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Abstract 

Quantum chemical calculations (MP4/6-3 I I + G(2df,2pd)) demonstrate that four alternative routes exist for the title reaction. 
Common to all routes is a first step which involves the formation of the dimer (HN0)2. Starting from the dimer, the completion of 
the reaction requires two consecutive hydrogen migrations to the same oxygen atom, one from each of the nitrogen atoms. The two 
main routes (A and B) differ in the order in which the two hydrogens are transferred. Further separation of route B into subroutes 
B , and B2/B 3 is the result of two conformational alternatives for the transition structure of the last hydrogen migration. Routes Bz 
and B 3 are common until the final step where they separate. Of the four routes, routes B 2 and B1 have the lowest overall calculated 
activation energy (44 kl mol-‘). The rate-determining step corresponds to the initial formation of the dimer. Ab initio dynamics 
calculations of the final step of each route confirm that the anticipated products are formed, and show that all four routes give rise 
to the fast and efficient conversion of potential energy into relative translational energy of the two product molecules, which in all 
cases acquire high relative velocities. 0 1997 Elsevier Science B.V. 
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1. Introduction 

A common feature of most energetic materials used 
as explosives is that they contain molecules with nitro 
groups [l]. One of the simplest compounds of this 
class is nitromethane (CH3NOz). Depending on the 
state of matter and the method of activation, the pro- 
duct distribution and mechanism of self-combustion 
of nitromethane vary. Under given circumstances, 
ignition leads to a powerful exothermic chain reaction 
which is the basis for the use of nitromethane as a 
propellant [2]. Valuable insight into this process has 

been obtained from gas phase photolysis experiments 
with nitromethane and its isomer methyl nitrite 
(CHjONO) [3]. These and other experiments provide 
support for a mechanism of the initial phase which 
involves rupture of the C-N bond, followed by a 
sequence of elementary steps [4,5] 

CH3N02 - CH, + NO2 (1) 

CH3 + NO2 - CH,ONO (2) 

CH,ONO - CH,O + NO (3) 

CH30 + NO - CH20 + HNO (4) 

* Corresponding author. Tel.: +47 22 85 55 37; fax: +47 22 85 54 Other steps may also be involved, but are omitted 
4 I ; e-mail: einar.uggerud@ kjemi.uio.no. here. It should be realized that this initialization 
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mechanism applies to gas phase thermolysis. Detona- 
tion in the liquid and solid states is initiated by a 
different mechanism, although the subsequent steps 
may be the same [6]. The above reaction scheme 
has been supported by quantum chemical calculations 
by McKee [7]. 

However, the above reaction steps do not account 
for the large amount of energy liberated during the 
self-combustion of nitromethane. The following reac- 
tion has been suggested to be of importance [7,8] 

HNO + HNO - N,O + HZ0 (5) 

The details of this reaction mechanism have remained 
obscure, but it has been suggested that the dimer of 
HNO is involved 

HNO + HNO - (HNO), (5a) 

and that subsequent steps involve hydrogen migration. 
Reaction (5) has been shown to be important for the 
thermal reduction of NO by Hz below 900 K and when 
the concentration of NO is low [9]. It is also of interest 
in connection with various combustion processes in 
the atmosphere related to the NO, problem [lo]. 

Widely conflicting experimental estimates of the 
rate coefficient for reaction (5j are found in the litera- 
ture. Early measurements gave rate constants in the 
range 10-s - 10m9 cm’ mol-’ SC’ [8,11]. More recently, 
laser spectroscopy of the kinetics of HNO decay in an 
NHj-02-N2 gas mixture gave the Arrhenius para- 
meters A = 3.7 x 10” cm3 mall’ SC’ and E, = 15 kJ 
mol-’ for the reaction HNO + HNO - products [ 121. 
The products were not identified, but corrections were 
made for HNO decay via other channels. Kinetic 
modelling, based on the results from a study of the 
rate of formation of products during the thermal 
decomposition of methyl nitrite, gave A = 8.9 x 10’ 
cm” mol-’ s-’ and E, = 13 kJ mall’ [4]. 

Explosions are, by nature, difficult to study in situ. 
They are extremely fast, violent and complex and 
direct observation is usually hindered. For this reason, 
quantum chemical modelling provides an appealing 
alternative. The purpose of this paper is to explore 
the potential energy surface in detail in order to pro- 
vide a consistent model of reaction (5). One quantum 
chemical study by Diau, Lin, He and Melius (DLHM) 
has been published in the literature [9]. The present 
study is an extension of this as it includes some impor- 
tant aspects that were omitted by DLHM. The DLHM 

paper also contains kinetic modelling of the reaction 
using the RRKM theory, which indicates that the 
dimer formed in reaction (5a) under specific pressure 
and concentration conditions may be trapped and 
react via alternative paths. 

Thermochemical data in the literature [ 131 show 
that reaction (5) is exothermic by approximately 
360 kJ mall’. It would be of great interest to study 
how this surplus energy is partitioned among the 
degrees of freedom of the products. A direct conver- 
sion into translational degrees of freedom during the 
last elementary step would be indicative of a fast and 
efficient process for providing the necessary thrust 
needed to sustain the chain reaction (l)-(5) and to 
account for its explosive nature. In order to investigate 
this matter, we decided to apply an ab initio direct 
dynamics method developed in our laboratory to cal- 
culate representative reaction trajectories. Ideally, a 
large number of trajectories for each reaction with 
random choice of initial conditions would be needed, 
but is impractical at present due to extreme demand on 
computer resources. However, it is believed that the 
approach used will be sufficiently accurate to provide 
insight into the reaction dynamics and energy distri- 
bution of the products. 

2. Methods of calculation 

The calculations were performed using standard 
procedures of the program suites GAUSSIAN 92 [ 141 
and HERMIT/SIRIUS/ABACUS [ 151. All critical points 
of the potential energy surface were characterized at 
the MP2/6-3 1 G(d,p) level by complete optimization 
of the molecular geometries and consideration of the 
calculated harmonic vibrational frequencies. The har 
manic frequencies were obtained by diagonalizing the 
mass-weighted Cartesian force constant matrix, calcu- 
lated from analytical second derivatives of the total 
energy. Harmonic frequencies obtained in this manner 
were used to calculate the zero-point vibrational ener- 
gies. Single-point MP4/6-3 11 + G(2df,2pd) energy cal- 
culations were finally performed at the MP2/6-3 lG(d,p) 
optimized geometries. All relative energies were calcu- 
lated by including the MP2/6-3 lG(d,p) zero-point 
vibrational energies scaled by a factor of 0.94 [ 161. 

The method used for the dynamic reaction trajec- 
tory calculations has been described previously [ 171. 
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The starting geometries of the transition structures as 
well as the products were optimized at the HF/6- 
3 1 G(d,p) level, corresponding to the wavefunction 
used for the dynamics calculations. 

3. Results and discussion 

3.1. Potential energy sutjke - dimerization of HNO 

The first molecule considered was HNO. Geometry 
optimization led to structure 1 which is bent in accor- 
dance with experiment [ 181. The MP2/6-31G(d,p) 
optimized structure is shown in Fig. 1, and the 
bond distances and bond angle are all within 2% of 
experiment. 

The molecules N20 (2) and Hz0 (3) are the final 
products formed in the reaction. The calculated reac- 
tion enthalpy of - 402 kJ mol-’ is in good agreement 
with the experimental value of - 360 kJ mol-’ [lo]. 
This and other relative energies agree with those of 
DLHM [9]. 

The first step of the reaction is assumed to be the 
dimerization of two HNO molecules. This leads to the 
formation of an N-N bond. Geometry optimization of 
the dimer ON(H (the trans isomer, which is 20 kJ 
molJ’ lower in energy than the cis isomer [ 191) gave 
structure 4, of CZh symmetry, which has quite interest- 
ing bond properties. The short N-N distance indicates 
a significant double bond character. This has been dis- 
cussed thoroughly by Harcourt et al. [20] and Liittke et 
al. 1191 and will not be repeated here. As reviewed by 
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Fig. 1. Geometry optimized minimum energy structures (MP2/6-3 I G(d,p)) of the species involved in the four reaction sequences HNO + HNO 
+ N20 + HZO. Bond distances are given in angstroms and bond angles in degrees. 
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Fig. 2. Geometry optimized transition structures (MP2/6-31 G(d,p)) of the species involved in the four reaction sequences HNO + HNO - NJO 
+ H20. Bond distances are given in angstroms and bond angles in degrees. 

the same workers, many organic C-nitroso compounds, structure for this transition state (ts: 1 + 1 - 4), 
R-NO, are known to form dimers analogous to 4. shown in Fig. 2, is in very good agreement with the 

It is known that dimerization requires passage over results of Ltittke et al., who studied this association in 
a potential energy barrier [ 191. Our C, symmetric some detail. Our calculated barrier height is 44 kJ 



Table I 
Energies obtained from the quantum chemical calculations 

Molecule HF/6-3 IG(d.p) MP2/6-3 I G(d,p) MP4/6-3 I I + G(2df,Zpd)// 
(geom. opt.) (hartree) (geom. opt.) (hartree) MP2/6-3 I G(d.p) (hartree) 

HNO (1) - 130.13927 - 130.29717 
N?O (2) - 183.67924 - 184.21368 - 184.4179s 
H20 (3) - 76.023 I3 - 76.22234 - 76.33400 
trcinJ-i HNO)? (4) - 260.32006 - 260.63926 
trcrrwHONNH0 (5) - 260.33869 - 260.6557 I 
trtuwHONHN0 (6). C, - 260.335 I.5 - 260.65254 
mws-HONHNO (6’). C, - 260.32898 - 260.647 I4 
<+HONHNO (7) - 260.34443 260.66338 
c;.\-HONNHO (8) - 260.35393 - 260.67 199 
ci.,-HONNOH (9) - 260.36250 - 260.67930 
ts: 1+ l-4 - 260.26338 - 260.58323 
t.s:4-5 - 260.24227 - 260.56345 
is:s-2t3 - 259.52 145 - 260.27506 ~ 260..59636 
ts: 4 - 6 - 260.2705 I - 260.59043 
ts: 6- 7 - 260.31339 - 260.63327 
ts:4-2t3 - 259.5 I I SO - 260.24322 - 260.56728 
ts:7-2t3 - 259.53259 - 260.26908 - 260.59 I25 
ts:7-8 - 260.28 I67 - 260.60245 
ts:S-9 - 260.27262 - 260.5936 I 
ts:9-2t3 - 259.59 I92 - 260.32944 - 260.65266 

” Zero-point vibrational energies (MPZR-3 I G(d.p)) scaled hy a factor of 0.94. 

E(z.p.v.) at MP2/ 
6-3 IG(d,p)” (kJ mol-‘) 

34.4 
26.5 
54.0 
94.x 
93.8 
92.4 
X8.5 
93.6 
96.5 
92.7 
83.2 
82.6 
82.4 
8 I .9 
89.6 
75.1 
76.5 
80.0 
79.6 
81.1 

molt (all relative energies quoted here are based on 
the MP4//MP2 results of Table I including zero-point 
vibration), in agreement with experiment and the cal- 
culations of Liittke et al. The reaction energy for 
2HN0 - (HNO)? was calculated to be -91 kJ 
mol-‘, also in agreement with Liittke et al. In the 
DLHM paper, no barrier for the dimerization is 
indicated in the potential energy diagram. As will be 
evident later, the existence of this barrier cannot 
be ignored, because it is the overall rate-limiting 
step for the two lowest energy routes (B 2 and B 3) to 
the formation of the tinal products. In addition, it 
makes back dissociation into the reactants much 
more difficult than proposed in the DLHM reaction 
model. 

Starting with the dimer 4, the formation of the pro- 
ducts is seen to require that the two hydrogens move 
to the oxygen atom of what is to become the water 
molecule. This gives rise to two distinct pathways 
(mechanisms) for the reaction, depending on the 
order in which the hydrogen atoms are transferred. 
We designate the route in which 1,2-hydrogen transfer 
precedes l&hydrogen transfer by route A, and 
discuss this first. The route in which 1,3-hydrogen 

transfer precedes 1,2-hydrogen transfer is designated 
route B. 

3.2. Potential energy surface - reaction route A 

A C, structure HONN(H)O 5 was found to be a 
local minimum and represents the intermediate 
formed after 1,2-hydrogen transfer. This isomer is 
45 kJ mol-’ more stable than the dimer 4. 

The transition structure ts: 4 - 5 represents the top 
of the barrier separating structures 4 and 5. The reac- 
tion coordinate has an imaginary frequency of 1731 
cm-’ (uncorrected) and the corresponding atomic dis- 
placements confirm that this represents the transition 
structure for a 1,2-hydrogen shift. Further confirma- 
tion comes from the calculation of the intrinsic reac- 
tion coordinate (IRC) [21] which connects 4 and 5. 
Relative to structure 4, the barrier height is 186 kJ 
mol-‘. Compared with the reactants (2 x HNO), ts: 
4 - 5 is 95 kJ mol- higher in energy (Fig. 3). 

To arrive at the products NlO (2) and HZ0 (3) from 
structure 5, a 1,3-hydrogen shift is required. This is 
realized by passage through the transition structure ts: 
5 - 2 + 3. The reaction coordinate has the expected 
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Fig. 3. Schematic potential energy diagram of route A which eventually leads to decomposition via ts: 5 - 2 + 3. Relative enthalpier are from 
the MP4/6-31 1 + G(2df.2pd)//MP2/6-3IG(d,p) calculation, and are given in kJ mot-‘. Zero-point bibrational energies are included. 

features with respect to the atomic displacements of 
the reaction coordinate (imaginary frequency of 
818 cm-‘). The bond parameters indicate a “late” 
transition state and it is interesting to note that the 
N-O bond length at this stage is already significantly 
elongated. The dynamics calculation (see below) 
shows that the products NzO and HI0 are formed 
directly from this transition structure. The barrier 
height calculated from 5 is 144 kJ mol-‘. Compared 
with the reactants (2 x HNO), ts: 5 - 2 + 3 is 8 kJ 
mol-’ higher in energy. 

A schematic potential energy diagram for route A is 
shown in Fig. 3. The transition structure for the iso- 
merization ts: 4 - 5 represents the point of highest 
potential energy for this complete route. 

3.3. Potential energy surjke - reaction routes B,, 
B2 and B, 

A C, symmetric structure HON(H)NO 6 was found 
to be a local minimum and represents the intermediate 
formed after 1,3-hydrogen transfer from structure 4. 
This isomer is 91 kJ molK’ more stable than the dimer 4. 

The transition structure ts: 4 - 6 represents the 
top of the barrier separating structures 4 and 6. The 
reaction coordinate has an imaginary frequency of 
1789 cm-’ (uncorrected) and the corresponding 
atomic displacements confirm that this represents 
the transition structure for a 1,3-hydrogen shift. We 
observe that the transition structure has a plane of 
symmetry (as has structure 4) while structure 6 has 
no plane of symmetry. To eliminate the possibility 
that there may be another transition state connecting 
structures 4 and 6 of lower energy and lower symme- 
try, a thorough search was conducted, but without 
success. The IRC leads in the backward direction to 
structure 4 and in the forward direction to the planar 
structure 6’ (and not to structure 6). Structure 6’ (not 
shown in Fig. 1) represents a stationary point with two 
negative eigenvalues of the second derivative 
(hessian) matrix. Starting with structure 6’, geometry 
optimization without symmetry restrictions leads 
directly to the local minimum 6. Thus the existence 
of a symmetry breaking point somewhere along the 
IRC between ts: 4 - 6 and 6 can be inferred. No 
attempt was made to locate this point precisely, but 
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it corresponds to a bifurcation [22] leading in one 
direction to 6 and in the other to the mirror image of 
6. Calculated from structure 4, the barrier height for 
ts: 4 - 6 is 117 kJ molK’. Compared with the reac- 
tants (2 x HNO), ts: 4 - 6 is 23 kJ mol-’ higher in 
energy. 

The search for a second conformer of HON(H)NO, in 
addition to 6, leads to structure 7. This conformer is 28 
kJ mol-’ lower in energy. The reason for the increased 
stability lies in the fact that 7 has an intramolecular 
hydrogen bond (0%H6...03), which is ,ot possible 
in 6. The bond distance H6...03 is 1.791 A. 

To pass from 6 to 7, a rotational barrier has to be 
overcome (rotation around the N-N bond). The tran- 
sition structure ts: 6 - 7 represents the highest point 
of the potential energy curve along this path. The 
barrier is 48 kJ mol-’ above 6 and 81 kJ mol-’ 
below the reactants (1 + 1). 

At this stage, it is clear that there may exist at least 
two alternative routes leading to the products N20 (2) 
and H20 (3), one from structure 6 (designated B ,) and 
one from structure 7 (designated Bz). We will discuss 
these in turn. 

ts:, + 1-4 / .: 
H---N 0.. . . . . . . . . 

1 ‘0’ 
H--N 

I \, 44 ,r:4Ld 

23 B1 
t.i:7+z+3 

H 
16 

0 I P .;“-““” 
/“,“\ 

H 
HjY_,,O tI l&+7 
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/’ 
v0 6 ’ 

“\, 
\ 

O B3 -129 , 

-151 

3.3.1. Route B, 
Direct passage from structure 6 to the final products 

through the transition structure ts: 6 - 2 + 3 yields 
the last part of pathway B ,. The reaction coordinate 
(atomic displacements) has the correct features of a 
1 &hydrogen shift, and the corresponding imagin- 
ary frequency is 1646 cm-‘. The bond parameters 
indicate a “late” transition state and the N-O 
bond distance is even longer than in ts: 5 - 2 + 
3 discussed above. The dynamics calculation (see 
below) shows that the products N20 and Hz0 are 
formed directly from this transition structure. The 
barrier height calculated from 6 is 206 kJ mol-‘. 
Compared with the reactants (2 x HNO), ts: 6 - 2 
+ 3 is 77 kJ mol-’ higher in energy, and the transi- 
tion structure therefore represents the point of 
highest potential energy along the entire route. 
This transition structure represents the highest 
energy point encountered in all calculations of 
this potential energy surface. 

3.3.2. Route B2 
Passage through the transition structure ts: 7 - 2 + 

Bl 
B2 

1 

II* ’ 
-402 

Fig. 4. Schematic potential energy diagram of routes B, and Bz which eventually lead to decomposition via ts: 7 - 2 + 3 and ts: 6 - 2 + 3 
nxpecrively. The tir\t stages are common to the IWO routes, but they differ in the last (from structure 6 and onwards). The last part of route B , is 
reprctented by a thin line. Relative enthalpw are from the MP4/6-3 I 1 + G(2df,2pd)//MP2/6-3 I G(d,p) calculations and are given m kJ mol-‘. 
Zero-point vibrational energies are included 
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Ls:9+t + 3 

-140 r 
\‘----Is-” + AH 

2 3 
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Fig. 5. Schematic potential energy diagram of the last part of route B i which eventually leads to decomposition via ts: 9 + 2 + 3. The first part of 
this route until the formation of structure 7 is identical to route B , (Fig. 4). Relative enthalpies are from the MP4/6-3 I I + G(2df,2pd)//MP2/6- 
.?lG(d,p) calculations and are given in kJ mol.‘. Zero-point vibratlonal energies are included. 

3 corresponds to BZ. This transition structure has an 
imaginary frequency of 1589 cm-‘. The reaction 
coordinate has the expected features with respect to 
the atomic displacements of a 1,2-hydrogen shift. The 
bond parameters indicate a “late” transition state 
with an N-O bond length close to that of ts: 6 - 2 
+ 3. The dynamics calculation (see below) shows that 
the products N20 and Hz0 are formed directly 
from this transition structure. The barrier height cal- 
culated from 7 is 173 kJ mol-‘. Compared with the 
reactants (2 x HNO), ts: 7 - 2 + 3 is only 16 kJ mol-’ 
higher in energy, so that dimerization (ts: 1 + 1 - 4) 
represents the point of highest potential energy along 
route B2. 

A schematic potential energy diagram for both 
routes B , and B2 is shown in Fig. 4. 

3.3.3. Route BI 
There is an alternative route leading from structure 

7 to the products involving the intermediates HON- 
N(O)H (8) and HONNOH (9). We designate this by 
B3 and the results are shown in Fig. 5. Starting from 
isomer 7, a 1,2-hydrogen shift is required to arrive at 

isomer 8. The features of the transition structure found 
(ts: 7 - 8) confirm this interpretation. The barrier 
height calculated from 7 is 167 kJ mol-‘. Compared 
with the reactants (2 x HNO), ts: 7 - 8 is 10 kJ mol-’ 
higher in energy. 

From structure 8, a new isomer, structure 9, is 
reached via ts: 8 - 9. This isomerization corresponds 
to another 1,2-hydrogen shift. The barrier height cal- 
culated from 8 is 189 kJ mol-‘. Compared with the 
reactants (2 x HNO), ts: 8 - 9 is 13 kJ mol-’ higher in 
energy. 

To accommodate the last step in this sequence, a 
1,4-hydrogen shift via ts: 9 - 2 + 3 must be accom- 
plished. This leads directly to the products as demon- 
strated by the dynamics calculation below. The barrier 
height calculated from 9 is only 59 kJ mol-‘. Com- 
pared with the reactants (2 x HNO), ts: 9 - 2 + 3 is 
140 kJ mol-’ lower in energy. The N-O distance in 
the transition structure is longer than in any of the 
previous three dissociations, indicating that this is 
the most developed of them all. The reaction coordi- 
nate has the expected features with respect to the 
atomic displacements of a 1,4-hydrogen shift. 
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3.4. Reaction dynamics 

Ab initio direct dynamics calculations of gas phase 
reactions have now become possible thanks to the 
progress in computer hardware and the more efficient 
algorithms for the time-consuming steps during 
ab initio computation [15,23]. Each reaction trajec- 
tory is obtained by step-by-step integration of 
Newton’s equations for the motion of the nuclei. 
One great advantage of this direct approach is that, 
because the ab initio energy and its first and second 
derivatives are calculated en route, it becomes 
unnecessary to construct a complicated multidimen- 
sional analytical model potential energy function 
prior to the dynamics calculation. 

The high computational cost of this direct method 
places limitations on the quality of the electronic 
wavefunction and the number of trajectories that 
may be calculated. The quantum chemical procedure 
chosen was HF/6-3 lG(d,p). For each reaction and 
each wavefunction, one representative trajectory was 
calculated as explained previously [ 151. The integra- 
tion was started at the geometry of the transition struc- 
ture and proceeded towards completely separated 
products. At the end of the trajectory, the dynamic 
situation was analysed and the translational energy 
release was obtained. Representative “snapshots” 

a 

taken during the passage of the trajectory are depicted 
in the picture sequences of Figs 6-9. 

With this approach, we cannot give a complete 
account of the reaction dynamics resulting from all 
accessible initial conditions of the reactants. How- 
ever, starting from the transition structure, the result- 
ing trajectories should be representative since the 
reactive trajectories pass through the neighbourhood 
of the transition structure. 

3.4. I. Route A (ts: S - 2 + 3) 
This is shown in Fig. 6. This is a trajectory in which 

the water moiety appears to be most well developed in 
the transition structure. After departure from the 
transition structure, the bond between H6 and N2 is 
broken. This is accompanied by a shrinking of the 
H-O-H angle and a shortening of the 04-H6 
bond, giving the water molecule a slight tilt out 
from the N20 molecule. After approximately 35 fs, 
the water molecule has obtained an 04-H6 bond 
length of 0.95 A, and a H-O-H bond angle of 
105.3”. At this stage, the fragments have obtained 
a relative velocity of 2.16 km SC’, and the N2-H6 
bond can be considered to be broken. As it takes 
68 fs to reach the maximum relative velocity 
(5.50 km SC’), we see that almost half of this 
time is used to break the N2-H6 bond. 

0 

Fig. 6. Images of the reaction from the trajectory calculations (HN6-3lG(d,p)) for route A from ts: 5 + 2 + 3 towards the final products. 
Geometries are shown for I = 0, 27, 37,47, 58 and 67 fs. The time f = 0 corresponds to the transition structure, and the movements of each atom 
from the transition structure to the separated products can be followed. The colour codings are H (light grey), N (black), 0 (dark grey). 
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Fig. 7. Images of the reaction from the trajectory calculations (HF/6-3lG(d,p)) for route B , from ts: 6 4 2 + 3 towards the final products. 

Geometries are shown for r = 0, 30,4 I, 52,64 and 75 fs. The time t = 0 corresponds to the transition structure, and the movements of each atom 
from the transition structure to the separated products can be followed. The colour codings are H (light grey). N (black), 0 (dark grey). 

After the N2-H6 bond is broken, the molecules are 
free to depart, and do so with a large vibrational 
motion in the 04-H6 bond, as well as in the other 
Hz0 vibrational modes. In addition, the NzO mole- 
cule acquires substantial vibrational energy in the sec- 
ond part of the trajectory as a result of bending of the 
N-N-O angle. The relative translational energy is 
208 kJ mol-‘, which is the highest (in absolute 

terms) of the four trajectories. It accounts for 44% 
of the reverse activation energy. 

3.4.2. Route B, (ts: 6 + 2 + 3) 
This is shown in Fig. 7. This is the first of the two 

transition structures in which the moving hydrogen is 
initially bonded to Nl. Although the transition struc- 
tures for B , and Bz are quite similar, we shall see that 

Fig. 8. Images of the reaction from the trajectory calculations (HF/6-3lG(d,p)) for route Bz from ts. . 7 + 2 + 3 towards the final products. 

Geometries are shown for t = 0, 35,48,61,74 and 87 fs. The time t = 0 corresponds to the transition structure, and the movements of each atom 
from the transition structure to the separated products can be followed. The colour codings are H (light grey), N (black), 0 (dark grey). 
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Fig. 9. Images of the reaction from the trajectory calculations (HF/6-3lG(d,p)) for route B, from ts: 9 - 2 + 3 towards the final products. 
Geometries are shown fort = 0,27,41,54,68 and 81 fs. The time t = 0 corresponds to the transition structure, and the movements of each atom 
from the transition structure to the separated products can be followed. The colour codings are H (light grey). N (black), 0 (dark grey). 

the trajectories are quite different. In the case of B , (in 
the absence of a hydrogen bond linking the water 
moiety to the oxygen of the N20 moiety), this gives 
rise to a rather strange reaction pathway, as the hydro- 
gen atom not only starts to vibrate in the 04-H6 bond 
and the H-O-H angle, but also performs a complete 
rotation around the 04-H6 axis, while the two frag- 
ments slowly depart. When the H6 atom has com- 
pleted an approximately 300” rotation, the distance 
between this hydrogen atom and the N2 atom 
becomes sufficiently small so that they collide. Due 
to the velocity of the H6 atom, this induces a vibra- 
tional motion in the N20 fragment. After this, the H6 
atom collides with the Nl atom immediately before 
the two fragments depart. 

We note that the relative velocity of the fragments 
reaches a maximum of 4.71 km SC’ after 75 fs. This is 
the lowest relative velocity of the four reaction path- 
ways. The relative translational energy of 141 kJ 
mol-’ accounts for 32% of the reverse activation 
energy. 

3.4.3. Route B2 (ts: 7 - 2 + 3) 
This is shown in Fig. 8. This transition structure is 

similar to the previous case in that there is a bond to be 
broken between the moving hydrogen and the Nl 
atom. The most noticeable difference is that, for B?, 
there is a hydrogen bond between the H5 and 03 

atoms. During the first stage of the trajectory, it is 
interesting to note the influence of the hydrogen 
bond in that the embryonic Hz0 moiety is anchored 
to 03. This interaction hinders the water molecule in 
leaving immediately. Starting from the transition 
structure, the trajectory proceeds by the rotation of 
what is to become the water molecule around the 
04-HS axis as the two fragments depart. It is only 
in the second part of the trajectory, when the water has 
sufficient velocity to escape, that the hydrogen bond 
breaks. The relative translational velocity reaches a 
maximum of 5.0 km SC’ after 87 fs. The relative trans- 
lational energy of 163 kJ mol-’ accounts for 37% of 
the reverse activation energy. 

3.4.4. Route B3 (ts: 9 - 2 + 3) 
This is shown in Fig. 9. The reaction proceeds by a 

slow disconnection of the bridging hydrogen atom 
directly into the reaction products. The reaction path- 
way reaches the maximum relative velocity of the 
fragments, 5.01 km SC’, after 81.1 fs. 

This reaction pathway gives the largest relative 
translational energy release, 53%, but as the barrier 
is the lowest of the four, the translational energy 
released is only 160 kJ mol-‘. It is interesting to 
note that the remaining internal energy is almost com- 
pletely distributed into vibration of the departing NzO 
molecule, and only a minor fraction (less than 1.5%) 
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of the energy is distributed into rotational degrees of 
freedom and vibration of the H20 molecule. 

For comparison, the reaction trajectories were also 
calculated with the HF/4-3 1 G(d) wavefunction. This 
gave relative translational energy releases within 2% 
of those calculated with HF631G(d,p). 

4. Final discussion and conclusions 

Of the four routes investigated, all appear to be 
accessible when it is taken into account that self-com- 
bustion of nitromethane takes place at high tempera- 
tures. The relevance to other chemical systems, e.g. 
the thermal reduction of NO, should also be pointed 
out. Route A has the highest activation energy (95 kJ 
mol-‘) and B , the second highest (77 kJ mol-‘), while 
both routes B z and B 3 have a common barrier of only 
44 kJ mol-’ (for the initial dimerization). No attempt 
has been made to model the kinetics by RRKM the- 
ory, because it is realized that the barriers are not 
sufficiently accurately known (despite the rather 
high level of theory employed). Even barrier heights 
varying by a few kilojoules per mole would influence 
the resulting rate coefficients to a large extent and 
barrier tunnelling would also be of importance. How- 
ever, it is clear that the existence of a barrier for 
dimerization has great significance, because it appears 
to be the rate-determining step for routes B2 and B3. 
Back dissociation into the reactants once the dimer is 
formed is less likely than dissociation along these routes 
due to the lower barriers for all the following steps. It has 
beenpointedout that trappingofthedimerbyde-energiz- 
ing collisions may be of importance, because the 
extended lifetime of this species could open up alterna- 
tive bimolecular reactions. This is of course a valid point, 
but is dependent on many factors (pressure, temperature 
and chemical composition). 

All routes are shown to give the anticipated frag- 
ments (N20 and H20) in their respective final steps, 
giving off a substantial and highly non-statistical part 
of the reverse activation energy in the form of relative 
translational energy. It is observed that the energy 
difference between the transition structure and the 
final products does not give any reliable indication 
of the amount of energy released as translational 
energy. Moreover, there does not seem to be any 
apparent relationship between the values of key geo- 

metrical parameters in the transition structure (how 
“early” or “late” the reaction is) and the relative 
amount of the reverse barrier that is released as trans- 
lational energy in the common centre of mass of the 
fragments. 

To what extent these results are relevant to the 
detonation of nitromethane in condensed phases is 
uncertain (nitromethane detonates when subjected to 
a sufficient mechanical shock pulse or when thermo- 
lysis is conducted at high static pressure). In general, a 
detonation process is understood by a model which 
includes the progress of a shock wave through a 
solid or liquid. This leads to a hot zone which follows 
immediately behind the area in which various reactive 
“fuel” molecules are formed. Following this, the fuel 
molecules react in fast exothermic reactions. The out- 
come of the trajectory calculations shows that all four 
routes provide efficient mechanisms for extremely 
fast conversion into relative translation. Translational 
energy is a prerequisite for driving a shock-initiated 
chain reaction of this type. It is realized that it will be 
extremely difficult to set up the relevant experiments 
to probe this suggested mechanism. Hopefully, the 
future will bring experimental methods that can pro- 
vide definite answers to this and the many other ques- 
tions which arise when this fascinating and extremely 
complex chemistry is studied. 
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