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bstract

Global kinetics for the liquid state thermochemical decomposition of neat 1,3,5,5-tetranitrohexahydropyrimidine (DNNC), perdeuterio-labeled
NNC-d6, and partially deuterium-labeled DNNC-d2 and DNNC-d4 isotopomers were obtained by isothermal differential scanning calorimetry

IDSC). Molecular kinetic deuterium isotope effect (KDIE) values obtained with DNNC and DNNC-d6 from 174 to 194 ◦C revealed that C H bond
upture regulates both an endothermic catalytic initiation and the exothermic propagation of the liquid thermochemical decomposition process.
sing IDSC-based KDIE comparisons with the DNNC-d2, DNNC-d4, and DNNC-d6 isotopomers, a more detailed chemical structure/mechanistic

elationship emerged by entering the interior of the DNNC molecule. Here structural kinetic KDIE results showed the rate-controlling C H bond
upture has its origin at the non-equivalent C-2 methylene group sandwiched between the two nitrated DNNC nitrogen ring atoms, versus at the

hemically equivalent C-4 and C-6 methylene ring positions located elsewhere in the DNNC molecule. Elucidation of such mechanistic features
hould aid in the structural design of new high-energy compounds with improved thermochemical properties. A 170.0 kJ/mol activation energy
ppeared for the endothermic induction period, and a lower 104.2 kJ/mol activation energy was determined for the exothermic acceleratory portion
f the DNNC decomposition process. The global liquid and solid state thermochemical decomposition processes for DNNC are compared.
ublished by Elsevier B.V.
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. Introduction
Although complex global reaction kinetics, obtained by rel-
tively inexpensive thermal analysis methods, often are ignored

� Portions of this material were presented at the following conferences: 35th
nternational Conference of ICT: Energetic Materials, Structure and Properties,
arlsruhe, Germany, June 29–July 2, 2004; 203rd Nat. Am. Chem. Soc. Mtg.,
an Francisco, CA, USA, April 5–10, 1992; and 22nd International Conference
f ICT: Combustion and Reaction Kinetics, Karlsruhe, Germany, July 2–5, 1991.
�� Experimental IDSC thermochemical decomposition investigations were
onducted at The F.J. Seiler Research Laboratory (FJSRL), USAF Academy,
O, USA prior to its September 30, 1995 decommissioning.
∗ Corresponding author. Tel.: +1 661 275 5847; fax: +1 661 275 5471.

E-mail address: scott.shackelford@edwards.af.mil (S.A. Shackelford).
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n favor of highly defined individual kinetic steps requiring
ore sophisticated and expensive equipment [1], global kinet-

cs data can describe complex thermochemical decomposition
rocesses in ways which critically impact practical technology
nd safety concerns [1,2]. For example, isothermal differen-
ial scanning calorimetry (IDSC) global kinetics rate constants,
etermined for the solid state thermochemical decomposition
f 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), accurately pre-
ict the 354 ◦C experimentally determined critical temperature
hich initiates a thermal explosion event [3].
The condensed phase neat thermochemical decomposition
rocess an energetic compound follows is primarily a com-
lex mechanistic set of interacting intermolecular bimolecular
eactions [4] with some degree of intramolecular unimolecu-
ar character. Generally, two key chemical bond ruptures occur

mailto:scott.shackelford@edwards.af.mil
dx.doi.org/10.1016/j.tca.2007.08.005
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Fig. 1. General thermochemical decomposition process sch

uring the thermochemical decomposition process, the ini-
ial bond rupture and the rate-controlling bond rupture; rarely
oes one bond rupture constitute both. The first is the initial
omolytic bond rupture (scission or cleavage) which deter-
ines the specific pathway (e.g. A, B, or C in Fig. 1) the

ecomposition process will follow and the resultant product
omposition. Certain structural arrangements in an energetic
olecule (e.g. N NO2 for secondary nitramines) [5] are reac-

ion centers (explosophores) [6] for this initial bond rupture
hich often are termed the “trigger linkage,” or more recently,

he “first reaction” [7]. Once this specific pathway is estab-
ished (pathway C in Fig. 1), a myriad of subsequent chemical
eaction channels proceed which occur in series and competing
arallel sequences. Along this reaction pathway, one individual
hemical reaction in a specific reaction channel proceeds more
lowly than all others (longest arrow) where individual reaction
teps are represented as arrows (Fig. 1). It is during this slow-
st reaction step that the second critical homolytic bond rupture
ccurs which significantly regulates the overall rate at which this
lowest reaction channel and the entire decomposition process
roceeds. This subsequent KDIE-determined rate-controlling
hemical bond rupture, accompanied by a concomitant atom
ransfer [8], occurs early in the thermochemical decomposition
rocess [2,8–10] and usually is not synonymous with the trig-

er linkage, but closely follows it. This rate-controlling bond
upture can be determined in situ using the kinetic deuterium
sotope effect (KDIE) approach in conjunction with ambient
ressure isothermal DSC [2,3,8–11], reaction quenching [11],

t
r
c
t

ic representation and the KDIE measurement context [13].

r TGA [12] analyses. If this slowest reaction did not exert a
ignificant impact on the overall global decomposition rate, a
oticeable global KDIE would not be observed. In the example
llustrated by Fig. 1, note that the slow individual rate-controlling
eaction step rate for either the normal energetic compound or
ts deuterium-labeled analogue cannot be measured in isolation
here a specific KDIE = 2.00 would be determined. Rather, the

ntire global decomposition process must be analyzed, and the
verall rates for the energetic compound and its deuterated ana-
ogue are compared when determining a KDIE value [13]. Thus,
he measured global KDIE value (1.45) is likely a smaller num-
er than what would be found for the specific KDIE value (2.00)
n the individual rate-controlling step.

This critical rate-controlling bond rupture has been deter-
ined for the ambient pressure thermochemical decomposition

rocesses of TNT [10], TATB [3], HMX [8,12], and RDX
11,12]. In every case, the same mechanistic rate-controlling
ond rupture found in the ambient pressure decomposition
rocess for each compound, proved to be a significant rate-
ontrolling mechanistic feature observed in rapid deflagration
8,14], high-pressure combustion [14–16], and thermal explo-
ion events [3,14]. Furthermore, it is detected as being a
ignificant contributing mechanistic feature in impact or shock
xplosive initiation sensitivity [12,17–23]. Identification of

he pathway directing initial bond rupture, of the subsequent
ate-controlling bond rupture, and of the resultant product
omposition formed during the thermochemical decomposi-
ion processes are critical for obtaining energetic compounds
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ith improved thermochemical and initiation sensitivity prop-
rties.

The first KDIE approach applied to the thermochemical
ecomposition of an energetic compound occurred with neat
iquid TNT and TNT-�-d3 [10]. IDSC analysis during the TNT
ndothermic induction period, the earliest portion in the ther-
ochemical decomposition process, revealed that C H bond

upture in the pendant TNT methyl group controls the formation
f a catalytic species, which upon reaching a minute thresh-
ld concentration, initiates the TNT exothermic acceleratory
hase and a concomitant energy release. A subsequent KDIE
tudy with solid state TATB and TATB-d6 found that N H
ond rupture also constituted the rate-controlling mechanistic
eature early during the thermochemical decomposition process
3].

The seminal KDIE-based thermochemical decomposition
nvestigation of a heterocyclic nitramine was accomplished with
MX and HMX-d8 and revealed a different KDIE and rate-

ontrolling mechanistic step dependence on the HMX physical
tate [8]. This IDSC study showed a rate-controlling C H bond
upture occurred during solid state decomposition along with
ther rate-controlling features in the mixed-melt and liquid state
ecompositions. Proposed was an initial N NO2 bond rupture
o form the NO2 radical which then, either, unimolecularly from
n HMX radical intermediate existing in a proposed cage effect
24], or bimolecularly from a neutral HMX molecule, transfers
hydrogen atom via NO2 radical abstraction to form the unsta-
le HONO species [8]. This unstable species undergoes further
ecomposition to form other oxidizing and catalytic species
8], such as NO, NO2, and H2O, or in some cases, possibly
H and NO [25], while resultant HMX radicals continue along
arious decomposition reaction channels and condensed phases
8].

This rate-controlling C H bond rupture for solid state HMX
as confirmed by a subsequent HMX/HMX-d8 isothermal TGA
ecomposition study [12]. Later, a more detailed mechanistic
sothermal pyrolysis investigation with HMX and HMX-d8 was
onducted using simultaneous thermogravimetric modulated
eam mass spectrometry (STMBMS) where different reaction
hannels of specific product specie formation, during the decom-
osition process, could be measured concurrently [26,27]. At
east four different reaction channels were identified, and a large
DIE was found for water product formation. Finding a large
DIE for water formation also was consistent with an initial

NO2 bond cleavage, a subsequent rate-controlling methylene
H bond rupture and hydrogen atom transfer from an HMX

pecies to form the unstable HONO molecule [8] and its decom-
osition to the water byproduct. Water, occluded in the HMX
rystal structure, also was suggested as a hydrogen atom donat-
ng catalyst for another reaction channel [27]. Conceivably, the
ater product, formed via the KDIE measured rate-controlling

H bond rupture outlined above, also could contribute to the
ater catalysis channel.

The same rate-controlling C H bond rupture was identified

or the liquid state thermochemical decomposition of RDX and
DX-d6 using isothermal TGA [12] This result was further ver-

fied by a subsequent IDSC and a UV-based reaction quenching

n
c
t
c

Fig. 2. Unique hybrid chemical structure of the DNNC molecule.

DIE study [11]. A later STMBMS RDX/RDX-d6 investiga-
ion revealed a complex multi-channeled liquid thermochemical
ecomposition process which was different from HMX, but still
evealed a rate-controlling C H bond rupture, and atom trans-
er from the RDX methylene group, both being highly prevalent
echanistic features [25,28,29]. In fact, it appears the progres-

ion rate of all four reaction channels may depend upon C H
ond rupture in the first channel.

While much more thermally stable than the RDX, the cyclic
NNC nitramine derivative (Fig. 2) undergoes extensive solid

tate thermochemical decomposition during long-term exposure
n the 142–148 ◦C temperature range [2]. IDSC-based KDIE
esults suggest that ring C N bond rupture for the solid state
ecomposition likely is the rate-controlling bond rupture dur-
ng the long endothermic induction period, wherein a catalytic
pecies likely forms, and upon reaching a threshold concen-
ration, initiates an autocatalytic exothermic acceleratory phase.
nce the acceleratory phase is initiated, C H bond rupture is the

ate-controlling mechanistic feature which regulates its energy
elease rate. The endothermic induction period for the solid
tate decomposition process has a higher activation energy of
28 kJ/mol compared to the 115–106 kJ/mol [2,30] determined
or the exothermic acceleratory phase. This supports the likely
ormation of a catalytic species from the DNNC molecule during
he solid state induction period and mirrors the thermochemi-
al behavior followed by the neat liquid TNT thermochemical
ecomposition process [10].

The relationship of the mechanistic rate-controlling
omolytic bond rupture found in ambient pressure thermo-
hemical decomposition processes to higher temperature, higher
ressure catastrophic events such as deflagration, combustion,
hermal explosion, detonation, and to energetic compound sen-
itivity issues, is well documented [9,13,14,23]. Given the
mportance of this high-energy rate-controlling mechanistic fea-
ure, the thermochemical decomposition of neat liquid DNNC,
nd its three isotopomers, DNNC-d6, DNNC-d4, and DNNC-d2,
as investigated by isothermal DSC to determine the rate-

ontrolling homolytic bond rupture and its location in the DNNC
olecular structure. Similarities and differences between this
eat liquid state DNNC thermochemical decomposition pro-
ess, and the previously reported mechanistic solid state DNNC
hermochemical decomposition investigation [2], also are
ompared.
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. Experimental

Caution! Although reasonably stable to accidental explo-
ive initiation, DNNC is a high-energy explosive material. Care
hould be taken to use proper laboratory shielding and safety
rocedures in all handling and transfer operations.

.1. Isothermal DSC analysis

All isothermal DSC measurements were made with a Perkin-
lmer DSC 7 instrument described previously [2] using DNNC
ample sizes ranging from 1.50 to 1.53 mg. Prior to con-
ucting the thermochemical decomposition runs, the DSC 7
emperature was calibrated at a 1 K/min scanning rate using

two-temperature calibration procedure with indium (m.p.
56.60 ◦C) and tin (231.88 ◦C) standards. The temperature of the
NNC sample (m.p. = 154.8–156.2 ◦C) [31] was stabilized to
0 ◦C under the nitrogen gas atmosphere and then was brought to
ts pre-determined isothermal decomposition temperature (174,
78, 182, 186, 190, or 194 ◦C) at a 480 ◦C per minute heating
ate.

.2. Isothermal DSC data reduction

The length of the endothermic induction period, and resultant
nduction times, were visually determined from individual ther-

ograms generated for each IDSC run. The minute units were
hen converted to seconds for the calculations used to obtain
ctivation energy and KDIE values. For determining the exother-
ic acceleratory phase rate constants, software programs were
ritten at our laboratory to transfer the data from each des-

gnated IDSC run to a separate PC station, and then, to input
he data into an autocatalytic kinetics plot program that used
he �α/�t = kα(1 − α) autocatalytic rate equation, where α is the

ole fraction of decomposed DNNC at any given time (t). A
oftware program, based on that developed at the Los Alamos
ational Laboratory [32], was used and is described in detail

lsewhere [2,8].

.3. Synthesis of DNNC and the DNNC-d6, DNNC-d4, and
NNC-d2 structural isotopomers

The synthesis of ADIOL and ADIOL-d4 (2,2-dinitropropane-
,3-diol-1,1,3,3-d4) reactants, needed to obtain DNNC and
ts DNNC-d6 analogue, was previously described [33].
he partially deuterium-labeled DNNC-d2 and DNNC-d4
ompounds were synthesized using an identical Mannich
ondensation reaction procedure, and scaled as needed, by
mploying the appropriate choice of unlabeled or deuterium-
abeled 2,2-dinitropropane-1,3-diol (ADIOL and ADIOL-d4)
nd formaldehyde or formaldehyde-d2, plus unlabeled tert-
utylamine in methanol solvent. These initial Mannich
ondensation reactions provided the DBNP-d2 and DBNP-

4 intermediate compounds which were then converted to
heir respective final DNNC-d2 and DNNC-d4 products by
00% anhydrous nitric acid nitration. All 1H NMR (acetone-
6, TMS std.), mass spectral, FTIR (Kubelka/Munk) powder

e
C
a
C

mica Acta 464 (2007) 42–58 45

nalyses and melting points for DBNP-d2, DBNP-d4, DNNC-
2 (155–157 ◦C), and DNNC-d4 (155–156 ◦C) were consistent
hen compared with previously reported values for the unla-
eled DBNP, and DNNC analogues [33]. Yields obtained for
BNP-d2 and DBNP-d4 compounds were similar to DBNP

75%) and DBNP-d6 (72%). Final product yields for DNNC-d2
63%) and DNNC-d4 (75%) compared well with DNNC (72%)
nd DNNC-d6 (71%) [33]. Within the accuracy and precision of
H NMR integration values, the intermediate DBNP-d2 reflected
n incorporation of 2.2 methylene deuterium atoms; DBNP-d4
ncorporated 4.0 methylene deuterium atoms, and 5.9 methylene
euterium atoms were incorporated into the DBNP-d6 molecule
elative to the two unlabeled tert-butyl groups substituted on the
ing nitrogen atoms at the 1- and 3-ring positions. Because of the
ynthesis method used [33], the CD2 labeled methylenes were
ncorporated into the DNNC ring structure as a discreet unit;

ixed CHD methylenes could not form. Proton NMR inte-
rations of the two different methylene groups (δ 6.30 C-2 and δ

.47 C-4 and C-6) for both DNNC-d4 and DNNC-d2 remained
n a 1:2 integration ratio, respectively, indicating a random dis-
ribution of the labeled CD2 deuterium-labeled methylene
roups occurred at all three C-2, C-4, and C-6 ring positions. In
pite of this randomized CD2 methylene distribution, relevant
echanistic information was obtained by comparing DNNC,
NNC-d2, DNNC-d4, and DNNC-d6 IDSC isotopomer induc-

ion times and rate constants.

. Results and discussion

The initial homolytic bond rupture of an energetic mate-
ial controls the reaction pathway, the number of reaction
hannels, the decomposition products, and the product com-
osition of a thermochemical decomposition process. Later
ate-controlling homolytic bond rupture ultimately controls
he overall energy release rate during the decomposition of a
iven energetic material. Improved thermochemical properties
ust start with decreasing the rate at which a decomposition

rocess proceeds, either kinetically, or by chemical struc-
ure alteration. An excellent example of possible progress
s found in the chemical structure similarity and differences
hich exist between the symmetrical RDX cyclic nitramine
olecule and the unsymmetrical DNNC cyclic pseudo-

itramine (Fig. 2). This led us to investigate the solid and liquid
tate decomposition of 1,3,5,5-tetranitrohexahydropyrimidine
DNNC) pseudo-nitramine [2,30] for comparison with
DX.

First synthesized in 1984 [34–36], the DNNC molecule, is
unique heterocyclic hybrid structure which contains struc-

ural features found in both saturated cyclic nitramines (RDX
nd HMX) and in aliphatic geminal-dinitroalkyl compounds
Fig. 2). While RDX contains three chemically equivalent

CH2 ) methylenes, the DNNC structural variation provides
hree methylene ( CH2 ) groups where only two are chemically

quivalent. Of the three DNNC methylenes situated at the C-2,
-4, and C-6 positions, the two methylene groups at the C-4,
nd C-6 positions, adjacent to the geminal dinitro-substituted
-5 carbon [ C(NO2)2 ], are in a chemically equivalent envi-
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onment like that found in RDX, but the third DNNC methylene
roup at the C-2 position, sandwiched between the two nitrated
ing N atoms ( NNO2), is chemically non-equivalent with
espect to the C-4 and C-6 methylene positions.

Because of this structural variation, DNNC thermochemi-
al stability resembles that of TNT, rather than its structurally
elated RDX and HMX nitramines, but does provide an
xplosive energy output which rivals RDX [2,33]. Like TNT
m.p. = 80.0–81.2 ◦C) [10], neat DNNC melts without noticeable
ecomposition when heated above its 154.8–156.2 ◦C melt-
ng point; thus, a 5.19 kcal/mol (21.72 kJ/mol) DNNC heat
f fusion could be determined by DSC analysis [31] (TNT
Hfusion = 5.34 kcal/mol or 22.34 kJ/mol) [37]. Related cyclic

itramines RDX and HMX melt, or undergo liquefaction, with
ecomposition rapidly enough that their heat of fusion cannot
e obtained. Additionally, DNNC and RDX structural variation
ffects thermochemical properties related to rapid pyrolysis and
imulated combustion behavior [4,38].

The liquid state thermochemical decomposition process for
oth DNNC and DNNC-d6 was conducted at 4 ◦C temperature
ntervals from 174 to 194 ◦C using isothermal differential scan-
ing calorimetry (IDSC). Each DNNC and DNNC-d6 IDSC run
rovided a thermogram curve displaying three main features:
1) an endothermic induction period, (2) followed by the initia-
ion of an exothermic acceleratory phase which, after reaching
maximum energy release at the thermogram peak, (3) entered

nto a decreasing exothermic decay phase until complete decom-

osition resulted. Ample thermogram curve shifts between each
DSC thermogram were obtained at the six isothermal tempera-
ures (174, 178, 182, 186, 190, and 194 ◦C) selected for relevant
inetic evaluation (Fig. 3).

m
s
t
I

able 1
hysical and kinetic properties of neat liquid DNNC thermochemical decomposition

emperature (◦C) Induction time (s) Rate constant (k × 10−3 s−1)

94 52.6 ± 28.3 12.15 ± 0.48
90 72.2 ± 19.3 9.61 ± 0.43
86 93.8 ± 17.5 7.55 ± 0.64
82 148.4 ± 13.8 5.87 ± 0.39
78 228.6 ± 76.4 4.58 ± 0.25
74 359.6 ± 153.7 3.45 ± 0.16

verage – –

ll data variances computed at the 99% Student t level.
a Percent of thermogram exothermic acceleratory phase fitting linear portion of the

able 2
hysical and kinetic properties of neat liquid DNNC-d6 thermochemical decomposit

emperature (◦C) Induction time (s) Rate constant (k × 10−3 s−1)

94 73.6 ± 35.1 7.16 ± 0.89
90 126.5 ± 28.3 5.94 ± 0.45
86 169.9 ± 39.5 4.71 ± 0.35
82 274.0 ± 59.6 3.58 ± 0.19
78 437.4 ± 120.6 2.76 ± 0.29
72 652.0 ± 82.2 2.06 ± 0.10

verage value – –

ll data variances computed at the 99% Student t level.
a Percent of thermogram exothermic acceleratory phase fitting linear portion of the
ig. 3. Individual IDSC thermograms of DNNC from 174 to 194 ◦C taken at
◦C intervals.

.1. Thermochemical physical and kinetic properties

Within this 20 ◦C temperature regime (174–194 ◦C), post
DSC sample weights of decomposed neat liquid DNNC showed
n average 81% mass loss from conversion to gaseous products
Table 1). The remaining 19% of the DNNC sample was con-
erted to solid phase residue product(s) and remained in the
ample pan. The liquid DNNC-d6 decomposition process gave
nearly identical weight loss average of 80% with a 20% solid
hase residue (Table 2). For comparison, solid state DNNC ther-

ochemical decomposition afforded a 76% mass loss and solid

tate DNNC-d6 a slightly smaller 73% mass decrease. Forma-
ion of a solid phase residue has very important implications in
DSC kinetic data evaluation.

k linearity (%)a �Hdecomp. (kJ/mol) Wt. loss (%) No. runs

68 −802.5 ± 48.5 80 ± 2 8
83 −775.3 ± 56.9 82 ± 4 5
94 −801.6 ± 30.1 82 ± 4 5
95 −786.6 ± 38.1 80 ± 5 5
94 −799.1 ± 61.1 80 ± 7 5
95 −803.3 ± 38.1 80 ± 3 5

– −795.0 ± 45.6 81 ± 4 –

autocatalytic rate plot at a 0.999 least squares value (R2).

ion

k linearity (%)a �Hdecomp. (kJ/mol) Wt. loss (%) No. runs

57 −766.5 ± 36.4 80 ± 3 6
72 −797.9 ± 119.7 84 ± 12 5
81 −777.8 ± 81.2 81 ± 4 6
82 −767.8 ± 53.3 81 ± 6 5
82 −754.8 ± 25.1 81 ± 4 5
83 −769.0 ± 24.3 77 ± 1 5

– −772.4 ± 56.9 80 ± 5 –

autocatalytic rate plot at a 0.999 least squares value (R2).
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Fig. 4. (top) DNNC isothermal DSC thermogram (Run D6H26) illustrating
the portion of the exothermic acceleratory phase that fits autocatalytic kinet-
i
a
o

t
a
a
f
develop, and this can mask the point of curve deflection where
the acceleratory phase is initiated. An induction period activation
energy, which includes all six temperatures, equals 160.5 kJ/mol
S.A. Shackelford et al. / Therm

Post solid phase residue can mean that intermediate deriva-
ives form during the thermochemical decomposition process
hich react further until decomposition is complete. Two prob-

ems can result, and both can cause a misinterpretation of the
DIE value and its associated kinetics. First, kinetic evaluation
ay provide a combined rate constant value to which decompo-

ition of the subject compound and further decomposition of the
ntermediate condensed phase derivatives both contribute. This
esults in a KDIE value which is diluted or reduced from the
rue value of the subject compound. Secondly, this rate constant

ay reflect data from decomposition of the condensed phase
erivatives only formed from the initial energetic compound. In
his case, the KDIE value offers no useful information about
he original energetic compound and its decomposition process.
hese two related problems are amply documented in IDSC

hermochemical decomposition investigations with liquid TNT
9,10] and solid TATB [3,9]. When the presence of condensed
hase products appear, only the early portion of the thermochem-
cal decomposition process, and the corresponding thermogram
ortion, should be evaluated, notably, the endothermic induction
eriod and the exothermic acceleratory phase.

The DNNC and DNNC-d6 thermochemical decomposition
rocess afforded smooth thermograms that followed an autocat-
lytic rate behavior during a large portion of the exothermic
cceleratory phase (Fig. 3). The obvious incremental rate
ncrease as one proceeds to higher temperatures, is visually
epicted with decreasing induction times (ti) and steeper (faster)
cceleratory phase portions reflecting a higher rate constant (k).
he percent of the acceleratory phase that could be fitted linearly

o the autocatalytic rate plot, the exceptional least squares linear
urve fits (R2) obtained, and the corresponding rate constants
k) determined from the slopes of the linear portion of the auto-
atalytic rate plot at each temperature, are found in Table 1. The
ate constants shown at each isothermal temperature are aver-
ged over at least five runs. Fig. 4 illustrates the conversion of one
hermogram run at 182 ◦C into its autocatalytic rate plot. Anal-
gous data for DNNC-d6 appear in Table 2. At a liberal 99%
tudent t variation analysis, each rate constant is unique and
oes not overlap with ones at adjacent temperatures. The heat
f decomposition for both DNNC and DNNC-d6 give similar
alues.

Compared to the solid state DNNC thermochemical decom-
osition process [2], both the induction period and acceleratory
hase kinetics proceed much faster above the 154.8–156.2 ◦C
NNC melting point. For example, the 184 min (11,040 s)

nduction time for solid state DNNC at 148 ◦C is nearly 7.5
imes longer than the 148 s for liquid state DNNC at 182 ◦C.
or the liquid state DNNC acceleratory phase at 182 ◦C, the rate
onstant seen in Table 1 is slightly over one order magnitude
aster than the 3.38 × 10−4 s−1 rate constant obtained at 148 ◦C
or solid state DNNC [2]. The liquid state DNNC thermochemi-
al decomposition releases heat energy much more rapidly than
oes the solid state process.
Activation energies, computed at a 95% Excel©standard
rror level, reveal a 170.0 ± 27.7 kJ/mol energy of activation
R2 = 0.9922) for the DNNC induction period using the five
ower temperatures from 174 to 190 ◦C (Fig. 5). At higher

F
m

cs following the endothermic induction period (ti). (bottom) Corresponding
utocatalytic rate plot for DNNC (Run D6H26) illustrating the linear kinetic fit
f the exothermic acceleratory phase and slope-determined rate constant (k).

emperatures, the induction period time is short enough that it
pproaches the instrumental temperature equilibration regime,
nd accurate measurement becomes difficult. Little time is left
or a linear induction period portion in the thermogram curve to
ig. 5. Kinetic data plot providing the activation energy for the DNNC endother-
ic induction period.
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ig. 6. Kinetic data plot for activation energy of the DNNC and DNNC-d6

xothermic acceleratory phase.

ut gives a less desirable linear curve fit (R2 = 0.9903); therefore,
he higher 170.0 kJ/mol is selected as more valid. The 170 kJ/mol
raphic plot uses, as the shortest induction time, a 72.2 s value
etermined at 190 ◦C which is in the same time regime as that of
he shortest DNNC-d6 induction time value (73.6 s) at the higher
94 ◦C temperature.

A noticeably lower 104.2 ± 3.9 kJ/mol energy of activation is
ound for the DNNC exothermic acceleratory phase. Using the
ate constant values for all six temperatures, an excellent linear
ata fit results (R2 = 0.9993) as seen in Fig. 6. The significantly
ower 65.8 kJ/mol energy of activation (170.0–104.2 kJ/mol) for
he exothermic acceleratory phase follows the same trend as that
een for the solid state DNNC thermochemical decomposition
rocess [2]. This trend suggests the possible formation of a small
mount of decomposition product from DNNC itself during the
ndothermic induction period, which, upon reaching a threshold
oncentration, catalyzes initiation of the autocatalytic exother-
ic acceleratory phase where DNNC releases its stored energy.
his lower energy of activation and autocatalytic decomposi-

ion process for the exothermic acceleratory phase of liquid state
NNC fits with catalytic behavior. It also mirrors the same pat-

ern as that seen for the solid state DNNC decomposition process
2], as well as that reported for the neat liquid TNT catalyzed
ecomposition process [10].

Because significantly slower kinetics result with DNNC-
6, induction times are longer at corresponding temperatures
sed with DNNC; so, all six temperatures are included to
btain the 179.2 ± 14.3 kJ/mol (R2 = 0.9967) induction period
ctivation energy (Fig. 5). The same activation energy trend

as determined for the neat liquid state DNNC-d6 thermo-

hemical decomposition process (Table 3). The DNNC-d6 rate
onstants at corresponding temperatures are significantly lower
han those for DNNC and reflect the presence of a positive

e
(
m
f

able 3
ctivation energy (kJ/mol) comparisons between liquid and solid state DNNC therm

hermogram portion Liquid DNNC (R2) Liquid DNN

nduction period 170.0 ± 50.8 (0.992) 179.2 ± 23
cceleratory phase 104.2 ± 6.5 (0.999) 104.5 ± 17

ariances computed at Excel© 99% standard error level.
mica Acta 464 (2007) 42–58

inetic deuterium isotope effect (KDIE). As with the DNNC
hermochemical decomposition process, a large portion of the
NNC-d6 exothermic acceleratory phase provides an excellent
2 = 0.999 linear fit with the autocatalytic rate plot. A notice-
bly lower 104.5 ± 10.4 kJ/mol activation energy (R2 = 0.9949)
lso was observed for the DNNC-d6 acceleratory phase (Fig. 6)
ompared to its induction period (Fig. 5). For both DNNC and
NNC-d6, the higher induction period activation energy is sta-

istically significant even at a most strenuous 99% variance level
Table 3).

Activation energy (Eact) comparisons for solid and liquid
tate DNNC thermochemical decomposition also are shown in
able 3. While DNNC is considered to be a thermally stable
ompound, given enough time and energy, solid state DNNC
roceeds through a slow thermochemical decomposition pro-
ess and, like its liquid phase decomposition process, proceeds
ith an induction period activation energy that is higher than

hat seen for the acceleratory phase.

.2. Molecular kinetic deuterium isotope effect

The molecular KDIE for a given compound is determined
y comparing thermochemical decomposition rates of the unla-
eled molecule (DNNC) with the perdeuterio-labeled molecule
DNNC-d6). Comparing both induction period and acceleratory
hase data at the same temperatures in Tables 1 and 2, shows
hat the non-isotopically labeled (normal) DNNC thermochem-
cally decomposes more rapidly than its fully deuterium-labeled
NNC-d6 analogue. Like that previously reported for liquid
NT [10], solid TATB [3], solid and liquid HMX [8,12],
olid and liquid RDX [11,12], and solid DNNC [2], a posi-
ive molecular kinetic deuterium isotope effect (KDIE) defines
he liquid state DNNC thermochemical decomposition pro-
ess.

This positive KDIE clearly is observed in Fig. 7 where indi-
idual DNNC and DNNC-d6 thermograms taken at 174 ◦C are
ompared. Fig. 8 displays how the magnitude of the KDIE
an reveal the specific rate-controlling homolytic bond cleavage
ssociated with the DNNC molecule. Table 4 lists the KDIE val-
es obtained at each temperature using the DNNC and DNNC-d6
nduction periods and the overall KDIE determined for the entire
72–194 ◦C temperature range. The induction period KDIE is
etermined by dividing the DNNC-d6 induction time with the
NNC induction time (tid/tih) [8–10]. A molecular KDIE value
f 1.76 found during the induction period reflects a primary

ffect and identifies C H bond rupture in the ring methylene
CH2 ) groups of the DNNC molecule, or a structural frag-
ent derived from it, as being the rate-controlling mechanistic

eature (Fig. 8).

ochemical decomposition processes

C-d6 (R2) Solid DNNC (R2) Solid DNNC-d6 (R2)

.7 (0.997) 128.1 (0.992) [2] Not determined

.2 (0.995) 105.6 (calc.) [2] 115.2 (0.998) [2]
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ig. 7. Individual DNNC and DNNC-d6 IDSC thermograms compared at
74 ◦C.

Immediately following the endothermic induction period, the
NNC thermochemical decomposition process enters into an
xothermic autocatalytic acceleratory phase. In this portion of
he thermogram (Table 5), KDIE behavior is determined by
ividing the normal DNNC rate constant by the deuterium-
abeled DNNC-d6 rate constant (kh/kd) [8–11]. Within the

t
v
s
c

ig. 8. Possible KDIE types from C H (1◦ KDIE) bond rupture and C N, N NO2,

able 4
nduction period kinetic deuterium isotope effect (KDIE) for DNNC

emperature (◦C) DNNC-d6 induction period (min)

94 1.23 ± 0.53
90 2.11 ± 0.41
86 2.83 ± 0.59
82 4.57 ± 0.89
78 7.29 ± 1.79
72 10.87 ± 1.21

verage –

ata variances computed at the 99% Student t level.

able 5
cceleratory phase kinetic deuterium isotope effect (KDIE) for DNNC

emperature (◦C) DNNC rate constant (k × 10−3 s−1) DNNC-d6 rate

94 12.15 ± 0.48 7.16 ± 0.89
90 9.61 ± 0.43 5.94 ± 0.45
86 7.55 ± 0.64 4.71 ± 0.35
82 5.87 ± 0.39 3.58 ± 0.19
78 4.58 ± 0.25 2.76 ± 0.29
74 3.45 ± 0.16 2.06 ± 0.10

verage – –

ll data variances computed at the 99% Student t level.
mica Acta 464 (2007) 42–58 49

74–194 ◦C temperature range, a substantial overall molecular
DIE equal to 1.65 is found (Table 5). Among the myriad of

hemical reaction channels in play during this complex exother-
ic acceleratory portion of the thermochemical decomposition

rocess, a rate-controlling C H bond rupture occurs in the
ubstantially slowest one. This C H bond rupture is derived
rom the methylene sites of the cyclic DNNC molecule, or a
tructural fragment derived from it, and significantly controls
he overall exothermic energy release rate. This 1.65 KDIE
alue is calculated to be 3.17 when mathematically normal-
zed to room temperature conditions (298 K) [39] and further
erifies assignment of a rate-controlling C H bond rupture
here, at 298 K, a primary KDIE equal to 2.5 is consid-

red to be the minimum [40]. This primary 1.65 KDIE value
or the exothermic acceleratory phase decomposition of liquid
NNC is quite similar to that found for the liquid decomposi-

ion process of structurally related RDX which was measured
sing three different analysis methods (Table 6). Rounded off

o the nearest tenth decimal place, a 1.6 molecular KDIE
alue emerges for the exothermic portion of both the liquid
tate DNNC and RDX thermochemical decomposition pro-
esses.

C NO2 (2◦ KDIE) potentially present with the DNNC molecular structure.

DNNC induction period (min) KDIE value (no units)

0.88 ± 0.17 1.40 ± 0.47
1.20 ± 0.29 1.76 ± 0.32
1.56 ± 0.41 1.81 ± 0.34
2.47 ± 0.10 1.85 ± 0.20
3.81 ± 1.13 1.91 ± 0.38
5.99 ± 2.29 1.85 ± 0.30

– 1.76 ± 0.33

constant (k × 10−3 s−1) KDIE expl. value KDIE at 25 ◦C [39]

1.70 ± 0.13 3.36
1.62 ± 0.09 3.16
1.60 ± 0.11 3.10
1.64 ± 0.08 3.14
1.66 ± 0.12 3.14
1.67 ± 0.07 3.12

1.65 ± 0.09 3.17
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Table 6
Comparative KDIE values for exothermic liquid state DNNC and RDX thermochemical decomposition process

Temperature range (◦C) Reference Compound Analysis method KDIE value

174–194 This work DNNC/DNNC-d6 Isothermal DSC 1.65
227–242 11 RDX/RDX-d6 Isothermal DSC 1.64
212 only 11 RDX/RDX-d6 Isothermal QUVAa 1.57
2 /RDX
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06–216 12 RDX

a Quenched Ultra-Violet Absorbance measurement.

For comparison, molecular KDIE-based IDSC analyses of
he solid state DNNC thermochemical decomposition process
lso reveal a primary 1.47 KDIE and a rate-controlling C H
ond rupture for the exothermic acceleratory portion of the
ecomposition process. In contrast to the liquid DNNC decom-
osition results, however, the solid state DNNC induction period
ffords a secondary 1.22 KDIE value suggesting that homolytic
ing C N ring bond cleavage likely constitutes the endothermic
ate-controlling feature prior to transitioning into the exothermic
cceleratory phase [2].

The homolytic rate-controlling chemical bond rupture, and
esultant atom transfer during the decomposition process of an
nergetic compound, depends upon its chemical structure and
esultant chemical environment [23]. As seen in Fig. 9, the TNT
olecule possesses a chemical structure where two types of
H bonds reside in vastly different chemical environments.

his is reflected by the large proton NMR shifts between the
H bonds of the saturated aliphatic pendant methyl ( CH3)

roup and the aromatic phenyl C H bonds (Δ = 6.32 ppm). TNT

orms mainly condensed phase products during thermochemical
ecomposition [41,42] via a rate-controlling C H bond rup-
ure at the pendant methyl group site [10], and the aromatic

H bonds remain intact when forming these condensed phase

s
t
w
t

ig. 9. Comparative proton NMR chemical shift magnitudes of TNT C H bonding (
-d6 Isothermal TGA 1.56

ecomposition products [9,10,41,42]. The chemical structure
f the DNNC, where all C H bonds are embodied in satu-
ated aliphatic ring methylene groups, represents a far different
tructural environment from TNT (Fig. 9).

The rate-controlling C H bond rupture found in the exother-
ic liquid state DNNC thermochemical decomposition process

nly can emanate from the saturated methylene groups in the
NNC ring structure (Fig. 2), but the differences in their chem-

cal environment are much more subtle than with TNT. This
ubtle difference in DNNC molecular structure, and resultant
hemical environment, is illustrated by the very small NMR
roton shift between the two C-2 methylene protons versus the
our C-4/C-6 methylene protons (Δ = 0.83 ppm) seen in Fig. 9.

hile the two methylene groups at the C-4 and C-6 DNNC ring
ositions are chemically and structurally equivalent, the methy-
ene at the C-2 position is neither chemically nor structurally
quivalent with the C-4 and C-6 methylenes. This subtle dif-
erence in the DNNC chemical structure raises two questions.
re all three methylene groups in the DNNC ring structure the
ource for this rate-controlling C H bond rupture for the DNNC
hermochemical decomposition process, like that found in RDX
ith its three equivalent methylenes? Or, secondly, is the struc-

ural and resultant chemical non-equivalence of the DNNC ring

Δ = 6.32 ppm) versus DNNC ring methylene C H bonding (Δ = 0.83 ppm).
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tructure sufficiently different to restrict this C H bond rupture
o either the equivalent C-4/C-6 methylene sites, or alterna-
ively, to the non-equivalent nitrogen sandwiched C-2 site? An
nvestigative mechanistic IDSC comparison of the four DNNC,
NNC-d2, DNNC-d4, and DNNC-d6 isotopomers enters into

he DNNC molecule and differentiates between these chemi-
ally similar DNNC ring methylenes. In doing so, it determines
he structural site from which C H bond rupture ultimately reg-
lates the DNNC thermochemical decomposition process. A
imilar approach was used for the nitroraromatic HNS (hexan-
trostilbene) compound to analyze the more chemically diverse
romatic and vinyl C H bonds contained in its molecular struc-
ure, but no primary KDIE or resultant rate-controlling C H
ond rupture was found [43].

.3. Structural kinetic deuterium isotope effect

A structural KDIE represents an approach which com-
ares different internal structural features of a given compound
y using both the unlabeled compound (DNNC) and the
erdeuterio-labeled compound (DNNC-d6), as bracketed base-
ine data, against analogous, partially labeled isotopomers
DNNC-d2, DNNC-d4). There is a 9.6 kJ/mol energy differ-
nce between the C H bond ground state vibrational energy
nd that of the analogous but stronger C D bond. If bond
nergy differences between the non-equivalent C-2 methylene
nd the equivalent C-4/C-6 methylene positions in the unsym-
etrical DNNC molecule are greater than 9.6 kJ/mol, selectively

euterium-labeled DNNC-d2 and DNNC-d4 isotopomers could

eveal which methylene position provides the rate-controlling

H bond rupture for the DNNC decomposition process. Con-
istent with the KDIE concept, if the DNNC-d2 and DNNC-d4
sotopomers seen in Fig. 10 were synthesized and subjected

D
f
d

Fig. 10. Theoretical KDIE results with specific partially deu
mica Acta 464 (2007) 42–58 51

o IDSC analyses, the methylene position providing the rate-
ontrolling C H bond rupture could be identified. Should the
-2 methylene position exclusively provide this rate-controlling

H bond rupture, then the partially labeled DNNC-d2 isotopic
somer would give the same slower rate constant (kd2) as DNNC-
6 (kd6), and the partially deuterium-labeled DNNC-d4 would
ive the same rate constant (kd4) as DNNC (k). Conversely, if
he chemically equivalent C-4/C-6 methylenes are the source
f the C H rate-controlling bond cleavage, DNNC-d2 would
ave the same rate constant (kd2) as DNNC (k), and DNNC-d4
kd4) should give the same rate constant as does the slower one
xhibited by DNNC-d6 (kd6).

The partially labeled isotopic isomers, DNNC-d2 and DNNC-
4, were synthesized (Section 2) where discreet perdeuterio
CD2 methylene groups are introduced into the DNNC molec-
lar structure. To the nearest whole number, proton NMR
ntegration verified that each contained the intended two and
our deuterium atoms, respectively. However, for both the syn-
hesized DNNC-d2 and DNNC-d4 compounds, proton NMR
ntegration for the specific C-2 and C4/C-6 methylenes showed
1:2 integration ratio indicating that random CD2 methylene

crambling into all three DNNC ring positions resulted with
oth isotopomers. Under the alkaline reaction conditions, it was
ound that all three C-2, C-4, and C-6 positions in the DNNC
ing structure are subject to a formylation/deformylation equilib-
ium involving intermixing formaldehyde molecules which are
enerated from the ADIOL reactant and available from the addi-
ional formaldehyde reactant. Unfortunately, this equilibrium
xchange occurred faster than did ring self-assembly (Fig. 11).
Mass spectral analysis of the synthesized DNNC-d2 and
NNC-d4 samples revealed that each contained a mixture of all

our isotopomers, DNNC, DNNC-d2, DNNC-d4, and DNNC-
6, in percentages that mirrored the intended pure, selectively

terium-labeled DNNC-d2 and DNNC-d4 isotopomers.
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Fig. 11. General synthesis scheme used for AD

ositioned isotopic isomers DNNC-d2 and DNNC-d4 seen in
ig. 10. The DNNC-d2 isotopomer predominated in the mixed,
ynthesized DNNC-d2 sample, and the DNNC-d4 isotopomer
as predominant in the mixed, synthesized DNNC-d4 sample.
he net result of this random CD2 methylene ring incorpo-

ation, and the resultant percent mixtures of all four isotopic
somers in the synthesized DNNC-d2 and DNNC-d4 samples,
roduced bulk materials where the DNNC-d2 behaved as if it
ere one-third deuterium atom labeled at each methylene (C-
, C-4, and C-6) ring position, and the DNNC-d4 bulk material
ehaved as if it were two-thirds deuterium labeled at each methy-
ene position (Fig. 12). This serendipitous result necessitated
sing a modified and slightly more complex approach to deter-
ine whether or not a specific methylene group in the DNNC

hemical structure is responsible for the rate-controlling C H

ond rupture.

Initially, it was surmised that such random isotopic methylene
roup scrambling possibly explained the partial rate reductions
een as one progresses from DNNC to DNNC-d2, DNNC-

w
w
m

ADIOL-d4 and the four DNNC isotopomers.

4, and finally to DNNC-d6 (Table 7) without revealing any
echanistic differentiation between the two dissimilar DNNC
ethylene groups [44]. An evolving mechanistic analysis, how-

ver, suggested otherwise.
Random isotopic methylene scrambling could only give this

esult if the DNNC molecule predominantly decomposes with
he ring structure immediately unraveling to form one neutral
H2 CNO2)2, and two CH2 NNO2 fragments, or even lower
olecular weight species, prior to any rate-controlling C H

ond rupture occurring. If this were the case, a molecular KDIE
eflecting a secondary value should have been observed. Obser-
ation of a primary KDIE value strongly suggests this is not the
ase and that the skeletal ring structure primarily stays intact
hrough the initial and subsequent rate-controlling C H bond
upture.
Secondly, past condensed phase product isolation studies
ith TNT [41,42] and TATB [19] show intact ring structures
here decomposition reactions occur only with the pendant
ethyl, amino, and nitro groups and include those consis-
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Fig. 12. Overall kinetic behavior of random partially deuter

ent with the KDIE-determined rate-controlling C H (TNT)
10] and N H (TATB) [3] bond ruptures. Ring structures
re left intact, and initial reactions with nitramines appear
o involve the pendant NO2 group [5,8] and subsequent
ate-controlling ring hydrogen atom rupture by NO2 radical
bstraction [8].

Thirdly, sub-initiation impact and shock studies, where the
harred inner surfaces of hot spots caused by a rapid thermo-
hemical decomposition process, also reveal condensed phase
ntermediate condensed phase products with intact ring struc-
ures for TNT [22], TATB [21], and RDX [14,20]. In the case
f structurally related RDX, sub-initiation by impact displays
rigger linkage or first reaction N O bond rupture to form the
nalogous trinitroso intermediate compound [45]. More dras-
ic sub-initiated shock reveals a melamine type of product
here C H bond rupture [20], the rate-controlling step reflected
y KDIE-based thermochemical decomposition investigations
11,12], apparently follows the initial N O bond rupture, and
gain, leaves the skeletal ring structure intact as discussed in

ection 1.

A primary molecular KDIE, involving a rate-controlling C H
ond rupture, occurs early during the condensed phase thermo-

i
i

able 7
DSC rate constant data reduction for the DNNC and its deuterated isotopomers

ll data variances computed at the 99% Student t level.
abeled DNNC-d2 and DNNC-d4 isotopomer bulk samples.

hemical decomposition process and involves an intermediate
NNC radical with an intact skeletal ring structure. Litera-

ure precedence also suggests that the skeletal ring structure
f cyclic energetic materials is attacked late during the thermo-
hemical decomposition process after the rate-controlling bond
upture occurs [2,3,5,8–10,12,24,25,28,29,41,42,45,46]. There-
ore, the consistent decrease in DNNC decomposition rate with
ncreased deuterium substitution in Table 7 cannot be a random
ccurrence under these documented mechanistic circumstances.

more complex modified evaluative approach is required for
echanistic consistency [30].
This modified approach invokes two reasonable assumptions.

irst, when possible, the homolytic, covalent C H bond rup-
ure, and H atom transfer, will always occur in preference to
hat of the stronger C D covalent bond. Secondly, should the
ate-controlling step involve and be forced to proceed at one spe-
ific DNNC methylene site, and this methylene site is deuterium
abeled, then C D bond rupture will occur with a concomitant
ecrease in the decomposition rate and associated rate constant.
Fig. 12 represents a valid model with which to evaluate kinet-
cs data obtained with DNNC and its three deuterium-labeled
sotopomers, DNNC-d2, DNNC-d4, and DNNC-d6. Fig. 12 (top)
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By graphing only the first three points corresponding to
DNNC, DNNC-d2, and DNNC-d4 in an analogous plot (Fig. 15),
a near perfect linear least squares fit (R2 = 0.9999 or 1.000)
results and gives a y-intercept value at the DNNC-d6 (0 H-atoms)
ig. 13. Comparison of individual DNNC, DNNC-d2, DNNC-d4, and DNNC-d6

sotopomer thermograms at 186 ◦C.

isplays three CD2 randomly labeled DNNC-d2 molecules,
hich combined, mirror the synthesized DNNC-d2 isotopic iso-
er that behaves as if it were one-third deuterium labeled at

ach methylene position. If the rate-controlling C H bond rup-
ure emanates from the C-2 methylene site, slower C D bond
leavage would occur only one out of three times, and C H bond
upture would occur twice as often. Thus, DNNC-d2 should give
one third (33%) rate constant reduction between the faster unla-
eled DNNC rate constant and the relative 100% rate constant
eduction of DNNC-d6. Alternatively, if the equivalent C-4/C-6
ethylene positions are the source for the rate-controlling C H

ond rupture, a slower C D bond rupture, and concomitant rate
onstant reduction would not occur with the DNNC-d2 isotopic
somer because a preferred C H bond rupture is always avail-
ble. Fig. 12 (bottom) displays three CD2 randomly labeled
NNC-d4 molecules, which combined, mirror the synthesized
NNC-d4 isotopic isomer that behaves as if it were two-thirds
euterium labeled at each methylene position. With the synthe-
ized DNNC-d4 isotopic isomer, a C H rate-controlling bond
upture relegated to the C-2 methylene would effect a two-
hirds (67%) rate constant reduction since this methylene site
s deuterated two out of three times. If the rate-controlling step
ere provided by the C-4/C-6 sites, DNNC-d4 would give a
ne third (33%) rate constant reduction. This is summarized in
able 8.

The DNNC, DNNC-d2, DNNC-d4, and DNNC-d6 thermo-
hemical decomposition processes were analyzed by IDSC at

86 ◦C, and a systematic rate reduction was observed. Fig. 13
hows an individual IDSC run for each isotopic isomer where
he decomposition rate progressively slows in the order: (fastest)
NNC > DNNC-d2 > DNNC-d4 > DNNC-d6 (slowest). The fact

able 8
xpected rate constant reduction of methylene sites relative to DNNC/DNNC-d6

ate constant difference

sotopomer
ompound

RCS at C-2 rate constant
reduction (%)

RCS at C-4/C-6 rate
constant reduction (%)

NNC-d2 33 0
NNC-d4 67 33
NNC-d6 100 100

CS = rate-controlling step (C H bond rupture).
F
l

mica Acta 464 (2007) 42–58

hat, both the DNNC-d2 and DNNC-d4 rate constants are
educed significantly (Table 8) during the exothermic acceler-
tory phase, immediately identifies the C-2 methylene position
s being the structural site for the rate-controlling C H bond
upture for this portion of the thermochemical decomposition
rocess.

Careful rate constant data analysis of the experimental struc-
ural KDIE data in Table 8 shows that, within the total rate
ifference between DNNC and fully deuterium-labeled DNNC-
6, DNNC-d2 decomposes about one-third (31%) more slowly
han DNNC, and DNNC-d4 nearly two-thirds (60%) more
lowly (Table 8). That is, the structural KDIE rate reduc-
ion percent for DNNC-d2 equals [kDNNC–kDNNC-d2 divided
y kDNNC–kDNNC-d6 ] (from Table 7) times 100, and the
tructural KDIE rate reduction percent for DNNC-d4 equals
kDNNC–kDNNC-d4 divided by kDNNC–kDNNC-d6] times 100. This
ata very closely matches the calculated criteria expected if the
on-equivalent C-2 methylene position in the DNNC molecule
s the origin for the rate-controlling C H bond rupture site, and
urther experimental data analysis strengthens this conclusion.

Rate constant interval differences in Table 8 reveal nearly
dentical interval reductions between the DNNC and DNNC-d2
ate constant values, and between the DNNC-d2 and DNNC-d4
ate constants; however, a much larger 1.24 × 10−3 s−1 interval
eduction appears between the DNNC-d4 and DNNC-d6 rate
onstants. Fig. 14 displays this data in graph plot form and fur-
her suggests the experimental DNNC-d6 rate constant, while
uite reasonable, might actually be slightly lower than what is
onsistent with the other DNNC, DNNC-d2, and DNNC-d4 iso-
opomers. Plotting the number of hydrogen atoms (x-axis) in
ach DNNC isotopomer [47], versus the measured rate con-
tant (y-axis) in Fig. 14, affords an excellent linear least squares
t (R2 = 0.994), but Fig. 14 also gives a linear-intercept value
or DNNC-d6 (0 H-atoms) [47] which suggests a rate constant
qual to 4.77 × 10−3 s−1, rather than the lower 4.68 × 10−3 s−1,
ould be more reasonable [48].
ig. 14. Experimental DNNC isotopomer rate constant versus number of methy-
ene hydrogen atoms in DNNC molecular structure.
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ig. 15. Experimental DNNC isotopomer rate constant versus number of methy-
ene hydrogen atoms in DNNC molecular structure with DNNC-d6 (H = 0 atoms)
sotopomer rate constant not plotted.

sotopomer that defines a 4.98 × 10−3 s−1 revised rate constant
alue. When this revised rate constant (4.98 × 10−3 s−1) is sub-
tituted for the 4.68 × 10−3 s−1 experimental data rate constant
n Table 9, all three rate constant reduction interval differences

atch much more closely with the re-computed DNNC-d4 to
NNC-d6 interval falling between the two other intervals. Most

mportantly, a 34% rate constant reduction, versus calculated
3%, results for DNNC-d2, and the expected 67% rate reduc-
ion surfaces for DNNC-d4. Thus, the rate-controlling C H bond
upture, which regulates the energy release rate of the exothermic
cceleratory phase, originates at the non-equivalent C-2 methy-
ene site sandwiched between the two DNNC ring nitrogen
toms.

Next, the induction period data is similarly evaluated to deter-
ine if this mechanistic feature also regulates this earlier portion
f the DNNC thermochemical decomposition process. Induction
eriod times also represent rate measurement data and have an
nversely proportional relationship with corresponding reaction
ate constants which cannot be directly measured by IDSC in

s
b
d
i

able 9
evised DNNC-d6 rate constant data for DNNC and its deuterated isotopomers at 18

able 10
nduction time data for DNNC and its partially deuterated isotopomers at 186 ◦C

nduction period data DNNC Interval DNNC-d2

o. IDSC runs 6 5
ve. induction time (s) 91.8 ± 23.0 115.7 ± 13.8

nterval (s) 23.9
ercent reduction (%) 0 29

ll data variances computed at the 99% Student t level.
ig. 16. Experimental DNNC isotopomer induction period times from Table 10
ersus number of methylene deuterium atoms in DNNC molecular structure.

his flat portion of the thermogram [10]. A fast endothermic
eaction rate (large rate constant), occurring during the induc-
ion period, provides a short (small) induction time. Therefore,
nduction times should increase as the amount of deuterium-
abeled methylene groups increase in the DNNC isotopomer by
he proportionate percentages shown in parentheses: DNNC (0%
aseline time) < DNNC-d2 (33%) < DNNC-d4 (67%) < DNNC-
6 (100% maximum time).

Table 10 lists the averaged induction time (ti) obtained at
86 ◦C for DNNC and each of its three deuterium labeled iso-
opomers. The increased induction times for both DNNC-d2
nd DNNC-d4, compared to DNNC (Fig. 16), again suggests
hat the rate-controlling C H bond rupture emanates from
he C-2 methylene site of the DNNC ring structure. Should
his rate-controlling mechanistic feature be generated from
he equivalent C-4 and C-6 methylenes, no induction time
ecrease for the DNNC-d2 isotopomer, compared to DNNC,

hould result (Fig. 12). Induction time interval differences
etween DNNC/DNNC-d2, DNNC-d2/DNNC-d4, and DNNC-
4/DNNC-d6 do not follow the expected regular magnitude
ncrease which should give a 33% induction time increase for

6 ◦C

Interval DNNC-d4 Interval DNNC-d6

5 5
129.2 ± 25.1 173.9 ± 34.1

13.5 44.7
46 100
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Fig. 18. Experimental DNNC isotopomer induction period time versus number
of methylene deuterium atoms in DNNC molecular structure with DNNC-d6

isotopomer induction time not plotted.

Fig. 19. Experimental DNNC isotopomer induction period times versus number
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ig. 17. Experimental DNNC isotopomer induction period time versus number
f methylene deuterium atoms in DNNC molecular structure with DNNC-d4

sotopomer induction time not plotted.

NNC-d2 and a 67% increase for DNNC-d4. Rather, induc-
ion time increases are 29 % for DNNC-d2 and 46% for
NNC-d4 using the initial experimental interval data obtained

Table 10).
Again, like the exothermic acceleratory phase data, an

xtended treatment of the induction time data clearly reflects
he expected trend. A graphic trend line plot of experimental
nduction times versus the number of hydrogen atoms in DNNC,
NNC-d2, DNNC-d4, and DNNC-d6 (Table 10), only gives an
2 = 0.946 linear least squares fit (Fig. 16); but, comparison of a
olynomial curved trend line and close examination of the lin-
ar trend line and interval differences from Table 10, suggest the
nduction time for DNNC-d4 may be low compared to the other
hree isotopomers.

In contrast to Fig. 16, Fig. 17 plots a least squares trend line
t for the induction times of DNNC, DNNC-d2, and DNNC-
6 only, where the DNNC-d4 129.2 s induction time data is
xcluded, and affords an excellent R2 = 0.998 linear fit with
13.81 slope value. A similar plot that includes the DNNC,
NNC-d2, and DNNC-d4 induction times, but excludes the
NNC-d6 173.9 s induction time (Fig. 18), gives a much lower
2 = 0.976 fit, and verifies that the abnormally low induction

ime comes from DNNC-d4 rather than DNNC-d6.
Averaging the sum of the three induction time interval values

ound in Table 10, an interval of 27.4 s results over the entire
NNC to DNNC-d6 isotopomer range. Substituting this aver-

ged 27.4 s interval difference for the questionable 13.5 s interval
ifference between DNNC-d2 and DNNC-d4, and adding the

7.4 s to the 115.7 s induction time of DNNC-d2, a 143.1 s
nduction time for DNNC-d4 results which nearly matches the
pper 99% Student t variance for this questionable 129.2 s induc-
ion period value. The calculated 27.4 s induction time interval,

s
i
f
6

able 11
evised induction time data for DNNC and its partially deuterated isotopic isomers

nduction period data DNNC Interval DNNC-d2

o. IDSC Runs 6 5
ve. induction time (s) 91.8 115.7

nterval (s) 23.9
ercent reduction (%) 0 29
f methylene deuterium atoms in DNNC molecular structure with DNNC-d4

sotopomer modified induction time plotted from Table 11.

nd resultant calculated 143.1 s induction time for DNNC-d4,
long with a revised 30.8 s interval difference in place of 44.7 s
etween DNNC-d4 and DNNC-d6 to maintain a 173.9 s induc-
ion time for DNNC-d6, are substituted for the corresponding
ata in Table 10 to give Table 11. Using the revised data from
able 11, the DNNC-d2 induction time increase remains at 29%
or DNNC-d2, but becomes a much more reasonable 62% for
NNC-d4. The 29% DNNC-d2 induction time increase is rea-

onably close to the expected 33% value, and the corrected 62%
nduction time increase for DNNC-d4 (Table 11), versus 46%

rom Table 10, compares more favorably with the calculated
7% induction time increase expected.

Interval DNNC-d4 Interval DNNC-d6

5 5
143.1 173.9

27.4 30.8
62 100
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A graphic plot of the revised induction time data in Table 11
or DNNC, DNNC-d2, DNNC-d4, and DNNC-d6 generates a
inear trend line with a nearly identical linear R2 = 0.997 fit and
3.68 slope (Fig. 19) as that seen with the linear R2 = 0.998 value
nd 13.81 slope found in Fig. 16 where the suspect DNNC-d4
nduction time is excluded. Allowing that visually interpreted
nduction time data measurements are not as exact as acceler-
tory phase rate constants, this induction time data treatment
urther confirms that C H bond rupture at the DNNC structural
-2 methylene position also controls the endothermic induc-

ion period portion of the liquid state DNNC thermochemical
ecomposition process.

. Conclusions

Liquid state thermochemical decomposition of DNNC, con-
ucted between 174 and 194 ◦C, is an autocatalytic process.
uring this process homolytic covalent C H bond rupture, and

esultant hydrogen atom transfer, constitute a key mechanistic
eature which determines the endothermic initiation and subse-
uent exothermic propagating energy release rates.

Molecular KDIE data, taken with unlabeled DNNC and
erdeuterio-labeled DNNC-d6, displays a primary KDIE value
or both the endothermic induction period and subsequent
utocatalytic exothermic acceleratory phase (Fig. 20, top).
he initial endothermic induction period likely generates a
atalytic species via a rate-controlling homolytic C H bond
upture (KDIE = 1.76), which upon reaching a threshold con-
entration, initiates an exothermic autocatalytic decomposition
rocess. The exothermic decomposition process then follows
rate that also is controlled by a homolytic C H bond rup-

ure (KDIE = 1.65) coming from one of the methylene groups
omprising the DNNC ring structure. A significantly higher
nergy of activation is required to initiate the DNNC endother-
ic induction period (170.0 kJ/mol) than what is needed for the

orresponding exothermic acceleratory portion of the respective
ecomposition process (104.2 kJ/mol). The 65.8 kJ/mol energy
ifference, coupled with its autocatalytic rate behavior sup-
orts this catalytic mechanistic interpretation for the liquid
tate DNNC thermochemical decomposition process. This same

echanistic trend previously was reported for the solid state
NNC thermochemical decomposition process (Table 3) [2].
Structural KDIE data, obtained from comparing DNNC and

erdeuterio-labeled DNNC-d6 with partially deuterium-labeled

t
s
d
D

Fig. 20. Graphic conclusion for liquid state DNN
mica Acta 464 (2007) 42–58 57

sotopomers DNNC-d2 and DNNC-d4, enters into the DNNC
olecular ring structure and reveals that the rate-controlling
H bond rupture originates at the methylene ( CH2 ) site

t the C-2 position of the DNNC molecule which is sandwiched
etween the two ring nitrogen atoms, or originates from a struc-
ural fragment that is generated from this structural site (Fig. 20,
ottom). The chemically and structurally equivalent methylene
roups at the C-4 and C-6 positions of the DNNC molecule
eside in a chemical environment which is subtly different from
he third C-2 methylene group. The subtle energy difference
f the chemical environments between the C-2 methylene site
nd the C-4/C-6 equivalent methylene sites, or the correspond-
ng structural fragments that provide the rate-controlling C H
ond rupture, must exceed the 9.6 kJ/mol ground state vibra-
ional energy difference between the C H and C D bond. If
his were not the case, the rate-controlling C H bond rupture,
nd hydrogen atom transfer, would occur randomly at all three
NNC methylene positions. The C-4/C-6 methylenes contribute

ittle or no significant role in determining the overall liquid state
NNC thermochemical decomposition and energy release rates.
Apparently, the liquid state DNNC induction period requires

higher activation energy (170 kJ/mol) than does the solid state
128 kJ/mol) [2] to initiate the subsequent exothermic portion
f the thermochemical decomposition process. The liquid state
104 kJ/mol) and solid state (105 kJ/mol) [2] DNNC exother-
ic acceleratory phases have a similar activation energy once

nergy release commences. While homolytic C H bond rupture
etermines both the endothermic induction time duration and
he exothermic acceleratory phase energy release rate in liquid
tate DNNC thermochemical decomposition, rate-controlling
omolytic C H bond dissociation only is found during the accel-
ratory phase of the solid state thermochemical decomposition
rocess. Solid state DNNC endothermic induction period kinet-
cs appear to be regulated by a different rate-controlling bond
upture as previously reported [2].
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