION OF 1,1- AND 2,2-DINITROPROPANE IN THE LIQUID PHASE* 

D. S. Ross, N. Kirshen and T. Mill 

ABSTRACT 

Thermal decomposition of neat, liquid 1,1-DNP at 1 and 1000 atm 

and 135-155°C gives over 90% propionic acid with small amounts of acetic 

acid. The reaction is accelerated by pressure and by added water. 

Rates of reaction are quite erratic with conversions ranging from 29% 

in 1.5 hours at 135° and 1000 atm to 10% in 21 hours at 155* and 1 atm. 

2,2-DNP, in contrast, decomposed slowly at 165°C to give only acetone, 

NO and N0_.  Pressure retarded the reaction slightly.  At 190°C 

2,2-DNP had a half-life of 15 hours and gave with increasing conversion 

increasing amounts of acetic acid, C0„, CO, and N„0. The rate of 

formation of acetone remained nearly constant out to 90% conversion. 

Reactions of isobutane and neopentane with NO^-N-O. indicate that HNO, 

is an intermediate oxidizer in these reaction mixtures. 

Possible mechanisms for these reactions are discussed. 

Introduction and Background 

Differences in sensitivity among different explosives are well 

known: nitroglycerine is much more prone to detonate on accidental 

impact than is TNT. Even among structurally similar explosive molecules, 

including isomers, differences in ease of detonation can be quite narked, 

This work was supported by the Office of Naval Research under 
Contract N00014-70-C-0190. 
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which indicates that initiation is a kinetically controlled process. 

A comprehensive theory of sensitivity requires, among other things, 

that we understand how molecular structure affects sensitivity. One 

of the major obstacle^ to developing relations of this kind is lack of 

a well defined and agreed-upon test for sensitivity.  In this laboratory, 

sensitivity has been measured by smooth-shock reaction time, by time- 

to-explosion, and by failure diameter. The widely used impact test is 

too complex and irreproducible from place to place to be of value in 

establishing basic structure-sensitivity relationships.  Several years 

ago, we used these sensitivity tests together with rate measurements 

to show that smooth-shock reaction times paralleled the rates of loss 

of HF from vicinally-substituted difluoroaminoalkane isomers while LVD 

gap sensitivity paralleled the C-N bond strengths, being most sensitive 

for gem-NF isomers. 

We- have now examined the sensitivity and kinetic characteristics 

of several isomeric dinitropropanes. Sensitivity studies, including 

reaction-time measurements and failure diameter, are reported elsewhere 
2 

in detail and show that sensitivity changes with structure. 

Specifically, the presence of hydrogen alpha to the nitro group(s) 

significantly reduces smooth-shock and explosion times. Dinitropropanes 

having no a hydrogens show no change in sensitivity with increasing 

pressure. The origins of this so-called "df-hydrogen effect" remain 

obscure, but the effect is certainly real. 

3 
In a previous paper, we reported the results of very low pressure 

pyrolysis (VLPP) of several dinitropropanes. That work, along with 
4 

the work of others, established the C-N bond strength in gem-dinitro- 

alkanes as about 47 kcal/mole. These compounds decompose in the 

gas phase through initial C-N scission, followed by rearrangement 

and loss of NO. Using 2,2-DNP for the example 

(CH3)2 C(N02)2  » <CH3)2CM02 + M°2 

0 

(CH3)2 CN02  — » (CH3)2CN0  > «X3>2
CO * *° 

A-2 
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The overall reaction is then 

(CH3)2C(N02)2 •*• (CH3)2C=0 + MO + N02 

1,1-DNP decomposes to give propionaldehyde, NO, and NO by a similar 

process. 

In contrast, nongeminate substituted nitroalkanes, including both 

mono- and dinitro compounds, having C-N bond strengths of 59 kcal/mole 

decompose via a lower energy cyclic HONO elimination. 

CH3CHN02CH3N02 [CH CH=CHN0o] + HONO 3       2J 
Polymer 

To gain additional insight into the kinetic processes associated 

with initiation of detonation, we investigated the rates and products 

of thermal decomposition of neat liquid 1,1- and 2,2-dinitropropanes 

(1,1-DNP and 2,2-DNP) at 140-190*0 and 1-3000 atm. These decomposition 

studies were made under similar conditions of pressure and temperature 
5 

to those used for thermal explosion time measurements but not such 

severe conditions as those found in shock initiation experiments (500- 

1000*K and 100,000 atm).  Thermal explosion studies provide useful 

overall kinetics, whereas thermal decomposition studies such as those 

described here can provide information about the elementary steps and 

products prior to thermal explosion. 

The physical properties of these two isomeric DNPs are summarized 

in Table 1. 

Table 1 

PHYSICAL AND THERMODYNAMIC PROPERTIES OF 1,1-DNP AND 2,2-DNP 
(from ref. 6) 

Measured Physical and 
Thermodynamic Properties at 60*C 

Molecular weight 

Di     ity/(g/ml) 

Ooeff.  of ExpAaT1) 

Sound Speed/( mm/(isec) 

Heat of Forraation/(cal/g) 

1,1-DNP 2,2-DNP 
CH(N02)2CH2CH3 CH2C(N02)2CH3 

134.1 134.1 

1.201 + 0.01 1.221 + 0.01 

(-1.0 + O.DxlO-3 (-0.98 + O.DxlO"3 

1.33 + 0.05 1.24 + 0.05 

-283 + 20 -300 + 20 

A-3 
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Results 

1,1-DNP 

Some preliminary experiments on neat 1,1-DNP indicated that at 

1 atm and 150-155°C, 1,1-DNP decomposed slowly, but considerably faster 

than predicted from gas phase kinetic parameters.  Thus the calculated 

gas phase rate at 15S*C is about 0.001%/hr whereas the observed liquid 

phase rate is about ~ 1%/hr. 

More detailed studies showed that during the very initial stages of 

decomposition at both 1 atm and 1000 atm, several different products 

are formed. But at high conversions, 1,1-DNP invariably produces over 

~ 90% yields of propionic acid under all conditions tried from 135- 

165*C and from 1-1000 atm. Small, variable amounts of acetic acid 

were found as well. The major overall process for decomposition of 

neat 1,1-DNP appears to be 

EtCH(N02>2  *>  EtCOOH + 2N0 

The rate of decomposition of 1,1-DNP was found to be erratic. A 

series of experiments at 135 and 145° and \000 atm, summarized in 

Table 2, show that the reaction is complete in less than 24 hours 

with formation of both acetic and propionic acids in a ratio of 1:9. 

At much shorter times, conversions are low, but variable, ranging from 

none at 1.5 hours to 75% in 6 hours. A significant effect of water, 

added in 3 wt%, was found:  29% of 1,1-DNP decomposed in 1.5 hours 

compared with no detectable decomposition in a similar sample without 

added water. 

The erratic kinetic behavior of 1,1-DNP is more readily seen in 

the results at 145*C where conversions of 1 co 68% were found in 

similar samples heated for 0.5 to 1.5 hours. Product analyses on some 

of these samples showed the presence of both acetic and propionic acids 

in proportions varying from 1:23 for run 59c to 1:4 for run 59b. One 

sample of 1,1-DNP, purified by gas chromatography, (in run 59c) had about 

half the rate of decomposition of an unpurified control; the difference 

is well within the error limit but shows that impurities normally present 

in 1,1-DNP have no major effect on its rate of decomposition. 

A-4 
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Table 2 

DECOMPOSITION OF 1,1-DNP AT 1000 ATM 

Run No. Temp. 
CO 

Time 
<hr) 

Conversion 
(%) 

Products, 
MeCO H 

2 

wt % 
EtCOgH 

58b 135 1.5 0 — — 

60b 

60a a 

58d 

135 

135 

135 

1.5 

1.5 

3 

0 

29 

8 

— 
b 

29 

8b 

58d 135 6 75 — — 

57a 135 24 99 10 86 

55 145 0.5 ~ 0.5 — — 

59b 145 0.67 68 14 54 

59c ° 145 0.67 24 1 23 

56 145 1.0 1 — — 

59a 145 1.2 31 4 27 

Water added in 3 wt %, 

Unresolved mixture of acids. 

1,1-DNP purified by glc. 

A-5 
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A conventional first-order plot of log [DNP^ versus time (not 

shown) gave a markedly downward curved plot indicative of autocatalysis. 

At 1000 atm and 155*0 decompositions are unpredictable, sometimes 

proceeding smoothly for up to 125 minutes and at other times exploding 

after only 25 minutes.  Similarly, the rates of decomposition of 

1,1-DNP at 155'C, which are about 0.5-1%/hr at 1 atm, are as much as 

4%/hr in one hour at 1000 atm.  Longer boating at 155°C and 1000 atm 

invariably produces explosion or charring. Products are the same as 

found at 135*.  Table 3 summarizes these results. 

Table 3 

EFFECT OF TEMPERATURE AND PRESSURE ON THE DECOMPOSITION OF 1,1-DNP 

Time Temp. Pressure Conversion 
Experiment (hr) 

21 

<"c> 
155 

(atm) 

1 

(%) 

6,7,8 10 

11 17 155 1000-200" 99 

44 1 155 1000 4 

46 2 155 1000 1 

56 1 155 1000 1.6 

50,51 2 155 1000 
b 

1 

exploded 

9 21 165 99 

10 21 165 20 90 

Pressure dropped from 1000 to 200 atm during experiment. 

Run in a sealed Pyrex tube. 

The experimental difficulties of handling these materials quantitatively 

at high pressures, coupled with the erratic character of the reaction, 

particularly at higher temperatures, prevents us from developing any 

detailed understanding of the processes taking place. The results point 

to the major process being an ionic, oxidative hydrolysis promoted by 

increased pressure. 

A-6 
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2,2-DNP 

Absence of reactive a-hydrogens in 2,2-DNP suggests that it should 

be more stable in the liquid phase than 1,1-DNP. Experiments at 165*C 

at 1 atm and 1000 atm summarized in Table 4 confirm this. No significant 

decomposition is noted until 2,2-DNP (6.89M) is heated at temperatures 

of 165*C for at least 24 hours. The observed rate of 0.02-0.007M/hr 

agrees closely with the rate predicted from gas phase measurements;3 

pressure has only a small retarding effect while added water has no 

effect on rate. Analyses of reaction mixtures show acetone as the 

single significant organic product. 

Table 4 

DECOMPOSITION OF 2,2-DNP AT 165°C 

Experiment Time Pressure Conversion Rate 
No. (hr) 

24 

(atm) 

1 

(%) M/hr 

la 5 0.014 

2" 24 1 3 0.009 

3a 24 1000 2 0.006 

4a 166 1000 14 0.006 

FEP tubing 
b_ 
Pyrex 

At 1000 atm the initial rate of decomposition of 2,2-DNP at 165*C 

follows apparent first-order kinetics based on three time points 

(t = 0, 24, and 166 hours) with a rate constant of 2.3 x 10"7 sec . 

This rate is about one-half as fast as at 1 atm in FEP tubing and about 
—7   —1 3 

half the rate predicted from gas phase measurements (ki = 4.7 X 10  sec ). 

In each case, acetone is the only major product detected; although 

nitrogen oxides were found in small amounts, most were lost by diffusion 

through the FEP tubes. 

A more detailed study of the thermal decomposition of liquid 

2,2-DNP was carried out at 190*C and 1.2 atm in Pyrex tubes (autogenous 

A-7 
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pressure of 2,2-DNP) at 2 to 93% conversions with detailed product 

analyses.  (At 190*C and 1 atra, about 5% of the initial DNP is in the 

gas phase; in longer runs the total final pressure in the tubes was 

10 to 20 atm). 

The major initial decomposition products were acetone, CO , HOAc, 

and NO; later, increasing amounts of No, NJJO, and CO were also observed 

but in lesser quantities. NO disappeared in a short time and N0„ is 

notable by its absence. Table 5 summarizes the results. 

Inspection of C, H, N, and 0 mass balances from products showed a 

significant deficit in the H and O values, but this deficiency is reasonably 

accounted for by assuming water to be a major product. Thus, in Table 5 

mass balances in the longer runs are satisfactory, except for a carbon 

deficit of 20% in the 39-hour runs. 

The products appear to fall into two classes:  (1) primary products 

including acetone and NO, which result from simple unimolecular decom- 

position of 2,2-DNP and are the only products observed at lower temperatures 

in neat liquid and in the gas phase; (2) secondary products including 

acetic acid, CO, C0„, N2, and NgO, which are obviously the products 

of oxidation-reduction processes in which carbon is oxidized and 

nitrogen is reduced. 

There is more C02 than acetic acid by a factor of over two. Thus 

the methyl carbon lost in the formation of the acetic acid is not the 

only source of CO2, and some must also be formed by direct oxidation of 

2,2-DNP itself, or of its daughter two- and three-carbon fragments. 

Further oxidation of acetic acid to COg is possible, but the data do not 

indicate this. 

Rate data for disappearance of 2,2-DNP and appearance of products 
. * 

at 190 are shown in Figures la and lb . The initial rate 

It is convenient to analyze the data by considering the apparent first 
order rate constants. They are effectively the average of rates of 
resctant consumption and product formation over a given interval, 
normalized to unit 2,2-DNP concentration within that interval. 
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constant is about 8-10  sec, very close to the rate constant that is 

calculated from gas phase kinetic parameters.3 The difference in rate 

between gas phase and liquid phase is well within the error limit of 

the calculation. 

Also shown in Figure la is the rate constant at 190s derived from 

the Arrhenius expression for the gas phase reaction studies by Flournoy.7 

The close agreement with results from the present study are apparent. 

Although the initial rate of decomposition of 2,2-DNP is nearly the same 

as the gas phase rate, after a short while, the rate begins to increase 

autocatalytically. 

The product formation rates in Figure lb point out more clearly the 

nature of the autocatalysis. Acetone is produced at a constant rate 

throughout the reaction out to 39 hours, or to better than 90% reaction. 

This reaction also produces NO and N02, which must be responsible for 

the oxidation-reduction sequence producing ultimately (X>2, N2> 
and 

acetic acid. Figure lb shows that the rate constants for formation of 

these products increase with time.  Thus, the N0X produced initially 

through reaction (1) oxidizes 2,2-DNP and, in turn, the oxidized DNP 

produces more N0X. 

The results of experiments at 1, 1000, 2000, and 3000 atm at 190* 

and 210*C, summarized in Table 6, show that the rate of decomposition 

of 2,2-DNP is not significantly affected by the application of high 

pressure at 190*C nor by addition of N02 or 02. 

The effect of applied pressure on the process does, however, become 

significant at 210*C. Whereas, conversions of 10-30% are found near 

1 atm, conversions are ~ 99% complete at 2-3000 atm, producing only a 

brown residue in the tubes. Possibly conversions at high pressure are 

overstated because of permeability of the FEP tubes at these temperatures; 

however, judging from the appearance of the residues, pressure markedly 

affects the reaction course. 
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Table 6 

EFFECT OF PRESSURE, 02 AND N(>2 ON DECOMPOSITION OF 2,2-DNP 

AT 190 AND 210*C FOR 1 HOUR 

Experiment 
No./Addend 

Temperature 
<%c> 

Pressure3• 
(atm) %  Conversion Rate,  (M/hr)g 

1 190 1 2,3 0.20 

2 190d 1 12,16 1.1 

3 190 1000 13,17,19, 13 1.2 

4/02
e 190 1 2,3 0.2 

5/02
f 190 1000 10,19 1.1 

6/N02
e 190 1 2,3 0.2 

7/N02
f 190 1000 19,10,12 1.1 

8 210 1 22,10,33 1.7 

9 210 2000 > 99 8.OS 

10 210 3000 > 99 8.05 

a 
Samples run at 1 atm contained 100 mg (0.75 mnole) of 2,2-DNP in 
Pyrex tubes. 

b 
Samples run at > 1000 atm contained 15 mg (0.11 mmole) sealed in FEP 
tubes. 

c 
Conversions for replicate samples. 

d 
Run FEP tubing. 

sAdded 20-30 ymole. 
f 

Added 0.2 umole. 
g 
Averaged for replicate samples and based on 8.05M concentration for 
neat 2,2-DNP at 190°. 
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Reactions of NOg with Hydrocarbons 

Both kinetic and product data point to formation of N02 in the 

initial step.  To gain some additional insight into the secondary 

reactions of N02 with the parent compound, we examined briefly the 

reactions of NO2 and N^^, the likely form of N02 at high pressures, 

with isobutane and neopentane.  These compounds were chosen for study 

because of their simplicity and markedly different reactivity toward 
B 

radical species like N02.  Both gas phase and condensed phase reactions 

were examined in which the proportion of N02 to N204 was varied by 

adjusting the total amount of N204 added initially and using equilibria 
9 

values of Gurney to calculate the quantities of monomer and dimer. 

Results are summarized in Table 7. 

Experiments 1-6 show the effect of an increase in initial concen- 

trations of N204, and of a change from an all-gas-phase system to one 

in which there are both gas and condensed phases on the conversion of 

isobutane. The reaction rate increases substantially when the system 

contains condensed N20^.  Experiment 10 with neopentane showed no reaction 

under conditions where isobutane was totally consumed (experiment 3). 

The conversion is not a function of the N02 concentration, but 

seems to be closely associated with the initial quantity of NgO 

Experiments 2 and 5, with about the same initial quantities of N02, 

but much different quantities of l*2<>4, show that the rate is faster in 

the condensed phase (largely ^,0-) than in the gas phase by about a 

factor of eight. The increase in conversion in experiments 3-6 parallels 

the increased reaction time and suggests simple pseudo first-order 

behavior. 

Experiment 7 shows the effect of added MO, Here the quantity of 

**2®4» estimated as described, is substantially lowered through the reaction 

2 NO + N204    >  2 N203 

The rate in this case appears to be similar to that for experiment 2, 

a gas-phase run with a comparable quantity of NgO^ but a significantly 

larger quantity of NOg. 
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Finally, the experiments at 130s (8, 9) show that the addition of 

NO has no effect under conditions where there is no liquid phase and 

little N0-N02 association. 

These experiments yielded several products by glc analysis; however, 

the only product identified was Z-nitro-2-methylpropane.  It was the 

major product found in all experiments, in quantities equal to 15-20% 

of the consumed isobutane.  Undoubtedly, 2-nitro-2-methylpropane forms 

via the t-Bu radical 
N02 or NO2 or 

t-Bu-H  * t-Bu*   *    t-BuN02 
N03 N204 

The same process should also yield the corresponding nitrite; however, 

none was found. From the gas phase unimolecular rate parameters for 

the thermal decomposition of n-butyl nitrite10 we can estimate that 

thermal decomposition of t-butyl nitrite would be far too slow to account 

for its absence.  It is possible that quenching the reaction mixture 

in methano1 converted the nitrite to t-butanol through a transesteriflca- 

tion process.  However, we found no evidence for that alcohol. 

Gaseous products included 002, 00, N2O, and N«>, the amounts of 

which account for only a few percent of the carbon in the consumed 

isobutane. Traces of methyl nitrite were observed in the low conversion 

runs.  Its thermal stability should be similar to that for t-butyl 

nitrite, and the fact that it is observed only early in the reaction 

period suggests that there is another possible sink for nitrites in the 

reaction mixture. 

Neopentane was found to react with N02-N204 only in the presence 

of water. Products could not be characterized. 
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Discussion 

The thermal decomposition of liquid 1,1-DNP is about 100 times 

as fast as that of 2,2-DNP at 150-160oC.  This observation alone alerts 

us to the likelihood that 1,1-DNP is not decomposing to any significant 

extent by simple C-N scission because the C-N bond strengths in 1,1- 
3 

and 2,2-DNP are closely similar.   The catalytic effect of water on the 

rate of decomposition of 1,1-DNP confirms the assumption drawn from the 

rate data that the decomposition of 1,1-DNP is an ionic process similar 

to that observed in aqueous acid at lower temperatures where Katnlet 
11 

found that terminal dinitroalkanes gave carboxylic acids. 

On one point the data are ambiguous:  acetic acid is formed in 

small but variable amounts in most runs but cannot be a product from 

the same intermediates leading to formation of propionic acid.  Formation 

of acetic acid from 1,1-DNP requires cleavage of C-C bonds and extensive 

reorganization, suggesting the possibility that there are parallel paths 

of decomposition that have different temperature dependencies.  Under 

explosive or detonation conditions only one higher enthalpy pathway 

will be important. The idea of parallel paths for decomposition is 

reaffirmed by the observation that water has no effect on time-to- 
• s explosion of 1,1-DNP at 195 C,  in contrast to its effect on thermal 

decompositions at 135*C. 

Although we cannot account in detail for the decomposition, the 

facts are consistent with a scheme involving initial slow C-N scission 

to form oxygenated intermediates such as propionaldehyde. 

EtCH(N02)2 » EtCHC  NO + N02 

and nitrogen oxides. Further exidative reactions of N02 and/or NO 

to form water (via HN02) then promote the conversion of 1,1-DNP to 

propionic acid by an ionic route. Since 1,1-DNP is itself acidic, 

one might consider the autocatalytlc role for 1,1-DNP in the "Kamlet" 

reaction. 
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Acetic acid could arise from two sources:  cleavage of nitropropylene 

or (more likely) oxidative hydrolysis of nitroethylene. 

CH3CH2CH(N02)2  » CH3CH3CHN02 + N02 

CH3CH2CHN02    *•  CH3CH=CHN02 + H 

CH_CHN02 +  CH3 • 

CH2CHN02 + H^  » CH3CHN02 » CHgCOOH 

OH 

5 
Lack of effect of water on time-to-explosion suggests that oxidative 

hydrolysis no longer competes with other exothermic reactions that 

contribute to the global kinetics observed in this kind of experiment. 

However, efforts to analyze products at these higher temperatures, 

looking for evidence of incursion of other reaction paths, was unsuccessful 

owing to rapid onset of explosive decomposition. 

Decomposition of 2,2-DNP is appreciably simpler. Both kinetic 

and product data point to a mechanism for decomposition that involves 

initial C-N scission, followed by rearrangement or recombination and 

0-N scission3 

Me C(NO ) •   Me„ CNO„ + NO (2) 
3   2 2 2   2    2 

Me CNO        °^ • Me CO + NO (3) 

Me CNO + NO » Me C(NO )ONO (4) 

Me C(NO )0N0  *-  Me C(NO )0' + NO (5) 
2   2 2   2 

Me C(NO )0" > Me CO + NO (6) 
£t £ A 2 

Both schemes give the same products. Scheme (2,3) almost certainly 

describes the gas phase process at low pressure where recombination is 

unlikely, whereas scheme (2,4,5,6) may be important in solution where 

cage combination would be favored, particularly at higher pressures. 

As long as reaction (2) is slow and rate controlling, the rate law and 

observed rate constant remain the same. 
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The marked accelerating effect of applied pressure on decomposition 

of 1,1-DNP but not of 2,2-DNP is further evidence for very different 

decomposition pathways for the two isomers.  The effect of applied 

pressure on reaction rate may be exerted on both the physical properties 

of the medium (as for example an increase in viscosity) and on the 

chemical properties of the transition state (as expressed in A» ,  the 

volume of activation).  A detailed analysis of pressure effects on 
12      ». rates is given by Neumann.   The change in rate constant for a 

unimolecular process with change in pressure is given by 

log (k£A£)  =  A^bsCP21 ~ Pn 3/2.303 RT (7) 

where R = 82.07 cm /mole and p is in atra. 

Measurements of pressure effects on reaction rates are necessarily 

composites of both chemical and viscosity effects; both must contribute 
± 

to £ V .  in reversible one-bond scissions. 
obs 

Experiments with several different reversible homolytic one-bond 

scission reactions similar to C-N cleavage in 1,1- or 2,2-DNP give 
_i *?       12 

Av .     = 10-15 cm /mole:       pressure retards the bond cleavage.    The 
ODS 

major portion of this retardation arises from effects of pressure 

on elementary steps following the slow, rate-controlling step k*. 

Ionic dissociation processes are accelerated by pressure (-A» ) 
± 

and often have large L V   owing to electrostriction of solvent by 

ions.   Decomposition of 1,1-DNP at 1S1*C is accelerated by pressure 

and shows a positive rate effect as large as S for a positive change 

/ in pressure of 1000 atra. This rate factor corresponds to Av of -56 
3 

cm /mole, which is consistent with a complex ionic mechanism but 

surprisingly high in comparison with other values reported for ionic 
12 reactions. 

From equation (7) we can calculate the effect of pressure on the 
± 3 

cleavage of the C-N bond in 2,2-DNP at 165*C, assuming AV.  s 15 cm / 

mole. Table 8 shows that a change in pressure of 1000 atra decreases the 

relative rate by a factor of only 2, very close to the observed effect. 
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Table 3 also shows that If we increase the pressure to 5000 atm, 

k .  is reduced to 10% of the original value. Thus a further test 

of the proposed mechanism for decomposition of 2,2-DNP would he to 

evaluate AV .  accurately over a wider range of pressure. 

Table 8 

CALCULATED EFFECT OF PRESSURE ON RATE OF DECOMPOSITION 
OF 2,2-DNP AT 165'C FOR Av = 15 cm3/mole 

Pressure Relative8 

(atm) Rate Constant 

obs 

1 1 

1000 0.66 

5000 0.12 

10,000 0.015 

30,000 3.6 x 10"6 

a 
Calculated using equation (7). 

Irterestingly, global kinetic data for decomposition of 1,1- and 

2,2-DNP, derived from time-to-explosion measurements, are in the same 
5 

directions as for isothermal experiments described here.  On the 

assumption that times-to-explosion are inversely related to first-order 

rate constants for initial cleavage of some bond, we can readily 

calculate AV .  for 1,1-DNP and 2,2-DNP. Results are shown in Table 9. 
obs 

The values of iV are considerably smaller than those calculated from 

isothermal decomposition data over a much smaller range of pressure. 

Since time-to-explosion basically measures the rate of heat 

release, a complex multistep process, the poor agreement between 

values of £V calculated in Table 9 and those derived from isothermal 

data are hardly surprising. However, the similar directions of pressure 

effects, although possibly adventitious, very likely reflect some 

basically common mechanism being observed by two different techniques. 
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Table 9 

TIMES TO EXPLOSION AND AV* FOR 
1,1- AND 2,2-DNP 

Pressure 
(atm) 

Temp. 
CO 

Time 
(sec) 

rel 
±a 

(cmvmole) 

1,000 
10,000 

195 
195 

100 
3 

0.03 
1.0 

-15 

10,000 267 22 1.0 
+ 1.5 

50,000 267 84 0.24 

10,000 306 4 1.0 
+1.9 

50,000 306 20 0.2 

Calculated from equation (7). 

Now let us consider the high conversion experiments with 2,2-DNP 

where extensive oxidation and cleavage of the carbon chain occurs. 

From the standpoint of initiation of detonation, these reactions 

are of greatest importance because, unlike the initial C-N homolysis, 

these reactions are exothermic processes that contribute to self- 

heating and ultimately to explosion or detonation. The first oxidizing 

species formed is N02 but it is rapidly reduced to NO, NgO, and N2 

through a series of reactions with (probably) the parent molecule. 

Data on reactions of this kind are scanty but suggest several schemes 

by which these reductions may be effected. One such scheme is 

HR-+ N02 

HN02 +«RN02 

» H0+ NO 

2 HN02  *    H20 + NO + N02 

NO + HRN02     •  UNO + RN02 

2 HNO >  N20 + H20 
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Although each step in the sequence seems well established, ^ the scheme 

must be regarded as speculative as applied to this system and is intended 

only to be illustrative of possible routes to final products. 

The brief investigation of the reactions of isobutane and neopentane 

and N02/N204(NOx) indicate how unexpected complications arise in reactions 

of N0„ and organic compounds.  The markedly more rapid rate of reaction 

of isobutane with liquid NgO*, as compared to the rate with N0„ alone, 

is inconsistent with the simple explanation that H-atom transfer to N0„ 

is the initial step in all cases, especially since the rate is undiminished 

in the presence of NO, an efficient scavenger of N0„ under these conditions. 

The inertness of neopentane under the same conditions in liquid NgO^ 

is best explained by the requirement for a reactive tertiary hydrogen in 

the initial step, but the nature of this step remains unknown. Both 

radical and carbonium ion intermediates could give methyl nitropropane 

and the complex mixture that accompanies it. 

These data seem unequivocal on one point: the inertness of neopentane 

shows that the reactive species NO- generated via the O-bridge dimer of 

N„0. cannot play a significant role in this process.  All the information 

on N03 points to it being a reactive species forming a strong (101 kcal/ 

mol) 0-H bond by H-atom transfer from hydrocarbons and it is therefore 
14 

expected to be somewhat unselective in attacking different CH bonds. 

For example, the reactive oxy radical t-BuO' (104 kcal/mol OH bond) 

shows a tertiary/primary selectivity factor of 5/1 for these same two 
. 8 

hydrocarbons at 100 .   Our data show a selectivity factor of at least 

1000/1 in this reaction mixture, which can only be accounted for by 

an unusually selective species such as NO_. 

The significant rate of decomposition of neopentane of addition of 

water indicates that water in some way accelerates these reactions. 

And since water is a redox product of the thermal decomposition of 

nitroalkanes, an autocatalytic scheme seems likely. 
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It is tempting to suggest the following scheme for the thermal 

decomposition of nitroalkanes themselves, or of mixtures of alkanes and 

N02(N204), based on the known hydrolysis of N_0   and the potent 

oxidizing capacity of nitric acid.   First, Carberry  states that 

molecular N204 reacts with water, while N02 does not react at all under 

typical hydrolytic conditions.  Thus 

aN02     • N2O4 

N2°4 + H2°    * fflOj + HN02 

The nitrous acid formed is unstable under the prevailing conditions, 

2HN02  »  HgO + NO + N02 

and the net reaction is 

2H20 + 3K204  » 4HN03 + 2N0 

Nitric acid thermally decomposes to yield OH radical 

HN03  > HO + N02 

which then reacts with hydrocarbon (or nitroalkane) RH, 

HO + RH  » R* + H20 

This scheme explains the reaction of neopentane with NO /water 

mixtures, and why the rate of reaction of isobutane/N 0 apparently 

is dependent on the concentration of NO and not NO . 

If R- is -C-C-NO ,  then loss of NO by beta scission leads 
2 2 

to a chain reaction. 
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Experimental 

Chemicals—Samples of 1,1-DNP and 2,2-DNP were supplied by Aerojet- 

General Corporation.  Gas chromatographic (glc) analyses showed only 

trace amounts of impurities.  Compounds were stored in polyurethane 

containers to guard against explosion; no explosion was ever observed. 

Reaction Procedure—We have developed an experiir ntal procedure 

that provides a reliable way to heat small samples at 1000-3000 atm 

pressure and to 160*C and to recover the contents with only partial 

losses of gaseous products but with nearly quantitative recovery of 

liquid products.  Thirty-microliter samples of DNP are placed in FEP 

tubing (5 mm I.D. by 10 mm), frozen, degass&d, refrozen, and sealed 

under vacuum using a heat gun.  With undegassed samples, extensive 

carbonization or complete rupture of the tubes invariably occurred in 

a few minutes at 140*C.  When air was removed, the problem disappeared. 

Sealed sample tubes were placed in the preheated pressure system 

described before and brought to pressure using a hydraulic hand pun-.,.:. 

On completion of the heating period, the pressure was released, the 

tubes were quickly removed, cooled, and then  cut open. The contents 

were mixed thoroughly with a weighed amount of benzyl alcohol, which 

served as an internal standard for glc. Glc analyses were carried out 

on a 10-foot by 1/4-inch 10% Ucon silicone column at 100*, except for 

glc-ms (mass spectrometry) where a 10-foot by 1/8-inch 1% silicone 

column was used. 

A few samples were opened inside a vacuum line using a stopcock 

fitted with a thin wedge of razor blade, and gases were removed and 

analyzed by gas-phase ir. 

Tubes are weighed before and after heating.  In a few cases some 

weight loss was found, but most experiments at high pressure gave nearly 

quantitative retention of liquid reactant and products, the losses being 

associated with diffusion of NO through the FEP tubing. 
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Appendix B 

DETONATION FAILURE DIAMETER STUDIES OF FOUP LIQUID NITROALKANES 
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DETONATION FAILURE DIAMETER STUDIES OF FOUR LIQUID 
NITROALKANES* 

C. M. Tarver, R. Shaw, and M. Cowperthwaite 
Stanford Research Institute 

Menlo Park, California 94025 

Abstract: The detonation failure diameters of four liquid nitroalkanes 

(nitromethane, 1,1-dinitroethane, 1,1-dinitropropane, and 2,2-dinitro- 

propane) were measured for the cases of heavy confinement in thick- 

walled lead cylinders and Dremin's weak-shell confinement. Shock-induced 

reaction times and failure wave velocities in decaying detonation waves 

were also measured and used in the Dremin-Trofimov model to calculate 

failure diameters of the unconfined liquids. The Dremin-Trofimov 

model was found to give good agreement with experiment when the 

Chapman-Jouguet (CJ) properties of the steady state detonation wave 

are accurately known. 

•This work was performed for the Office of Naval Research under 
Contract N000-14-70-C-0190. 
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Introduction 

This paper presents failure diameter studies of the following nitro- 

alkanes: nitromethane (NM), 1,1-dinitroethane (1,1-DNE), 1,1-dinitropropane 

(1,1-DNP), and 2,2-dinitropropane (2,2-DNP). Experiments were performed 

with these liquid nitroalkanes to determine their failure diameters in 

different types of confinement. The method developed previously for 

the difluoraminoalkanes was used to measure the failure diameters of 

the liquids in thick-walled lead confinements.  Shock-induced reaction 

times and failure wave velocities in decaying detonation waves were 
2 3 

measured so that the semi-empirical model of Drerain-Trofimov (D-T) ' 

could be used to calculate failure diameters of the unconfined liquids. 

The experimental work is discussed first followed by the failure diameter 

calculations. 

Problems in computing D-T failure diameters arising from uncertain- 

ties in input parameters are considered, and the methods of choosing 

the Chapman-Jouguet (CJ) detonation parameters for the calculations are 

discussed. Calculations with different values of CJ parameters show 

that failure diameter is extremely sensitive to the value chosen for CJ 

pressure in the self-sustaining detonation wave. The D-T failure diameter 

depends on the CJ wave parameters because it is proportional to the time 

required for the material to explode behind the oblique shock wave. 

While the explosion time depends exponentially on the pressure in the 

oblique shock, the shock pressure depends on the CJ pressure and the 

equation of state of the detonation products. The results of the calcula- 

tions lead to the conclusion that the D-T model predicts realistic values 

of unconfined failure diameter when the failure wave velocity, the depend- 

ence of explosion time on shock pressure, and the detonation parameters 

in the CJ wave are known. D-T calculations based on uncertain CJ parameters 

B-2 



can only be expected to give failure diameters to within an order of 

magnitude because of the implicit exponential dependence of explosion 

time on CJ pressure. 

Lead-Block Failure Diameters 

The apparatus for determining lead-block failure diameters of 

liquids will not be discussed here because it has been adequately 

described in reference 1. A failure diameter is determined in a series 

of initiation experiments by decreasing the diameter of the hole con- 

taining the liquid in the lead block until the liquid fails to detonate. 

Experimental conditions must be chosen to ensure that detonation failure 

is only a result of changing the diameter of the hole. Thus, the experi- 

ments should be performed with the charge length-to-charge diameter 

ratio L/D greater than 3, with the Initiating booster charge diameter 

greater than the diameter of the liquid, and with the mass of the booster 

greater than some minimum determined by the initiation characteristics 

of the liquid. 

Three series of lead-block shots were performed, and the results 

of the first series are shown in Table 1 and in Figures 1 through 3. 

Nitromethane was used as a standard; its failure diameter was found to 

be ^ 3.0 mm, and in good agreement with the value of 3.0 mm determined 
4 

in a previous study.  The failure diameters of 1,1-DNB and 1,1-DNP were 

found, respectively, to be 2.25 ± 0.75 mm and 11.0 ± 1.5 mm. It is 

interesting to note that a similar Increase in failure diameter, asso- 

ciated with the addition of a CM group, is found in the difluoramlno- 

alkanes on going from the bisdifluoraminopropanes to the bisdifluoramino- 

butanes. 
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The results of a second series of shots performed with lead blocks 

50 mm in diameter and 50 mm long are shown in Table II. Experiments 
o 

were performed at 60 C to determine the failure diameters of the isomtrs, 

1,1-DNP and 2,2-DNP. Measurements on isomers are important because 

isomers are conceptually the most convenient compounds for studying the 

relationship between detonation properties and chemical structure. The 

50-mm-diameter/50-mm-long lead block was found to be unsuitable for 
o 

measuring the failure diameter of 2,2-DNP at 60 C, however, because 

liquid in a 16-mm-diameter hole failed to detonate and 16 mm represents 

the largest value of the diameter satisfying the condition I/D > 3. 

Consequently, a third shot was fired with 2,2-DNP at 60 C in a lead 

block 150 mm in diameter and 150 mm long. The liquid was contained in 

a 38-mm-diaraeter hole, and the booster was a 50-ram right cylindrical 

pellet of PBX 9404 (HMX). Since the liquid detonated in this configura- 
o 

tion, the failure diameter of 2,2-DNP at 60 C was assumed to be between 

16 and 38 mm and was given a value of 27 ± 11 mm because no more block 

shots were fired. 

Shock-Induced Reaction Times 

The experimental procedure for measuring shock-induced reaction 

times of the dinitroalkanes as a function of pressure was the same as 
1,5 

that used previously for nitromethane and the bisdifluoraminoalkanes. 

The reaction time in a liquid shocked to a given pressure is taken as 

the difference between the time the shock enters the liquid and the 

time detonation light appears at the attenuator-liquid interface. The 

measured reaction times for nitromethane are shown in Figure 4 taker 

from reference 5. The reaction times observed for 1,1-DNE and 1,1-DNP 
o 

at a preshock temperature of 25 C are shown in Figure 5, and those 

observed for 1,1-DNP and 2,2-DNP at a preshock temperature of 60 C are 

shown in Figure 6. 
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The length of time that the liquid remained at the initial shock 

pressure was computed for each experiment.  This is the time required 

for rarefaction waves to overtake liquid at the attenuator-liquid inter- 

face and is also the lower limit for the reaction time at a pressure 

where detonation light is not observed.  In other words, a shocked liquid 

exhibits detonation light when the explosion time of material at the 

attenuator-liquid interface is less than the time taken for rarefaction 

waves to overtake it and relieve the pressure.  Times for rarefaction 

waves to quench liquid at the interface were therefore calculated to 

determine minimum values of the reaction times at pressures where deto- 

nation light was not observed for NM, 1,1-DNP at 25 C and 2,2-DNP at 

60 C.  These points are labeled "Fail" in Figures 4, 5, and 6.  The 

calculated time was used to determine the slope of the pressure- 

induction time curve for 2,2-DNP at 60 C, since only two experiments 

were performed on this compound and detonation light was observed in 

one and not the other. 

"Unconfined" Failure Diameters 

The experiments to determine the "unconfined" failure diameters of 

these liquid nitroalkanes combine the features of the lead-block failure 

diameter shots and the smooth-shock reaction time shots.  A plastic 

(Mylar or PVC) collar is attached to a lead block. The inside diameter 

of the collar is the same as the outside diameter of the lead block, 

namely 50.8 mm. The diameter of the hole in the lead block is larger 

than the lead-block failure diameter; thus, the detonation propagates 

through the cylinder of liquid in the hole and enters the additional 

liquid (12 to 25 mm deep) contained by the collar. The slit of a smear 

camera is focused at the top of the hole in the lead block.  If the 

diameter of the hole is smaller than the "unconfined" failure diameter 
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of the liquid explosive, the detonation fails to propagate in the liquid 

above the hole.  The smear camera film record of such a failure in nitro- 

methane is shown in Figure 7.  if the hole diameter exceeds the unconfined 

failure diameter, the detonation wave begins to fail when it enters the 

"unconfined" liquid but reinitiates before (total) failure occurs, 

resulting in detonation of the "unconfined" liquid. The film record of 

such a reinitiation in 1,1-DNE is shown in Figure 8.  From these smear 

camera film records, the detonation velocity D in the confined liquid 
o 

and the failure wave velocity v in the unconfined liquid are measured. 

The results of these measurements are shown in Table III. 

The detonation velocity of nitromethane is in good agreement with 
6 2 

previous measurements.  Dremin and Trofimov measured a failure wave 

velocity of 4.75 mm/psec for nitromethane, but the present measurement 

of 3.881 mra/psec is much closer to the 3.72 mm/psec measured by Davis 
3 

and reported by Enig and Petrone.   The "unconfined" failure diameter 

d  of nitromethane is found to be greater than 11.76 mm. Campbell, 
7 o 

Malin, and Holland measured failure diameters of 18 mm at 20 C and 
o 

15.7 mm at 30 C for nitromethane with weak (glass) confinement. Thus, 

a value of 14.3 ± 2.6 mm for NM at 25 C (the lower limit coming from 

Table III and the upper limit of 16.9 mm from reference 7) is used for 

comparison with the unconfined failure diameters calculated using the 

D-T model. The measured detonation and failure wave velocities, along 

with the measured shock-induced reaction times, are used in the D-T 

model calculations in the next section. 
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Failure Diameter Calculations 

2 
In the two-dimensional Dremin-Trofimov (D-T) model, derived in 

3 
detail by Enig and Petrone, a steady-state detonation wave with velocity 

D passes from a heavy-walled tube of inner diameter d < d  (of the 
o f 

Uiicdnfined material) containing a liquid explosive into a region of 

explosive of much larger diameter than d . A failure wavefront quenching 

reaction starts at the corner and propagates at velocity v perpendicular 

to the direction of the self-sustaining detonation. 

An oblique shock wave followed by a rarefaction fan emanates from 

the shrinking detonation front.  If the failure wave reaches the center 

of the detonation wave before material behind the oblique shock front 

explodes, the detonation wave is extinguished. However, if the explosive 

in the region behind the oblique shock (region 3 in Figure 1 of reference 

3) remains at the shock pressure p  for a time greater than the reaction j 
I 

induction time T  corresponding to this shock pressure, reaction occurs I 
3 1 

and a new detonation wave is initiated. This wave moves through the 

shocked region 3 with a velocity D  which exceeds D , overtakes the 
3 o 

decaying original detonation front, and establishes detonation in the entire 

mass of liquid explosive. The unconfined failure diameter is then the 

diameter for which the second detonation wave reaches the center of the 

liquid explosive charge at the same time as the failure wave. For this 

type of failure the unconfined critical diameter d  is given by the 

equation 

L - 2u VT f—-i  +   J 
> 3   3     3   3 / 

<L - 2u„ vT„ [ -  +   ) (1) 
l3 U3 
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where u  and c  are the particle velocity and sound speed, 

respectively, in the stationary shock coordinate system for region 3 

behind the oblique shock. 

The conditions in the shocked, unreacted explosive are determined 

by:  the geometry of the D-T model, the Chapman-Jouguet pressure p 
CJ 

of the steady-state detonation wave, which is given by 

DD2 

PCJ " 7TT (2) 

where p  is the initial density of the liquid and Y is the adiabatic 
o 

coefficient of the reaction products at the CJ state, and the Universal 
8 

Hugonlot for shocked, unreacted liquids which is of the form 

-2u/c 
U = 1.37 c + 1.62 u - 0.37 ceo (3) 

o o 

where U is the shock velocity, u is the particle velocity, and c 
o 

is the sound velocity of the liquid at the initial conditions. The 

particle velocity u  in equation (1) is determined by the geometry and 

the Universal Hugoniot. The detonation velocity D  in this region is 
3 

assumed to be linearly dependent on density, as originally suggested by 
9 

Campbell, Davis, and Travis: 

D3 - Do • (sir) ("a - »„) - Do+ (p
3 - "ojfsr) (s^)        <« 

where p  is the density of the liquid behind the oblique shock and 
3 

do 
o 

T  is the initial temperature. The T— term was determined from a 
o 

B-8 



10 
series of TIGER code 

diameter calculations are shown in Table IV. The sound speed c 

obtained from the equation 

calculations. Values of D„ used in the failure 
3 

is 

2      V3 
°3=2- 

where 

JP3 U)v 
C (T  ) 
v    3 (21 

(21 I(v _v ) '—^~ 
2     o     3       C   (T   ) 

-  1 (5) 

m3 - - •• 
3.24u + 1.37c    - (l - J^l |0.37c   ) 
 o      V       co/ \ o/e 

0.37c   I "2u/c
0 

H 1.62V    - 0.62V 
3 o. J- r* (V - V  )   11.37c    -  (1—) (0.37c  )e"2u/Co 

o      3    L o c o 
o >J 

(6) 

V    is the specific volume. (A, is a constant explained in Table V, 

and C (T ) is the constant volume heat capacity at the shock tempera- 
V 3 11 

ture T , which is determined by the Cowperthwaite-Shaw equation of state 
•S 

and listed as a function of shock pressure in Table VI. The shock temper- 

ature as a function of pressure assuming a constant heat capacity is also 

listed in Table VI. 

The remaining two terms in equation (1) are based on the experimental 

results. The failure wave velocity v is measured directly. The reaction 

induction time in region 3, T ,    is taken from the shock-induced reaction 

time curves of Figures 4, 5, and 6 using the calculated value of p  for 
•s 

each liquid. In their calculations for MM using the D-T model, Enig and 
3 / 

Petrone used the theoretical reaction time T „ 

T> m „- MP a*m>J (7) 
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where K is a constant which incorporates the Arrhenius A factor, 

E  is the activation energy from low-pressure, low-temperature thermal 

explosion data, and T  is calculated from the Enig-Petrone equation 
12 2 

of state.   To estimate T , Dremin and Trofimov used the measured 
3 

time difference between the passage of the failure wave and the 

appearance of reaction behind the oblique shock at the first point of 

reinitiation. This point is often quite difficult to determine from 

smear camera film records (see Figure 8). Therefore, the shock-induced 

reaction curves of Figures 4, 5, and 6 are used to determine T , 

once p  is determined. 

The shock pressure p  behind the oblique shock front depends on 

the relationship between v and D , which determines the geometry, and 
o 

the CJ pressure. Thus, accurate values of p   are essential for the 
CJ 

failure diameter calculations. Of the four liquid nltroalkanes used, 

the CJ pressure is well-known only for NM. The widely accepted value 
13      14 

of p   for NM is 127 kbar.   Kamlet  has developed an empirical 
CJ 

equation relating the adiabatic exponent Y to p : 
o 

0.656 
Y - -1  + 0.703 + 1.105 p (8) 

p o 

Replacing Y in equation (2) by equation (8) yields p   in terms of 
CJ 

p  and D : 
o      o 

p  a p2 D2/ 11.106 p2 + 1.703 p + 0.656 | (9) 
CJ   o o \     o        o       / 

Equation (9) for p   gives 126.1 kbar for NM with the measured values: 
CJ 

3 
p    ~ 1.127 g/cm    and    D    « 6.285 mm/psec. 

o • o 
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Table VII shows a comparison between the experimentally measured 

unconfined failure diameters and those calculated using equation (9) 

for p  . The calculated and observed values of d  for NM and 1,1-DNE 
CJ f 

agree quite well, but the calculated values of d  of 1,1-DNP and 2,2-DNP 

are at least a power of ten larger than the experimental values. The reaction 

times T  are a power of ten longer for the DNPs than for NM and 

1,1-DNE, indicating that the oblique shock pressures p  and hence 

the CJ pressures (p_T) predicted by equation (9) for the DNPs are too CJ 
o 

low.  In the case of 1,1-DNP at 60 C, it has already been mentioned that 

D was not measurable from the film records. However, enough data exist 
o 
for the isomers 1,1-DNP and 2,2-DNP that the inverse method, developed 

15 16 
by Wood and Fickett  and used successfully for NM and Acenina by Davis, 

can be used to calculate p   for 1,1-DNP at 60 C. Table VIII contains 
CJ 

inverse method calculations of p   and failure diameter d„ for various 
CJ f 

values of D  for 1,1-DNP at 60 C. The minimum calculated failure 
o 

diameter for 1,1-DNP at 60 C is obtained for p  = 138.1 kbar [5.5 kbar 
CJ 

higher than the value of p   which corresponds to the value of V 

calculated in equation (8)3. However, this calculated value of d  is 

still a power of ten larger than the experimental value of d  for 

1,1-DNP at 60 C. The calculations for 1,1-DNP are also complicated by 

the fact that the quantity u - c  is much smaller for 1,1-DNP than for 

the other three liquids and hence affects d. much more strongly. As 
f 

shown in Table VIII, this quantity may even be negative, which clearly is 

physically impossible. The explanation for this situation is not available 

at present. 

o 
The minimum calculated failure diamter for 1,1-DNP at 60 C in Table 

VIII was obtained using a larger p   than the one predicted by equation 
CJ 

(9), which is based on an empirical fit to NM data. This correlation 

can be qualitatively explained by considering the oxygen balance of the 
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explosives and hence the relative amounts of reaction products produced. 
10 

Table IX contains TIGER code  calculations of the reaction products at 
17 

the CJ state using the Kistiakowsky-Wllson equation of state  for the 

four nitroalkanes. MM and 1,1-DNE produce similar quantities of most 

reaction products since their oxygen balances are roughly equal, while 

the DNPs, which have a poorer oxygen balance, produce more than three 
18 

times as much solid carbon as NM and 1,1-DNE. Zeldovich and Kompanets 

show that the adiabatlc coefficient Y of the reaction products decreases 

as the amount of solid carbon increases, thereby Increasing the relative 

value of p   in equation (2). 
CJ 

An additional set of failure diameter calculations for 1,1-DNP 
o o 

at 25 C and 2,2-DNP at 60 C was made using larger values for p . 

These calculations are shown in Table X, along with the best results 

for NM and 1,1-DNE (from Table VII) and 1,1-DNP at 60°C (from Table IX). 

The value of p   used for 1,1-DNP at 25 C is based on the change in 
03 10 

p   with initial temperature from TIGER calculations  and the value 
CJ 
of 138.1 kbar used for 1,1-DNP at 60 C. The value of p   used for 

CJ 
2,2-DNP is based on the difference in p   between 1,1-DNP and 2,2-DNP 

10    ^ 
predicted by TIGER calculations.   The agreement between the calculated 

and observed failure diameters for these two cases has been Improved 

considerably by this arbitrary Increase in p. Table X demonstrates 
CJ 

the Importance of an accurate knowledge of p . 
CJ 

Discussion of Results and Conclusions 

The results of the failure diameter calculations show that the D-T 

model yields excellent agreement with observed "unconfined" failure 

diameters when the CJ pressure, Independently measured shock-induced 

reaction times, and failure wave velocities are accurately known. Because 

of the large volume of data on p   and shock-induced reaction times 
CJ 
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(Figure 4) for NM,  its unconfined failure diameter is well determined 

in the D-T model. However, the use of fragmentary data on any of the 

important parameters (p  , v, or T  ) can cause the D-T model predictions 
CJ 3 

to be wrong by a power of ten, as shown in Table X for 1,1-DNP at 60 C. 

Since the required experimental data are attainable in a relatively 

simple geometry and are directly related to a failure mechanism, the 

D-T model represents an improvement over other unconfined failure diameter 
19-22 

theories     which are based on the curvature of the detonation wave 

in confined and unconfined explosive charges. 

The experimental problem of obtaining a reliable value of p 

represents one of the limiting factors in the use of the D-T model. 
23 

Davis and Venable  compared five techniques to measure p   for 

Composition B-3 and found that the results vary by approximately 16%. 

Comparing the d  calculations for 2,2-DNP in Tables VII and X, a 12% 

change in p   resulted in a factor of 7 change in d . Since the shock 
CJ f 

pressure-reaction time curves largely determine the variations in d 

and the shock pressure p  depends on P_T» reliable values of p  are 
3 CJ CJ 

essential for unconfined failure diameter calculations in the D-T model. 

While shock-induced reaction times and failure wave velocities can 

bs accurately measured, their relationships to chemical kinetics are not 

completely understood. The shock-induced reaction time as a function of 

shock pressure cannot be expressed in an equilibrium Arrhenlus form, 

such as equation (7), because of the uncertainty in shock temperature as 
11 12 

a function of pressure.  '   Two chemical structure effects, the 

methylene effect and the ot-hydrogen effect, are apparent in Figures 5 

and 6. The methylene effect is shown in Figure 5, since 1,1-DNE requires 

a lower shock pressure (~ 10 kbar lower) to react in a certain length of 

time than the next member of the homologous series, 1,1-DNP, which differs 

only by a -CH - group. The <*-hydrogen effect is observed in Figure 6 
I 
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when two compounds of similar structure are compared, one (1,1-DNP) which 

has a hydrogen atom or to the dlnitrocarbon atom and one (2,2-DNP) which 

does not. The compound without the or-hydrogen (2,2-DNP) exhibits a much 

higher shock pressure for a certain reaction time than the compound with 

the ^-hydrogen (1,1-DNP). The decrease in reaction time at a particular 

shock pressure as the initial temperature increases is observed by 

comparing 1,1-DNP at T =25 Cin Figure 5 and T = 60 C in Figure 6. 
o o 

Additional work is necessary to quantify these observed effects. 

The measured failure wave velocities exhibit a dependence on the 

shock-induced reaction times. The failure wave velocities relative to 

the detonation velocities increase as the shock pressures required for 

reaction at a specified time increase. The rate of detonation failure is 

related to the shock sensitivity of the liquid in region 3 behind the 

oblique shock wave of the D-T model in a complex manner. This relationship 

probably involves the CJ sound velocity, transverse wave velocity, and 

cell spacing in the three-dimensional microstructure of self-sustaining 

detonation waves. This cellular microstructure is well-known for gas 
24 

phase detonations  and has been observed In detonations of nitroraethane 
25 

diluted with acetone.   Additional theoretical and experimental research 

is required to determine the nature of these failure waves. 
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Table V.  Input data for e and u . 
3     3 

Quantity Units 

<d /3T) b 
P   v 

7 
10 dyn 
-2   -1 

en  deg 

Sound speed 

at 25°C ,«5    -1 10 cm sec 

at 60°C — 

Specific volume 

at p = 0 

at 25°C 
-1 

cc g 

at 60°C _— 

Molecular wt g mol 
c 

C (constant) 
V 

at 25°C cal mol  deg 

at 60°C   

d 
C fit 

10~6B 

--— 

-4 
10 C ___ 

10_ID 
3 

10 E —_ 

6 
10 F ——— 

NM 

1.63 

1.30 

0.884 

61.0 

17.8 

1,l-DNE8    1,l-DNPa   2,2-DNPa 

1.58 

1.27 

0.738 

120.1 

37.9 

1.23375 3.044 

-0.995686 -2.506 

1.73573 5.092 

8.09421 -3.368 

-2.24624 0.8369 

1.65 

1.39 

1.33 

43.4 

1.S5 

1.24 

0.797 

0.833    0.819 

134.1    134.1 

46.1 

3.502 

-2.964 

6.027 

-0.4161 

0.1459 

The physical properties v , a, C ,C , and c were measured. 
. o     p v     o 
Calculated from (dp/^T) = a c c2/V C where <* is the coefficient of expansion 

v     v o o p 
c is the sound speed, V is the specific volume at p = 0, C is the heat 
o o v 
capacity at constant volume, and C is the heat capacity at constant pressure. 

C was calculated from C • C /|l + C(MW c ) (2.39 x 10 )/C ]}where M is the 
v v   p ' o p * 

-8 
molecular weight and 2.39 x 10  corrects the units. 

C (T) is given by C [constant + (B/T ) + (C/T) + D +(E x T)+(F x T>], 
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Table IX.  Reaction products calculated by the TIGER code 
(moles of product per mole of explosive) 

Product NM 1,1-DNE 1,1-DNP 1,1-DNP 2,2-DNP 
Gases (T =25° C) 

o 
(T =25°C) 
o 

(T =25°C) 
o 

(T =60°C) 
o 

(T =60°C) 
o 

H 0 
2 

2.198 1.532 2.237 2.190 2.225 

N 0.9632 0.9787 0.9659 0.9636 0.9647 

CO 
3 

0.7379 1.074 0.7641 0.7487 0.7518 

CO 0.3266 0.3203 0.2348 0.3123 0.2720 

CH 
4 

0.1335 0.05311 0.1055 0.1273 0.1175 

NH 
a 

0.07365 0.04303 0.06819 0.07275 0.07070 

H 
2 

0.01508 0.00506 0.00854 0.01341 0.01109 

C H 
2 6 

0.1138 0.00776 0.1207 0.1193 0.1168 

C H 
3 a 

0.01692 0.01484 0.01970 0.01859 0.01820 

C H 
3 6 

0.0009 0.00004 0.00005 0.00008 0.00007 

CH 
3 

0.00006 0 00006 0.00003 0.00005 0.00004 

NO 0.00002 0.00008 0.00001 0.00003 0.00003 

Total gas 4.579 4.099 4.525 4.566 4.547 

C (solid) 0.5235 0.3532 1.596 1.517 1.570 

'For ease of comparison, the number of moles of product per tiro moles 
of nitromethane is listed. 
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THE VERY LOW-PRESSURE PYROLYSIS 

OF DXNITROPROPANES 

by 

David S. Ross and Leonard W. Piszkiewicz 

The unimolecular decomposition of four dinitropropanes has been 

studied using the recently developed very low-pressure pyrolysis (VLPP) 

technique.  1,2-Dinitropropane was found to undergo cyclic elimination 

of HOMO, similar to the unimolecular decomposition of simple mononitro- 

alkanes. The products were 1- and 2-nitropropene, and the rate constant 

for the process was log k/(sec-1) = 11.3 — 40/B. The three gem-dintro- 

alkanes, 1,1- ami 2,2-dinitropropane and l-fluoro-l,l-dinitropropane 

underwent C-N scission rather than HONO elimination due to a weakening 

of the C-N bonds, the result of cr-nitro substitution. The three compounds 

decomposed with essentially the identical rate constant, log k/(sec~*) = 17.0 

~ (47 jt 1)/*.  Major decomposition products in these cases were carbonyl 

compounds, propionaldehyde, and acetone in the case of the 1,1- and 2,2- 

dlnitropropanes, and proplonyl fluoride in the case of l-fluoro-1,1- 

dinitropropane. These products can be explained by a mechanism involving 

initial C-N scission, followed by intramolecular oxygen transfer from 

nitrogen to carbon in the resulting nitropropyl radical. 
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Introduction 

Several investigations of the gas-phase thermal decomposition of mono- 

nit roalkanes have been reported over the past two decades,   and the results 

have shown that generally the compounds undergo a cyclic elimination of HONO 

with an activation energy in the range 43 ± 3 kcal/aoleA2Arrhenius A-factors 

have ranged 1011 - 1013 sec-1 and, while a value of about 1011*3 sec-1 appears 

to be the favored experimental parameter, for theoretical reasons a value of 

about 1013"9 sec-1 is preferred.2 Thus, while the "tightness" of the trans- 

ition state is in question, its cyclic nature is clear. 

The gas-phase thermal decomposition of gem-polynitroalkanes has been 

less well studied. There are some accounts of studies in this area,3&~f and 

on the basis of the kinetic parameters obtained (Table 1) it was suggested 

that the compounds undergo C-N scission rather than cyclic elimination.3d 

The change in mechanism was explained in terms of a weakened C-N bond due to 

cr-N02 substitution. 

While such a mode of decomposition is reasonably likely in the methane 

cases, the likelihood of complicating radical chain processes in the ethanes 

and propanes exists. This possibility is a particularly important consider- 

ation in view of the fact that the pressures used in the studies were in the 

range 30-200 torr, and,moreover,only limited product data were obtained.4 

In order to bring about a detailed understanding of the decomposition 

of polynitroalkanes, we have carried out a study of the unlmolecular decom- 

position of four dinitropropanes with sufficiently different structures to 

provide a means of distinguishing between the possible modes of decomposition. 

HO. N0.N0. NO. »08 
I 8 II I J 

CHgCCH, CHtCHCH, CH,CHSCH        CH3CH,CF 

so, NO, NO, 

2,2-dinitropropane  1,2-dinltropropane    1,1-dinltropropane  l-fluoro-1,1- 
dinitropropane 

2,2-DNP 1,2-DNP 1,1-DNP 1,1,1-FDNP 
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Table I 

KINETIC PARAMETERS FOR THE GAS-PHASE UNIMOLECULAR 

DECOMPOSITION OF POLYNITROALKANES 

Compound 
log A 

(A/sec-1) 

E 

(kcal/taole) 
Reference 

Methanes 

IC(N02)3 15.3 

BrC(N02)3 16.1 

ClC(NOa)3 15.8 

FC(N08)3 15.4 

CI2C(NQ2)9 15.3 

F2C(N02)a 15.9 

CH3N02 15.6 

Ethanes and Propanes 

C(N02)4 16.3 

17.5 

CHsC(N08)3 17.2 

CH8CH,C(NOa)a 16.9 

CH,HC(N02)2 16.7 

CHaFC(J»a)a 17.0 

CH3CHaHC(NOa)a 16.9 

(CH3)aC(NOa)a 18.5 

34 

36 

36 

42 

34 

47 

59 

38 

41 

43 

42 

47 

48 

48 

51 

3(f) 

3(f) 

3(f) 

3(e) 

3(c) 

3(e) 

2 

3(e) 

3(a) 

3(c) 

3(c) 

3(d) 

3(e) 

3(d) 

3(h) 
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The study was made using the very low-pressure pyrolysis (VLPP) technique 

developed and exploited by Benson et al.8*"1 The method essentially elimin- 

ates wall catalyzed and radical chain reactions, and in our version allows the 

collection and identification of reaction products. 

Materials—The nitro compounds were made by published methods,6 
nn n - — — •— •— — j * "*       • 

^ratus—The reactor is a cylindrical quartz vessel, 6.5 cm long 

and 5.0 cm in diameter, heated with a clam shell heater. The pressure within 

the system is typically 10"* — 10~3 torr.  The material to be studied enters 

the reactor at one end through an inlet tube leading from a variable needle 

valve, and the fragments emerge through the exit orifice in the reactor base. 

A quadrupole mass spectrometer head is positioned immediately below the orifice. 

The reactor can be operated at three different collision numbers. This 

objective is attained through an assembly in which a cutaway quartz disc with 

two holes and a polished bottom surface rests on the polished upper surface 

of the base of the reactor. The disc can be rotated by means of a rod passing 

from an external control knob through the center of the reactor. An aperture 

through the reactor base 10.3 mm in diameter is located off center, such that 

the upper plate can be positioned to expose the base hole through the cutaway 

portion of the plate.  This alignment provides a collision number of 176. 

Alternatively, the plate can be rotated such that one of its holes is 

positioned over the base hole, reducing the area of the exit aperture of the 

reactor, and increasing the collision number of the system. A 3.1-mm plate 

aperture provides a collision number of 1930, and an 0.81-mm aperture, 29,000 

collisions. This multlcolllsion number arrangement allows measurement of 

reaction rates of more than four orders of magnitude. 

C-4 



The materials were stored as liquids (solid in the case of 2,2-DNP) in 

a small sample volume above the needle valve. During a run the samples were 

heated to provide a vapor pressure of several torr.  In this way an effective 

reservoir of sample vapor could be maintained for a number of hours of exper- 

imental time. 

Kinetic Runs—The mass spectra of the compounds under study show no 

parent peak, even at low ionlzation potentials. In each case a prominent 

peak characteristic of the starting material, established by observing the 

mass spectrum of the material with the reactor at room temperature, was 

monitored with increasing reactor temperature. This base peak maintained 

essentially constant amplitude up to temperatures where decomposition 

started. At this point the peak amplitude began to decline, and was matched 

by a concurrent growth in some other peak due to a pyrolysis product. Thus 

the degree of decomposition could be determined at several temperatures. 

The process was usually followed to essentially lOOjl decomposition. 

The rate constant for the decomposition at any temperature is given bysa 

k 4 * k f/(l - f) 
uni   ea ' 

where k  is the rate of escape from the reactor (calculable from the 
©ft 

dimensions of the reactor and the kinetic theory of gases) and f is the 

fraction of unimolecular reaction. 

The rate constants thus obtained are not the first-order, high-pressure 

constants usually dealt with, but represent "falloff" rates due to the low 

pressures within the reactor.    (See references Sa and 5h for detailed discus- 

sion of this topic.)    The treatment of these data is described in the 

Results section. 
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Product. j)ata~Our version of the VLPP reactor has the added capability 

of product isolation. A valved port in the manifold into which the reactor 

products pass, and in which the mass spectrometer head resides, leads to a 

liquid nitrogen cooled trap, and thus affords the opportunity of tapping 

the exit stream. The product isolation work was done after the kinetic 

runs were made, and the temperature ranges of interest were thus known. In 

agreement with the mass spectral data, the product distribution was reasonably 

constant throughout the temperature ranges for decomposition. 

Products were collected for 30-60 min and then transferred under 

vacuum to sample vials. The samples were immediately diluted with pentane, 

and a gentle flow of nitrogen was passed over the samples to remove most 

of the nitric oxides present in the samples. The solutions were then 

analyzed by g.l.c. on a 20$ carbowax 20 M column, programmed from 60 to 150°. 

The products were identified through comparison in most cases with 

known samples of the compounds. The comparisons were made in terms of 

g.l.c. retention times, MIR, and mass spectra. Proof of the fact that 

the observed reactions were truly unimolecular and not wall catalyzed was 

provided by an experiment with 1,1-DMP in which product distribution was 

essentially unchanged for the three reactor exit apertures, corresponding 

to a change in wall collisions by a factor of over 100. 
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Results 

Kinetic Data—An example of the treatment of the data obtained from 

our reactor is shown in Figure 1 for a series of calibration experiments 

with 2-nitropropane (2-NP).  The details of this treatment are presented 

in reference 5h. Briefly, what has been done is that the established 

high-pressure rate constant for the unimolecular decomposition of 2-NP 

has been reduced to the falloff conditions in the reactor through the use 

of the Rice-Ramsperger-Kassel (RRK) theory of unimolecular reactions.7 

Thus the solid curve in the figure reprsents the known first-order rate 

constant for the decomposition of 2-NP under the pressure and temperature 

conditions in the reactor. The experimental points fall close to the 

line, and this fit confirms the validity of our method.8 

In Figure 2 are presented the VLPP data for the four dinitroalkanes. 

There is a fair amount of scatter in the points, much more than for 2-NP, 

and we have no explanation for this behavior. However, the data clearly 

fall into two families of points. Those points for the three gem-dlnitro 

compounds reasonably well fall within the curves for k, and k2. In turn, 

kj and k, represent typical fall-off rate constants for the decomposition 

of gem-dl- and trinitroalkanes from Table I with Arrhenius A-factors of 

10*T sec-1, and spanning activation energies from 46 and 48 kcal/tnole. 

The case for 1,2-DNP is different.  If we ignore any possible next- 

nearest -neighbor effects, then 2-NP and 1,2-DNP should have the same 

Arrhenius parameters for cyclic HONO elimination. That is, at least to a 

first approximation, 

k   * k      • io**'»-«e/& sec-1 
1-NP   1,2-DNP 

The solid curve in Figure 2 is thus k      reduced to the falloff reactor 
1,2-DNP 

conditions, and it is seen that the experimental data fit the curve reasonably 

well.* 
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Product Data—The products from the VLPP studies of each of the 

compounds are shown in Table II. 

Discussion 

The nongeminate 1,2-DNP decomposed more slowly than did the other 

isomers, and yielded only nitropropenes. Both the product data and the 

kinetic parameters for the decomposition are in line with simple cyclic 

elimination of HOIK) for this compound. 

Our kinetic data for the gem compounds on the other hand are consistent 

with the results of others in Table I. In view of the fact that our data 

result from experiments run at very low pressures, and thus under cond- 

itions where the rates of radical chain reactions should be vanishingly 

small, the suggestion that simple C-M scission is the major mode of decom- 

position of these compounds is confirmed. 

The product data for the gem-dinitropropanes are consistent *ith C-N 

scission. The fact that carbonyl compounds are major decomposition products 

can be explained through a reaction sequence invoking a novel intramolecular 

oxygen transfer from N to C.  Using 2,2-DNP as an example, the first step 

is C-N scission: 

(CH8)aC     -    (CH9),C-N0a + NO, (1) 
NN0a 

followed by migration of oxygen from nitrogen to carbon 

.0 0 
<CH3)aC-SM>   -    <CH8)aC-$«0 (2) 1 "I e fe 

c-m 
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Table II 

VLPP PRODUCTS FROM DINITROPROPANESa 

Compound Productsb Relative Yield 

<*)(± 5gS)c 

1,2-DNP 

1,1-DNP 

Acetone 
2-Nitropropene 

Propionaldehyde 
trans-1-Hi tropropene 
Unknown" 
Unidentified Products 

55 
45 

20 
5 

50 
25 

1,1,1-FDNP 

1,2-DNP 

Propionyl Fluoride   only product isolatede 

trans-1-Nitropropene 

2-Nitropropene 
75 
25 

Flow through reactor 10"-10ie molecules /sec. 

The product distributions were reasonably constant over  the range 
of decomposition studied. 

5 
The mass balances for 1,1-DNP, 2,2-DNP, and 1,2-DNP were estimated 
to be 90$ (see note e). 

The unknown was unstable; its behavior and vpc retention time 
strongly suggest it to be nitroethylene. 

The mass balance in this case was about 10$. The poor result 
probably is due to the high volatility of propionyl fluoride, 
resulting in a low trapping efficiency in these experiments. 
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and subsequent loss of NO to form the carbonyl compound 

(CH3)aC-N=0 -  (CH3)2C=0 + NO (3) 

Hie net reaction is then 

2,2-DNP - acetone + NO + N02 

Flournoy3b has reported the same stoichiometry from the pyrolysis of 

2,2-DNP at pressures in the range of tens to hundreds of torr. He has 

suggested a radical chain process which includes the formation of an inter- 

mediate nitro-nitrite to explain the formation of a C-0 bond. 

or 

(CH3)2C-N02 + N02 - (CH3)2C-N02 

O-NO 

(CH3)2C-N08 + 2,2-DNP -  (CH,)2C-N02 + <CH3)8C-N02 

0N0 

(4) 

(5) 

While reaction (5) is without precedent, (4) is likely under the 

relatively high-pressure conditions and could account for the results. In 

our work, however, the low pressures preclude such recombination, and thus 

reaction (2) is operative.10 

The migration of 0 to C in these nitro radicals is reminiscent of 

F-migration we have observed in the case of the 2-difluoramino propyl 

radical.xt However, while the rearrangement is about 40 kcal/mole exothermic 

in the fluorine case, it is roughly thermoneutral in the oxygen case. 

C-10 

k 



The sequence 1-3 can therefore explain the formation of carbonyl-containing 

products in the case of all three gem-dinitroalkanes. The formation of nitro- 

olefins, on the other hand, requires some parallel mechanistic route for the 

initially formed radical, most likely 0-scission: 

CH3CCH3 - H + CH3-C=CHt 

N0a N0g 

In summary, nongeminate dinitroalkanes, such as 1,2-dinitropropane, 

undergo simple cyclic HONO elimination, similar to their mononitro counter- 

parts. The C-N bond weakening effect of cr-nitro substitution in gem- 

dinitropropanes, on the other hand, lowers the C-N bond strength from a 

value of roughly 55-60 kcal/taole for simple mononitroalkanes, to values in the 

area of 47 kcal/taole. This lower value, plus the fact that the Arrhenius 

A-factor for the scission reaction is several orders of magnitude greater 

than that for cyclic HONO elimination, brings the rate of scission to a 

point where it is faster than elimination. 
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FIGURE 1      RATE CONSTANT VERSUS TEMPERATURE PLOT FOR TWO-NITROPROPANE 

The solid curve correspond! to the known first-order rate constant for its 
unimoleculer decomposition reduced do«%n to the pressure end temperature 
conditions in the reactor. The circles are experimental point*. 
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FIGURE 2     RATE VERSUS TEMPERATURE PLOT FOR FOUR OINITROPROPANES 
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