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other nitroalkanes, sponsored by the Office of Naval Research. Research on dinitro-
propanes is being carried out in three arecas: high velocity detonation (HVD), low

J velocity detonntion (LVD), and static high pressure and kinetic effects.

: sihooth-shock reaction times measurements on 1,1-DNE, 1,1,1-FDNE, 1,1-DNP, and

' 2,2-DNP confirn previous findings that at constant preshock temperature the shock
pressurc 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 diamecter with initial
temperature is the variation in smooth-shock recaction tiwe.

Conparison of LVD and HVD gap sensitivities for 1,1-DNE and 1,1,1-FDNE shows that
fluorine decrcases HVD but not LVD sensitivity. Pressurc-time measurements in LVD-
initiated FEFO gave 4-7 kbar peak vressure and 3mm/usec propagation velocity. FDNE
fits the correlation of Aﬁr/Aﬂv with LVD gap sensitivity.

1 Thermal decomposition of 1,1-DNP at 1 atm and 1800 atm and 155°C gave 1-3% de-
'bomposition in 39 hkrs but significantly different decomposition products including
CH,NO,, CO,, and N, at 1 atm. and two unidentified products and no CH,NO, at 1800 atm.
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PREFACE

This project is the responsibility of the Chémistry Laboratory's
Physical Orgafiic Chemistry Group in the Physical Sciences Division of
Stanford' -esearch Institute. Project organization and principal con-

tributors to the technical work are:

Program Manager: M. E, Hill
Project Supérvisor: 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

.’ﬁ
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SUNMARY

Physics and Chemistyy .of; Detoiiation

Smooth=shock %eaétigp,timewmeésyréméﬁts on-1,;1<DNE; 1,1,1-FNDE;
1,1-DNP, and- 2,2-DNP-confim previous findings that dt -gonstant preshock

- temperature thg~sh90kfprcésurefréqurediﬁéuprbdhp¢=§u§pccifiévreacfion

time is greater when th@réLiS“ﬁQ”hydﬁoggnrafom alpha to the nitro group

and when an additighal .méthyléne group.is présent.,

Following preViGQSQWka:By»Dfémiﬁ and Trofiriov and by Enig and
Petrong, we havé shown 5naiyricalry \Adt the largest eofitribution- to the
variation of failuré'dia@etei‘with«iq;pigi‘témperaturq is the variation
in smooth-shock reaction time.

In collaboration with:Ms~C.’Linwdf”BQValdReseaféhALﬁboratory, we
have calculated, using RRKM theory, that the rate ‘constant for' climination

of HF from 1,2-bis(difluoramino)propane is log (k/sec”!) = 13.1 - (38.0/
2.3 RT).

Low~Velocity Detonation (LVD)

We have found that for 1,1-DNE an inc.ease in .the témperaturé from
25° to 60°C causes a slight decrease in. the LVD gap sensitivity. This
behavior is in contrast to that for high veldcity detonation (HVD) where

increasing the temperature increases the HVD gap sensitivity.

The HVD and LVD gap sensitivity of 1,1,1-FDNE was détermined -and
compared with that of 1,1-DNE, Substitution of a fluorine atom for a
hydrogen atom caused the HVD gap sensitivity to decrease, but the LVD gap

sensitivity remained neaily unchanged.

iii
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The results of the LVD tests on 1,1,1-FDNE wéré in agreement. with

the previously suggested correlation between LVD gap sensitivity and: the

-

ratio AH./AH , where M is the heat of reaction and AH, is the heéat of
vV i
vaporization. However; these-.same results did-not agree with the relation-

ship of oxygen balance :to LVD. gap sensitivity.

Pressure-time measurements- in: LVD-initiated FEFO showed. a peak
pressure 'ifi the range of 4-7 kbar and a velocity -of propagation of 3.0 mm/
usec. Piezoresistive gages of ytterbium were placed in the éXpiosivq

liquid to measure thesé pressurés and velocities.

Static High-Pressure Expériments

We have desighed a systém ‘to measure gross. rates of reactions and
initial products formed during thé initiation pericd at pressures-and

temperaturés comparatle to those found in shock initiation cxperimcnts.

Initial experiments on thermal: decémposition of 1,1-DNP in the
liquid phase were donc at 155°C and 1 .atm pressuie in glass as benchmark
experiments: The products include’N@O; €0,, CH,NO,, and an -unknoyn
organic material in amounts indicating 1~3% -decemposition of 1,1-DNP in.
39 hrs. This rate is about 20 times faster than that calculated from
gas-phast data and, along with the product gompo$ition,\suggcsts)that
free radical ¢hain steps may be involved, Séveral static .high. pressure
experiments were attempted with 1,1-DNP, However, the original design

gave difficulties. in product isélation.

An experiment with 1,1=DNP at 155% and 1.8 kbar (1800 atm) in Tefloi
tubing was complicated by loss of gascous. products and possible surfaée

effects, 'Two new unknown products. were found but no Ch NO,.

iv
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Publications

g £ Several manuscripts baséd on this program; 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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CH 4CH ,CH(NO,) ,
CH,C(NO,) ,CH,
CH ,CH(NO ) CH,NO,

CH;CH(NO,) ,

CH ,CH ,ONO,,
FC(NO,) ,CH,
FC{NO,) ,CH ,CH,

.CH ;CH(NF,) CH4NF,

CH,C(NF,) ,Clf,
(CH,) ,C(NF ) CH ,NF,

CH,NO,

LF(No,)ccH,0] ,CH,

1,1-dipnitropropane

2 /2-dinitropropane
1,2-dinitropropane
1,1-dinitroethane

ethyl nitrate
1,1,1-fluorodinitroethane
1,1,1-fluorodinitropropane
1,2-bis(di£luoramiﬁo)propane
2,2-bis(difluoramino) propane

1,2-bis(difluroamino) -2~
methylpropanc

nitromethane

fluorodinitroethyl foimal
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1 INTRODUCTION

Under the sponsorsnip of the Office of Naval Research (ONR), Stanfortd
Research Institute is studying the fundamental sensitivity properties of
liquid high-energy materials in order to define the minimum anumbet -of
physical and chemical parameters of the system nceded to predict de-
tonation sensitivity. In this work we are now concerncd primarily with:

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

detination wave, aﬂd the failure diameter for detonation; (2) the physical
and. clitniical 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 wovk on this contract,* these sedationships were studied
with isomeric. difluoraminopropanes and butanes, and we are now studying
nitro compounds in the analogous isomeric propane series and some ethane
homologs. Thus a divect 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,” May 15, 1970,
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position. This objective involves: (1) measurement of failure diameters,.

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

ind (3) measurement, evaiuation, and correlationof physical and thermo-
. H * [
s !

.chemical properties. . )

B. Low-Velocity Detonation ) )

The objectives, of this program (Section I1I) are to determine under

which conditions LVD will initiate and to relaté this initiation *o the

chemical and physical properties of the materials. By comparing two \
classes of materials (i.e., the difluoramino pnd dinitro compounds)
, 1 .
with such widely different thermochemical and kinetic properties, we: .
. ) !

can ascertain those factors that ;nfluence LVD initiation.'

‘

N i
1 \

l H A
C. Static High=zPressure and Kinetic Effects ;

§
Section IV of this researchieffort comp{iscs a study of the decom-
v
position behavior of shock~sensitive liquids at 'very low and very high
¢ | I *

pressures including measurements of reaction times a%xpressures and .
* ]
temperatures comparable to those‘encou?tered in initiating shocks; and
i ) ’ 1 o .
attempts to describe a relationship between!detonation phenoniena and

chemical mechanism, including the elementary rate steps.,
: 1

*
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I1 PHYSICS AND CHEMISTRY 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 liquids from their chemical structure. The transient detona-
tion properties with which we are most concerned are initiation and:
failure of HVD, 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 excited
1,2-bis(difluoramino) propanc, and have begun a program to test Dremin's
thFOry of detonation failure,

B. Shock Initiation

Preliminary results in the previous semiannual report! showed the
existence of interesting correlations of shock initiation with chemical
1
structure in the dinitroalkanes series. During the present report period
we have extended these experiments (sce Table I) and have confirmed the

garlicr findings of a methylene effect and an active alpha-hydrogen cffect.,

(5]
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Table 1

SMOOTH-SHOCK REACTION TIMES FOR NITROALKANES
MEASURED DURING THIS REPORT PERIOD

Preshock | Pesk -Pressure i
Compound Temperature in Liquid Reaction Time
°c) : (kbar) (p 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)
1,1,1=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 1,1-DNE with the next member of the homologous series
1,1-DNP, At a preshock temperature of 25°C, the shock pressure required
to give a l1-p sec reaction time for 1,1-DNE is isomec 10 kbar less than

that for 1,1-DNP, The active Q-hydrogen effect is obsecrved w) sn comparing

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

to the dinitro carbon and the other does not:

NO, NO,
H - é - C R - é -C
&02 &oz
R# U
O-hydregen no Q=hydrogen
In propane scrics: 1,1-DNP 2,2-DNP
In ethanc series: 1,1-DNE 1,1,1-FDNE
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FIGURE 1 SMOOTH-SHOCK REACTION TIME MEASUREMENTS FOR

AT A PRESHOCK TEMPERATURE OF 25° C

Svecifically, in Figure 2, comparison of the shock
1,1-DNP and 2,2-DNP (at a preshock temperature of 60°C,
is solid at 25°C) shows that the peak shock pressure in
quired to produce a 1- sec reaction time in 1,1-DNP is

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

TA-8525-56R

1,1-DNE AND 1,1-DNP

initiation of
because 2,2-DNP
the liquid rc-
94 * 2 kbar,

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.

able to initiate it, even with a 105-kbar -shock at 60°C,

We have not yct been

We plan to

measure its failure diameter to detemmine if that is the problem.
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FIGURE 2 SMOOTH-SHOCK REACTION '"tME MEASUREMENTS FOR 1,1-DNP
3 AND 2,2-DNP AT A PRESHOCK TEMPERATURE OF 60° C
s
3 Similarly, in Figure 3, comparison of 1,1-DNE and 1,1,1-FDNE at a
%
A preshock temperature of 25°C shows that the peak shock pressure in the
B liquid required to produce a l-y sec reaction time in 1,1~DNE is 89 % 2
kbar, whereas for 1,1,1-FDNE the corresponding shock pressure is 102 %
4
k. 2 kbar,
4
; Although we are not yet able to determine the detailed mechanism
B of the active alpha-hydrogen effect, we consider that the effect is
1 : unlikely to be due to differences in thermochemical and gas-phase kinetic
¢
v § 6
i
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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 25° C

parameters. This is illustrated by comparing the properties of l,l-ﬁiP
and 2,2-DNP in Table II,

The lack of correlation between initiation propertics and strengths

of the C-N bonds is also clearly shown by comparing 2,2-DNP 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°C for 2,2-DNP, and 180°C for 1,2-DNP,
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C. Calculated Kinetics and Themmochemistry of Decomposition

Knowledge of kinetics and themochemistry of deccuiposition is needed

:‘g for the quantitative application of thermal explosion. theory that is

fundamental to our treatment of transient detonation-phenomena.

In a previous repor:t? we discussed the thcnnochemistry of dinitro-
alkanes in temms of -group additivity. Since then wé ‘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 Kinctics.é Since copies of the
preprint 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 gascous nitroalkanes werc

i shown mostly to obey group additivity. Group values werc 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, ecither solid or liquid,
cannot be fitted to the scheme, even allowing for gauche effects. The

- differences between obsérved and estimated values for 1,1,l-fluorodinitro=-
alkanes and 1,2=dinitroethane are larger than expected and should be

investigated further.

o deriohi =

Activation energies were calculated for decomposition by five=

f center climination of HONO from mononitroalkanes and dinitroalkanes using
themochemistry and estimated activation energies for the reverse re-
actions. The key data for these estimates were previously reported®, ©
activation energies for the decomposition of nitrocthane and 1,2-dinitro-
8 propanc. The calculations also gave values for the hcats of formation

(in kcal mole=!) of nitrocthylene 12.4, l-nitropropylene 5.6, and 2-nitro-

propylene 1.6,

:
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Activation energies were calculuted- for the compéting unimolecular
reaction, C-N boid fisgion, from thérmochemistry and previously reported?
activation energies for ‘the decomposition of 1,1- :and 2,2~dinitropropane.
Comparison of Arrhenius--parameters for thé two competing .processes, namely,
HONO and C=N bond fission, shows ‘that, for the gtminate-dinitroethanes
and dinitropropanes, C-N bond fission -is faster gbovef3766K and, fér the
mononitroalkanes and for all the mononitroalkanes and dinitroalkanes, C-N

bond fission is faster above 770°K.

Concerning the bis(difluoramino)alkanes, we earlier reported? thé
results of experiments and RRK calculations on the decomposition ‘of
vibrationally excited 1,2-bis(difluroamino) propane produced- by the

successive addition of NF, radicals to propylene. Dr, David‘Golden3 the

associate editor of the International Jouinal of Chemistry kinetic%, 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. Dx. Golden
and Dr. M, C, Lin of Naval ‘Research Laboratory kindly assigned thé {re-
quencies and performed the RRKM'calculation. A copy of the revised man~

uscript is given in. the Appendix,

D, Detonation Failure: Variation of the Failure Diameter of Nityro=-
methane with Temperature ) '

From the theory of Dremin and Trofimov,® the failure diameter of on.

unconfined cylindrical charge of an explosive liquid is given by

df= 2u, VT, & 1)

where df is the failure diamecter, uyis the tarticle velocity, v is tue

velocity of the quenching ware front perpendistilar to the direction of

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

10
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and a = [1/(D; - uy)] + [1/Cu; - ¢,) ], where D is the detonation. velocity,
c is the sound speed, and the subscript 3 refers:-td the regions -of unre-

acted, shocked, explosive.

In a recent paper, Enig and Petrone? calculated the failure diameter
using equation (1)  for nitromethane from 253,16° to 313.16°K and found
good agreement with experiment. The objective of the present work was to
find how each of the terms in equation (1) contributed to the variation

in the failure diameter with initial, preshoik, temperature, TU.

On differentiating equation (1) with respect to To’

{
: \ o !
%%g = 2vT,a g;i + 2u3T3afk§%r) +  2u,va g;i +
o 0 o o
(2)
- 1 d(Ds"'ua) - 1 d(ua—ca)
23VT5 ) Tgmugy? AT i ep? ~ar_

=A+B+C+D

Enig and Petrone calculated d., Ty, Uy, Dg, and ¢, as a function of“To
for 10-degree intervals between 313,16 and 253.16°K. From their desults,
approximate values of the derivatives in cquation (2) can be found, For
example for To = 313,.16° and 303.16°K, d:f = 10.83 and 14,056 mm, T, =
0,116616 and 0.157037 psec™!, u, = 6.90291 and 6.92923 ma Usec™!, D, =

8.40939 and 8,5357 mm psec™!, and c; = 5.57358 and 5.7214 mm psec™?. (The
velocity V is 4.75 mm psec™! and is temperature invariant.) That is,
ddf/dT0 ~=0.322 mm deg~!, of which the tems on the right-hand side of
equation (2) contribute as follows: 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.

11
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‘ 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 l*bar to 20-kbar
region, Since then two experimental studies have been réported,!®»'1
The results, shown in Figure 4, tend to confirm the validity of the model,
1 22 1 ! | l
3 20
¢
;
:
3 1.8
Yy
‘i ; Ule, 16
E F
‘
1.4
i Water, Bloom
3 E
) Glycenin, Erlich
4 )
g 1.2 —
k- o e e = Water, Calculated
{ ) n! Carbon Tetrachloride,
b Lysne
: 1.0 {. 1 : 1 ;
A 0 01 0.2 03 0.4 05
.' ulc0
] TA-8525-6OR1
FIGURE 4 CALCULATED NORMALIZED U-u PLOTS FOR VALUES OF a3 = 0.1, 1, 2, 5, 10,
AND e IN THE EQUATION Ufc = 1.37 - 037 exp [-azulc,) + 1.62 ufc, SHOWING .
‘ ERLICH'S EXPERIMENTAL GLYCERIN DATA, LYSNE'S EXPERIMENTAL CARBON
A TETRACHLORIDE DATA AND .BLCOM'S EXPERIMENTAL DATA FOR WATER
3 12
31 o
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F. Future Work

We ore at present incorporating the "universal' Hugoniot described
above inio 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°c,

we plan to measure its lead~block failure diameter and ‘to compare 1t with

1l ,1—DNP-

13
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ITT LOW-VELOCITY DETONATION

(Robert 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 ordcr detonation,
LVD is a rcaction wave believed to be propagating in a cavitated medium.
We believe that the forgation of thib cavitation and its relation to the
coéntainer and the -energetic liquid properties are important in LVD ini-

tiation and propagation.

We have been studying the effect of temperature on the initiation
of LVD using 1,1-DNE as a model compound. In addition we have determined
the LVD gap sensitivity of the fluorine-substituted 1,1,1-FDNE and. com-

pared it with 1,1-DNE,

Py ssure-timé history studics during LVD initiation and propagation
were conducted using FEFO. These results indicated the peak pressure

and propagation velocities in LVD,

B. Experimental

We have conducted sensitivity gap tests to determihe the temperature

effects on the LVD gap sensitivity of 1,1-DNE. Using a modified version

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

at elevated temperatures, we detemmined both the HVD and LVD gap
sensitivities fér 1,1-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°C becduse we had
previously studied the dinitropropanes at this temperature., Table III

gives the results for the HVD gap sensitivity tests on 1,1-DNE.

STEEL TUBE WALL 0.24cm
/ 1.0. 1.27cm

PLEXIGLAS

_— TANK
10 cm 1.D.

P

———— —— —
el

}
i
f
1
]
{
|
f
|
!
i
|
!
1
b

e

I

|

|

|

I

|

I
1 —
¥ PLEXIGLAS

== ATTENUATOR
o 4.125em diom

~= TETRYL BOOSTERS

lﬂw DETONATOR

TA-8525-23

FIGURE 5 SCHEMATIC OF GAP TEST APPARATUS
FOR ELEVATED TEMPERATURES
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Table III ' .

HVD GAP" SENSITIVITY FOR i, 1 -DNE

\ |

Plexiglas Gap Witncssfplgte Temperature ’
(cm) ° +.80 - no go (°c) ' '
! a : ' R
“ 1.90 - 21 .
1.60° ' - , T *
1.42 T ; 24’ | ;
1.277 e b 24 )
: . V
2,54 ‘ ’ - . 65
1.90 - i 57 . t
: 1 1 i .
1,73 + 57
1.58 5 + 5o '

1 R ) . H i
2 Results previously reported in reference 3.
L) i -
The HVD gap sensitivity -of 1,1-DNE under our tcst cond1t1ons is
1.42-1,60 cm of Plexiglas at 24°C and 1.73-1.,90 cin at 57°c. As expected )

1,1-DNE becomes more sensitive with increasing temperature;

The LVD test results are shown in Table:IV. Because it whs’ﬁnown
from previous studies!? that confinement has a major effect op the LVD i
gap sensitivity of some compounds, we detcrqined the LVD gap sensitivity:
in a water-surrounded tube at ambient temperature so;that a more reliable .

comparison could be made between the results at60°Cand 25°C. ThelLVD .

gap sensitivity of 1,1-DNE at 25°C is 7.00-7.60 cm and at 60°C 6,35-7.,00 cm
!
of Plexiglas. These results are surprising in that the LVD sensitivi'ty,

» % !
at least for 1,1-DNE, ‘decrcascs significantly as the tempqrature increascs !

This is in marked contrast .to the HVD results and suggests that the initiation

«
x
H )
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found for the difluoroamino compounds.

Table IV

LVD GAP SENSITIVITY OF 1,1-DNE

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

Plexiglas Gap | Tube Surrounded Witness Platz Temperature
" (em) by Water + go - no go (°c)
7.60 Yes 25
7.00 Yes 25
¢ 6,35 Yes 25
16.0° No 18
8.25° No 24
6.35° No 24
4,30° No 25
10.8 Yes 59
8,25 Yes 58
! 7.60 Yes 60
7.00 Yes 62
6.35 Yes 59

] @ Results previously veported in refercnce 3.

‘We also tested the fluorine-substituted dinitroethane, 1,1,1-FDNE,

§

Table V.

§

for HVD and LVD gap sensitivity.

shock is attenuated by a Plexiglas

17

attenuator,

In these standard tests, consisting

of a steel tube 1.27-cm i.d, with a 0.24-cm wall, HVD and LVD are de-
tectéd by the use of witness plates, which are 0,63 em thick for HVD and
0,16 ?m for LVD, Each test is boosted by 100 g of tetryl, and the ensuing

Results are shown in
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Table V

HVD AND LVD GAP SENSITIVITY FOR 1,1,1-FDNE AT 24°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 1,1,1-FDNE is 1,09-1,19 ¢m of Plexiglas,
and the LVD gap sensitivity is 7.00-8.25 cm at 24°C. This makes 1,1,1-FDNE
less sensitive than 1,1-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 lcast for dinitrocthane, reduces the HVD gap sensitivity
and has little or no effect on the LVD sensitivity., HVD sensitivities
of all of thesc DNP and DNE isomers are low, comparable to CH,NO,. LVD

sensitivity of 1,1,1-FDNE is comparable to other dinitroalkanes which

are low compared to difluoroaminoalkanes.

18




In collaboration with D, Erlich who is working on LVD and propagation
at the Institute under the sponsorship of AFOSR (contract now expired),
we perfomed several tests to measure the pressure-~time history of a
liquid during LVD initiation and propagation. These tests employ
riezoresistive gages of manganin .and ytterbium to measure stress levels
in the initisl input shock wave and sulisequent waves that develop in
the test liquid. This technique as used in thesc studies is fully
deseribed in Referénce 13 .and will be only generally described here,
Figure 6 is a schematic diagram of the test 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
pressuré. We choose to study the liquid FEFO becausc 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 cven in
the presence of LVD initiation. However, by the time e waves reached
the second gage, the peak pressure in the LVD wave wi t 4 kbar, and
in Shot No. 6 where LVD was not initjated the stress decayed to {.3 kbar.
The propagation velocity for LVD in FEFO under these conditions ﬁbpcars
to be about 3 mm/psec. Similar studics on EN give a velocity of about
2 mm/uscc. The pressurc-time history records in these shots was some=~
what noiscr than those scen 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 be attempted to obtain better

pr sure-time curves.

19
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FIGURE 6 SCHEMATIC DIAGRAM OF LVD EXPERIMENTS
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Table: VI

‘PRESSURE-TIME MISTORY EXPERIMENTS ‘WITH FEFO

Shota Shot Shot
No, 6 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.) 18 18 18
Height of liquid in tube (in.) 14 14 .14
Thickness of homalite attenuator (in.) 1.03 1 A 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:
b
Type of detonation initiated None HVD LVD

Peak liquid pressures measured,

By manganin gage (kbar) 43 33
By ytterbium gage 1 (kbar) ‘ c c 7.3
By ytterbium gage 2 (kbar) 1.3 c 4,0

Propagation velocity of peak pressure seen by
Ytterbium gages (mm/psec) c c 2,97

Subscquent analysis of this FEFO batch showed that it contained 10-15%
impurities.

As detemined by terminal obscrvation.,

Data could not be analyzed.

21

B R T P A - P P N - 1 S S e e ke




TR O B o iy o s = < etk 5 Tl s e i o nt i Y % e e ian oW re (B

c. Discussion

The cffect of temperature on the gap. sensitivity of 1,1-DNE can be
divided into the HVD results and the LVD results. Table VII shows &

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

Table VII

TEMPERATURE EFFECTS ON HVD GAP SENSITIVITY
OF 1,1-DNP AND 1,1~-DNE

Temperature | Plexiglas Gap | Tube :i.d.
C d o
empoun %0 (cm) (cm).
1,1-DNP 15 1.02-1.,09 1,27
1,1~DNP 60 1.40-1,52 1.27
1,1-DNE 23 1.42-1,60 1.27
1 ,I-DNE 60 l 073"'1 .90 1 027

We find that as the temperature is increased, the HVD gap sensitivity
increases for both compounds. These results are in agreement with the
reaction time studies discussed in Section II and in the last report,?t
The reaction time results show that increasing the initial temperature
for 1,1-DNP decreases the reaction time at a given shock input (i.e.,
lowers the sensitivity). These results are cxpected because increasing
the initial temperaturc will result in a higher final tempevature and there-
fore faster rcaction time for a given shock input pressure. When the

effects of temperature on LVD gap sensitivity are examined, the results

are net as expected,

Table IV shows that increasing the initlal temperature actually de-

c¢reases the LVD gap sensitivity of 1,1-DNE. Since this :s the only

22
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compound for which we have determined the LVD temperature effect, we can-
not he sure if this is a general result or if it is pcculiar to 1,1-DNE.
(We had previously tried to study the LVD temperature exfect using 1,1-DNP,
put it did not undergo LVD at either ambicnt or clevated 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 dinitroalkanes:

LVD
’ 1,1DNE

Gap
Sensitivity

,1=-DNE and 1,1-DNP

' 00
20 Temp 6

CHART I EFFECT OF TEMPERATURE ON GAP
SENSITIVITIES OF DINITROALKANES

We had previously shown!? for the difluoroaminoalkanes that the HVD
and LVD initiation processes were different in that the order of sensitivity

of 1,2- and 2,2-propanec isomers was different for HVD 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

23
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foreign gases that act as cavitation centers when the liguid goes into
tension under the dynamic shock ‘intéeractions in these tests., At elevated
temperatures -the dissolved -gases would be expelled, and there would then
be fewer centers for cavitation, This would indicai that the controlling
mechanism for LVD initiation is the production of cavitation. Further
work is necessary to confirm this hypotheésis. 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 1,1-DNE., This is also in agreement with the results from re-
action-time measurements and may indicate the effects of the O~hydrogen
in the inhitiation of HVD., However, the LVD gap sensitivity of the two
dinitroethanes was the same. We had speculated that because FEFO (which
contains a fluorodinitro group) was fairly scnsitive to LVD initiation,
1,1,1-FDNE might be more sensitive than 1,1-DNP, T1GER 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 LVD 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 0, by weight required to oxidize a given weight of material
to CO, and H,0, Table VIII shows the oxygen balance of some materials
and their LVD gap sensitivites. Although 1,1,1-FDNE has a low favorable
oxygen balance, its LVD gap sensitivity is the same as that for 1,1-DNE,
which has a much less favorable oxygen balance, and both EN and 1,1,1-FDNE
are our of order in the table. Thercfore it appears that oxygen balance

is not a good criterion by which to cstimate the LVD gap sensitivity.

24




s s e e e - N . - - P TS

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
1,1-DNP -59.6 No LVD
1,1,1-FDNP -42 b
NM -39 No LVD
1,1-DNE =26 ,5 7.00-7.60
2,2-DNE -26.6 b
EN =26 .4 3.8-5.1
) FEFO ~-12,8 ~11
1,1,1-FDNE -11,6 7.0-8,25
1,1,1-Fluorodinitromethane +25,8 b
a—Oxygen balance is defined as thec negative percentage of
O, by weight required to oxidize a given weight of material
to CO, and H,0.
To be tested when and if avzilable.

In previous reports, !»!? ye discussed the correlation of the LVD

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

vaporization (AHr/AHV). We have been using the TIGER code to calculate
the Aﬂr for these materials, and we need next to determine AHT for
1,1,1-FDNE and its heat of vaporization from vapor pressure measurcments.,
However, on the basis of estimates of these values for 1,1,1-FDNP compared

with 1,1-DNP and values for 1,1-DNP compared with 1,1-DNE, we can estimate
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the value of AHr/AHv as about 12.0. For comparison, Table IX lists the
values for this parameter and the LVD gap sensitivity of several com-
pounds. We can see that if AHr/AHv is about 12.0 for 1,1,1-FDNE, then
its LVD gap sensitivity fits the approximate ordering, where compounds
with a large value of AHr/AHv have greater LVD gap sensitivity. However,

more data are needed to establish this type of correlation.

Table IX

LVD GAP SENSITIVITES AND AHr/AHv AT 2000°K AND
20 kbar FOR SELECTED COMPOUNDS

NM 8,05 No LVD
1,1-DNP 10,9 No LVD |
1,1-DNE 11.1 7.07.6° °¥ ¢
1,1,1-FDNE  12.0° 7.0-8.3°
EN 12,4 3,0-3,8° °F ©
1BA 25.0 16-17° °F ©
1,2-LP 2 ‘ 30-40"

‘ 9i-127° ;
2,2-DP 32,2 >180°

a
Estimated value.
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,!?='® although on the lower end of
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these estimates, We feecl that further experiments of this type would
be useful on a material such as 1,1-DNE, which is not too sensitive,

to see if the pressure within the wave is a function of sensitivity

and wave velocity. Previous. studies!®.ra EN znd FEFO have indicated
that the velocity is higher in a more sensitiveé liquid and that the
peak pressure also appears somewhat higher in FEFO than in EN, Strain
i gages on- the tube wall should also indicate how pressur: waves interact
with the liquid to produce the cavitation believed to, .ave such an

] important effect on LVD. initiation and propagation,

D. Future Work

Our future work on LVD initiation and chemical stricture will con-

LR

z centraté on mixtures of 1,1-DNE, which undergoes LVD, and 1,1-DNP, which
does not. 'These studies will attempt to determine the critical energy

mixture t§(£ will just propagate LVD. From these studies: ve hope to

oy ROy T

ascertain whether the concept of a minimum energy for LVD initiation has
validity. TIGER code will be used to estimate the cneorgy of the mix-~
tures. Physical parameters such as vapor pressurc and viscosity will

also be measured for comparison with the LVD gap seusitivities.

To continue our studics of the effects of fluorine substitution,
we will determine the HVD and LVD gap sensitivities of 1,1,1-fluoro-
dinitroethanol, whose structure is between 1,1,1-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 1,1-DNE to check the peak
pressure and wave velocity for this material and to attempt better

correlation between the wall wave and LV initiation and progagation.
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IV STATIC HIGH~PRESSURE EXPERIMENTS

(Pavid S. Ross)

A, Introduction

The static high-pressurc cxperiments on dinitroalkanes have shown
that the compounds -display an Q-hydrogen effect under these  conditions,
similar to that obscrved in the smooth-shock reaction time experiments.,!
Thus compounds with G~hydrogens, such as 1,1-DNP and 1,2-DNP, at a given
temperature and pressure have a shorter time to explosion than those
without an O-hydrogén, such as 2,2-DNP and 1,1,1-FDNP, DMoreover, for
2,2-DNP a pressure increase lengtlens the time to explosion, whereas for
1,2-DNP and 1,1-DNP a pressure increasc shortens the time 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 formed during the initiation period at
pressures and temperatures comparable to ihose encountered in shock ini-

tiation experiments.

B. Ong=-Atmosphere Runs

Initially we carried out several cikperiments with 40-p4 (370-pmole)
samples of 1,1-DNP at 1 atm in glass break-scal tubes to calibrate thé
analytical techbnique and to serve as a reference point for the high-
pressure experiments. In experiments at 155°C for 39 hours, 1,1-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 raie parame-
ters! and suggests that some secondary reaction takes place, with possible
incursion of autocatalysis or a free radical chain as well. Product anal-

yses are shown in Table X,

Table X

DECOMPOSITION OF 1,1-DNP AT 155°C AND 1 A'IM PRESSURE

Product Amount
(pmoles)

N, 2.4
N,0 19.0
co, J 12.5
Cil, tr
Coli, tr
co tr
CH,4NO, ~12

Unknown ~12

Formation of N,, N,0 and CO, are not uncxpccted products if NO,, produced

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

Formation of CH3;NO, is consistent with a scheme in which nitropropyl

rastical undergoes f-scission.

,N02 L]
ClEGCHLCH, = CllLCH,CH-NO, + NO, (3)
NO,
CH,CH,CI-NO, — Cl, + Cl,=CHNO, (4)
CH, + NO, = CligNO, (5)
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. ¥ It is possible but unlikely that "the unidentified product is nitrocthylene
i N t N
‘S . . . ; e N . o
) formed in Step (4) since that olefin is probably unstable and is not ex-
~ 1 H
i > B . 4
E pected to survive the reaction conditions. ' . .
s . . .
E: Recactions (3) and possibly «(4) were both observed in our very low~
% i .
B pressure pyrolysis (VLPP) experiments with 1,1-DNP.!  The subsequent rccom-
. A . ) : b
bination (5) would be expected to occur under the condensed phese condi-
s . *
E ; tions, Other radical reactions, such as derdgcn abstnact%ons by CH, and '
4 ‘ ' ' :
; possibly NO,, arc apparently.not important undqr these conditiohs. f
- 1 - N
by ‘ i 1 '
o ) . o * !
i C. High-Pressure Runs ! : . ‘
e |
¥ !
A The high-pressure experiments wera run in an assembly similar to !
4 ‘ : ‘ !
: . . !
j that deseribed in an earlier report.? We used a conventional piston-
3 cylinder apparatus, shown in Figure 7, wrapped witP a heating tape, and ! ‘
rd
b . v
E: holding a snuggly fitting Teflon cup. The cup is f[illed with hexanq, ) . T
4
6% 1
é, which serves well as both a prbssurc«and‘tcmpC'aLdrc transmitting medium, '
] : : . ' ) ‘
> Forty-pd samples of liquid are scaled in No. 20 Teflon 'spaghcnti" tubing
3 4 ' '
4 (see below). The Teflon cup can accommodate several of tbcsc sample tubes. !
3
- a H H
1 The pressurc is applied by means ?f a,convpntionnl hydraulic pump, and !
N H
after the rcactor is brought to pressure, the catire assembly is heated ) :
H "
N N N o ]
for some appropriate period. *At the end of a run, the system 1s cooled !
I3
' . v, 1 '
g to room temperature,. and then the pressure is released.
H t
* H

}
The products are isolated: by cutting the tubing <open in a vacuum
\ Al

system and transferring the volucilé materials to various analytical

%
. : . |
stations, including gas chromatography and infrared i#nd mass spectrometiy, .
- L]
t . H H ' ‘
The relatively nonvolatile materials are removed from the system and , .
1) A ]
‘ analyzed by gas chromatography. ' .
i i '
. * . o
1 3 n = !
. The critical feature of high-pressure c¢xperiments, not yet entirely
b resolved {s the design of a suitable scal for'tie tubing uhat will retain ‘ 1

gases on release of pressurc. ln our first experiments with },L-DNP,
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the thbing 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 éxperiments (run for 42

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

loss of a large volume of gas. Morcover the liquid within the sample
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tubes contained some dark brown particmulates, which . might have been the

sgcd

end result of homogeneous decomposition of 1,1-DNP under the prevailing

A5

A

A%
%

conditions. However, we cannot rule out the possibility of the interaction
of 1,;1-DNP with some material on the surface of the tubing such as an
extrusion lubricant. (We had been informed by the supplicr 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 arc two major products formed, as cf
now unidentified, which were absent in thc onc-atmospherc runs. They are
relatively volatile, and should they occur in .a repcat run using "clean”

tubing, they will be identified.

Sccond, no nitromethane was present in this run. Thus there are

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

9 phase runs. These preliminary gsults are encouraging, providing for
k- the first time information about changes in products and rates over a
b pressurc range of about 10° on going from VLPP to 1.8 kbar.

D, Future Work

The secaling difficulties described above are minor, and we expect to
develop a satisfactory procedure very soon, Additional experiments in
clecan containers are now in progress, snd the major products from de-
composition of 1,1-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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V  PUBLICATIONS

The following papers have been submitted or accepted for publication

during this report pcriod:

"The Kinetics of Unimolecular Dehydrofluorination of
l,2-Bis(dif1uoramino)propane," D. S. Ross, R, :Shaw, and

D. M. Golden (SRI) and M. C. Lin (Naval Research Laboratories),
International Journal of Chemical Kinetics, submitted.

"Heats of Formation and Kinetics of Decomposition of Nitro-
alkanes,”" R. Shaw, International Journal of Chemical Kinetics,

accepted,

"A Universal Hugoniot fur Liquids," R. W, Woolfolk,
M. Cowperthwaite, and R, Shaw, Thermochmica Acta, accepted,

"Shock Initiation of Liquid Nitromcthane and Mcthyl Nitrite,"
R. 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-BIS(DIFLUORAMINO) PROPANE

by

David S, Ross, Robert Shaw, and David M. Golden
Physical Sciences Division

Stanford Research Institute; 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 (1,2-DP) was
produced {rom the reaction. of propylene with N,F, at 135°C, At 2 torr,
the lowest pressure studied, more than 986 of the "hot" 1,2-DP was stabil-
ized, The remaining molecules lost 3 moles of HF to form the imino-
nitrile, NCC(NF)CH,. Thus at 135°C, kelim = 10%.% sec™!, RRKM theory was
used to calculate an accivation energy of 38.0 kcal /mole for the loss of HF
from 1,2-DP, using an A-factor of 10!3°! gec™!, There is little difference

between the above Arrhenius parameters and those reported previously for the

loss of HF from methyldifluoramine,

36




powe)

N e T

T e

1. INTRODUCTION

The object of this work was .to determine the activation energy
for the unimolecular elimination of HF from 1,2-bis (difluoramino)propane
(1,2-DP),

QH,~CH-CHg = 3 HF + N=C-@-CH, )
NF, NF, NF

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

unimolecular HF elimination from CH,NF, [1,2], (E = 42 and 38 kcal /mole,

respectively), and is significant to the thermal explosion of 1,2-DP [3].

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 [4}w This problem
is avoided by making vibrationally hot 1,2-DP from the successive
addition of 'two NF, radicals ‘tc propylene fS]. The reaction sequence is

then (an astérisk denotes a vibrationally excited species):

N,F, 2 NF, (2)
: M . .
NF, + CH,=CH-CH, ® CH,~CH-CH, or CH,-CH-CH;  (3)
NF, NF,
NF, + CHy=CH=CHly or CH,=CH-CH, ¥ CH,~CH-CH," (4)
NF, NF, F, NF,
i
Cll,~CH-CH;  + M = CH,~GH~Cli; + M (5)
NF, NF, NF, NF,
CH,-cH-ci,* - 3 uF + c-c-cn, (6)
U mn 1
NF, NF, N NF
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2. EXPERIMENTAL

The experimental arrangement was that used previously [ 1]}, except
that the gas chromatograph was modified to take a sample directly from
the reaction vessel .without having to condense the reaction mixture. No
inert diluents were added and the temperature of the reaction vessel was
135°C, To confirm the retention time, some imine was prepared by the

reaction of 1,2-DP with pyridine {6].

3. RESULTS AND DISCUSSION

In the analogous CHGNFQ% system, the ratio of yield of stabilized
difluoraminoal kane to the yield of HCN was observed to be a linear function
of M up to 10 atmospheres pressure. In the present study, it was not
possible to verify the linear effect of pressure because most of the hot
1,2-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 1 to 64, The
collision frequency (k,) was taken to be 107 torr-! sec~!, and
every collision was assumed to have unit efficiency; that is, kg /K. (M) =

1/64, from which we obtain k; = 10%°5 sec™!,

For the 1,2-DP molecule, the following frequencies, in cm~!, and
degeneracies were assigned: 3000 6, 1460 3, 1340 4, 1280 1, 1170 1, 1100 4,
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

External rotation 30.9069

Total entropy 101, 7364
38




For the transition state for unimolecular decomposition of 1,2-DP
the assigned frequencies, in cm-!, were: 3000 5, 2200 2, 1460 3, 1355 2,
1280 1, 1170 1, 1100 3, 990 3, 860 1, 750 1, 690 2, 520 3, 420 4, 315 3,
200 1, 130 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 gec-!,

For the RRKM calculation, the frequencies, in cm™!, and degeneracies
of the activated complex were simplified to: 3000 5, 2200 2, 1393 6, 1033 8,
524 10, 241 5, and 30 2, The C~N bond strength was taken to be 59.5
keal fmole {1,2],

The RRKM icalculation gives a calculated k., for different input activ-
ation energies at 0°K, The values of ks (at 2 torr pressure) in sec™!, at
the corresponding activation energies at 300°K, in kcal /mole, are: 10°:% 36.6,
105°3 38.6, and 10%*2 42.6. Interpolating the experimentally observed value

for k, of 1035 sec~! gives an activation energy of 38.0 kcal /mole,

The rate constant for the unimolecular elimination of HF from 1,2-DP
is therefore given by log (k/sec~!) = 13,1 = 38,08, where © 1is 2,3 RT
keal fmole, This is very similar to the rate constant calculated using
essentially the same program for the unimolecular elimination of HF from

methyl difluoramine {2}; namely, log (k/sec™!) = 13,5 — 38,8,
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