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Abstract

The solid state thermochemical decomposition kinetics and activation energy of neat 1,3,5,5-tetranitrohexahydropyrimidine (DNNC) and its
DNNC-ds; deuterium labeled analogue were obtained by isothermal differential scanning calorimetry (IDSC) at 142, 145;@nGlotil rate
constants and kinetic deuterium isotope effect (KDIE) data from the exothermic decomposition process suggest that hetddipticl @upture,
in one or both types of chemically non-equivalent methyler@H,) groups of the DNNC ring structure, constitutes the exothermic rate-controlling
step. A DNNC-d energy of activation equal to 115 kJ/mol was determined for this initial autocatalytic exothermic energy release from which
a 106 kJ/mol activation energy was calculated for unlabeled DNNC. This exothermic autocatalytic decomposition process follows an extendec
endothermic induction period for DNNC which shows a higher 128 kJ/mol activation energy during which a catalytic initiating species may form
by a rate-controlling step different from-& bond rupture.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction important data for practical technology and safety considera-
tions[1]. An isothermal DSC analysis aptly demonstrated this
Global, heterogeneous reaction kinetics obtained via isothepoint when the resultant global kinetics data from the solid state
mal differential scanning calorimeter (IDSC) analyses often ar@lecomposition of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB)
ignored in favor of highly defined homogeneous kinetic studiewas used to predict the critical temperature needed to initiate a
that measure specific reaction steps. However, the global kineti¢eermal explosion evelfi2]. The critical temperature of an ener-
obtained from liquid and solid state thermochemical decomgetic compound defines the lowest constant surface temperature
position processes with neat high-energy compounds providat which a compound, given a specific size, shape, and com-
position, can self-heat to a catastrophic event. When the global
kinetic rate constant for this solid state TATB decomposition
"+ Corresponding author. Tel.: +1 661 275 5847; fax: +1 661 2755471, PrOCeSS was substituted into the Frank-Kamenetskii equation,
E-mail address: scott.shackelford@edwards.af.mil (S.A. Shackelford).  the predicted 354C critical temperature matched its experi-
1 present address: Donald Bren School of Information and Computer Scimentally determined valug].
ences, University of California, Irvine, CA 92697, USA. Factors influencing global solid heterogeneous kinetic rates
2 Experimental IDSC thermochemical decomposition investigations weregra decidedly different from those encountered in less com-
;ﬂg?fgtifsd;é;z;';;‘ g:"fg;se;gg;:n:gzlogﬁfﬁ;y USAF Academy, CO, US_ lex homogeneous kinetic studies. Global reaction kinetics
3 Adjunct Professor, Pt. Loma Nazarene University, San Diego, CA, Augusil condensed phase thermochemical decomposition heavily
1997 to August 2003. involve complex bimolecular reaction procesg&ls and in the
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solid state, describe reactions occurring within a thin zone of\ standard scanning DSC study used to determine the heat of
reactant—product contact that advance into the non-decomposédsion atits 154.8—-156 2 melting point revealed no significant
interior of the particlg1]. Other factors uniquely influencing DNNC sample decomposition. Permitting the melted DNNC
global heterogeneous solid compound kinetic measuremengample to re-solidify, then conducting an IDSC liquid thermo-
include melting, impurities, and crystal defe¢i§. For these chemical decomposition run at 176 gave virtually the same
reasons, when conducting kinetic deuterium isotope effectthermogram and heat of decomposition energy output as did a
based (KDIE) thermochemical decomposition analyses likdresh DNNC sample atthe same temperal8feConversely, the
those described in this investigation, it is important, when-symmetrical, cyclic six-membered RDX nitramine and its eight-
ever possible, to synthesize and prepare non-labeled and analnembered HMX homologue undergo thermochemical decom-
gous deuterium-labeled compounds in an identical manner. Thigosition during melting or liquefaction so rapidly that their heat
action ensures any kinetic rate differences found result solelgf fusion cannot be determingd.
from the deuterium atom substitutidy. Two thermal decomposition studies have been reported for
Given the importance of global heterogeneous kinetic anddNNC. One decomposition was conducted in solvent (THF)
mechanistic data with energetic compounds, the solid statat 105°C at high-pressure (1.1 GPa) conditions. Under diluted
thermochemical decomposition process of 1,3,5,5-tetranitrosolvent conditions, an apparent unimolecular process was
hexahydropyrimidine (DNNC) and its DNNGsddeuterium inferred that produced a facile elimination of HN@ith no
labeled analogue were investigated by isothermal DSC analyate-controlling step reporte®]. Thermochemical decompo-
sis using the kinetic deuterium isotope effect (KDIE) approachsition processes conducted in solvents are quite different from
A maximum sensitivity setting was used for the DSC instru-the ambient pressure, neat solid state DNNC thermochemical
ment in order to detect minute curve deflections over short timelecomposition conditions of this investigation where bimolec-
intervals. The global reaction rate constants, resultant energiesar processes likely predominate.
of activation, and the rate-controlling bond ruptures regulating A second thermochemical decomposition investigation with
the energy release rate for the neat solid state DNNC thermaxeat DNNC and several of its 5-substituted (Fig. 1) deriva-
chemical decomposition process were determined. tives employed T-Jump/FTIR and Raman spectroscopy analyses
DNNC is comprised of a unique heterocyclic hybrid chemi-at 0.5 MPa and 350C. Results suggested that the substituted
cal structure thatincorporates features found in both high-energyroups at the 5-position largely control the pathway followed
geminal dinitroalkane and cyclic nitramine compounds (Fig. 1) by the predominantly bimolecular decomposition process and
The DNNC molecule contains two types of methylene groupsietermine the gaseous products obseft®}i Once again, no
[-CHx>—] sandwiched between two different energetic structurakate-controlling step was identified. While structural features at
sites. One non-equivalerCH,— group is sandwiched between the 5-position may determine a specific pathway for the ther-
two nitrated N atoms [NNO3] at the ring 1- and 3-positions, mochemical decomposition process, homolytic bond rupture
and two chemically equivalertCH,— groups each flank the kinetically controls the rate at which this DNNC decomposition
geminal dinitro-substituted ring carbon atom [C(&} at the  pathway proceeds. The rate-controlling bond rupture, and the
5-position. First synthesized in 1982 6] the DNNCJ[7] hybrid  activation energy required to initiate it, recently were presented
structure is a high-energy pseudo-nitramine with an impact serfer the both the DNNC solid and liquid state decomposition
sitivity significantly lower than that exhibited by the structurally processes in an abbreviated forrfit].
related cyclic RDX nitramine. The explosive initiation sensitiv-  Identification of this rate-controlling chemical bond rup-
ity of DNNC resembles that of the more stable nitroaromaticture during the ambient pressure thermochemical decom-
TNT molecule, but when initiated, its detonation energy is sigposition process is a key mechanistic feature of energetic
nificantly higher than TNT and rivals the RDX nitramiffs. compound behavior. The same rate-controlling bond rupture
Thus, the DNNC pseudo nitramine exhibits energy and sensitivseen in the thermochemical decomposition process for both
ity properties associated with both nitramine and nitroaromatimitroaromatic and nitramine compounds mirrors that found in
compounds. the more drastic high-pressure and -temperature combustion
DNNC thermochemical stability also is similar to TNT in and explosion eventgl2]. Indeed, it also appears that this
that it melts without noticeable or significant decomposition.rate-controlling chemical bond rupture is a key mechanistic
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Fig. 1. Intramolecular hybrid structure of the DNNC molecule.
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step in energetic compound global initiation and sensitivitying a contractor-accomplished instrumental calibration and fine
propertieq13]. tuning service call. To ensure utmost accuracy, the DSC 7 tem-
Amid the myriad of complex simultaneous and sequentiaperature was calibrated with indium (m.p. 156260 prior to
chemical reactions that proceed during the thermochemicaach IDSC sample run. Atotal of 32 IDSC runs were conducted.
decomposition process, the kinetic deuterium isotope effecBix runs were conducted on DNNC at 148 and 1@5while five
(KDIE) approach, used with ambient pressure IDSC analyfuns were conducted each on DNNC at 1@2and DNNC-d at
sis, has identified this critical rate-controlling bond rupture,148, 145, and 142C. Both DNNC and DNNC-glwere synthe-
first with liquid TNT (2,4,6-trinitrotoluene)17], and subse- sized, isolated, purified, and characterized in an identical manner
quently, for solid TATB (1,3,5-triamino-2,4,6-trinitrobenzene) and have been reported in defdit].
[2], liquid and solid HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine),[16] liquid RDX (1,3,5-trinitrohexahydro-1,3,5- 2.2. Thermogram curve evaluation
triazine),[18]and their respective deuterium-labeled TNT-%-d
TATB-dg, HMX-dg, RDX-dg analogues. The rate-controlling The thermochemical decomposition curves for both DNNC
step also has been determined using isothermal thermal graxand DNNC-@ were evaluated using ttde:/ds = ka(1 — o) auto-
metric analyses (TGA) with HMX/HMX-gland RDX/RDX-c catalytic rate plot equation where (@) is the mole fraction
nitramines, since they produce mainly gaseous products duof decomposed DNNC at any given time [2,12,15,16]. To
ing their liquid and solid state thermochemical decompositiorapproximate the instantaneobd/8r area of curve change, the
processefl9]. While the rate-controlling bond rupture may or average change in area (Aa) divided by the time interval dis-
may not constitute the first homolytic bond rupture during atances (Af) was used (Aa/Ar). Progressive summation of all
complex thermochemical decomposition process, this bond rupadividual segmented areas along the thermogram curve (X Aa)
ture occurs during the slowest step of a coherent, steady-staggves the total area under the curve (A), while progressive sum-
reaction. This key reaction and its rate-controlling bond rupturenation of these areas up to a certain point in timed Aa Aa,,)
predominate over all other reactions during a specific portiomgives the amount of decomposed samplg @t that specific
of the complex decomposition process, and thereby, kineticallfime. The mole fraction («) of decomposed DNNC remaining
regulate the overall rate at which the process proceeds. is given by the fraction of the area under the entire curve up
In every case, the same rate-controlling bond rupture found ito a certain point (& a,/A). A graphics plot ofAa/At versus
the ambient pressure thermochemical decomposition process fe(l — «) defines an autocatalytic rate behavior where the slope
a given energetic compouifiz, 12,16—-19hlso appears to be the of any linear portion on the curve gives the kinetic rate constant
rate-controlling step for high-pressure combusfia2,20land (k).
the predominant rate-controlling feature in explosive initiation  Previously, individualAa/At areas have been determined
eventg2,12,19,21-26]. using the curve height above the baseline (k) at given time (¢)
Using the maximum IDSC instrument sensitivity settings,along the thermogram curve. Because IDSC measures the total
this report investigates the ambient pressure solid state thermbeat evolved during the decomposition process, and because
chemical decomposition mechanism of neat DNNC between 14this heat evolution is proportional to the global rate at which
and 148 C, below its melting point range of 154.8-156Q[8]. the sample chemically reacts, the overall rate of decomposition
Following a 3-5 h endothermic induction period, DNNC under-is described by the following approximatiodw/s¢ = height (k)
goes a very slow but significant exothermic thermochemicatlivided by the corresponding time along the curve (7). Thus,
decomposition process. IDSC analyses conducted with DNNG@«/8¢ = Aal At=hit, or da/dt=hit becauseé: approximates the
and DNNC-@, coupled with the kinetic deuterium isotope effect very small width of the individualha/Ar segmenf15].
(KDIE) approach, identify the rate-controlling bond rupture that ~ This height-based approximation has successfully been used
governs the rate at which the solid state decomposition proceedisr autocatalytic rate plots of IDSC curves where the ther-

and permits its energy of activation to be determined. mochemical decomposition occurs over a period of minutes
[2,11,15-18]. However, these solid state DNNC and DNNC-d

2. Experimental thermochemical decomposition processes occurred over many
hours (eg. nearly 14 h at 148) [11]. Because the IDSC instru-

2.1. Instrumental and chemical details mentation software could plot only a finite number of data points,

a long decomposition process possibly gave much lafger

The IDSC thermochemical decomposition curves werealistance intervals and resultani,, areas. Consequently, the
obtained using a Perkin-Elmer DSC 7 instrument set to itdheight-based approximation approach, with its very nartaw
maximum sensitivity. Perkin-Elmer stainless steel large volumevidths and potentially much smaller calculat&d, values, was
capsules (LVC), part no. 0319-1526 (top) and 0319-1525 (botaot used. Rather, areas faw,, were calculated with measured
tom) were used without Viton O-ring seals, part no. 0319-1535A¢ interval distances using a modification of Simpson’s Rule.
DNNC and DNNC-¢ sample sizesrangingfrom 1.50t01.54mg  Simpson’s Rule determines individual areas g)\at corre-
were weighed into the LVC capsules and then sealed in the opesponding time distance intervals (A1ocated along the base-
atmosphere. During the IDSC thermochemical decompositiorine of the thermochemical decomposition curve. The standard
the sealed capsules were under a stream of nitrogen gas usiB8gmpson’s Rule divides a continuous curve into equally dis-
the highest instrumental sensitivity setting immediately follow-tributed time intervals (At), and processes these time intervals
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Standard Simpson’s Rule Modified Simpson’s Rule
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Fig. 2. Standard and modified Simpson'’s Rules.

in pairs (Af,, At,+1). Each time interval pair is defined using parative superimposed decomposition curves taken at@48
three data points: ¢ the start of the first interval, gPthe end  qualitatively illustrate this positive KDIE where the DNNC
of the first interval and beginning of the second interval, anddecomposition rate proceeds significantly more rapidly than for
(P3) the end of the second interval. Simpson’s Rule uses thedeNNC-ds (Fig. 3). KDIE details identify the rate-controlling
three points (B-3) to approximate the polynomial area under thestep which is a mechanistic feature very important in regulating
decomposition curve (Aat Aay+1) for the pair of time intervals  energetic compound behaviidr2,13].
(At, + Aty41). Using this approach, the area of the entire curve
(A), or a large portion of it, may be approximated by aggregat3./. Physicochemical characteristics
ing the approximated areas (X Aof each pair of time intervals
along the curve. IDSC analyses of DNNC taken at 142, 145, and 1@8
The standard Simpson’s Rule requires the use of pairs of timgevealed a lengthy 3 (184 min at 148) to nearly 5 h (293 min
intervals, which limits the flexibility of the approach because itat 142°C) endothermic induction period. This induction period
requires an even number of time intervals to be considered. T@as then followed by an exothermic thermochemical decom-
rectify this, Simpson’s Rule was modified (€. 2) so that, position process (Fig. 4) whose autocatalytic rate plot displays
as before, two time intervals are used (AAz,+1) to approxi-  three linear segments from which rate constant data could be
mate the original decomposition curve, but unlike before, onlyobtained as illustrated later iRig. 6. The time required for
the area under the curve of the first interval {Ais approxi-  the solid state decomposition process differs markedly from the
mated from this curve. To calculate the area for the next intervalquid state process. For example, liquid state DNNC decompo-
(Aay+1), the modified Simpson’s Rule approach is reapplied, busition at 176 C is complete in about 42 min (0.7 [8,11] while
with the second and third time intervals (A¢, At,+2), respec-  its entire solid state decomposition process at°Bequires
tively. Generally, the modified approach gives us the area undefearly 14 h or 20-times longer.
the curve for a single interval (4 using its and the following Although the thermochemical stability and explosive initia-
corresponding time intervals to generate the curvg(Arms+1).  tion sensitivity of DNNC more closely resemble that of TNT,
This modified approach allows additional flexibility by mak- the chemical reaction behavior of the solid state DNNC thermo-
ing more individualAa/ At sub-intervals available in evaluating chemical decomposition process falls somewhere between its
linear regression values. Such evaluation permits the optimumdyclic saturated RDX or HMX nitramine relatives and aromatic
limits of linear portions in the autocatalytic rate plot to be deter-TNT.
mined where a single coherent mechanistic kinetic step produces

a kinetic rate constant (k). A software program using a modi- 0.50
fication of the Simpson’s Rule was written and developed to T 145°C s
calculatex, Aa, a, andA values for the decomposed DNNC 0.40- / M
samples. 1 ' /
0.30 - ‘ . ' /”
Heat Flow | ¥
3. Results and discussion (m'"'wattos_)zo ] / \\\ [ \ANN cd,
IDSC measurements taken with maximum instrument sensi- 0.10 1 | /
tivity at 142, 145, and 148C reveal that a very slow exother- ; V omne
mic solid state DNNC thermochemical decomposition proceeds 0.00 . . . ,
below its 155-156C melting point. Both the endothermic 0.0 250.0 500.0 750.0 10000
induction period time and exothermic decomposition rate con- Time (minutes)

stant data o_b_taine_d frpm IDSQ curves for DNNC and DNN{C-d Fig. 3. Real-time IDSC decomposition curve comparison of DNNC and DNNC-
show a positive kinetic deuterium isotope effect (KDIE). Com-dg runs at 145C.
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0.50 Table 2
t = 220 min. KDIE data for induction period{portion of the thermochemical decomposition
0.40 | process
et —ﬂ Compound Temperature@) ti (min) S.D. KDIE (a/th)
Heat Flow ™" | DNNC-ds 148 210 +8 -
(milliwatts) | DNNC 148 184 +18 1.14
0.20 1 DNNC-dg 145 316 +31 -
1 DNNC 145 251 +19 1.26
0101 T=145°C DNNC-ds 142 365 +75 -
DNNC DNNC 142 293 +67 1.25
0.00 T T T T Average 1.22
0.0 250.0 500.0 750.0 1000.0

Time (minutes)

Fig. 4. Induction period () analysis for a DNNC run at 14%. was first demonstrated with the liquid TNT thermochemical
decomposition proce$$7].
Over the entire solid state decomposition process, both As;ummg_a short temperature equilibration time during the
induction period of the solid state DNNC sample, and that other
DNNC and DNNC-d lose an average of 75% sample mass L ; . .
. . non-kinetic crystal lattice or physicochemical factors are not
to gaseous product formation and evolutidalfle 1). Student h iaht dil K : KDIE val
t statistical analyses of the data Table 1 confirm that all present t. at mig t |u_te ormask a true primary vaiue,
. . the tig/ti induction period ratio reveals a KDIE equal to 1.22
weight loss values are the same number at a 99.5 confiden

. : . . able 2). Because assignment of the induction period termi-
correlation. This average weight loss, obtained from 32 sample _.. ; o .
. - nation point for each decomposition curve often is no more
runs, shows approximately 25% of the original DNNC com-

ound mass remains as condensed phase reaction roduct@sﬁcurate thant10 min, the standard deviations (S.D.) at 148
P ; . : bhase P d 145C can be treated as statistically significant. Presup-
In comparison, the HMX nitramine primarily produces only

aseous decomposition products leaving little or no si nifican?OSing that a small concentration of catalytic species forms
9 P P 9 gr rom DNNC, which then initiates the autocatalytic exothermic
condensed phase material after complete decompogitigjn

. . ... _solid state decomposition process, this secondary KDIE value
while TNT mainly produces condensed phase decomposition . .
would suggest the rate-controlling step occurs either by pendant
productq17,27-29]. : ) .
The presence of condensed decomposition products shoull\(lj_Noz’ pendant ENOy, or more likely, ring &N homolytic
b P P bond cleavage. Previous studies with the related RDX nitramine

instill some caution when evaluating KDIE values and assigningomd larger HMX nitramine have addressed both possiblé®,

the homolytic bond rupture that controls the rate at which & nd fing G-N bond cleavage occurring during the decomposi-
thermochemical decomposition process proceeds. CondenSﬁH

S o on process, but not as the rate-controlling §&p-26,30-37].
phase product formation introduces mechanistic CONSeqUENCER ' | ception was a rate-controlling homolvtic ringhC
which potentially dilute or reduce a true primary KDIE value P 9 y

below its accepted 1.35 experimental minimum. This situationbond rupture detected during the decay portion of the solid HMX
: b ' b ' . decomposition process once the HMX entered into a liquid phase
incorrectly can suggest a false secondary KDIE value in th

f16].
1.01-1.34 rangfl2,17]. Previously, a primary KDIE of 1.66 was found in the induc-

tion period for the liquid state TNT decomposition, and further

3.2. Kinetic and mechanistic characteristics HPLC investigation revealed a small concentration of catalytic
o ‘ . ‘ species formed by a rate-controlling step involving pendant
3.2.1. Endothermic induction period curve portion methyl group G-H bond rupture from the TNT itself. This rate-

The endothermic induction period)(seen inFig. 4can be  controlling homolytic G-H bond rupture required an activation
evaluated for a kinetic deuterium isotope effect (KDIE) using denergy equal to 194.6 k/mol. Upon reaching a threshold con-
ratio of the DNNC-¢ and DNNC induction timesia/sin. This  centration, the catalytic species initiated the TNT exothermic
decompositiotjl7]. Because the endothermic DNNC induction
period transitions into an autocatalytic exothermic decompo-
sition, induction period formation of a catalytic species from
DNNC also could be possible.

Table 1
Solid state DNNC and DNNCgthermochemical decomposition mass losses

Compound Temperatureq) Mass loss (%) S.D. Plotting Ins; versus 1/Taffords a 128.1kJ/mol activation
DNNC 148 78.5 +51  energy for the DNNC endothermic induction period with a
DNNC-ds 148 74.7 +18  0.990 linear regression data correlation (Fig. 5). Interestingly,
DNNC 145 755 £33 this solid state DNNC induction period activation energy is
DNNC-ds 145 717 +1.4 — ) ; ) ;
DNNG 142 752 115 Significantly lower than the analogous induction period acti-
DNNC-ds 142 72.9 +1.3  vation energies found during the neat thermochemical decom-

position process with liquid state DNNC (185.0 kJ/mfl}L]

A 74.8
verage and liquid state TNT (194.6kJ/mol)17], where in both
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DNNC INDUCTION PERIOD ACTIVATION ENERGY Table 3
R e T e Height-based vs. increment-based DNNC autocatalytic plot rate corfs&nts
| ' 148°C
981 - — i — .
‘ Method Early Later Decay phase (C)
974 — acceleration (A) acceleration (B)
a6l . i Height-based 3.2% 0.23 9.06+ 1.71 4.49+ 0.45
Int ‘ Increment-based 3.2 0.25 8.94+ 1.73 4.58+ 0.48
95 + Data variations represent 1 S.D.
04 , 2 Rate constant values10~4s™2.
T " y=15403x - 27.255
| Eact = 128.1 kd/mol i
93 i | (Freeser coherent, steady-state process occurs from one predominating
9o b * ! ; ‘ reaction pathwayl6]. At the lowest 142C temperature, only

0.00237 0.00238 0.00239 0.00240 0.00241 the early acceleratory (A) and decay portions (C) of the exother-
1T (K) mic decomposition curve show linearity. Linearity in the later
Fig. 5. Energy of activation for induction period of DNNC decomposition curve 8CC€leratory portion (B) disappears and may not be kinetically
from 142 to 148C. driven. Combining these two or three linear segment percent-
ages for each curve, the total percent that the thermogram curves
cases, homolytic €H bond rupture was the rate-controlling follow autocatalytic rate kinetics, within the 142—148 tem-

step. perature spread, is quite high ranging from 62 to 66% for DNNC
and 64 to 76% for DNNC+l
3.2.2. Exothermic early acceleratory curve portion (A) The extended 10-14 h duration, covered by the solid state

Following the endothermic induction period, a DNNC DNNC decomposition process, coupled with limited number
exothermic decomposition is initiated that follows an autocatOf data points the IDSC instrument can store, suggested that
alytic rate behavior. The autocatalytic rate plot reveals thredore accurate partiaha/Ar curve area measurements, than
linear segments for the DNNC and DNNG-at 145 and 148C previously used, mightbe necessary. Amore rigorous increment-
(Fig. 6). These linear segments occur in the early accelerdlased autocatalytic rate plot program, described in Seetion
tory portion (A), the later acceleratory portion near the max-was developed to obtain the reaction rate constants, and derived
imum heat release peak (B), and in the decay portion (C) oKDIE values presented in this article.
the decomposition curve. The slope of these three linear por- Several IDSC runs were evaluated using a formerly reported

tions can provide rate constant (k) data where an exothermigeight-based approximation to obtain the/ Arvalues compris-
ing the autocatalytic rate pl§i5]. Although an approximation,

the height-based autocatalytic rate constant values are surpris-

54.0 : ‘ : : : ! . I . . .
53 9! iiiiiiiii o N ‘ ‘ ingly similar to those obtained using the newer increment-based
' } : : autocatalytic rate program used in this investigatidable 3)
53.8° § ‘ ‘ and suggest this approximation is quite reasonable.
Heat F 537 ‘ Table 4illustrates the more rigorous increment-based auto-
(milliwatts)53-6 catalytic rate constant values obtained at 142, 145, and@48
563.5 during the early exothermic acceleratory portion (A) of the
53.4 DNNC and DNNC-¢@ decomposition processes. Particularly
5331 noteworthy are the exceptionally high linear regression corre-
s50 ‘ | _ Pe lation values for the autocatalytic rate plots.
0 100 200 300 400 500 600
Minutes
Peak Table 4
000016 ‘ ‘ ! f l Kinetic data for early acceleratory portion (A) of the thermochemical decom-
0-00014¢~-~~~ﬁ~~~~~m'"fm"w"“- ******* position process
000012y -~ -~ /o ; Compound Temperature  kx10™%  S.D.x10* KDIE R?
0.00010 dmmees L S-B //J (°C) (sh
Aa/At 0.000087------- T v A ' DNNC 148 3.38 +0.24 - 0.998
0.00006+-------- AR P DNNC-ds 148 251 +0.16 135  0.994
0.00004 S L sl A DNNC 145 3.13 +0.36 - 0.997
' P I : DNNC-¢5 145 2.02 +0.14 155  0.995
0:000027 = mmif g o ; ‘ DNNC 142 2.36 +0.10 - 0.998
0.00000 B ; ! ; ; i DNNC-Gs 142 1.56 +0.26 151  0.995
005 000 005 010 045 020 025 030
of1-0) Average 1.47

Fig. 6. Comparison of DNNC IDSC decomposition curve (top) obtained atR?=linear correlation fit to early acceleratory portion of the autocatalytic rate
148°C and corresponding autocatalytic rate plot (bottom). plot.



152 S.A. Hendrickson, S.A. Shackelford / Thermochimica Acta 440 (2006) 146—155

Table 5 Table 6
Percentage of IDSC decomposition curve covered by the linear early acceler&inetic data for later acceleratory portion (B) of the thermochemical decompo-
tory portion (A) sition process
Compound TemperatureQ@) % Decomposition S.D. R? Compound  Temperature “kx 107" S.D.x10% KDIE R?

°C s—l
DNNC 148 16.7 +7.9 0.998 © 9
DNNC-ds 148 16.2 +5.6 0.994 DNNC 148 8.70 +0.36 - 0.997
DNNC 145 18.2 +6.3 0.997 DNNC-ds 148 5.45 +0.95 1.60 0.997
DNNC-ds 145 26.9 +5.1 0.995 DNNC 145 14.74 +0.47 - 0.994
DNNC 142 37.6 +3.1 0.998 DNNC-ds 145 8.74 +0.34 1.69 0.984
DNNC-ds 142 39.5 +4.9 0.994 Average 164

R?=linear correlation fit to early acceleratory portion of the autocatalytic rate

plot R2 =linear correlation fit to latter acceleratory portion of the autocatalytic rate

plot.

The early exothermic acceleratory portion (A) provides anj 15 2 kJ/mol activation energy for DNNGsas obtained with
average KDIE value equalto 1.47 over the 142-1@8mpera-  an exceptional 0.998 linear regression correlatiof).(K the
ture range and strongly suggests a primary KDIE is present. Thigte-controlling methylene @4 bond rupture occurs during
1.47 value comes from linear fits to the autocatalytic rate plothe activation step, a lower energy of activation for unlabeled
that afford very impressive 0.998 (DNNC) and 0.994 (DNNC- pNNC should result. Because the ground state zero vibrational
de) least squares fitted correlation faCtOl’%XR—hiS primary 1.47 energy difference between the-8 and the Stronger@ bond
KDIE value for (A) suggests that homolytic-El bond rupture, s 9.6 kJ/mol (2.3 kcal/mol), the DNNC activation energy then
in one type or both types of chemically non-equivalent DNNCyyoy|d be expected to be 9.6 kd/mol less than DNN@dround
methylene groups, constitutes the rate-controlling step. Theos.6 kJ/mol. An analogous energy of activation ploEd. 6
1.47 value comfortably exceeds the theoretical high-temperatufgr DNNC gave an activation energy equal to 87.1 kJ/mol, but
lower limit of 1.41 and the experimentally accepted 1.35 loweryith only a lower 0.904 linear regression correlation. Consid-
limit for a primary KDIE [12,16-18]. Assignment of a pri- ering this much lower linear regression correlation, the DNNC
mary KDIE further is supported by a mathematically normalized; 05,6 kJ/mol energy of activation data appears to be more rea-
KDIE value of 2.52 at standard 298K (26) temperature cal- sonable and reliable. This 105.6 kJ/mol activation energy is
culated from the experimental 1.47 KDIE value using an averagghout 22 kJ/mol lower than the 128.1 kJ/mol activation energy
decomposition temperature of 145 [38]. At25°C,a2.5value  for the DNNC induction period. This point further supports
constitutes the accepted minimum threshold for a primary KDIEhe possibility that a small threshold concentration of catalytic
[39]. This linear early acceleratory portion (A) for DNNC con- species forms from DNNC during the endothermic induction
stitutes 16—-18% of the total decomposition curve at 148 an%eriod to |ower the decomposition activation energy and ini-
145°C, respectively, but noticeably increases to 38% at"BI2  tjate the exothermic acceleratory decomposition. If this is so,
(Table 5). the catalytic species forms by a different rate-limiting step than

The DNNC-¢ energy of activation was determined for this the G-H bond rupture that controls the energy release rate
exothermic early acceleratory portion (A) of the decomposi-quring the entire exothermic decomposition process. With its
tion process. By plotting its respective rate constant logarithnhigher endothermic induction period activation energy, and a
against each corresponding reciprocal temperatki@® ('), &  |ower energy of activation for the exothermic early acceleratory

decomposition, DNNC mirrors the same activation energy pat-

ENERGY OF ACTIVATION FOR SOLID STATE DNNC-D6 ternas TNT where a small amount of TNT converts to a catalytic

THERMOCHEMICAL DECOMPOSITION species thatinitiates its exothermic decomposition process. Cou-
-8.200 ‘ : pled with the autocatalytic nature of the DNNC decomposition
l ‘ ‘ process, this same energy of activation pattern further supports
-8.300 1 '\| ‘ : the possibility of catalytic species formation during the DNNC
‘ ‘ induction period.
-8.400 ) ‘ —
InK -8.500 e 3.2.3. Exothermic later acceleratory curve portion (B)
= 128520 s 24,614 The latter acceleratory portion (B) for the solid-state DNNC
0001 eact=tt5ziimol and DNNC-@ decomposition process (Fig. 6) appears to give
s7001 D \ an average primary KDIE value of 1.64 at 148 and 1@5The
' ‘ ‘ \ linear segment of the autocatalytic rate plot covers 22—-26%
-8.800 \ of the total decomposition curve at the 148 decreases
0.00237 0.00238  0.00239 0.00240  0.00241 to 10-14% at 1458C, and disappears at 14€. This lin-
1T (K) ear segment also reveals a very unusual characteristic indi-

Fig. 7. Energy of activation for early exothermic acceleratory portion (A) of Cating the decomposition process at this point is influenced
DNNC-ds decomposition curve from 142 to 148. by some factor other than normal kinetics behavior (Table 6).
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Table 7 3.3. Mechanistic summary

Kinetic data of the decay portion (C) of the thermochemical decomposition

process The possible endothermic induction period formation of a

Compound ~ Temperature ~ kx10* S.D.x10* KDIE R? catalytic species from DNNC itself, theoretically could result
QS (sh from either a pendant-NNO,, pendant GNO,, but most likely

DNNC 148 4.36 +0.52 - 0.996 aring G-N rate-controlling bond rupture suggested by the sec-

DNNC-ds 148 3.52 +0.65 124 0992 ondary 1.21 KDIE value. A plethora of past cyclic nitramine

DNNC 145 3.13 +0.32 - 0988 decomposition data show that pendartN\O, homolysis, the

Bmg'd‘* iig g:zg igzzg f‘ls 8"377: wea_k_est bond in the nitramine molecule, initiates_the decom-

DNNC-d5 142 1.53 40.36 143 0970 bPosition process, followed by a-@l bond rupture which could

be rate-controlling. A former DNNC study suggests that either
pendant &NOg, or possibly N-NO, bond rupture (the DNNC
R2=linear correlation fit to the decay portion of the autocatalytic rate plot. ~ molecule’s two weakest bonds) is the first step that deter-
mines the decomposition reaction pathway which subsequently
B ., . . involves a ring GN bond cleavage stef8]. Once formed
_The apparent” rate constant, Obt?'”ed at 148 and°Gi5 in a threshold concentration, a possibleﬁgatalytic species then
Increases at the lower temperature W'th both DNNCand DNNCE:ould initiate the solid state DNNC exothermic thermochem-
ds. We have no current explanation for this very unusual.

S . . - ~ical decomposition where the rate controlling step transitions
result, and dismiss this data as being generated by pure klnetlilcom a possible €N ring bond rupture to €H bond rupture
behavior. :

The 1.47 primary KDIE value for the early exothermic acceler-
atory portion (A) reveals this rate-controlling-& bond rupture
3.2.4. Exothermic decay curve portion (C) transition which appears to regulate the rest of the exothermic
The decay portion (C) of the DNNC thermochemical decom-decomposition process.
position provides &n/kq KDIE rate constant ratio equal to1.27  Past mechanistic IDSC-based KDIE thermochemical decom-
(Table 7). This linear segment of the autocatalytic rate plot covposition studies of liquid state TN[L7], solid state TATB[2],
ers 22—-34% of the total decomposition curve for DNNC and asolid state HMX[16], and liquid state RDX18] clearly rein-
similar 26—34% for DNNC-g. By magnitude alone, the 1.27 force the mechanistic importance that the early portion of the
value could suggest a secondary KDIE since it falls within athermochemical decomposition curve contributes to the over-
1.01-1.34 experimental range and would be a change in thall decomposition process. KDIE values obtained from a ther-
rate-controlling mechanistic step from the homoyltielCbond  mogram curve, either during an induction period or during
cleavage observed in the early acceleratory portion (A). This ishe early acceleratory phase, reveal the key mechanistic rate-
the case for the HMX nitramine, where the rate-controllirdiC  controlling step that determines the overall decomposition rate.
bond rupture defines the rate-controlling solid state decomposiFhese regions of the IDSC thermgram curve, corresponding to
tion, but then transitions to a rate-controlling ring-l bond  the early portions of the thermochemical decomposition pro-
cleavage in its liquified statfl6]. Unlike DNNC, however, cess, are least affected by additional complicating mechanistic
HMX essentially leaves no significant amount of condensedactors.
phase byproduct(s) in the 275-28Dtemperature range when  The results of this study support a previous neat DNNC ther-
its decomposition process is complgt6]. The presence of 25% mochemical decomposition investigation where plausible mech-
condensed phase DNNC decomposition product residue, aftanistic proposals were discussed. The mechanistic proposals
completion of the exothermic decomposition process, introducesere based upon gaseous products generated under bimolecular
the possibility that a primary KDIE value for decay portion (C) decomposition conditions representative of a burning surface
is being reduced or diluted to the magnitude associated with 8]. Proposed from this gaseous product study was a three-
secondary KDIE. Reactions that form these condensed phaséage process involving three possible and competing DNNC
DNNC decomposition product condensed phase products byechanistic decomposition pathways. While many plausible
a rate-controlling step not involving-@&1 bond rupture can secondary decomposition reactions could occur either from
account for this behavior. Such a dilution of a primary KDIE an initial G-NO> (5-position) or N-NO; (1- and 3-positions)
value has been documented in the decay portion of both the liquidomolytic bond rupture, predominant initiation via-8O»
state TNT[12,17]and solid state TATER,12,23]decomposition homolysis was selected for mechanistic discussion purpdkes
processes. Secondly, even if the DNNC samples transitionefin endothermic first stage suggests thatN@dical formation,
into the liquid state during this decay portion, KDIE thermo- from C-NO, homolysis, could be followed by two different sub-
chemical decomposition studies conducted on liquid DNNC andequent reaction pathways where each contains a homolytic ring
DNNC-ds show no evidence of a secondary KOIH,40]. This  C—N bond rupture. The appearance of a secondary KDIE, during
further suggests the 1.27 KDIE value for the DNNC decay porihe endothermic induction period in our IDSC study of the solid
tion (C) of the IDSC thermogram, likely is a diluted primary state DNNC decomposition process, is consistent with either of
KDIE value. If so, once initiated, homolytic-H bond rupture  these previously suggested pathways and shows homolybic C
constitutes the rate-controlling throughout the entire exothermibond rupture could be the rate-controlling step during this early
DNNC decomposition process. first stage.

Average 1.27
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Nextin the previous DNNC decomposition study, an exotherfurther supports endothermic induction period formation of a
mic second stage is described which causes a sharp increassalytic species from DNNC itself. This same mechanistic
in NO and NQ gaseous products. This behavior is consistenbehavior previously was reported for the liquid TNT decom-
with the primary KDIE we observed during the early exother-position process which followed the same energy of activation
mic acceleratory portion (A) of the IDSC thermogram wherepattern. The endothermic induction period results are consistent
C—H bond homolysis, possibly at the 2- or 4-positons, becomewith a previously suggested mechanistic pathway for the first
the predominating rate-controlling step. Following an initial stage DNNC decomposition process found in a representative
C—NO2 or N—-NO2 bond homolysis to produce the N@adical,  burning surface.
subsequent N@radical abstraction of a methylene hydrogen  Upon initiating the exothermic thermochemical decomposi-
atom from the remaining cyclic DNNC ring structure would tion process, the early acceleratory portion (A) of the DNNC
form HONQJ16], an unstable molecule where 2 mol decomposedecomposition curve shows a 1.47 KDIE value suggesting that
into 1 mol of NO, NQ, and HO gaseous products. A subse- the rate-controlling step transitions to al& bond rupture at
guent C-N ring opening, adjacent to the lower energy allylic one or both types of chemically non-equivalent ring methy-
ring nitrogen at the 1- or 3-positions in the cyclic DNNC frag- lene groups in DNNC molecule. This rate-controlling-C
ment, is consistent with a third reaction pathway sugggsfed bond homolysis likely predominates throughout the remain-

Rate-controlling GH homolysis, occurring late in the decay ing exothermic decomposition process. Again, this result sup-
portion (C) of our decomposition process, also is consistenports previously proposed mechanistic pathways for an exother-
with the previously discussed third stage where a small amoumhic second and third stage DNNC surface decomposition pro-
of HONO was found3]. Bimolecular recombination reactions cess that simulates surface combustion conditions. The DNNC
would produce the observed condensed phase re@flfemund  105.6 kJ/mol activation energy in the early exothermic accelera-
in the IDSC pans once the solid state thermochemical decontery portion (A) for decomposition process can be obtained from
position process is complete (Table 1). The late third staga measured 115.2 kJ/mol DNNG-dctivation energy.
appearance of HONO, and nonvolatile condensed phase residue
formation by other reactions, possibly not involving-aiCrate-
controlling bond rupture, further suggests the 1.27 KDIE valu
seen in the late decay portion (C) of the IDSC thermogram was
a masked or diluted primary KDIE value.
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