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KINETICS AND MECHANISM OF THE THERMAL DECOMPOSITION
OF DIMETHYLNITRAMINE AT LOW TEMPERATURES
S. A. Lloyd,* M. E. Umstead, and M. C. Lin
Chemistry Division
Code 6105

Naval Research Laboratory
Washington, D.C. 20375-5000

ABSTRACT

Dimethylnitramine (DMNA) was pyrolyzed between 466 and 524 K
at about 475 Torr pure DMNA pressure in static cells, A radical
mechanism was proposed and computer-modeled to account for the
disappearance of OMNA and the production of (CH3)2NNO and
CHiNO3. The rate constant for DMNA decomposition into (CH3)oN
and N0z, based on these low-temperature results and other
high-temperature shock tube data, covering 460-960 K, can be
given by kq = 1015.9%0.2 exp(-22,000%£200/T) sec~1. This result
leads to values for the N-N bond energy of 43.3+0.5 kcal/mole and
the heat of formation of the (CH3)sN radical, 35%2 kcal/mole at
298 K. Kinetic modeling of the CH3NOz and (CH3)2NND production

profiles has been carried out.
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INTRODUCTION
Dimethylnitramine (DMNA) is the simplest stable
nitramine molecule. Although the decomposition of DMNA
has been studied previously, the sketchy mechanism
proposed by Flournoy1 in 1962 and adopted by later
researchers does not account for the production of any

stable products other than dimethylnitrosamine (DMNSA):

(CH3)2NNB; —> (CH3)3N + NO3 (1)
(CH3)2NNOz + NO ——> NO + oxidation products (2)
(CH3)2N + NO ——> (CH3)2NNO. (3)

In the above mechanism, reaction (2) was proposed
to qualitatively provide the needed NO molecule for
DMNSA formation. DMNSA is the major low-temperature
product which accounts for more than 80% of the decom-
posed DMNA. The validity of reaction (2) is, however,
theoretically quite questionable. On the basis of the
measured DMNSA yields, Flournoy1 obtained the rate
constant for the unimolecular decomposition of DMNA:

k1 = 1020 exp(-26,700/T) sec-! (1)
The Arrhenius parameters given by Eqn. (I), particularly
the A-factor (which is questionable for a gas phase
reaction), differ significantly from those reported by
Korsunskii et. alZs3

kg = 10141 exp(-20,500 % 900/7) sec-! (11)

kq = 1013.7 exp(-19,600/T) sec-? (111)
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evaluated from total pressure change measurements. By
very low-pressure pyrolysis McMillen et al.4 obtained
the expression
kq = 1016.5%0.8 @xp(-24,400900/T) sec-? (1v)
and for a second channel involving HOND elimination:
kyong = 1012.84%0.8 exp(-16,600900/T) sec-1 (v)
In this work the rate constant for the unimolecular
decomposition of DMNA was carefully measured by direct
product analysis, and a radical mechanism accounting
quantitatively for the production of DMNSA and CH3NOj;

was proposed and computer modeled.

EXPERIMENTAL

DMNA was prepared by the dehydration of dimethyl-
amine nitrate’ and recrystallized four times from
diethyl ether until no trace of the major by-product,
DMNSA, could be detected by gas chromatography. Four
Pyrex bulbs (approx. 59 ml) were filled with 70-90 mg
crystalline DMNA to yield a pressure of about 475 Torr
at the pyrolysis temperature. The bulbs were degassed
rapidly (to minimize loss of DMNA) and reweighed. The
bulbs were immersed in a stirred, temperature-controlled
oil bath (ThermisTemp Madel 63 temperature controller,
Dow Corning 210H silicon o0il) for periods of 15 min. to
five hours., After pyrolysis the bulbs were cooled

rapidly‘to room temperature with tap water and then to
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195 K in an isopropanol/dry ice slush to freeze out the
nonvolatile products. Stable gas products (CHg4, CO and
CO0y) were analyzed on a Beckman GC-4 gas chromatograph
equipped with a low-pressure gas sampling loop.5 The
gases were separated on 2-meter Porapak-T and Molecular
Sieve-5A columns. €O and CO;, after separation from
other components, were reduced on a Ni catalyst to CHy
for detection by a flame ionization detector. Ethane,
ethylene and acetylene were not detected. The bulbs
were then warmed to room temperature and the condensed
products dissolved in 10 ml Hy0. DMNA, DMNSA and CH3NOj
were separated on a 2-meter 5% tris(cyanoethoxy)propane
on Gas-Chrom RZ, 60/80 mesh, column at 393 K. Two very
small peaks with short retention times were tentatively
identified as CH30OH and CH3ONO. Methylamine, dimethyl-
amine and trimethylamine were not detected in the liquid

samples.

RESULTS
The disappearance of DMNA as a function of time is
plotted in Figure 1 for six temperatures between 466
and 525 K. From the slopes of these first-order plots,
we obtained the unimolecular rate constants for the
initiation reaction,

(CH3)aNNOp ———> (CH3)aN + NO2 €D
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A least-squares analysis of the values of kg for eleven
temperatures summarized in Figure 2, taking into account
deviations in temperature recorded during the individual
experiments, leads to

kq = 1016.8520.45 exp(-22,R50%550/T) sec-! (v1)
for the temperature range 466-525 K. This result agrees
reasonably with Eqn. (IV) obtained by McMillen et al.%

It should be noted that the values of k; obtained
from these low-temperature, high-pressure experiments
were found to be independent of pressure. The addition
of 881 torr of toluene, for example, did not affect kj
(see the solid point in Figure 2), This observation
also suggests the absence of long-chain reactions at
these low temperatures. Toluene has long been used as
an effective radical scavenger in pyrolytic systems.
This finding was further supported by the results of our
kinetic modeling which showed that the presence of Chs
and CH30 radicals in this system should have a
negligible effect on the unimolecular decay of DMNA,
The lines shown in Figure 1 are the kinetically modeled
values. A more detailed discussion of kinetic modeling
will be made later.

The major early products of DMNA decomposition in
this temperature range are DMNSA and CH3NOp. The yields
of DMNSA are typically about 5-10 times higher that

those of CH3NOz, depending on the temperature. Figures
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3 and 4 show the yields of these two early products,
together with the concentrations of DMNA, at 490 and
513 K. The curves shown in these fiqures are the
computed ones.

In addition to these two organic products, smaller
amounts of CH4, CO and CO; were also detected, along
with trace amounts of other organic products (possibly
CH30H and CH3ONO). No attempts were made to interpret
their formation because of their low yields. The
measured yields of CO and COz (which are much higher
than the calculated ones) are believed to be unreliable
due to possible low-temperature reactions taking place
before the products could be analyzed. At the end of
each pyrolysis experiment a red-brown gas, presumably
NO,, was observed in each of the reaction bulbs and was
noted to disappear within a few minutes after the bulbs
were cooled to room temperature. Both CO and CO; could
be formed by the reaction of NGy with CHy0 or CH3OH in

the liquid phase or heterogeneously on the cell wall.

DISCUSSION

Unimolecular Decomposition of DMNA

The thermal decomposition of OMNA is believed to
take place primarily by N-N bond breaking, generating
(CH3)2N and NOp:1-4,7,8

(CH3)2NNO7 —~—> (CH3)2N + NO3p 1)
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In a separate study at higher temperatures using a shock
tube we have recently measured the initial rates of DMNA
decomposition by UV absorption at 254 nm.9 The results
of this study, after appropriate corrections for
pressure effects, are in full agreement with the present
low-temperature data. Both sets of data are summarized
in Figure 5 for comparison. A least-squares fit of
these data, covering the 460-960 K temperature range
with the magnitude of k4 values changed by eleven
decades, gave rise to the expression,

kq = 1015.920.2 oxp(-22,200:200/7) sec-T, (VII)

The absence of curvature in the Arrhenius plot and
the reasonableness of the A-factor, in comparison with
those given by Eqs. (I)-(IIl), suggest the absence of
other competitive decomposition channels, such as the
one leading to HONO formation,4,10

(CH3)2NNDy ———> CH3NCHy; + HOND
which requires a much smaller A-factor. The results of
a recent IRMPD (infrared multiphoton dissociation)
experiment, carried out in a molecular beam system,
unequivocally support this conclusion.1?

The activation enerqy for reaction (1), 44.1%0.4
kcal/mole, after a minor temperature correction to 298
K, gives rise to

D(>N-NO2) = 43.3 * 0.5 kcal/mole
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and

BHe® 298 [(CH3)N] = 35:2 kcal/mole,
assuming AHg® 29g (DMNA) =~ 0.2%1.2 kcal/molel2, and
the activation energy for the reverse association
reaction to be negligible. The heat of formation of
(CH3)2N given above agrees closely with the recommended

value, 34.7%*2 kcal/mole.?3

Kinetic Modeling

The question of the conversion of (CH3)2NNO; into
(CH3)oNNO, the major low temperature pyraolysis product,
is mechanistically a very interesting one,. Flournoy1
was correct in not invoking the direct production of
DMNSA by N-O split which is energetically too endo-
thermie to be important. Flournoy's assumption of
reaction (2), however, is theoretically unsound and
practically groundless. Experimentally, we found that
mixtures of DMNA and NO; are stable over a long period
of time at room temperature, Similarily, mixtures of
DMNSA and N0y after long standing did not appear to have
undergone reaction. Accordingly, we propose7»8 that
the production of NO as well as the CH3z radical, which
is required to account for the abserved CHiNO; product,

occurs via the following exothermic reaction:
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(CH3)9N + NOp ——> (CH3IND)2 ———D>2CH3IND (2a)
AH®24 = -11 kcal/mole

The energetic diagram as well as the mechanism of this
reaction is shown in Figure 6. At low temperatures, the
occurrence of this reaction may be aided by the forma-
tion of the (CH3N0)2 dimer, which is stable with respect
to CH3INO by about 23 kcal/molel4. The needed NO
molecule for DMNSA production via reaction (3):

(CH3)2N + ND ——> (CH3)NNO, (3)
can be faormed by the unimolecular decomposition of CH3NO:

CH3NO > CH3y + NO. (4)

This is expected to be followed by the rapid bimolecular
reactions involving CH3 and NOjp:

CHy + N0 ——> CH3ND; (5)

——> CH30 + NO. (6)
All the decomposition and recombination reactions given
above can be shown to take place at their high-pressure
limits under the present conditions by means of the RRKM
theory.

The value of the rate constant for CH3NO decom-
position was computed by using its reverse rate obtained
by Basco et al.15 The calculated expression by means of
the RRKM theory is summarized in Table 1, together with
other rate constants employed in the present modeling,
including the modeled values for k45, k3 and ks, These

three rate constants for the radical-radical combination
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processes were taken to be independent of temperatures
in the range of 466-525 K. The result of an RRKM
calculation for kp,, for example, supports this assump-
tion.

The computed DMNSA and CH3NO; production profiles
over the whole range of temperature studied agree
closely with the observed ones using the values of these
three rate constants as given. The results of 490 and
514 K are shown in Figures 3 and 4, respectively. It
should be mentioned that the value of k3 for (CH3)pN +
NO, 2 x 1011 ce/mole.sec agrees closely with that
estimated by Gowenlock and Snelling, Vix1011
cc/mole.sec.16 It is also important and reassuring to
note that the values of the ks obtained from this
modeling, as summarized in Table II, fall within the
range of 2.2%0.5 x 10%'2 cc/mole.sec. This value is in
satisfactory agreement with the literature values,
1-12x1072 cc/mole.sec (see footnote of Table Il). The
correctness of the value of ks from this modeling
supports the reasonableness of the mechanism proposed.

In the low-temperature mechanism summarized in
Table I, the decomposition of the CH30 radical producing
CHa0 + H was not included. It was found to be un-
important under the conditions employed. It is, however,
a key chain-carrying process at high temperatures in

shock-heated DMNA decomposition reactions?.
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The key conclusions reached from the present

modeling are summarized as follows:

a. At low temperatures, the disappearance of DMNA
occurs primarily via the unimolecular decom-
position process (1), Its destruction by
bimolecular reactions involving CH3 and CH30
are unimportant,

b. Both CH3 and CH30 disappear mainly by radical-
radical termination processes.

c. H and OH are not important chain-carriers under
the present conditions.

d. The (CH3)2N radical is relatively stable at
these low temperatures. 1Its reaction with NO;
produces CH3NO, which in turn produces NO for
DMNSA formation via reaction (3).

The alternative mechanism for the reaction of

(CH3)2N with NO; directly producing ND:

(CH3)2N + NODj > (CH3)NO + NO (2b)
could not account for the observed DMNSA and CH3NOj
profiles, if the stability of the (CH3);NO. radical is
assumed to be similar to that of (CH;)ZCHO-, the
isopropoxyl radicall?. The above direct abstraction
process was, however, found to be essential for the

interpretation of early NO yields in the shock-heated

DMNA decomposition reactions?.
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Table II

Rate Constants (ks) for CH3 + NOp ——> CH3NO2

T/K k5/1012 cc.mole-lsec-!
472.3 2.6
474.1 2.1
478.2 2.2
483.5 1.5
490.2 1.7
495.2 2.1
504.1 2.9
507.6 2.1
513.8 2.5
524.3 2.7
363.2 1-123

a. L. Phillips and R. Shaw (10th Symp. (International)

on Combustion, p. 453, 1965 ) measured the ratio of
ks/k7 to be 1.7 at 363.2 K. According to CRC
Handbook of Bimolecular and Termolecular Reactions
(J.A. Kerr and S.J. Moss) Vol. II, P, 38, CRC Press,
1981, the values of kj vary from 5x10171 to
6x1012cc/mole sec. Specifically, the value obtained
by Basco et al. (Ref. 15), 2.4 ¢+ 0.2 x 1012

cc/mole sec., on which k4 was based in our kinetic
modeling, gives rise to ks = 4.2x10%2 ce/mole sec.
This is in close agreement with our average value, ks
= 2.2 £0.5 x 1012 cc/mole sec.
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FIGURE 1

DMNA disappearance as functions of temperature and time.
475 torr pure DMNA.
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FIGURE 2
Arrhenius plot of the rate constants for DMNA thermal

decomposition from 466 to 524 K. 475 torr pure DMNA.
Filled circle: 881 torr toluene added.
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FIGURE 3

Rate of NMNA disappearance and DMNSA and CH3zNOp forma-
tion in the thermal decomposition of DMNA at 490 K.
Triangles: DMNA, circles: DMNSA, squares: CH3NOy. Solid
lines: computed curves.
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FIGURE 4

Rate of DMNA disappearance and DMNSA and CH3NO; forma-
tion in the thermal decomposition of DMNA at 514 K.
Triangles: DMNA, circles: DMNSA, squares: CH3iNOs. Solid
lines: computer curves.
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FIGURE 5

Arrhenius plot of the rate constants for DMNA thermal
decomposition from 466 to 959 K. Circles: low-
temperature pyrolysis results (this work), squares:
shock tube results (Ref, 9)., Dotted line: Korsunskii
and Dubovitskii (Ref. 2), dashed line: Flournoy (Ref.
1).

209

2.5



ary 2011

Downl oaded At: 14:09 16 Janu

F (KCAL/MOLE)

50

30

CHay, ...
H3é---(|31=o ~(CHsNO), = 2 CH3NO
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FIGURE 6

Energy diagram for the reaction of N0y with the di-
methylamino radical.
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