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'his report summarizes a six-month period of research on the relationship between

detonation phenomena, chemical structure, and kinetics for isomeric dinitropropanes an

other nitroalkanes, sponsored by the Office of Naval Research. Research on dinitro-

propanes is being carried out in three areas: high velocity detonation (ulVD), lov

velocitv detonation (LVq)), and static high pressure and kinetic effects.

ýiiioth-shock reaction times measurements on l,I-DNE, l,l,l-FDNE, l,l-DNP, and

2,2-DNP confirm previous findings that at constant preshock temperature the shock

pressure required to produce a specific reaction time is greater when there is no

hydrogen-atom alpha to the nitro group and when an additional methylene group is

present. 'The largest contribution to the variation of failure diameter with initial

temperature is the variation in smooth-shock reaction time.

Ccinparison of LVD and lIVD gap sensitivities for 1,1-DNE and 1,1 ,l-FDNE shows that

fluorine decreases I1VD but not LVD sensitivity. Pressure-time measurements in LVD-

initiated FEFO gave 4-7 kbar peak pressure and 3mm/psec propagation velocity. FDNE
fits the correlation of MLir/Niv with LVD gap sensitivity.

Thermal decomposition of I,I-DNP at 1 atm and 1800 atm and 155 0 C gave 1-3% de-

composition in 39 hrs but significantly different decomposition products including
CIINO2 , CO 2 an(I N. at 1 atm. and two unidentified products and no CIINO 2 at 1800 atm.
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PREFACE

This project is the responsibility of the Chemistry Laboratory's

Physical Orvtdnic Chemistry Group in the Physical Sciences Division of

Stanford -esear-h Institute. Project Organization and principal con-

tributors to the technical work are:

Program Manager: M. E. 'Hill

Project Supervisor: T. Mill

Low-Velocity Detonation: R. W. Woolfolk

Physics and Chemistry of
Detonation: R. Shaw

,Static High-Pressure and
Kinetic Effects: D. S. Ross

R. Shaw
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Physics aftnd Chemisty -of2 Dethiati.on

Smooth-shock reaction time',zmeasurements on- I,l-DNt., 1,l•,-I-FNDE,

l,l-DNP, and- 22-DNP-confim •PreviU6S findings that at .donstant preshock

temperature the -shock pressure. x•rqtired- te&producd'a-speciii& reaction

time is greater when there. is-nO fhyd,ýogeiiafori alpha-t6 tlhe fiitro grdup

and when an additidnal:imethylene giroup is present.,

Following previous: Work ,by ,Dremin and tWofiiov and by Enig and

Petroone, We have shoWn a6hlyaticdll:y .hiat the l.argdet bo•itributiri -to thu

variation of failure 'diaiieter• with, -ini-tiai temperature is the -variation

in smooth-shock reactioni time.

in collab3ration with M. C. Lin, 'df 'ýaval-:Rcsearch -Lboratory, we

Shave calculated, using RRKM theory, that the rate 'cdnstant for' climination

of HF from 1,2-bis(difluoramino)propane is iog (k/sec`1 ) = 13.i - (38.0/

2.3 RT).

Low-Velocity Detonation (LVD)

We have found that fPr 1,1-DNE an inc.,ease in -the temperature from

250 to 60 0 C causes a slight decrease in the LVD gap sensitivity. T1his

behavior is in contrast to that .for high velocity detonation (HVD) where

increasing the temperature increases the HVD gap sbnsit,1vity.

The HVD and LVD gap sensitivity of l,l,1-FDNE was determined and

compared with that of l,l-DNE. Substitution of a fluorine atom for a

hydrogen atom caused the HVD gap sensitivity to decrease, but the LVD gap

sensitivity remained nearly unchanged.

iii



The results of the LVD 1ests on l,l,I-FDNE were in agreement. with

the previously suggested correlation between LVD gap sensitivity and; the

ratio AH./AH , where AH, is the heat of, reaction dnd'1V{ .is the heat -of
r V r

Vaporization. However, these: same results did-.niot agree with the-relatioft-

ship of oxygen balance to LVD gap sensitivity.

Pressure-time measuremnents- in, LVD-initiated FEFO showed a peak

pressure iin the range of 4-7 kbar and a velocity -of propagation of, 3.0 mm/

lisec. PieZoresistive gages of ytterbium were placed in the explosive

liquid to measure these pressures and veloci-ties.

Static High-Pressure Experiments

We have designed a system to measure ,gross rates of reactions and

initial products formed during the initiation, pericd, at pressures-and

temperatures comparAle to those found in shock initiation experimcnts.

Iniiti-al experiments on thermal decdnposition of lot-DNP in the

liquid phase were done at 1550 C and 1' atm'pressui'e in glass as benchmark

gxperiments. The products include'N'O0 C02 , CH3NO2 , and-an unknown

organic material in amounts indicating !-3%'decomposition 6f 1•,-DNP in,

39 hrs. This rate is about 20 times-faster than that cal'culated from

gas-phase data and, along with the product composition, suggests that

free radical c',6in steps may be invoived. Several static high.,pyessure

experiments were attempted with l,l-DNP. However, the original design

gave difficulties ifi product is6lation.

An experiment with 1,1-DNP 'at 1550' and 1.8, kbar (1800 atm) in Treflon

tubing was complicated by loss of gaseous products and possible surface

effects. 'I\vo new unknown products were found-but' no ChNO,.

iv



Publications

Several manuscripts based on this programi have been completed

during this period on dehydrofluorination of 1,2-DP,. kinetics of de-

composition of nitroalkanes (both theoretical and experimental), pyrolysis

of 1,2- and 2,2-DP, shock initiation of nitromethane and methyl nitrite

and a universal HUgoniot for liquids.
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GLOSSARY OF COMPOUNDS

Code Namec

1 ,1DNP H3CHCH(N 2 21 ,1-dinitropropane
2 ,12-DNP cHl3 02CH(N0 2) 2C13 2,-inorpn

1, 2-T C 30-H(NO 2) C" 2N02  1 ,2-dinitropropane

I, 1I-DNE -cWX3 H(N02) 2  1,1-d~initroethane

EN C" 3C" 20N0 2  ethyl nitrate

1,1 ,1-FDNE FC (NO02) 2C'13 1,1 ,1-fluorodinitroethane

1,1,1-FDNP FC'%N0 2) 2C12CI"3 1,1,1-fluorodini tropropane

1 ,2-DP C11 3CH (NF 2) C"3NF 2  1 ,2-bis(difluoramino)propane

2 ,2-DP CJI3 C(NF'2) 2C"3 2, 2-bis~difluornmino) Propane

IBA (CkUlJ 2C (NF 2 ) LII 2NF 2  1 ,2-bis(difluroamiio) -2-
niethylpropanc

Nml C" 3N0 2  nitroniethane

FEFO, [F(N02 ?CC11 20112CH12  fluorodinitroethyl fori'al
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I I"TRODUCTION

Under the sponsorship of the Office of Naval Research (ONR), Stanfoikl

Research Institute is studying the fundamental sensitivity properties of

liquid high-energy materials in order to define the minimum numbei" of

physical and chemical parameters of the system needed to predict de-

tonation sensitivity. In this work we are now concerned primarily with:

(1) de tonability of the liquid phase, i.e., whether it will support a

det'.,nation wave,, add the failure diameter for detonation; (2) the physical

and. c.iv.:ical factors that affect detonation initiation and (3) the kinetics

and chemistry of decomposition at very high pressures and high temperatures

and their relationship with detonability.

In previous work on this contract, these e.elationships were studied

with isomeric, difluoraminopropanes and butanes, and we are now studying

nitro compounds in the analogous isomeric prop-ne series and some ethane

homologs. Thus a direct comparison between the two high-energy groups

that are of most interest at present can be made, and basic knowledge

can be obtained on the initiation and propagation properties of model

liquid nitroaliphatic plasticizers.

This program consists of three primary tasks;

A. Physics and Chemistry of Detonation

The ultimate objective of studies of the physics and chemistry of

detonation (Section II) is to correlate transient detonation phenomena,

such as shock initiation and failure behavior, with the mode of decom-

Stanford Research Institute Project 4051, Final Report, "Sensitivity

Fundamentals," lay 15, 1970.



position. This objective involves: (1) measurement of failure dianieLers,,

(2) study of events in the liquids as ,shock3 qf various magnitudeslenter,.

and (3) measurement, evaluation, and correlation of physichl and ,thermo-
Ss I

ýchemical properties. ,

Lo. Iw-Velocity Detonation

"Mie objectives, of tlis program (Sectidn III) are to determine under

which conditions LVD will initiate and to relate thi• initiation to the

chemical and physical properties of the materials. By comparing ýwo

classes of materials (i.e., the dihluoýamino pnd dinitro compopnds)

with such. widely different thermochemical and kinetic properties, we:

can ascertain those factors that influence LVD initiation. -

C. Static Hfigh-Pressure and Kinetic Effects

j Section IV of this research teffort comprises a study of the decom-

position behavior of shock-sensitive liquids at 'very low and 'Very hifgh

pressures including measurements of reaction times at pressures and

temperatures comparable to those' encountered in initiating shocks; and
SI -II

attempts to describe a relationship betweenidetonation phiqhomena and
chemical mechanism, Including the elementary rate steps.

I I

II



-, -

II PHYSICS AND CHIEMISTRY OF DETONATION

(Robert Shaw)

A. Introduction

The objective of this part of the research program is to develop

iand test models for calculating the transient detonation properties of

explosive liPuids from their chemical structure. The transient detona-

tion properties with which we are most concerned are initiation and

failure of IIVD, which is Chapman-Jouget (i.e., high-velocity) detonation.

During the present report period we have performed a series of experiments

,on the shock initiation of dinitroalkanes, have completed the calculation

* "of kinetics of decomposition of dinitroalkanes and vibrationally exci ted

1,2-bis(difluoramino)propanc, and have begun a program to test Dremin's

theory of detonation failure.

B. Shock Initiation

Preliminary results in the previous semiannual report1 showed the

existence of interesting correlations of shock initiation with chemical

structure in the dinitroalkanes series. During the present report period

we have extended these experiments (see Table I) and have confirmed the

Varlier findings of a methylene effect and an active alpha-hydrogen effect.

I3



Table I

SMOOTH-SHOCK REACTION TIMES FOR NITROALKANES

MEASURED DURING TH1IS REPORT PERIOD

Preshock Peak ýPressure

Compound Temperature in Liquid Reaction Time
(°C) (kbar) (ti sec)

1,1 -DNE 25 87 1.77

1, 1-DNE 25 84 2.44

1,1-DNP 60 95 1.24

1,1-DNP 60 88 1.93

2,2-DNP 60 105 Failed (>4)

1 , 1, I--FDNE 25, 104 1.21

1,1,1-FDNE 25 101 1 .83

The methylene effect is illustrated in Figure 1 by comparing the

shock initiation of 1,l-DNE with the next member of the homologous series

1,1-DNP. At a preshock temperature of 25 0 C, the shock pressure required

to give a 1-p see reaction time for I,I-DNE is isome 10 kbar less than

that for 1,1-DNP. The active Ca-hydrogen effect is observed wJ1 •n comparing

two compounds of similar structure, one of which has a hydrogen alpha

to the dinitro carbon and the other does not:

NO., NO2
I I

11 - C - C i - C - C

NO2  NO2

IH ? II

a-hydregen no a-hydrogen

In propane series: 1,I-DNP 2,2-DNP

In ethane series: I,1-DNE 1,I,I-FDNE

4
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FIGURE 1 SMOOTH-SHOCK REACTION TIME MEASUREMENTS FOR 1,1-DNE AND 1,1-DNP
AT A PRESHOCK TEMPERATURE OF 250 C

Specifically, in Figure 2, comparison of the shock initiation of

I,I-DNP and 2,2-DNP (at a preshock temperature of 60 0 C, because 2,2-1INP

is solid at 25 0 C) shows that the peak shock pressure in the liquid re-

quired to produce a 1-pt sec reaction time in 1,1-DNP is 94 * 2 kbar,

whereas for 2,2-DNP the corresponding shock pressure is greater than

105 kbar. We have found 2,2-DNP to be less sensitive to shock initiation

than any compound studied on the entire project. We have not yet been

able to initiate it, even with a 105-kbar, shock at 60 0 C. We plan to

measure its failure diameter to determine if that is the problem.
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FIGURE 2 SMOOTH-SHOCK REACTION TIME MEASUREMENTS FOR 1,1-DNP
AND 2,2-DNP AT A PRESHOCK TEMPERATURE OF 600 C

Similarly, in Figure 3, comparison of l,l-DNE and I,l,l-FDNE at a

preshock temperature of 250C shows that the peak shock pressure in the

liquid required to produce a 1-p sec reaction time in 1,1-DNE is 89 - 2

kbar, whereas for l,1,1-FDNE the corresponding shock pressure is 102 -

2 kbar.

Although we are not yet able to determine the detailed mechanism

of the active alpha-hydrogen effect, we consider that the effect is

unlikely to be due to differences in thermochemical and gas-phase kinetic

~ 1 6
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FIGURE 3 SMOOTH-SHOCK REACTION TIME MEASUREMENTS FOR 1,1-DNE AND
1,1,1-FDNE AT A PRESHOCK TEMPERATURE OF 250 C

parameters,. This is illustrated by comparing the properties of 1,1-64P

and 2,2-DNP in Table II.

The lack of correlation between initiation properties and strengths

of the C-N bonds is also clearly shown by comparing 2,2-D.NP and 1,2-DNP.,

The C-N bond strength in 2,2-DNP is 49 kcal/mole, which is some 10 kcal/

mole weaker than the C-N bond strength in 1,2-DNP, which is close to 59

kcal/mole. 'Yet the temperature for a 100-second explosion time at 10

kbar is 230 0 C for 2,2-DNP, and 180 0 C for 1,2-DNP.

7
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C. Calculated Kinetics and Thermochemistry of Decom!position

Knowledge of kinetics and thermochemistrk of dectiposition is needed

for the quantitative application of thermal explosion theory that is

fundamental to our treatment -of transient detonation phenomena.

In a previous report 3 we discussed the thermochemistry of dinitro-

alkanes in terms of -group additivity. Since then we have calculated

kinetics of decomposition of dinitroalkanes from the known- thermochemistry,

transition state theory, and some key experiments by D. S. Ross and

L. Piszkiewicz. A paper on the results has been -accepted for publication

by the International Journal of Chemical Kinetics. 2 Since copies of the

prcprint were sent -to ONR and- to laboratories -known to- be interested- in

this research, this work is, only summarized here.

Heats of formation of solid, liquid, and gaseous nitroalkanes were

shown mostly to obey group additivity. Group values were obtained for

carbon atoms attached to one, two, and three nitro groups. The heat of

formation of 1,1,1,3,5,5,5-heptanitropentane, either solid or liquid,

cannot be fitted to the scheme, even allowing for gauche effects. The

differencesbetween observed and estimated values for 1,1,1-fluorodinitro-

alkanes and 1,2-dinitroethane are larger than expected and should be

investigated further.

Activation energies were calculated for decomposition by five-

center elimination of HONO from mononitroalkanes and dinitroalkanes using

thermochemistry and estimated activation energies for the reverse re-

actions. The key data for these estimates were previously reported 5 ,G

activation energies for the decomposition of nitroethane and 1,2-dinitro-

propane. The calculations also gave values for the heats of formation

(in kcal mole-') of nitroethylene 12.4, 1-nitropropylene 5.6, and 2-nitro-

propylene 1.6.

9



Activation energies were calculated- for the copetiiW unimolecular

reaction, C-N bond fission, from thermochemistry and, previously reported,3

activation energies for the decomposition of i,l- and 2,2-dinitropaop-ne.

Comparison of Arrhenitis-parameters for the two competingproccsses, namely,

HONO and C-N bond fission, shows that, for the gtminate:dinitrdethanes

and dinitiopropdnes, C-N 'bond fission- -is faster above:'370 0 K and, for the,

mononitroalkanes ana for all the mondnitroalkanes and dinitroaikancs, C-N

bond fission is faster above 770 0K.

Concerning the bis(difl'uoramino)alkanes, we earlier reported 7 thd

results of experiments and RRK calculations on the decomposition Of,

vibrationally excited 1,2-bis(difluroamino) propane produced by the

successive addition of NF 2 radicals to propyienc. Dr. David' Goldcen, the

associate editor of the International Jou:rnal of Chemistry Kinetics, to

whom we sent the manuscript for publication, pointed out that the assumptions

we made in the calculation were valid for thermal activation but not for

chemical activation, and that RRKM calculation would be needed. Dt. Golden

and Dr. M. C. Lin, of Navtial Research Laboratory kindly assigned thde, V're-

quencies and performed the RRKMcalculation. A copy of the revised man-

uscript is given in. the Appendix.

D. Detonation Failure: Variation of the Failure Diameter of-Nitro-

methane with Temperature

From the theory of Dremin and Trofimov, 8 the failure diameter of,

unconfined cylindrical charge of an explosive liquid is given by

d = 2u 3 VT3 a (1)

where df is the failure diameter, u 3 is the rarticle velocity, v is the'

velocity of the quenching ware front perpendiitiLar to the direction of

detonation propagation, T is induction timc (smooth-shock reaction time),

10



and a [1i/(0 3 -u 3 )i] + ti/(u 3 - c 3 )], where D is the dotonati6n. velocity,

c is the sound speed, and the subscript 3 referstto the regions ,of unre-

acted, shocked, expl.osive.

In a recent paper, Enig and Petrone 9 calculated, the failure diameter

using equation (1)for nitromethane fromt 253.160 to 31`3.16 0 K and found

good agreement with experiment. The objective oi the present work was to

find how each of the terms in equation (1) cortributed to the variation

in the failure diameter with initial, preshoAk, temperature, T

On differentiating equation (1) with respect to T,

~ddf Idu '\ +dv dr 3 )
dT= 2r aI '+ u3 ra+ 2u~va (&T....'

j 1 d(D 3 -u 3 ) 1 d(u 3 -c3)
2u3VT 3  (Da-u) "dT 0 "(u 3 -c 3 ) 2  dT

i 1 =A+B+C+D

Enig and Petrone calculated df, T 3, u3 , D3 , and c 3 as a function ofr°
0

for 10-degree intervals between 313.16 and 253.160 K. From their results,

approximate values of the derivatives in equation (2) can be found. For

example for T = 313.160 and 303.16 0 K, d = 10.83 and 14,05 mm, r3
o f

0.116616 and 0.157037 psec-1 , u 3 = 6.90291 and 6.92923 mia •.sec- 1 , D =
8.40939 and 8.5357 mm ptsec-1 , and c 3 = 5.57358 and 5.721.4 mm ptsec-I. (The

velocity V is 4.75 mm Itsec- 1 and is temperature invariant.) That is,

dd f/dT 0--0.322 mm deg- 1 , of which the terms on the right-hand side of

equation (2) contribute as folldvs: A = 1%, B = 0, C = -115%, and D = 14%.

Therefore by far the biggest contribution to the variation of failure

diameter with initial temperature is the variation in induction time.



E. "Universal" Hugoniot for Liquids (with M. Cowperthwaite and

R. W. Woolfolk)

In a previous report, we developed a universal Hugoniot that

improved the thermodynamic description of liquids in the 1-bar to 20-kbar

region. Since then two experimental studies have been rdported.,o0 ,• 1

The results, shown in Figure 4, tend to confirm the validity b6f the model.

2.2

2,0

1.8

i:1.4 ____________

Water, Bloom

S1.2 G l c r n Erlich-

-• - - Water. Calculated

0 Carbon Tetrachloride,S, Lysne

1.0
0 0;i 0.2 0.3 0.4 0.5

U/c0
TA-8525-6ORI

FIGURE 4 CALCULATED NORMALIZED U-u PLOTS FOR VALUES OF a3 = 0.1, 1, 2, 5, 10,
AND -c IN THE EQUATION U/co= 1.37 - 0.37 exp I-a 3U/Col + 1.62 u/co SHOWING

ERLICH'S EXPERIMENTAL GLYCERIN DATA, LYSNE'S EXPERIMENTAL CARBON
TETRACHLORIDE DATA AND BLOOM'S EXPERIMENTAL DATA FOR WATER

12



F. Future Work

We pre at present incorporating the "universal" Hugoniot described

above into our model for shock temperature calculation, This is an

important first step in testing Dremin's equation for failure diameter.

In connection with the shock initiation of liquid 2,2-DNP at 60 0 C,

we plan to measure its lead-block failui. diameter and to compare ic with

1, 1-DNP.

13



4 III LOW-VELOCITY DETONATION.

(Robe rt Woolfolk)

A. introduction

This portion of our overall program to relate sensitivity funda-

mentals to chemical structure concerns the occurrence of low-velocity

detonations (LVD) in dinitroalkanes. These materials were chosen as

model compounds for candidate monopropellants and energetic plasticizers.

We are particularly interested in relating the chemical and physical

properties ,of the dinitroalkanes to their LVD gap sensitivity.

-A more complex phenomenon than conventional high order detonation,

LVD),is a reaction wave believed to be propagating in a cavitated medium.

We believe that the forijation of thiý cavitation and its relation to the

container and the bnergetic liquid properties are important in LVD ini-

tiation and propagntion.

We have been studying the effect of temperature on the initiation

of LVD using I,I-DNE as a model compound. In addition we have determined

the LVD gap sensitivity of the fluorine-substituted I,I,I-FDNE and-com-

pared it with l,l-DNE.

Prt.ssure-tiaie history studies during LV!D initiation and propagation

were conducted using FEFO. These results indicated the peak pressure

and propagation velocities in LVl).

B. Experimental

We have conducted sensitivity gap tests to determine the temperature

effects on the LVD gap sensitivity of l,I-DNE. Using a modified version

14
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of our LVD gap sensitivity test -that enables us to conduct experiments

at elevated temperatures, we determined'both the IIVD and LVD gap

sensitivities foi I,I-DNE. Figure 5 shows a schematic of the test de-

vice. By Placing hot water in the Plexiglas tank, we can maintain the

temperature of the tube and its contents at a fairly constant temperature

for the duration :of the test. We chose to work near 60 0 C because we had

previously studied the dinitropropanes at this temperature. Table III
gives the results for the 1IVD gap sensitivity tests on l,l-DNE.

STEEL TUBE WALL 0.24cm
I.D. 1.27cm

I I PLEXIGLAS
I I TANK

, 10 cm I.D.A ' 'i'[
PLEXIGLAS
"ATTENUATOR
4.125cm diam

TETRYL BOOSTERS

"P1-- DETONATOR

TA-8525-23

FIGURE 5 SCHEMATIC OF GAP TEST APPARATUS
FOR ELEVATED TEMPERATURES

15



Tablle III'

11VD GAP SENSITIVITY FOR 11,1-DNE

__ _ __ _ _ __ _ _I

Plexiglas Gap Witncss Plrate Temperature
1(em) +ýgo - no go (°C)

1.90a 21

a
1.60 - 21

1.42 + 24

1. 2 7  " + 4

2.54 - 65

1.90 , - 57

1.73 + 57

1.58 +I *

a Results previously reported in referencq 3.

The 1IVD gap sensitivify of 1,1-DNE under our test conditions is

1.412-1.60 cm of Plexiglas at 240C and 1.73-1.90 em at 57°C. As expected

1,l-DNE becomes more sensitive with increasing temperature.

The LVD test results are shown in Table-IV. Because it ws 'known,

from previous studies 1 2 that confinement has a major effect on the LVD

gap sensitivity of some compoun(Is, we deterqined tihe LVD gap sensitivity,

in a water-surrounded tube at ambiernt temperature so, that a more reliable

comparison could be made between the results at6000 and 250C. The ILVDI

gap sensitivity of 1,1-DNE at 250C is 7.00-7.60 cm and at 600C, 6.35-7.00 cm

of Plexiglas. These results are surprising in that the L'VD sensitivity,

at least for l,l-DNEciecreases significantly as the temperature increases

Tris is in marked contrast ,to the 1iVD results and suggests that the initiation

16
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j ' mechanisms of these two process are quite different, as we previously

IS found for the difluoroamino compounds.

Table IV

LVD GAP SENSITIVITY OF I,l-DNE

Plexiglas Gap Tube Surrounded Witness Plat? Temperature

(cm) by Water + go - no go ( 0C)

7.60 Yes 25

7.00 Yes + 25

6.35 Yes + 25

• 16.0 No~e - 18
a
16.0 No 1S8.25 aNo -241

- , 6.35a No + 24

a
4.30 No + 25

10.8 Yes 59
8.25 Yes 58

7.60 Yes 60

S7.00 Yes 62

6.35 Yes + 59

,a Results previously reported in reference 3.

IWe also tested the fluorine-substituted dinitroethane, 1,1,1-FDNE,

for IIVD and LI)D gap sensitivity. In these standard tests, consisting

of a steel tube 1.27-cm i.d. with a 0.24-cm wall, UVD and LVD are de-

tected by the use of witness plates, which are 0.63 cm thick for IDVD and

0.16 cm for LVD. Each test is boosted by 100 g of tetryl, and the ensuing

shock is attenuated by a Plexiglas attenuator. Results are shown in

Table V.

17
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Tabie V

IIVD AND LVD GAP SENSITIVITY FOR 1,1,i-FDNE AT 240 C

Plexiglas Gap Witness Platea

(cm) +go -no go

HVD

1.27

1.19

1.09 +

0.94 +

0.635 +

LVD
8;25

7.00 +

5.71 +

Witness plate is 0.63 cm thick for HVD,
0.16 cm for LVD.

The HVD gap sensitivity of 1,1,I-FDNE is 1.09-1.19 cm of Plexiglas,

and the LVD gap sensitivity is 7.00-8.25 cm at 24 0 C. This makes 1,1,1-FDNE

less sensitive than I,1-DNE in the HVD gap sensitivity tests and about the

same in the LVD test. Therefore the replacement of a hydrogen for a

fluorine, at least for dinitroethane, reduces the ITVD gap sensitivity

and has little or no effect on the LVD sensitivity. TIVD sensitivities

of all of these DNP and DNE isomers are low, comparable to C11 3NO2 . LVD

sensitivity of l,I,l-FDNE is comparable to other dinitroalkanes which

are low compared to difluoroaminoalkanes.

18



In collaboration with D. Erlich who is working on LID and propagation

at the Institute under the sponsorship of AFOSR (contract now expired),

we perfonmed several tests to measure the pressure-time history of a

liquid during LVD initiation and propagation. These tests employ

r.i~ezoresistive gages of manganin and ytterbium to measure stress levels

in the initial input shock wave and sub~sequent waves that develop in

th& test liquid. This technique as, used in these studies is fully

described in Reference 13 and will be only generally described here.

Figure 6 is a schematic diagram of the rest procedure,. Three gages

were used to measure the stress: two ytterbium gages for the low levels

of stress expected in the liquid and one manganin gage to measure the input

pressure. We choose to study the liquid FEFO because its LVD sensitivity

is greater than that of other liquids previously studied, such as ethyl

nitrate. Table VI gives the initial condition for these tests and the

pressure recorded at each gage station.

The initial stress entering the liquid was approximately 30 kbar

and was subsequently reduced to below 10 kbar at the first gage even in

the presence of LVD initiation. However, by the tim! ,e waves reached

the second gage, the peak pressure in the LVD wave wi 1 4 kbar, and

in Shot No. 6 where LVD was not initiated the stress decayed to 1.3 kbar.

The propagation velocity for LVD in FEFO under these conditions ippears

to be about 3 mm/bsec. "imilar studies on EN give a velocity of about

2 mm/lsec. The pressure-time history records in these shots was some-

what noiser than those seen previously for EN but were still good enough

to give us an indication of the peak pressure in the initial wave. Further

studies along these lines with 1,1-DNE may he attempted to obtain better

pr iure-time curves.
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LEADS FROM
STRESS GAGES

SEAMLESS
COLD-ROLLED
STEEL PIPE

LIQUID FILLED
TO THIS LEVEL

,-TERMINAL
YTTERBIUM STRESS
GAGES

HOMALITE 4-TERMINAL
ATTENUAT0R MANGANIN STRESS

GAGE

PL-2
DETONATORTETRYL

PELLETS

FIGURE 6 SCHEMATIC DIAGRAM OF LVD EXPERIMENTS
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Table VI

PRESSURE-TIME ,IISTORY EXTERIMENTS IVI Th FEFO

Shot Shot Shot

No. 6a No. 7 No. 8

Initial conditions

Pipe i.d. (in.) 0.75 0.75 0.75

Pipe wall thickness (in.) 0.125 0.125 0.125

Pipe length (in.) 118 18 18

Height of liquid in tube (in.) 14 14 14

Thickness of homalite attenuator (in.) 1.03 1 1.53

Gages used

Manganin gage in homalite Yes Yes

Ytterbium gage 1 - distance down pipe (in.) 4.5 4.5 4.5

Ytterbium gage 2 - distance down pipe (in.) 7.5 7.5 7.5

Results:

Type of detonation initiatedb None ITNVD LVD

Peak liquid pressures measured,

By manganin gage (kbar) '13 33

By ytterbium gage I (kbar) c c 7.3

By ytterbimu gage 2 (kbar) 1.3 c 4.0

Propagation velocity of peak pressure seen by

Ytterbium gages (mm/psec) C c 2.97

Subsequent analysis of this FEFO batch showed that it contained 10-15%

impurities.
b As determined by terminal observation.

c Data could not be analyzed.
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C. Discussion

The effect of temperature on the gap, sensitivity of 1,1-DNE dan be

divided ihto the HVD results and the LVD results. Table VII shows L

summary of the results we have obtained to date on the dinitroalkanes.

Table VII

TBIPEIATURE EFFECTS ON HVD GAP SENSITIVITY
OF 1,I-DNP AND l,l-DNE

Temperature Plexiglas Gap Tube :-..d.Compound (cm) (cm)

l,l-DNP 15 1.02-1.09 1.27

1,I-DNP 60 1.40-1.52 1.27

1,i-DNE 23 1.42-1.60 1.27

1,1-DNE 60 1.73-1.90 1.27

We find that as the temperature is increased, the IIVD gap sensitivity

increases for both compounds. These rcsults" are in agreement with the

reaction time studies discussed in Section II and in the last report. 1

The reaction time results show that increasing the initial temperature

for 1,l-DNP decreases the reaction tLne at a given shock input (i.e.,

lowers the sensitivity). These results are expected because increasing

the initial temperature will result in a higher final temperature and there-

fore faster reaction time for a given shock input pressure. When the

effects of temperature on LV\) gap sensitivity are examined, the results

are nc't as expected.

Table IV shows that increasing the initial temperature actually de-

creases the LVS) gap sensitivity of I,1-DNE. Since this -s the only
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compound for which we have determined the LVD temperature effect, we can-

not be sure if this is a general result or if it is peculiar to 1,1-DNE.

(We had previously tried to study the LVD temperature effect using 1,1-DNP,

but it did not undergo LVD at either ambient or elevated, temperatures.)

These results do suggest however, that the initiation mechanism for HVD

and LVD are quite different. Chart I summarizes our results to date on

the effects of temperature on the gap sensitivities of the dinitroalkanesi

ý1 ,1DNE

Gap

Sensitivit

11VD

l-DNE and ll-IDNP

I I~
200' Temp 60U

CHART I EFFECT OF TEMPERATURE ON GAP

SENSITIVITIES OF DINITROALKANES

We had previously shown12 for the difluoroaminoalkanes that the VIVD

and LVD initiation processes were different in that the order of sensitivity

of 1,2- and 2,2-propane isomers was different for 11VD and LVD.

A possible explanation for the temperature effects in 1,1-DNE could

be related to the initial cavitation process whose temperature coefficient

could be negative. The negative coefficient might be related to dissolved
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foreign gases that act as cavitation centers when the liquid goes into

tension under the dyna~mic shock interactions in these tests. At elevated

temperatures the dissolved -gases would be expelled, and there vould then

be fewer centers for cavitation. This would indica', that the controlling

mechanism for LVD initiation is the production of cfvitation. Further

work is necessary to confirm this hypothesis. Such studies might include

initiation of LVD in outgassed samples and the use of foreign gases with

different heat capacities in initiation experiments.,

We found that the HVD gap sensitivity of 1,1,1-FDNE was less than

that of l,l-DNE. This is also in agreement with the result•s from re-

action-time measurements and may indicate the effects of the a-hydrogen

in the initiation of HVD. Hovever, the LVD gap sensitivity of the two

dinitroethanes was the same. We had speculated that because FEFO (which

contains a fluorodinitro group) was fairly sensitive to LVD initiation,

1,1,1-FDNE might be more sensitive than I,l-DNP. TIGER calculation

also indicated that there was less change in energy release with temperature

in the fluorine-containing materials, and we felt that these materials

might therefore exhibit a greater LVrD gap sensitivity. This does not

appear to be the situation.

In a previous report we suggested that the LVD gap sensitivity was

related to oxygen balance. The latter was defined as the negative of the

percentage of 02 by weight required to oxidize a given weight of material

to CO2 and 1120. Table VIII shows the oxygen balance of some materials

and their LVI) gap sensitivites. Although l,1,l-FDNE has a low favorable

oxygen balance, its LVD gap sensitivity is the same as that for l,l-DNE,

which has a much less favorable oxygen balance, and both EN and l,l,l-FDNE

are out of order in the table. Therefore it appears that oxygen balance

is not a good criterion by which to estimate the LVD gap sensitivity.
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Table VIII

OXYGEN BALANCE AND LVD GAP SENSITIVITY OF

SELECTED MATERIALS

LVD Gap
Compounds Oxygen Balancea Sensitivity

(cm)

2,2-DNP -59.6 No LVD

1 ,I-DNP -59.6 No LVD

I,i,I-FDNP -42 b

M1 -39 No LVD

1,I-DNE -26.6 7.00-7.60

2,2-DNE -26.6 b

EN -26.4 3.8-5.1

FEFO -12.8 --11

1,I,I-FDNE -11.6 7.0-8.25

1,1 ,i-Fluorodinitromethane +25.8 b

a
-Oxygen balance is defined as the negative percentage of
02 by weight required to oxidize a given weight of material
to CO2 and H20.

b To be tested when and if available.

In previous reports, 1, 1 2 we discussed the correlation of the LVD

gap sensitivity and the ratio of the heat of reaction to the heat of

vaporization (611 /611 ). We have been using the TIGER code to calculate
r v

the All for these materials, and we need next to determine 6l1 forr r'

1,l,l-FDNE and its heat of vaporization from vapor pressure measurements.

However, on the basis of estimates nf these values for I,I,I-FDNP compared

with I,1-DNP and values for l,I-DNP compared with 1,I-DNE, we can estimate
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the value of AH /rIH as about 12.0. For comparison, Table IX lists ther v

values for this parameter and the LVD gap sensitivity of several com-

pounds. We can see that if AH /AH is about 12.0 for 1,1,1-FDNE, thenr v

its LVD gap sensitivity fits the approximate ordering, where compounds

with a large value of H r /AH have greater LVD gap sensitivity. However,r v

more data are needed to establish this type of correlation.

Table IX

LVD GAP SENSITIVITES AND MH /AH AT 2000 0 K AND
r v

20 kbar FOR SELECTED C1IPOUNDS

Compound Al /AH LVD Gap Sensitivity
r v (cm Plexiglas)

NA! 8.05 No LVD

l,l-DNP 10.9 No LVD

1,1-DNE 11.1 7 .0-7. 6 b ore

b or c1 ,i , -FDNE 12.0• 7.0-8.3 b

EN 12.A 3.0-3.8bore

IBA 25.0 16-17b or c

1,2-DP 2ý 3 0 - 4 0 b

9 1 - 1 ,2 7 c

2,2-DP 32.2 >1 soc

a
Estimated value.

b
Without witness plate.

C
With witness plate.

It appears from the results of the pressure-time studies that the

LVD wave develops a peak pressure of 5-10 kbar, which is in general

agreement with previous estimates, 14-6 although on the lower end of
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these estimates. We feel that further experiments of this type wo~d

be useful, on a material such as 1,l-DNE, which is not too sensitive,

to see if the pressure within the wave is a Dfinctidn of sensitii'ity

and wave velocity. Previous- studies1 3 .n EN pnd FEFO have indicated

that the velocity is higher in a more sensitive liquid and that the

peak pressure also appears somewhat higher in FEFO than in EN. Strain

gages on the tube wall should also indicate how pressur' waves interact

with the liquid to produce the cavitation believed to, save such an

important effect on LVD,ifiitiation and propag.1tion.

D. Future Work

Our future work on LVD initiation and chemical stric~ture will conr-

centrate on mixtures of 1,1'-DNE, which •undergoes LVI, and 1,1-DNP, which

does not. These studies will 'attempt to determine the critical energy

mixture tU-c will just propagate LVD. From these studies,.,& hope to

ascertainwhether the concept of a minimum energy for LVI' initiation has

validity. TIGER code will be used to estimate the enorgy of the mix-

tures. Physical parameters such as vapor pressure and viscosity will

also be measured for comparison with the LVD gap seusitivitics.

To continue our studies of the effects of fluorine substitution,

we will determine the HVD and LVD gap sensitivities of l,l,l-fluoro,-

dini'troethanol, whose structure is between l,l,l-FDNF and FEFO. Since

the last two have quite different LVD gap sensitivities, the dinitro-

ethanol study should prove enlightening.

Pressure-time studies may continue, using I,l-DNE to check the peak

pressure and wave velocity for this materi..l and to attempt better

correlation between the wall wave and LVt initiation and pro,)agation.
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IV STATIC HIGH-PRESSURE EXPERIMENTS

(David S. Ross)

A. Introduction

The static high-pressure experiments on dinitroalkanes have shown

that the compounds display an a-hydrogen effect under these conditions,

similar to that observed in the smooth-shock reaction time experiments.,

Thus compounds with ca-hydrogefis, such as l,I-DNP and 1,2-DNP, at a given

temperature and pressuie have a shorter time to explosion than those

without an a-hydrogdn, such as 2,2-DNP and l,l,I-FDNP. Moreover, for

2,2-DNP a pressure increase lengtlhens the time to explosion, whereas for

1,2-DNP and I,l-DNP a pressure increase shortens the 'ime to explosion.

Clearly, there are some factors dependent on the structure of the specific

sensitive liquid that affect the overall shock sensitivity of the materials.

It is of interest therefore to gain some additional insight into the

critical molecular processes taking place during the initiation period.

For this purpose we have designed a system for measuring gross rates of

reactions and initial products £fnred during the initiation period at

pressures ind temperatures comparable to those encountered in shock ini-

tiation experiments.

B. One-Atmosphere Runs

Initially we carried out several experiments with 40-L (370-pnmole)

samples of l,I-DNP at 1 atm in glass break-seal tubes to calibrate the

analytical teclnique and to serve as a reference point for the high-

pressure experiments. In experiments at 155 0 C for 39 hours, l,I-DNP

decomposed to the extent of 1 to 3%. This conversion was about 20 times
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greater than that calculated from the gas-phase unimolecular rate parame-

tcrs1 and suggests that some secondary reaction takes place, with possible

incursion oI' autocatalysis or a free radical chain as well. Product anal-

yses are shown in Table X.

Table X

DECOMPOSITION OF I,l-DNP AT 1550C AND 1 A'IM PRESSURE

Aniouh~t
P roduc t Amoles

(pmoles)

2.41

NO 19.0

CO 2  12.5

Ct1 4  tr

C2116  tr

CO tr

C11 3NO 2 -12

Unknown -12

Formation of N2 , N.0 and C02 are not unexpected products if NO2 , produced

by initial scission at the C-N;bond, is acting as an oxidizing agent.

Formation of CII3 NO2 is consistent with a scheme in which nitropropyl

radical undergoes 3-scission.

/N02
ClI 3C1[ 2C1l -- CIIC13 CII-NO2 + NO2  (3)

NO2

CIIsCI 2CII-NO. -ý C113 + C11 2 =CIINO 2  (,1)

C61I + NO, -0 CII 3 NO2 (5)
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It is possible but unlikely that 'the unidentified product is nidro'thylene

formed in Step (4) since that olefin is probal/ly unstable and is not ex-

,•peered to survive thle reactionl cond il Vi.oils.

S,;Reactions (3) anld possibly ,(,) werec both observed in our very low-ý

Spressure pyrolysis (OLPP) experiments with 1,1-DNP.t The subsequent recom-

bination (5) would be expected to occur under thc condensed phase con'di-

tions. Other radical reactions, such as hydrdgen al/stractions by qI and

possibly NO.,, are apparently not important undor these conditiohis.

C High-Pressure Runs

'iThe htgh-pressure expe riment.s werq r1n in an assembly simitlalr to

tlha t. described in an earlier repot-. 7  We used a convent: ona, piston-

cylinder apparatus, shown in Figure 7, wrapped with a heating tape, and

holding a snuggly fitting 'Teflon cup. TMe cup is fill-ed with hexanq,

which serves well as both a prbssureand temperature transmitting medIum.

Forty-t.., samples of liquid are sealed in No. 20 Teflon spaghe,,ti" tubing

(see below) . The reflon cup can accommodate several of thcse sample tubes.

"The pressure is applied by means of a,conventional hypIrmuli p pump, and

after the reactor is brought to pressure, the entire assembly is heaed

for some appropriate period. 'At ,the end of a run, the system is cooled

to room temperature.,..and then the pressurc is released.

The products are isolated, by cutting the tubing open in a vacuum

system and transferring the volac.i l materials to variou-i analytieaL

s tations, including gas chromatography and infrared kind mabn spd. trometi'y.

The relatively nonvolatile materials are removed from the system and

analyzed by gas chi roma tog raphy.

'11hc critical lua Lure of high-pressure cxpcirimcnts, nIkt yet cettirely

resolved ts the design of a suitable sal for' th( tubing lihat wiil r'etain

gases on rcleasq ol prtssurc . In our first experiments with 1 ,I -DNP,
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TUNGSTEN
CARBIDE; / PISTON

PRESSURE

TEFLON
CUP FILLED

WITH HEXANE
AND CONTAINING

SAMPLES

THERMOCOUPLE *
TA-8525-70

FIGURE 7 HIGH PRESSURE ASSEMBLY

the tubing was sealed by folding over the ends of the Teflon tubing,

slidingsnuggly fitting short lengths of metal tubing over the doubled

ends, and then crimping the metal firmly. However, this type of seal

proved inadequate; in the first high-pressure experiments (run for 42

hours at 150 0 C and 1.8 kbar), release of pressure led to evolution and

loss of a large volume of gas. Moreover the liquid withiin the sample
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tubcs contained some dark brown particulates,, which, might have been the

Send result of homogeneous decomlposition of 1,1-)NP under the prevailing

conditions. However, we cannot rule out the possibility of the interaction

oI 1,l-DNP with some material on the surface of thc tubing such as an

extrusion lubricant. (We had been informed by the supplier of the tubing

that the material was free of any filler or surface additive.)

With these reservations in mind, we found the product analysis for

this run interesting. First, there are two major products formed, as of

now unidentified, which were absent in the one-atmosphere runs. They are

relatively volatile, and should they occur in a repcat run using "clean"

tubing, they will be identified.

Second, no'ni tromethane was present in this run. Thus there are

clearly differences between gas-plhase and low and high pressure liquid-

phase runs. These preliminary asults are encouraging, providing for

the first time information about changes in products and rates over a

pressure range of about 109 on going from VLPP to 1.8 kbar.

D. Future Work

The sealing difficulties described above are minor, and we expect to

develop a satisfactory procedure very soon. Additional experimenits in

clean containers are now in progress, and the major -products from de-

composition of 1,l-DNP at high pressure should be identified shortly.

We plan next to examine the decomposition of 2,2-DNP to compare the

variation in overall rates with pressure to changes in smooth-shock re-

action times.
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D. M. Golden (SRI) and M. C. Lin (Naval Research Laboratories),

International Journal of Chemical Kinetics, submitted.

"fHeats of Formation and Kinetics of Decomposition of Nitro-

alkanes," R. Shaw, International Journal of Chemical Kinetics,

accepted.

"A Universal Ilugoniot fur Liquids, I . IW. Woolfolk,

M. Cowperthwaite, and R. Shaw, Thermochnica Acta, accepted.

"Shock Initiation of Liquid Nitromethane and Methyl Nitrite,"

It. Shaw, Journal of Chemical Physics, submitted.

"Very Low Pressure Pyrolysis of Dinitropropanes", D. S. Ross and

L. Pisziewicz, J. Am. Chem. Soc., submitted.
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Appendix

THE KINETICS OF THE UNIMOLECULAR DEHYDROFLUORINATION OF

1,2-B IS (DIFLUORAMIINO)PROPANE

by

David S. Ross, Robert Shaw, and David M. Golden

Physical Sciences Division

Stanford Research Institutej Menlo Park, California 94025

and

M. C. Lin

Physical Chemistry Branch

Naval Research Laboratory, Washington, D.C. 20390

SUMMARY

Vibrationally excited 1,2-bis(difluoramino)propane (l,2-DP) was
produced from the reactiorn of propylene with N2 F at 1350 C. At 2 torr,

the lowest pressure studied, more than 90 of the "hot" 1,2-DP was stabil-

ized. The remaining molecules lost 3 moles of 11F to form the imino-

nitrile, NCC(NF)CII 3 . Thus at 135 0 C, kelim = 105.5 sec- 1 . RRIGd theory was

used to calculate an activation energy of 38.0 kcal/mole for the loss of 11F

from 1,2-DP, using an A-factor of 1013.1 sec- 1 . There is little difference

between the above Arrhenius parameters and those reported previously for the

loss of HF from methyldifluoramine.
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1. INTRODUCfTION

The object of this work was to determine the activation energy

for the unimolecular elimination of HIF from 1,2-bis(difluoramino)propane

(1 ,2-DP).

9-I-aC1_, - 3 IF'+ N•C-s,-ua1 (1)

NF. NF, NF

This reaction study represents an extension of our earlier kinetic studies of

unimolecular HF elimination from CH3NF2 11,2], (E = 42 and 38 kcal/mole,

respectively), and is significant to the thermal explosion of 1,2-DP 1.3j.

Direct observation of the HF elimination was masked-by surface

catalyzed decomposition at lower temperatures, and by the competing-

unimolecular C-N bond scission at higher temperatures NIX. This problem

is, avoided by making vibrationally hot 1,2-DP from the successive

addition of 'two NF,, .radicals 'to propylene 15]. The reaction sequence is

then (an asterisk denotes a vibrationally excited species):

N2 F4 ; 2 NF2 (2)

NF,. + C112 =CH-011C 3  C-H2 -CII-C11 3 or C1 2 -CICH3  (3)

NF2  NF2

NF., + CIH.-Ci--CI 3 or CH12-CI-CII CH -CHC-a13 (4)
NF2, N 2 •2 l•2

CI[,-ý-C-C11 3 + M - +CH2 -CI-C 3 + M (5)
SNF,, NF,, NF., NP.,

CH.,-CH-CdH 3  - 3 HF + C-gg H (6)
"/ /"oill It

NFP NF. N NF
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2. EXPERIMENTAL

The experimental arrangement was that used previously El], except

that the gas chromatograph was modified to take a sample directly from

the reaction vessel •rithouot having to condense the reaction mixture. No

inert diluents were addcd and the temperature of the reaction vessel was

1350 C, To confirm the retention time, some imine was prepared by the

reaction of 1,2-DP with pyridine [63.

3. RESULTS AND DISCUSSION

In the analogous CH3NF 2  system, the ratio of yield of stabilized

difluoraminoalkane to the yield of H1CN was observed to be a linear function

of M up to i0 atmospheres pressure. In the present study, it was not

possible to verify the linear effect of pressure because most of the hot

l,2-DP was stabilized even at 2 torr, the lowest pressure that could be

reasonably studied. From the trace of imine observed at 2 torr,

the ratio of imine to stabilized 1,2-DP was I to 6,1. Tie

collision frequency (k 5 ) was taken to be 107 torr-l sec- 1 , and

every collision was assumed to have unit efficiency; that is, k6 /KR LU =

1/64, from which we obtain k5 = los's sec- 1 .

For the 1,2-DP molecule, the following frequencies, in cm- 1 , and

degeneracies were assigned: 3000 6, 1460 3, 1340 4, 1280 1, 1170 1, 1100 '1,

990 3, 860 2, 750 1, 560 2, 415 6, 350 2, 200 1, 30 3. The entropy, in

cal/(mole-K), of the 1,2-DP molecule was made up of:

Translation 40.8773

Vibrational 29.9522

L'xternal rotation 30.9069

Total entropy 101. 736,4
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For the transition state for unimolecular decomposition of 1,2-DP

the assigned frequencies, in cm- 1 , were: 3000 5, 2200 2, 1460 3, 1355 2,

1280 1, 1170 1. 11100 3, 990 3, 860 1, 750 1, 690 2, 520 3, 420 4, 315 3,

200 1, i30 1, 30 2. The entropy, in cal/(mole-K), of the activated

complex consisted of:

Translation 40.8773
Vibration 28.0068

External rotation 32.2843
Total entropy 101.1684

The entropy difference between the initial state and the transition state

corresponded to an Arrhenius A-factor of 1013.1 sec-1.

For the RR110 calculation, the frequencies, in cm-1 , and degeneracies

of the activated complex were simplified to: 3000 5, 2200 2, 1393 6, 1033 8i

524 10, 241 5, and 30 2, The C-N bond strength was taken to be 59.5

kcal nole C 1,23.

The RRK\I [calculation gives a calculated k. for different input activ-

ation energies at OK. The values of k5 (at 2 torr pressure) in sec-1 , at

the corresponding activation energies at 3000 K, in kcal/m4ole, are: 10'4 36.6,

105'3 38.6, and 104.2 42.6. Interpolating the experimentally observed value

for k5 of 105.5 sec-1 gives an activation energy of 38.0 kcal/mole.

The rate constant for the unimolecular elimination of 11F from 1,2-DP

is therefore given by log (k/sec- 1 ) = 13.1 - 38.0/9, where 9 is 2.3 RT

kcal/mole. This is very similar to the rate constant calculated using

essentially the same program for the unimolecular elimination of lip from

methyl difluoramine [2); namely, log (k/sec- 1 ) = 13.5- 38/0.
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