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Quantum chemistry calculations reveal that it is both thermodynamically and kinetically feasible fao NO

be oxidized by RDX (1,3,5-trinitrohexahydsstriazine) or its initial decomposition products. Thus, NO

(nitrate radical) may be produced during the thermal decomposition of RDX and other nitramines. However,
experimental studies of the gaseous products, by mass spectrometry and microwave spectroscopy, have never
detected N@ This fact is reconciled with the calculations by noting that (1) the electron-impact, positive-ion
mass spectrum of Ngshows little parent ion, (2) Nlacks a permanent electric dipole moment and is
therefore invisible to microwave spectroscopy, and (3} @uite reactive. Further experiments are encouraged

and could lead to a new method for detecting concealed nitramines.

Introduction SCHEME 1

RDX, also commonly known as hexogen, cyclonite, or 1,3,5- NO /O

. . . . . 2 °
trinitrohexahydros-triazine (structure shown in Scheme 1) is N N=N_ N
the most widely used high explosive and is an important high- N ( j’ 7
energy propellant. Although much has been learned from 02;\1"“\/"‘\,\102 OZN’N¥N 02,\,/"‘\/"‘\;\102
decades of experimental and theoretical studies, the detailed RDX 1 NO, RDR
chemical mechanism of RDX decomposition is complex and
only partly known. Much of the difficulty stems from the NO
interplay between condensed-phase and gas-phase processes, N NZN‘O I)H
which causes the product distribution to be sensitive to [ )

-N NN
ozN’NVN‘NOZ 0N NN O,N" >""NO,

experimental conditions such as heating rate, pressure, temper- NO

ature, and confinement. In addition, experimental investigations ONDNTA 2 2 5

of the primary reaction products are hindered by the great speed . . .

of subsequent reactions. Usually it is only the final reaction TABLE 1: Reaction Enthalpies and Barriers for Proposed

DL I
products that are identified clearly. Initiation Reactions

Many reactions have been suggested as the initial step(s) in _ AHo AHg*
the decomposition of RDX.Reactions +4 are some of the reaction (kJ mol™) (kJ mol™) ref
popular candidates. Product structures and labels are shown in 1 +163 163 33
Scheme 1, and reaction enthalpies and barriers are listed in Table 2 +59 220 34
+192 249 28, 35

1. The papers cited in Table 1 are those that we believe to be
the earliest published proposals for the corresponding reactions.
The enthalpy changes and barrier heights in Table 1 are from *B3LYP/6-31G(d) energies are by Chakraborty etahnd are
published?3 calculations done using the popular B3LYP/6-31G- elative to RDX.

(d) density-functional method.

4 —36 164 36

interest. In particular, studying unimolecular chemistry has led

RDX — RDR+ NO, 1) to the realization that bimolecular reactions are important in
nitramine decomposition.
RDX — 1 @) Although there have been many ab initio calculations of
nitramine chemistry, bimolecular reactions have received little
RDX — 3H,C=N—NO, ©) theoretical attention since the pioneering work by Melius and
co-workers® Experimentally, bimolecular chemistry has been
RDX — 5+ HONO (4) addressed, for example, by the isotope crossover experiments

done by Behrens and Bulugun those experiments, a mixture
We have investigated the early reactions of RDX decomposi- of two isotopologues was thermolyzed and the products were
tion using conventional methods of quantum chemistry, which analyzed by mass spectrometry. Although initial steps cannot
are increasingly powerful and economical. New reactions were be inferred from the end products alone, isotopic studies provide
generated either by hand or by using isopotential searching (IPS)constraints. For example, both nitrogen atoms in produ@ N
method$ on a semiempirical (PM3 potential energy surface. come from the same molecule of RDX (i.e., no crossover),
Although this work was initiated merely to investigate the utility whereas the nitroso derivative of RDX (“ONDNTA”", see
of IPS, the chemistry of nitramines has continued to hold our Scheme 1) shows both nitrogen and hydrogen crossover.
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Computational Methods

Qualitative unimolecular reactions of RDX were sought by
using isopotential searching on a PM3 potential energy surface,
denoted IPS//PM3. Such computations require on the order of
hours on a laptop personal computer. IPS performs best for
reactions with loose transition states; tight transition states
occupy only small volumes in coordinate space and conse-
quently are less probably encountered during a search. The
Gaussian 98° GAMESS10.11 gnd PC-GAMES® software
packages were used at various times for the PM3 calculations.
PM3 was used for its efficiency; ab initio IPS is tediously slow.
Interesting results from the IPS//PM3 investigations were always
verified (or refuted) by using more reliable calculations.

IPS trajectories were analyzed both visually and by using an
automated procedure that produces preliminary minimum-energy
and saddle-point structures. Subsequently, quantitative gas-phas
energies were computed using density functional theory (DFT) Figure 1. Snapshot from IPS//PM3 investigation of unimolecular
with the hybrid functional BSLYM-15 and the 6-31G(d) basis  decomposition of RDX showing N{formation.
sets (Cartesian polarization functions, “6D”). The Gaussi&n 98
and Gaussian 08 program packages were used for the DFT symmetry, with two nitro groups axiatis) and one equatorial.
calculations, but all reported quantities were obtained using However, the all-axial conformatiore{ = —897.408898E),
Gaussian 03 for consistency. All structures were fully optimized of C3, symmetry, is only 0.6 kJ/mol less stable (all conforma-
and characterized by vibrational analysis as either energy tional energy differences are at zero temperature, thaiHs).
minima or first-order saddle points. The reactant(s) and A conformation with one equatorial and twians-axial nitro
product(s) corresponding to each transition structure were groups Ec = —897.408338,) is 3.1 kJ/mol less stable than
verified by intrinsic reaction coordinate (IRQ calculations. the lowest-energy conformation. Since our calculations are
Vibrational zero-point energies (ZPEs) were computed as one-approximate, such small energy differences may not be mean-
half the sum of the harmonic frequencies and then multiplied ingful.
by 0.9806 as recommend&tThermodynamic functions were For reduced RDX (ONDNTA in Behrens’ nomenclat{re
computed by using the rigid rotor/harmonic oscillator ap- we also found three stable conformations. The most stahle (
proximation and unscaled frequencies. There are some very low= —822.227187E;) has one nitro group (on the oxo side of
vibrational frequencies, which are probably anharmonic. The the bent nitroso group) equatorial and the other axial. The all-
entropy and heat capacity are underestimated in such cases. Thgxial conformation. = —822.22698%;,) and the other axial
atomic unit of energy, the hartree, i ~ 2625.5 kd/mol. The  equatorial conformatiorE, = —822.22638%;,) are less stable
symbol Ee denotes an electronic energy that does not include by 0.4 and 1.9 kJ/mol, respectively.

ZPE. The symbok, denotes an electronic energy to which ZPE  For compound. we identified three conformational isomers.
has been added. All energy differences reported here includeThe most stable has one nitro group equatorial and the other
ZPE. ) ) ) axial (Ee = —897.38609(E}). A trans-axial conformation E.

To estimate the uncertainty of our computed reaction enthal- — —897.38301F;) and an all-equatorial conformatiofd=
pies, we examine the performance of B3LYP/6-31G(d) for _gg7.379571F,) are 7.4 and 16.2 kJ/mol less stable, respec-
computing atomization enthalpies. There are data (at 298 K) tjyely.
for 39 CHNO molecules in the Computational Chemistry We also found three stable conformations for compognd
Comparison and Benchmark Datab&s&he mean value dEg (reducedl). The most stablef, = —822.212352,) is trans
(difference between theoretical and experimental valueg);i§] axial, followed by axial (near the ring oxygendquatorial Ee

= —24.1 kJ/mol, which represents the bias in the calculated _ _g,, 21086%E:) and equatoriataxial (e = —822.205394
atomization enthalpies. We assume that this bias will be similar Ey), which are 4.3 and 18.0 kJ/mol less stable, respectively.

for the reactants and products of a typical reaction, so that it IPS calculations repeatedly suggested many unimolecular
cancels out of the reaction enthalpy. The standard uncertainty eactions of RDX, including reactions 1 and 2. Additional

for the reaction enthalpy may then be estimated as the stand"’"c{reactions including reaction 4, were produced by the automated
deviation,agit, of Egif about its mean. This may be evaluated as ’ 9 ’ P y

lysis of the IPS trajectories. Some novel reactions, when
og? = [Eg?0— [Eq3, where the rms (root-mean-square) analysis . . . '
difference isEq2¥2 = 32.5 kd/mol. The resultzgs = 22 kJ/ further investigated using DFT, were judged energetically

mol, is the estimated standard uncertainty dory B3LYP/6- unreasonable. As a marginal example, Figure 1 shows a

31G(d) reaction enthalpy involving molecules composed only {i?rﬁ)éisel\:]('[; t(ljvee ggrende;;(t)er? r?:e_;eaeﬁ;gn tggtsﬁgsvl:]rri?] dsiﬁ\éfnrgl
of the elements C, H, N, and O (at least one atom of each). ' P 9-op 9:

This precision is adequate for the present semiquantitative 2 Calculated energies, entropies, and enthalpy contents (i.e.,

purposes, but it is clearly inadequate for the computation of rtgﬂggteg;;g[ncépsg;%)f;ﬁ :Lstte(er?nlend:a’?ét:eerlzdomgrr::?g_
reaction rates. Restricting the analysis to nitramines and related P 9 ’

molecules would probably lead to smaller estimated uncertainties\év)'tr_}_rﬁgo t:isl:fa?;g\i]ci rnnic;I tﬁgﬁgéggn:nﬁjllk‘]é cr)nn?l Saete)lc;rgbtlﬁose
because it is a narrower classificati®nbut the appropriate ) ’ y y P

X . ST Al
definition of “related molecules” is itself uncertain. listed in Table L. However, the barrler is highHo = 247
kJ/mol, suggesting that this process is not competitive with

Results reactions 1 and 4.
As in earlier work by otherd! we found the lowest-energy Although the reaction sequence of Scheme 2 may be
(Ee = —897.40936F}) conformation of RDX to be one ot unimportant at low temperatures, it suggested the possibility
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SCHEME 2
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TABLE 2: Molecular and Transition-Structure Energies
(B3LYP/6-31G*, including scaled ZPE) at 0 K, Gas-Phase
Standard Entropies at 298 K, and Gas-Phase Enthalpy
Contents at 298 K

TABLE 3: Ideal-Gas Reaction Energetics Based upon Data
in Table 2

AHo ASys AGg9s AH*
(kI mol~) (I molrtK™1) (kJmol?) (kJmol?)

reaction
S208 Hags - Ho RDX — 3 143 54 133 247
molecule (hartree)  (Imol*K™)  (kJ/mol) RDX + NO, — 39 10 87 136
RDX —897.268612 478.1 35.4 ONDNTA + NO;
ONDNTA —822.091907  462.0 337 3o R 38 503 —103 a
1 —897.245877 472.9 35.3
2 ~822.077692 4514 334 N8 NS o7 -3 % 189
4 —227.280464 308.7 17.3 ONONO, — 106 146 66 106
N.O —184.649270 219.8 9.5 NO + NOs
NO, —205.063553 240.2 10.2 1+ NO;— 66 5 66 139
NOs —280.206435 266.4 13.2 2+ NO;
NO —129.883708 211.2 8.7 2 Not computed
N, —109.518641 191.7 8.7 :
ONONG, —410.130338 3311 18.0 L .
N,O4 —410.145216 301.6 16.4 for transition structures for oxygen-atom abstraction from the
H,NNO, —260.992651 268.2 12.1 nitro groups of RDX, reaction 5. Three sites of attack were
H.NNO —185.811734 255.5 12.1 considered: at the equatorial nitro group (eq), at an axial nitro
ITSSSRZIID\IX_;:;) —i%-cl);gggi g;g-g ig-g group and near the symmetry plane (aa), and at an axial nitro
N(O +QN ) : : : group near the equator_lal nitro group (Qe). Betido (above
TS(NO + NO, — —389.645459 330.9 17.4 the center'of the RDX 'rlng) anelxodlrectllons for. NQ attack
N, + NO3) were considered, leading to a total of six transition structures.
TS(H.NNO, + NO,—  —466.004282 348.8 19.9 The computed barrier heighteHy* are 136 (ecendg, 139 (eq-
H2NNO + NOs) ex0, 141 (aaendq, 142 (aeex0, 146 (aeendq, and 153 (aa-
TS(RDX + NO, — —1102.280508 539.4 42.8 ex0 kJ/mol. The barrier forexo attack on theCs, (all-axial)
TS?INJP”SZA‘:F NG;) —1102.256497 554.8 434 conformatio_n of RDX hgs a s_lightly lower (0.2ER) energy,
2 + NO) corresponding to a barrier height of 136 kJ/mol relative to the

C; conformation and 135 kJ/mol relative to tlg, conformer.
that NQ; might be formed in a bimolecular reaction, by oxygen- This structure is listed in Table 2 and illustrated in Figure 2.
atom abstraction. That is, sometimes N@ight act as a
reducing agent. N@is expected to be abundant because it is a
product of the widely accepted initiation step involving ho-
molytic N—N cleavage, reaction 1. Potential reaction partners
include other early products and RDX itself. A few plausible
bimolecular reactions of NDare shown below, along with
thermochemistry computed from the data in Table 2.

RDX + NO, — ONDNTA + NO, AH,= 89 kd/mol (5)
NO, + NO,— NO + NO, AH,=97kJ/mol  (6)
1+ NO,—2+NO,; AH,= 66 kd/mol ©)

All three of these reactions have thermodynamic energy
requirements smaller than the barriers for initiation listed in
Table 1. However, barrier heights are required to evaluate the
feasibility of these reactions at low temperatures.

Since computing converged transition structures can be
challenging, it is often expeditious to begin with a smaller but
related system. As an analogue for reaction 5, we first computed
a transition structure for the model reactioaNitNO, + NO,

— H>NNO + NOs. This yieldedAHp = 100 kJ/mol and the
barrierAHg* = 136 kJ/ mol. The important geometric parameters
from this structure were used as the starting point in searchesFigure 2. Transition structure for reduction of RDX by NO
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hoped that their transition structures would be sufficiently alike
to help us locate the transition structure of interest. The
important coordinates of this model structure were used to
initiate a search for a transition structure for abstraction of an
oxygen atom ofl to yield NOs + 2, reaction 7. This was
successfulAHy = 66 kJ/mol and the barriehHy" = 139 kJ/

mol for exoattack on a conformation with one nitro group axial
and one equatorial (a&xd. The transition structure is shown
in Figure 3, and its energetics are listed in Table 2. Three higher-
lying transition structures were also located: at 144 kJ/mol (ae-
endq, 144 kJ/mol (a&ex9, and 157 kJ/mol (aandg relative

to 1 + NO,.

Discussion

Experimental data are available only for reaction 6. Experi-
mental enthalpies of formatiort 8 K are 90.8+ 0.4, 37.0+
0.5, and 79.0+ 1.4 kJ/mol for NO?2 NO,,22 and NQ,23
respectively. The corresponding reaction enthalpytl = 96
+ 2 kJ/mol, which compares well with our calculated value
The barrier is the same for N@o reduce either BNNO, or (97 kJ/mal). Ex_perimentally, reaction 6 has been found to
RDX, suggesting that it will be similar for all nitramines. Thus, Proceed slowly in the gas phase at moderate temperatures.
the barriers for N@to reduce the nitro groups in the products ~ We assume that secondary reactions are likely to be important
of reactions +4 are expected to be about 136 kJ/mol. early in the reaction only if their energy barriers are comparable
For reaction 6, the reactant N@nolecules may be spin- to, or smaller than, the barrier for the primary initiation
coupled as either a singlet (25% probability) or a triplet (75% reaction(s). (Later in the reaction the temperature will rise and
probability). On the singlet surface, they can approach without entropic effects will gain importance, increasing the number of

Figure 3. Transition structure for reduction of RDX isomeby NO,.

a barrier to form ONON®(AH, = —8 kJ/mol). ONONQ is important reactions.) The thermochemistry and barrier heights
less stable than its well-known-~\N bonded isomer (bDg) by (Table 1) for initiation reactions-14 are compared with those
39 kJ/mol (A\Ho). In the reverse reaction, singlet-coupled NO for NO; oxidation in Figure 4. Except for triplet-coupled NO
and NG also form ONONGQ without a barrier AHy = —106 disproportionation, the secondary reactions shown have barriers

kJ/mol). Thus, reaction 6 has no barrier in excess of its lower than that for any proposed initiation step. Thus, these
endothermicity when coupled as a spin singlet. On the triplet secondary reactions are likely to be important. We have not
surface, in contrast, tHONONQ; adduct is a transition structure ~ considered the effects of entropy or pressure. Since bimolecular
for disproportionation; the barrier iSHg* = 189 kd/mol, slightly ~ reactions are disfavored by entropy§ < 0) but favored by
larger than the barriers for reactions 1 and 4 (see Table 1). Ppressure4V* < 0), the net effect will depend upon the reaction
For reaction 7, we started by computing the transition conditions.

structure for the model reaction,® + NO, — N2 + NOs. NOs has not been observed in the decomposition, deflagration,
(This yieldedAHo = —32 kJ/mol and the barriehHy* = 177 or detonation of RDX. However, no effective means of detection
kJ/mol.) Although NO and1 are electronically dissimilar, we  has yet been applied. Most contemporary studies involve

A
250- 249
220
200
192 189
I~ '=N-
é _— 3 H,C=N-NO, siplet
= 150 RDR
g +NO, 136 139
%
=
43| 1004 % 97
(]
E ONDNTA NO + NO,
4&; 59 + N03 66
E) 50 1 2+NO,
01 0 0 0 0
RDX RDX +NO, 2NO, -8 1+NO,
J : ONONO,
- _36
50 5+ HONO

Figure 4. Comparison of energy profiles for initiation and reduction reactions. Energies include ZPE and are at 0 K.
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analysis by electron-impact mass spectrometry (EIMS). Unfor-
tunately, EIMS of NQ gives little molecular ion; the base peak
is NO,".25 Such a weak signal is likely to be overlooked among

the stronger peaks from more abundant species. Another

thorough study employed microwave spectroscopy for the
analysis?® but NG; is invisible to that technique because it lacks
a permanent dipole moment. Finally, B3 very reactive; even
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if formed, little might survive subsequent reactions and escape Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.

to the gas phase.

An analogous situation was encountered in early investiga-
tions of nitramine decompositicif. NO, was proposed as a
prompt product but could not be detected. Failure to detegt NO
was ascribed to rapid secondary reactions that consurdé#fit.
Despite the early challenges, M3 now detected routinely and
is believed to be a principal primary product.

A more sensitive means of detecting N(@itrate radical) is
needed in nitramine research. Since N important in

1993 14, 1347-1363.

(12) Granovsky, A. A.PC-GAMESS revision 6.0; Moscow State
University: Moscow, 2000.

(13) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
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Phys. Chem1994 98, 11623-11627.
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(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
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atmospheric chemistry, it has been the subject of excellentlIshida, M.; Nakajima, T.; Honda, Y; Kitao, O.; Nakai, H.; Klene, M.; Li,

reviews??:30 One detection method used in that field is laser-
induced fluorescence (LIF), for which detection limits as low
as 8 parts in 1% by volume (8 pptv) have been reportéd?

We encourage experimental investigations of nitramine chem-

istry using such sensitive analytical methods. If successful,
detecting NQ vapor may also provide a new means for
revealing concealed nitramine explosives.
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