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ABSTRACT 

The potential energy hyper surfaces (FES) of the unimolecular rearrangements of a) Nitromethane itei to 
trans acknitromethane 	b) nitrometharie (/) to methyl nitrite (3) and c) naromethane decomposition to 
methyl and nitrogen dioxide were searched using the ab !nth° MP2 method. Split valence 6-310(d.p) basis 
set was used for geometry optimizations, frequency and 1RC computations along each reaction pan. The 
energy barrier for the decomposition path or nitremethane was found to be 87.8 kcal/mot net newly 
determined transition state. The nitromeihane to methyl nitrite bent bight was previously determined to 
he the 70.5 kealimol. which is 17.3 kcal/mol less than nat of the nitromethane decomposition path repotted 
in WE won. Using these data it was possible for the first time to explain the experimentally observed path 
of nitromethane decomposition 
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INTRODUCTION 

The ability to model energetic materials requires minimum energy path (MEP) from the 
knowledge of the thermochetnical properties of the transition state toward reactants and products. 
initial energetic compound as well as those of the When mass-weighted Cartesian coordinates are 
intermediates formed during the decomposition used, the path becomes die intrinsic reaction 
process. From the thermochemical properties one can coordinate (1RC) [1 I. 
determine the bond dissociation energies of a 	Nitromethane. CH3NO2, is the simplest 
molecular compound and its subsequent reaction aliphatic nitro compound and a prototype for 
intermediates. Using theoretical approach, one can also energetic materials that could be of use as high, 
determine 	

ac am pathways and the activation pure solid explosives and propellant fuels [2]. As 
energies involved in going from reactants to products 	such, it is a model compound for experimental 

The concept of the reaction pathway has become studies in ignition, combustion, and atmosphene 
important in the study of potential energy surfaces for pollution 	[3]. 	The rate 	constants 	for chemical reactions In general, the reaction path can be decomposition of nitromethann domed to 
defined as the curve on the potential energy surface hereafter as NMT. were determined 35 years ago 
connecting the reactants and products through the by Glanzer and Troc 14. 5] in shock tube transition state all in the same spin state This curve experiments on the decomposition of highly 
can be found by following the steepest descent path or 	diluted NMT (eq I). and the reported values 
tonsponding author pen Iiur@matl.com  
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were largely supported by subsequent kinetic 
studies, [6-111]. 
CH3210: (TM) +IC1111  + NO2 (+M) 0) 
CHa  + NO:  —9C1131901  (2)  
CH(  + NO:  %CH30 + NO (3)  
CH3NO2 % CHWJNO %CI-130 + NO (4)  

However, the more recent detailed kinetic 
madelings [6-10] also indicated that the NMT 
pyrolysis kinetics are much more complex than 
previously assumed with secondary reactions and 
the competition between different channels, e.g.. 
simple bond cleavages, rearrangements, and 
molecular eliminations. It was also pointed out 
that significant deviations in the reported NMT 
thennochemistry from different sources led to a 
large uncertainty in the rate constants of eqs I and 
2 [11-13]. 

In the reactions of hydrocarbons and nitric 
oxide (NO) that arc the mutually sensitized 
oxidations, a key process is actually the one 
between the methyl radical and nitrogen dioxide 
Du 3). The latter a-action is known to serve as a 
Ifiatom generator through the rapid dissociation 
of the methoxy radical and, thereby, to enhance 
the fuel oxidation process. Formation of NMT (eq 
2) is expected to compete with eq 3. In this 
context, the NMT-MNT interconversion (cq 4) 
has been shown to play a pivotal role in the 
overall transformation. 

In 195, Dewar etal. [14] theoretically studied 
the decomposition of nitromethanc using their 
semiempirical MIND0/3 method and obtained the 
energy baniem of 47.0 and 32.4 kcat/mol for the 
conversion of nitromethane D methyl nitrite and 
fragmentation of methyl nitrite to 1-12C0 + HNO. 
respectively. These authors [14] estimated the 
kinetic frequency factors of various elementary 
processes and suggested that nitromethane 
decomposes via an initial rearrangement to methyl 
nitrite. 

McKee [15] reported in 1986 a detailed 
description of the CH3H102 Potential energy 
surface (PPS) using ab lnitio molecular orbital 
calculations at both Flartree-Fock (HF) and 
second-order perturbation theory (M1P2) levels 
with the 6-31G(d) basis set The PBS included 
nitromethane, methyl nitrite, nizosomoltanol. ad-
nitromethane isomers, and a number of 
dissociation limits. According to this author, the 
rearrangement of nitromethane to methyl nitrite 

corresponds to the lowest energy p thwa but is 
associated with a rather large energy bather of 
73.5 kcal/mol. Such a bather arises from, on one 
hand, a distortion of NO), and on the other hand, a 
strongly antibonding interaction in the compact 
transition structure (TS-light, Scheme I) between 
a lone paw on oxygen and the migrating methyl 
group. In a sense, this is equivalent to the four-
electron-two-orbital destabilizing interaction. and 
the migration is thus orbital forbidden. Note that 
both reported mterfragment distances C-N (1.93 
A) and C-0 (2.01 A) in TS-tight are rather short. 
Elimination of formaldehyde from MNT was 
found to have a lower bather height of 44.1 
kcaUmol. This author [15] concluded that 
fragmentations are less energy demanding and 
that a concerted rearrangement on the CI 3NI0a. 
PES is not to be observed. - 

Scheme 1 

Al about the same time, Vodt e. Hin sa, and 
Lee (WHL) [16, 17] report d t e first 
experimental evidence for a primary prod etion of 
CHIO from CH3191%. Using a molecular earn in 
conjunction 	with 	infrared 	mul iphoton 
dissociation technique, WHL [16. 17] s ggesied 
an initial isomerization of nitromethane t methyl 
nitrite when detecting the CHt0 and NO 
fragments presumably from the dissociati n of the 
internally very hot, but collision-tree, is menzed 
nitromethane (cf. eq 4). In these expedments, the 
presence of an exit bather on the PES ould be 
determined by a direct measurement of the 
product translational energy distribution. To relate 
their spectroscopic results to pyrolysis 
experiments, WHL [17] subsequently carried out 
a RRKM theory treatment in taking some 
numerical kinetic parameters from ref 43, and 
overall they reported the following findings: (i) a 
branching mho between NO/NO2  production is 
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about 0.6 in favor o1 NO; 66 but when using the 
previously estimated frequency factors for both 
C-N bond cleavage (A = 1015 7 and isomerization 
processes (A - l 0°' value taken from ref 14), a 
fitting of the obtained data within an RIIKM 
framework lcd to a barrier height to the 
nitromethane - methyl nitrite isomerization of 
about 55.5 kcal/mol, relative to nitromethane. In 
taking the major sources of error into account, 
WHT evaluated the maximum barrier height at 
57,0 kcal/mol and the minimum bather at 51.5 
kcagmoli and (iii) an energy bather of 55.5 
kcal/mol for nitromethane - methyl nitrite is 
actually smaller than the C-N bond energy of 
nitromethane known to be in the range from 58 5 
[13] or 59.4 [IRM- 60.1 [1815] kcal/mol. 

WHL's evaluations of their experimental 
results were thus in sharp contrast both 
quantitatively and qualitatively, to die ab initio 
MO results of McKee H5] mentioned above in 
which die baffler of 73.5 kcal/mol was found to be 
16.1 kcal/mol higher than the C-N bond 
asymptote. In view of the discrepancy, the Latter 
author [19] reinvestigated the nitromethane - 
methyl nitrite rearrangement in constructing 
multiconfiguration wave functions including four-
electron-in-thur-orbitals in the active space 
(MCSCF(4,4)16-310(d)). ME most striking result 
in this paper [19] was that the transition structure 
(TS) for 1.2-methyl migration turned out to be a 
loose form between both af i  and NO2  radicals, 
with long interfragment distances (longer than 3 6 
A), as seen in TS-loose depicted in Scheme 1. The 
latter was characterized as a knalical essentially 
keeping the two unpaired electrons of both radical 
partners well separated from each other. The 
predominant contributing configuration is the one 
in which the three unpaired electrons of NO2  are 
distributed in the nitrogen lone pair orbital (a') and 
the two combinations of oxygen lone pairs (as). 
Subsequent 	truncated 	multireference 
configuration interaction (NERCO computations 
confirmed that, considering the new TS-loose, the 
unimolccular hauler remains 10 kcathnol above 
the sum of CI I3 and NO, radicals energies. [19] 

In a following theoretical study, Saxon and 
Yoshiminc (SM) [20] reexamined the TS for 
nitromethane - methyl nitrite interconversion 
making use of a multiconfigurational method: that 
was a similar MCSCF-(4,4) treatment but instead 
with a smaller 4-3IG basis set without 

polarization d-functions, In line with previous 
results of McKee, geometh optimizations by SM 
invariably led to the TS-loose, with the C-N and 
CO distances of 3.4 and 3.7 A, respectively (cf. 
Scheme 1), Further single-point electronic energy 
calculations at the MCSCF-C1(7)/6-3111(d) level 
with zero-point energy corrections, yielded an 
energy bather of 56.7 kcal/mol for 1.2-methyl 
shill and a C-N bond dissociation energy of 57.1 
keathnol. In other words, although a better 
agreement with experimental data was obtained 
by SM, the loose character of the TS for 
rearrangement remains striking. 

Lammedsma and Prasad [21] in 1993 studied 
nitromethane — 	nitromethane tautomerism by 
high-level ab intim methods. The MP2/6-31G* 
geometry of nitromethane compares well with that 
determined experimentally, -In this paper the Cl 
energy difference between the two lautomers 
amounts to 14.1 kcal/mol in favor of nitromethane 
and the calculated heat of formation of -570.7 
kcal/mol for nitromethane differs by only 2.4 
kcal/mol from the experimental value. 

In the theoretical article, Hu re at [22] reported 
the results of an extensive exploration of the 
CH3N102  PES which included no less than 10 
isomers, 46 transition structures, and 16 
dissociation product limits. The energies were 
obtained at a G2MP2 level on the basis of 
geometries optimized using density functional 
theory with the popular 13313YP functional. It is 
remarkable that the E3LYP/6-311-th.0(2d,2p) 
provides a TS-tight for the methyl migration. In 
addition, these authors [22] found that the C-N 
bond dissociation energy for nitromethane is 61.9 
kethimol, which is lower than the baniens for 
nifromethane - methyl nitrite and nitromethane - 
acithntromethane isomerizations by 2.7 and 2.1 
kcal/mol. re.spectisely. Therefore, it has been 
suggested on one hand that the nitromethane 
isomerization pathways arc kinetically disfavored 
in view of the relatively higher energy barriers, 
which are in excess of 60 kcathnol. On the other 
hand, the nitromethane decomposition seems to 
occur either via the C-N bond rupture or via 
concerted molecular elimination. In other words, 
the latest results [22] substantiated the 
discrepancy not only between experimental and 
theoretical analyses but also between theoretical 
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results reported in earlier papers [14-20]. 
Nevertheless, the nature of the TS for 
rearrangement, light versus loose, has not been 
examined by an appropriate treatment. 

Nguyen and et al. [23] in 2003 reexamined the 
mechanism of the unirnolecular rearrangement 
connecting both nitromethane and methyl nitrite 
isomers. The CH,NO2  potential energy surface 
was constructed using different molecular orbital 
[CCSD(T) and CASSCF] and density functional 
theory (B3LYIL) methods including a few lower 
lying isomeric intermediates. Calculations are thus 
internally consistent indicating that the energy of 
the TS for 1,2-CH3  shift is at least 6 kcalemol 
above the Clii  + NO2  asymptote. 

In this context, we set out to perform 
computations using appropriate levels of ab !mho 
quantum chemical theory with aim to probe again 
the shapes of the TS for unimolecular and 1,2. 
methyl 	migration 	in 	the 	nitro-nitrite 
rearrangement. For the sake of completeness a 
companson with the results of Nguyen and or al. 
[23] on the CH3NO2PES has also been made. It 
should be stressed that a reinvestigation of the 
detailed kinetics of the processes considered noes 
beyond the scope of the present work. An accurate 
and consistent determination of the frequency 
factors for different banierless reactions involving 
radical recombinations and bond cleavages, that 
are necessary for kinetic RRICNI treatments, in 
fact, requires appropriate quantum chemical 
calculations and much effort 

CALCULATIONS 
All calculations were earned out using the PC 
GAMESS 7.1.5 [24] Spartatt06 [25] programs. In 
Ow construction of the lowest singlet state PES of 
the CH3NO2  system, various isomeric 
intermediates. and the TSs connecting them, were 
located by geometry optimizations as relax using 
M P2 Ettoller-Plessw second-order perturbation 
theory) quantum chemical procedure with a 
6-310(d,p) basis set. The excellent results of 
MP2 in conjunction with Poole type basis set has 
been well documented for studying the molecular 
properties of large number of organic molecules. 
Vibrational frequencies were calculated at the 

MP2/6-31(i(d,p) level for chara erization of 
stationary points (number o imaginary 
frequencies NIMAG) 0 and 1 for locai minima 
and TSs, 	respectively. 	Intrin ic reaction 
coordinate (IftC) calculations [26, 2 ] are carried 
out using the same basis sets to make 'sure the 
transition states connect the expec cd stationary 
points on the energy surface. 

RESULTS AND DISCUSSION 
Total energies and equilibrium geometries in 
searching of PES at the MP2/6-3IG(d.p) basis set 
arc presented in Table 1 and Figure I. Their PES 
diagram is shown in Figure 2. In this shape the 
energy of nitromethane is zero and energies of the 
other geometries are given relative to 
nitromethane in kcalimol 

Table I. Total energy and Eng of substrates, products 
and transition states with IttP2.16-310(d,p) 

Compound 
Taut mine ZPE (kcal/mol) 

(311313302 (I) -244.355(5, 32315 
C.1.1231(0)0H (21 -2443031 30.641 
MONO (3) -244.3464)1 3O.46 

2013+2/402  -244.25169 25.569 
TS( -244.14234 25.754 

i Si sight -244.1353! 29.544 
1S3 -244.10569 16.424 

For companng to previous • reported 
computations di relative energies of species 
included in th potential energy surface • of 
nitromethane wit perturbation theory N1Pn and the 
coupled-cluster hcory CCSDM,Iwith different 
basis sets ranging from 6-31GL to 6-311G(3dte2p) 
arc summarized in Table 2. Coupled-cluster 
CCSD(T) with c .pVDZ and cc-pyTZ basis sets. 
OFT method including 133LYP with 6-3I1G(cLp) 
and cc-pV0Z basis sets and modified 02M [28] 
method are also included. As Table 2 shows the 
present computations are in good rgreement with 
all other entries. The new spotter TS3 is reported 
for the first ttne. To have a complete picture of the 
paths on the PES, the two sides around each TS 
geometry on PES were searched via Intrinsic 
Reaction Coordinate(IRC) method. 
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Fig. I. Geo.  

esg 

of substrates, products and transition 

ds3 

rith selected geometric distances (8). 

Fig. 2. The :Pane of a portion of the nitromethane potential enemy surface with 
811)2e6-31G(d,p). Relative energes are given in kcal/mol. 

The first path searched with IRC on 
ohromethanc PS, is the migration of hydrogen 
atom (H7) in nitomethane I from carbon atom 

) to 05 in trans aci-nitromethane (2) via TS) 
(Figure I). By implementing the ZPE the barrier 
heieht of 67.2 kcal/mol was obtained for this 
ummolecular path which is the rearrangement of  

niwomethane to trans eicknomethane. As Figure 1 
shows the major changes in bond distances in 
reactant-TS path, are due to the CI-117 distance 
(1 08 A to I.47A) and the 05-R7 (2815 A to 1.22 A) 
(Figure I). In TS-product path, the CI-N4, N4-05 
and I17-05 bond distances undergo larger changes 
(1A121. to 1.32 A). 0 .33 A to 1.45 A) and ((.12 A 
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to 097 A) which can be attributed to the change of 
hybridization of C and° atoms (in context of VB). 

Starting from the nitomethane (I), another path 
was found. This path was detemuned via MC 
computations to be the rearrangements of 
nitromethane (I) to methyl nitrite (3) via TS2-
tight with the barrier bight of 70.5 kcalimol. The 
large increase in C-N bond length by 0.31 A is the 
one of the characteristics of TS2-tight. As the 
geometry of this TS implies this path can be 
attributed to the rearrangement of the whole NO2  
group in space. Flipping the NO2  group in (1) in 
the plane which approximately bisects the two Hs 
(H2,H3) of methyl group, would bc the classical 
description for breaking the C-N bond and 
formation the C-05 bond. TSE-loose with the 
relative energy of 74.4 kcal/mol at CAS/6-316.  
level [191 was not observed. 

The 1RC computations around the PES 
position of TS3 led to the new path. This path 
which is reported for the first time connects the 
new 183 geometry to nitromethane (I) and the  

supemiolecule complex composed of C113  and 

NO:  parts and can be attributed to unimolecular 
thermally decomposition of nitromethane at 
singlet electronic state. The bather height is 87.8 
kcagmol relative to nitromethane energy level. 
This new path provides the acceptable explanation 
For this experimental that the nitomethane does 
not readily undergo the thermal decomposition 
and prefers the paths of rearrangement to 
compounds 2 and 3. 

• 

CONCLUSIONS 
The experimental result by Wodt]ce, Hintsa. and 
Lee (WHL) [16,17] with an IIRKM frdmework 
led to the barrier height of nitromethane - methyl 

nitrite isomerization about 55.5 keathriol. This 
energy barrier is actually smaller than the C-N 
bond energy in nitromethane with the estimated 
values of 58.5 kcal/mol [13] ,59.4 kcal/mol [Ha] 

and 60.1 kcal/mol [lM]. 

• s ecies included in the potential enetyy surface of nitrome .ith ZPE 
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In sharp contrast the theoretical results were 
shown that the C-N bond dissociation energy for 
nitromethane is lower than the barriers 6)r 
nitromethane - methyl nitrite and nitromethane - 
ad-nitromethane isomerivations which implied 
that the nitromethane molecule is decomposed 
before isomerization. 

Our computations show that the decomposition 
of nitromcthane can occur thermally by passing 
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