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ABSTRACT

The potential energy hyper surfaces (PES) of the unimolecular rearrangements of a} Nitromethune 74} i
trans aci-nitromethane (25 b) nitromethane /4 to methyl nitrite (34 and ¢} nuromethane ducomposilion to
methy! and nitrogen dioxide were searched using the ab initro MP2? method. Split valence 6-31G{d.p) basis
st was used for geometry nptimizations, frequency and IRC computations alung each reaction paib. The

energy barrier for the decomposition path of nitromethane was found 1o be
determined transition stale, The nittomelhane to methy

be the 70.5 keal'mol. whieh is 17.3 keaifmai lzys than

B7.8 kealfmol via newly

| mirite barrier hight was previously determined to
that of the nitromethane ducomposition path reported

1n this work. Using these data it was possibie for the first lime (o cxplain the experimentaliy observed path

of nitromethane decomposition
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INTRODUCTION

The ability 1o modei encrgetic materials requires
knowledge of the thermochernical properties of the
intial encrgetic compound as weil as those of the
miermediates  formed  during  the decomposition
process. From the thermochemical properties onc can
determine  ibe  bond  dissociation energics of a
molecular compound and its subscquent  reaction
totermediates. Using theorctical approach. one can also
determine  reaction  pathwavs and  the  aetivation
energies involved in going from regetants o products
The concept of the rcaetion pathway has become
important in the study of putential energy surfaces for
chemical reactions. In general, the reaction path can b
defined as the curve oo the potential energy surface
connceling e reactants and  products throtigh the
transition state afl in the same spin state This curve
can be foond by following the steepest descent path or
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mmimum  encrgy path {(MEP} from the
transition siate toward reactants and products.
When mass-weighted Cartesiun coordinates are
used, the path becomes the intvinsic reaction
coordinate (IRC)Y [i].

Nitromethane. [H;NO., is  the simpiest
aliphatic nitro componnd and a protatype for
encrgetic marcriais that conid be of yse as high,
pure soiid explosives and propellant focly [2]. As
such, it is a model compound for cxperimental
studics in ignution, eombustion, and atmospherie
poliution [3).  The rate constents for
decnmposition  of nitromethane. coferred o
hereatter as NMT, were determined 35 vears ago
by Glaozer and Troc [4. 5] in shuck wbe
cxperiments on the decomposition of highly
diluted NMT (eq I}, and the reported values
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were largcly supported by subsequent kinctic
studies, [6-11].

CHyNO; (+M)—=CH; + NO, {+M] {I)
{H, + NO: —CH;NO; {2}
'EH; + NDE —'.*CH;O + WO {3}
CH:NOQ; — CHONO —-CH;0 + NO i4)

However, the more recent detailed kicctie
modelings [6-10] alse ndicated that the NMT
pyrolysis kinetics are much meorc complex than
previously assumed with secondary reactions and
the competnon between different chamncls, c.o.,
simple bond ¢leavages, rearrangements, and
molecular climinations. It was also pointed out
thai significart deviations in the reported NMT
thermochemistry from different sources led 1o a
large uncertatoty in the rate constants of cgs 1 and
21{L1-13].

In the rcactions of hydrocarbons and nitric
oxide (NO} that arc the mutally sensitized
oxidaiions, a key process 15 actually the nne
between the mcthyl radieal and nitrogen dioxide
{cc 3). The latter reacuon is known o serve as a
H-atomn pencrator through the mpid dissociation
of the methoxy radical and. thereby, to enhanec
the fiuel oxidation process. Formation of NMT {eq
2} s expected to compete with eq 3. In this
context, the NMT-MNT intcrcomversion {cq 4)
has bcen shown 1o play a pivotal role in the
overall trunsformation.

In 1983, Dewar e af. [14] theorctically studied
the decomposition of nitomethane using their
semiempinical MINDO?3 methnd and obtaincd the
enetpy barriers of 47.0 and 32.4 kcal/mol for the
conversion of  nitromethane w methyl nitrite and
dragmentation af methy! nitritc to H.CO + HND,
respectivelv. These authors [14] cstimated the
kineuc frequency factors of vanous clementary
nrocesses  and  suggested  that  nitomethane
decomposes via an imbal reatrangement to methy!
nitrite.

McKee [15] reported in 1986 a detailed
description of the CH;NO; potential  encrgy
surface (PES) ysing ab initio molecular orbital
caleulations w both  Hartree-Fock (HF} and
second-order perturbation theary (MP2} levels
with the 6-31G{d) basis set The PES included
nitromethane, methyl nitrite, nirosomethanol, gei-
nitromethane  1somers, and 2 number of
dissociation limits, Aecording to this author, e
rearrangement of nitromethane to metbyl mtnie

corresponds 10 the lowest energy pathway but i3
associated with a rather large encrgy bamer of
73.5 keal/mol. Such a barmer arises from, on one
hand, & distortion of NO-, and on the other hand, a
strongly antibnondmg interaction m the compact
transition structure {TS-tight, Scheme 1) between
a lone pair oo oxygen and the migratng methyl
group. In a sense, this s cquivalent to the four-
¢lcetron-two-orbital destabilizing nteraction, and
the migratoe is thus orbital forbidden. Note that
both reported intcefragment distances C-N (1.93
Ayand C-O {201 A) in TS-tight are rather short.
Elimination of formaldehyde ftorm MNT was
found to have a lower barier height of 44.1
keal/mol. This auwthor [15] concloded  that
fragmentations ate less energy demanding and
that a concerted rcarrangemeni on the CHuNO:
PES 1s not to be observed.

W/ gy 0 a7 O
H H 'i
Scherme L i|
i

Al about the same time, Wodtke. Hintsa, and
Lee (WHL) [16, 17] repnrted the first
experimental evidence lor & primary production of
CHyO from CH;NO,. Using a molecular beam in
comjunction  with  infrared  mwltiphoton
disseeiation technique, WHL [16. 17] suggesied
an injual sometization of nitromethane fo methyl
nirite when detecting the CH;O and NO
fragments presumably from the dissociation of the
imemally very hot, hut colliston-free. isemenized
nitromethane {cf. ¢q 4). In these expenments, the
presenee of an exit barrier on the PES could be
determined by a direct measurement of the
product transtational encrgy distribution. To relate
their  spectroscopic  results  to pyrolysis
cxperiments, WHL [17] subsequently carried out
a RRKM thcory treatmont in iaking some
mumerical kinene parameicrs from ref 43, and
overall they reponied the following (indings: (i) a
branching runo hetween NOMNO, production is
132 '
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about 0.6 in faver of NOs;, (ii) but when using the
previously estimated Frequency factors for both
C-N bond cleavage (4 = 10"*%) and isome nzation
processes (4 = 107, vakue taken from ref 14), a
fitting of the abtained data within ar RRKM
framework led o & bamier height to the
nitromethane - methy} nitritc omenization of
about 55.5 keal/mol, relative to nitromethane. In
taking the major sources of error mio aceount,
WHL evaluated the maximum bamier height at
370 keal/mol and the minimum barter ar 51.5
keal'mol; and (iif} an energy bamier of 55.5
keal‘mol for nitomethane - methyl autrite is
actually smalicr than the C-N bond energy nf
nittornethane knfwn to he in the range from 58 5
[13] ar 39.4 [18a] - 60.1 [18b] keal/mni.

WHL's cvaluations nf their cxperimental
resttts  were thus in sharp  comtrast  both
quantitatively and qualitatively, to the ab initio
MO results nf MeKee [15] mentinoed above in
which the harmer of 73.5 keal‘mnl was fouod to he
16,1 keal'mo] higher than the C-N hnad
asymptite. In view of the discrepancy, the latter
author [19] reinvestizated the nitmmethane -
methyl mitrite  reamangement in - construeting
multiconfiguration wave functions including fhur-
electron-in-faur-trbitals i the active space
(MCSCF(4.4)/6-31G(d)). The most striking result
in this paper [19] was that the transition strueture
(TS) for 1.2-methy] mugratinn urmed ot to be a
loose form between hoth CH, and NO, radicals,
with long ioterfragment distances {longer thun 3 6
A), as seen in TS-lonse depicted in Scheme 1. The
laiicr was characterized as a hiradical esscotially
keeping the two unpaired electrons of both radicai
partners well separated from cach other. The
predominant contributing confipuration is the one
ih which the three unpaired clectrons of NO, are
distrthuted in the oitrogen fenc pair orbital (2" and
the two combwations nf oxvgen Inpe pairs (a").
Suhsequent truncated multireference
eainfiguration interaction (MRCE computations
ehinfirmed that. considering the new TS-icose, the
unimoiccular barder remains 10 keal/mel akove
the sum nFCI; and NO- radicals energies, [149]

In a fhllowing theoretical study, Saxno and
Yoshimine (SM) [20] reexamined the TS for
niromethane - methyl nitrite  interconversion
making usc of a muiticontigurational method: that
was a simiar MCECF-(4.4) treatment bt instead
with a smalier 4-31G  basis  set  without

polarization d-functions, In lice with previous
results of McKee, geometry optimizations by SM
mvariahly led to the TS-loose, with the C-N and
C-) distances of 3.4 and 3.7 A, respectively (cf.
Scheme 1). Further single-point clectronie coergy
caleulations at the MCSCF-CI(7Y/6-31G(d) level,
with zero-point cnergy comections, vielded an
energy barrier of 56.7 kcal/mol for 1.2-methyl
shilt and a C-N hoed dissocialion encryry of 57.1
keal/mol. In other words, althaugh a better
agreement with experimental data was obtained
by SM, the loosc character of the TS for
rearrangement remains striking,

Lammertsma and Prasad [21] in 1993 studied
nitromethane — acf nitromethane tautomerism iy
high-level ab inttie methods. The MP26-31G*
geometry of ntromethanc compares well with that
detcrmined experimentally. ‘In this paper the Gl
cnergy difference between the twh Lutomers
amounts to 14.] kealmnl in Gavor nf nittomethans
and the caledlated heat of formation nf -570.7
kealmol fnr nittomcthane differs by nnly 2.4
keal'mnl finm the experimental valuc,

In the theoretica! artiele, Hy of af. [22] reparted
the results nf an cxtemsive exploratinn of the
CH:NO;  PES which included no less than 10
1somers, 46 ftransiion  structorcs, and 16
dissociation produet lunis. The cnergies were
chtained at a GZMP? level nn the basis of
geometries optimized using density functional
theory with the popular B3LYP functinnal. It is
remarkable that the BILYP/6-311++G(2d.2p)
provides a TS-tight for the methyl migration. In
additinn, these authors [22] found that the C-N
kood dissociation ctiergy for nitromethane is 61.9
keal/moi, whick is fower than the harriers far
nilromethane - methyl nitrite agd nitrnmethane -
aci-nitromethane isomerizations by 2.7 and 2.1
kealimnl, respectively. Therefore, it has heen
sugpested Mo onc hagd that the nitromethanc
istmetization pathways arc kinetically disfavared
n view of the relatively higher enctyy bamers,
which are in cxcess of 60 kcal’mol. Gn the other
hand, the nitromethane decnmposition seems to
occur either via the C-N hood ropture or via
concerted moleeular climination. In other words,
the latest results [22] substantiated  the
diserepancy not oniy hetween cxperimental and
thelretical analyses but aiso between theoretical
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results reporied in earlier papers [14-20].
Nevertheless, the nature of the TS for
rearrangemen, light versus loose, has not been
exainined by an appropriate treattnent.

Neuyen and ef . [23] in 2003 reexamined the
mechanism of the unimolecular rearangement
connecting both niromethane and methyl nitrite
somers. The CH.NO; potential epergy surface
was constructed using different molecular orbital
[CCSD{T) and CASSCF] and density functional
theory (B3LYP) methods including a few lower
lying isemenic intermediates. Caleulations are thus
intemally consistent indicating thal the energy of
the TS for 1,2-CH; shift is al least & keal/mc
above the CH, + NO, asymptote.

In this context, we st out to perforn
computations using appropriate levels of ab imitio
quaptumn chemical theory with aim to probe again
the shapes of the TS for upimelecular and 1,2-
methyl  magration an the
rearrangerment. For the sake of completeness, 4
compatison with the results of Nguyen and et af.
[23] on the CH;NO; PES has also been made. It
should be stressed that a reinvestigation of the
detailed kipetics of the processes considered goes
beyond the seope of the present work. An accurate
and consistent determinaiion of the frequency
faciors for different barnerless reactions invohving
racdical recombimations and bond cleavages. that
are nceessary for kinetic RRKM treatments, in
fact, requires appropriate quantum chemical
caleulations and much effort

nitro-nitnte

CALCULATIONS

Al ealeulations were carmied out using the PC
(GAMESS 7.1.5 [24] Spartan'06 [25] programs. In
the construction of the lowest singlet statc PES of
the CHyNO;  sysiem,  various
intermechates. and the TSy connecting them, were
ocated by geometry oplinuzations as relax using
MP? (Maoller-Plesset second-order perturhatinn
theory) quantum chemical procedure with a
6-31G(d.p} basis set. The excellent resulis of
MP2 in copjunction with Pople type basis <et has
been well documented for studying the molecular
properties of karge nunber of organic molecules.
Vibranona! frequencics were caleulated at the

i50 meric

MP2/6-31G{d,p) level for characterization of
statiooary  points  (number  of  imagpinary
frequencics NIMAG) 0 and 1 for local, minma
and T8s, respectively. Intrinsic grcact.ion
coordinate {IRC) caleulations [26, 27] are carried
out using the same basis sels to make sure the
transitton states conncet the expected stationary
points on the cnergy surface. i

RESULTS AND DISCUSSION

Total energies and equlibriwn geometnes in
searching of PES at the MP2/6-31G{d.p) basis set
are presentcd 1n Table | and Figure 1. Their PES
diagram is showo in Figure 2. In this shape the
enerey of nitromethane ts zero and dnergics of the
geometries  are  given  telaive 10
nitromethane in keal/mol. .

other

Table L. Total cretgy and ZPE of subsirates, products
and transition states with MP2H-316G{d )

Cempound Total energy ZPE (keal/mol)
{a.u.)

CEHiyWTh (1) -2 3550 32343
CILN{THOH (2 | -24 31 30042
CH,OROH(3) -244, 34601 24} K46
A H#NO, -244,25269 23.569
TSI -244, 24234 H754
151 -usht 244 3830 20,546
T3 -244 20569 26,424

For comparing to previous - reported
computations the relative energmcs of species
mmcluded in the potential energy  surface of
nitromethane with perurbation theory MPn and the
coupled-cluster theory CCSD(T), |W1t|1 different
basis sets ranging from 6-31G* to 6-311G{3dt,2p)
arc swmmarized in Table 2. Coupled-cluster
CCSINT) with ce-pVDZ and cc-pVTZ basis sets.
DFT method including BILYT wilt.h 6-311G(d p)
and cc-p¥DZ basis scts and modified G2IM [28]
mnethod are also included, As Tah;le 2 shows the
prescnt computations are in good agrecment with
all other cntrics. The new specics TSI is reportod
for the tirst time. To have a complete picture of the
paths on the PES, the two sides around cach T3
geometry on PRES were searched via Intrinsic
Reaction Coordinate{IRC) method.
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Fig, 1. Geometries of substrates. products and transition states with selected peometrie distances {A).
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Fig, 1. The shape of a purtion of the nitromethune potentsui enerey surface with
MP2/6-31G(d.p). Relative cnermes ate given in keui‘mol.

The first path  searched with IRC on
mtromethanc PES, s the migration of hydrogen
ateinn (H7) m nitomethane 1| fram carbnn stom
{C1} 10 05 in trans aci-nitromethane (2) via TSI
{Figurc 1. By implementing the ZPT. the hamier
height of 67.2 kealimol was oblained for this
unimelecular path which 15 the rearrungement of

nirnmcthane 1o ttuns aci-nilomethane, As Figume |
shows the major changes in hond distances  in
reactnt-TS path, are due to the C1-M7 distance
{1 08 A t0i 47Ayand the OS-HT (245 A tn 122 &)
(Figure i), In TS-product path, the Cil-N4, N4-05
And H7-05 bond distances underpo larger changes
(141Aw 132 A) (133 Ato 145 Ayand (1,22 A
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i 0.97 A} which ean be attributed © the change of
hvbhdization of C and O atoms (in context of VB).

Starting from the nitomethane {1), another path
was found This path was determuned via TRC
computations (o bc the reamangemcnts of
nitromethane (1} 1o methyl nitrite (3) via TS2-
tight with the barmer hight of 70.5 kcalimol. The
large mcrease in C-N bond length by 0.31 A is the
one of the eharacteristics of T82-tight. As the
geometry of this TS imphes this path can be
attributed to the rearrangement of the whole NG
group in space. Flipping the NC: group 1n (1) in
the plane which approximately bisects the two Hs
(H2,H3} of methyl group, would be the classical
description for breaking the C-N bond and
formation the C-03 bond, TS2-loose with the
relative enerey of 74.4 kealfmol at CAS/6-31G*
level [19] was not observed.

The IRC eomputaiions around the PES
position of TS3 led w the new path. This path
which 15 repotted for the first time connects the
new TS3 geometry to nitromethane {1} and the

supcrmelecule ¢omplex composed of CH; and
NO; parts and can be attnbuted to unimolecular
thermally decompesiton of nitromethane  at
singlet electrome state. The barner height is §7.8
kealimol relative to pitromethanc energy level.
This new path provides the acceptable explanation
for this experimental that the nitomethanc does
not readily undergo the thermal decomposition
and prefers the paths of rearrangement (o
compounds 2 and 3. '

CONCLUSIONS

The experimental result by Wodtke, Hintsa, and
Lee (WHL)Y [16,17] with an RREM framework
led to the barier height of mtromethane - methyl
nimite isometization about 555 kcal/mol. This
cnergy harrier s acwally smaller than the C-N
bood energy in nitromethane with the estimated
values of 58.5 kcal/mol [13] ,59.4 kcal/mol [18a]
and 60,1 keal/mol [18b]. )

Table 2. Relative energrics of species included in the potential energy surface of nitmnmhan]e with ZPE

Relatise enerples {kealimedd |
speciet ML MPL BILYPY M M MPY | TS0V
G-I0GA) AIGEARE  EINCWE Y SNIGdp " NG " 6313106 2dLy) " G- iGidp) "
ol .
CHMOR {11 0 0 i 0 ] 1] g
CHN@IOH) | 205 26,4 14.2 19.1 186 173 i 17.]
CHLOND (3) 6 4.2 23 20 25 25 | 04
*CH 4ND, 1.5 573 52.7 502 313 RN . 338
TS1 75.0 67,2 6l.6 64.5 fid. & 634 ! Bd 1
TSI-tight 735 LS 5.0 689 865 PR bOARY
53 878 i
e . . : LIVIPLY I
N - SR e T B
CHaMO- 113 0 0 0 { i) o, |
CLEOWIH (2 17 15 15 18 13 214
CH.OMNO () 1.3 24 2 1] 2 2 [
CHy NI, 6l 62.3 53 52 63 61.9 i 001 i
58.5
Tsl 6.6 642 M 63 o6 G4 0
TS24 728 66.2 o (8] i3 e 6 555
¥ This work.

I
a} Ref [15] by Ref. [23] ¢} ZPE values derved from BILY Piec-pVDZ. d) Using oplimized geometries al the
indicated level. ¢} Single-point cnergy calculations using the CCSDNTVec-pVIXZ geometries. [13) f) mef” [27] &)
Ref [18h] Wy Ref [13] ) Refs. [16, 17] |
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In sharp contrast the theoretieal resulis were
shown that the C-N bond dissociation energy for
nitromethane is lower than the bamiers for
nitromethane - methyl nitrite and oitromethanc -
aci-nitromethane 1somerizations which implied
that the nitromethane molecule is decomposcd
before isomerization.

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