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The fully optimized potential energy curves for the unimolecular decomposition of the lowest singlet and
triplet states of nitromethane through the C-NO2 bond dissociation pathway are calculated using various
DFT and high-level ab initio electronic structure methods. We perform gradient corrected density functional
theory (DFT) and multiconfiguration self-consistent field (MCSCF) to conclusively demonstrate that the triplet
state of nitromethane is bound. The adiabatic curve of this state exhibits a 33 kcal/mol energy barrier as
determined at the MCSCF level. DFT methods locate this barrier at a shorter C-N bond distance with
12-16 kcal/mol lower energy than does MCSCF. In addition to MCSCF and DFT, quadratic configuration
interactions with single and double substitutions (QCISD) calculations are also performed for the singlet
curve. The potential energy profiles of this state predicted by DFT methods based on Becke’s 1988 exchange
functional differ by as much as 17 kcal/mol from the predictions of MCSCF and QCISD in the vicinity of the
equilibrium structure. The computational methods predict bond dissociation energies 5-9 kcal/mol lower
than the experimental value. DFT techniques based on Becke’s 3-parameter exchange functional show the
best overall agreement with the higher level methods.

Introduction

Nitromethane is the simplest nitro compound. As a proto-
typical energetic molecule of modest size, its energetic and
structural properties are amenable to detailed and high-level
computational treatments. Such properties could then be
benchmarked to other efficient methods capable of handling
large energetic systems, which typically consist of 20-50
atoms.1,2 Furthermore, knowledge of the excited potential
energy surfaces of nitromethane would prove useful in elucidat-
ing some of its photochemistry. In the present paper, we
undertake a systematic study of the C-N bond dissociation in
nitromethane via the singlet and triplet electronic states,
comparing density functional theory (DFT) to multiconfiguration
self-consistent field (MCSCF) and quadratic configuration
interaction (QCI) methods.

DFT methods are efficient techniques capable of treating
electron correlation in moderately large systems. Numerous
studies comparing these methods now exist in the literature (for
example, see refs 3-5). Recent studies have shown that
approximate functionals take into account most of the dynamical
and static electron correlation effects, thus producing descrip-
tions of molecular spectroscopic properties of comparable
quality to more expensive correlated methods.6-9 Relatively
few comparative studies, however, have been performed to
locate transition states and predict reaction paths.10 Such
investigations are highly desirable in order to establish the
limitations of DFT methods across wide regions of the molecular
potential energy surface before subsequent dynamics simulations
are performed. Moreover, it is important to document the
performance of DFT methods in describing a closed-shell system
(singlet) and an open-shell counterpart (triplet) on an equal
footing. To date very few DFT calculations for both states have

been performed.11-13 Only a few previous studies have
compared the MCSCF method to DFT.14,15 To our knowledge,
the present work is the first study to compare DFT calculations
to MCSCF results in a full optimization of a homolytic bond
dissociation curve for both the singlet and triplet states of a
polyatomic molecule.

Many experimental and theoretical studies under both normal
and extreme thermodynamic conditions have been performed
on nitromethane. Recent experimental studies on liquid ni-
tromethane have suggested bimolecular16,17 or ionic18 decom-
position mechanisms to be operative under shock conditions.
Studies concerning the vibrational spectra of the liquid phase
are numerous and sometimes conflicting.19-22 On the other
hand, photodissociation studies have shown that cleavage of
the C-N bond to yield the methyl radical and nitrogen dioxide
is the primary decomposition process in the gas phase.23 The
lowest singletf triplet excitation in nitromethane was reported
by electron-impact spectroscopy24 with the observed transition
having an onset at 3.1 eV and a maximum intensity at 3.8 eV.
The authors have concluded that the transition plays an important
role in the gas-phase photolysis of nitromethane, supporting an
earlier claim that photolysis leading to CH3 and NO2 occurs
via a triplet intermediate.25 The role of a nonradiative de-
excitation channel from the excited to the ground state has also
been observed,26 suggesting the need for a further characteriza-
tion of the excited states of this molecule.

Computationally, a recent DFT study reported27 a few
geometric parameters for the equilibrium structure of the triplet
state. The potential energy surfaces of the low-lying singlet
and triplet states of nitromethane for the C-N decomposition
pathway were determined by Rosak and Kaufman using
multireference double excitation configuration interaction.28

They constrained the molecule toCs symmetry, and held both
the C-H and N-O bonds fixed throughout the optimization† E-mail: manaa1@llnl.gov, lfried@llnl.gov.
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procedure. A fully optimized calculation is very important in
understanding the dissociation via the triplet surface, since this
state has an equilibrium geometric structure markedly different
from that of the ground state. Molecular dynamics simulations
of liquid nitromethane under ambient and shocked conditions
were performed by Seminario et al.29 using a force field
determined from DFT calculations. A very recent study reported
ab initio (DFT) molecular dynamics of solid nitromethane.30

Many other theoretical studies concentrated on alternative
decomposition pathways on the ground-state surface.31-33

In this work, various DFT methods are compared to MCSCF
calculations for the singlet and triplet states of nitromethane
through C-NO2 dissociation pathway. We use the complete
active space self-consistent field (CASSCF)34 variant of
MCSCF, a method that is capable of treating homolytic bond
dissociation without spin contamination of the wave function.
Nevertheless, this method is not size consistent. We have thus
chosen the QCI method with single and double substitution
(QCISD)35 which offers results of quality comparable to coupled
cluster theory. Our calculations are based on a fully optimized
reaction. The profile of the potential energy curve could be
used in interpreting vibrational spectroscopy performed on
nitromethane through the C-N stretching mode.19-22,29 We also
show here that the triplet state is bound, with a barrier of roughly
33 kcal/mol. These results suggest that the triplet state should
support several vibrational states, unless radiationless decay
mechanisms (currently under study)36 are operative at low
vibrational excitations. Finally, the comparative calculations
allow us to reach definitive conclusions regarding the applicabil-
ity of DFT methods to homolytic bond dissociation in energetic
materials.

Computational Methods

DFT and MCSCF calculations were performed on both singlet
and triplet states. For the singlet state, QCISD calculations are
also included. In all calculations the C-N bond distance was
fixed at a certain value while the rest of the molecular parameters
were optimized. The tilting angleφ is defined as the deviation
of the ONO plane from the vertical line that passes through the
C-N bond. The potential energy surface was calculated in the
range ofR(CN) ) 1.5-4.0 Å at a 0.25 Å interval with two
additional points at 1.3 and 1.4 Å were also performed for the
ground-state singlet. Additional points were calculated for the
triplet state near the “transition” state. The equilibrium structure
of nitromethane, NO2, and CH3 were determined along with
the harmonic frequencies to include the zero point correction
to the dissociation energy. The DFT and QCISD calculations
have been performed using the GAUSSIAN94 package of
codes37 with its default convergence criteria for the energies
and wave functions. The DFT and QCISD based wave
functions were spin unrestricted to ensure proper behavior at
large bond distances. The onset of spin contamination in the
unrestricted calculations was monitored.

We chose four different functionals for the DFT calculations
of the singlet state. The hybrid B3PW91 and B3LYP methods
refer to Becke’s three-parameter exchange functional38 along
with the nonlocal correlation of Perdew-Wang39 and Lee-
Yang-Parr40 functionals, respectively. The nonlocal methods
BPW91 and BLYP are a combination of Becke’s 1988 exchange
functional41 and the correlation functionals mentioned above.
For the triplet state, the B3LYP and BLYP functionals were
employed.

We used the GAMESS42 program for the MCSCF calcula-
tions. The active space was based on six electrons distributed

in five orbitals. At the equilibrium geometry the molecule has
Cs symmetry with a dominant single closed-shell configuration
character and mixed with a second configuration.28,43 The active
space represents three occupied orbitals: the CN (σ), the “in-
plane” NO2, and the NO2 (π) orbitals. As the CN bond
stretches, the wave function becomes strongly multidetermi-
nental, with the singlet potential surface approaching the
dissociating triplet surface. In this region, the electrons are
distributed between both the occupied space (described above)
and two unoccupied orbitals, the CN (σ*) and NO2 (π*)
molecular orbitals. The chosen active space allows for a proper
description of molecular dissociation into two open-shell
fragments, CH3 and NO2, with which both the singlet and triplet
states correlate.

The molecular orbitals were expanded in terms of two
standard atomic basis sets. The 6-311G** (C, N, O, 4s3p1d;
H, 3s1p) basis was employed for the singlet surface with all
the computational procedures of this work. The larger
6-311++G(2d,2p) (C, N, O, 5s4p2d; H, 4s2p) basis was
implemented at selected geometries and in conjunction with the
DFT and the MCSCF methods for both the singlet and triplet
surfaces.

Results and Discussion

The Triplet State. As noted in the Introduction, the only
experimental study of the spin-forbidden singletf triplet
excitation was reported by electron-impact spectroscopy24 with
the observed transition having an onset at 3.1 eV and a
maximum intensity at 3.8 eV. This state correlates asymptoti-
cally with the ground-state singlet, yielding the CH3 and NO2

radicals. Despite the claim that the electronic transition plays
an important role in the gas-phase photolysis of nitromethane,24,25

spectroscopic parameters have not been identified for the triplet
state. A recent DFT comparative study27 provided only three
structural parameters:R(C-N), R(N-O), and the∠CNO.
Table 1 provides the geometric parameters of the minimum for
both the triplet and singlet states at the MCSCF, B3LYP, and
BLYP levels. For the triplet state, the NO2 group arrangement

TABLE 1: Triplet and Singlet (Bottom Values) State
Equilibrium Structures and Total Energies (Ee, in Hartrees)
Determined with the 6-311++G(2d,2p) Basis Set with Bond
Lengths in Å and Angles in deg

MCSCF B3LYP BLYP

R(C-H1) 1.082 1.091 1.098
1.080 1.087 1.094

R(C-H2,3) 1.077 1.086 1.094
1.075 1.083 1.090

R(C-N) 1.487 1.464 1.476
1.508 1.498 1.519

R(N-O) 1.302 1.309 1.330
1.197 1.221 1.241

∠H2CH1 110.3 110.7 110.8
110.9 110.2 110.3

∠NCH1 110.7 109.4 109.6
106.9 106.6 106.5

∠NCH2,3 107.5 107.8 107.6
107.6 108.0 107.9

∠CNO 114.2 118.4 118.8
117.3 117.3 117.1

∠ONO 111.7 105.3 104.9
125.5 125.7 125.7

∠φ 48.6 44.8 44.4
1.6 1.4 1.4

Ee -243.714 626 -245.009 367 -244.976 374
-243.815 391 -245.102 417 -245.067 107

ZPE 31.6 29.5 28.6
33.4 31.2 30.0
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is strikingly different from the singlet equilibrium structure. The
N-O bond distance is stretched by about 0.1 Å, and the ONO
angle is decreased by about 10°. The two N-O bonds are no
longer in the plane, with theφ being approximately 50°. The
MCSCF wave function shows a dominant configuration with a
π f π* excitation of the NO2 molecular orbitals. The B3LYP
and BLYP calculated parameters are very close to one another,
and are in close agreement with the MCSCF values. The only
noticeable deviation is a decrease of∼6° in the ONO angle
and 0.02 Å in the C-N bond as determined by the DFT
(B3LYP) method. The singlet-triplet (0-0) energy difference
is 2.66 eV (MCSCF), 2.46 eV (B3LYP), and 2.41 eV (BLYP),
all comparing well with recent results.27 It should be noted
that this energy difference is on the order of the dissociation
energy of the ground state (2.6 eV), suggesting a possible role
for this state in the decomposition mechanism of nitromethane.

Table 2 lists the harmonic frequencies of the triplet state
minimum structure with an approximate description of each
vibrational mode. All modes are positive, as expected for a
true minimum, with the lowest mode attributed to the C-N
torsion. The B3LYP and MCSCF values are within acceptable
deviation, the maximum being∼150 cm-1 in the higher modes,
reflecting the difference in the calculated geometric parameters.
Comparison can be made with the three vibrational frequencies
provided by Jursic,27 which at the B3LYP/6-31G(d) level are
listed as 1351, 1504, and 3070 cm-1. These compare well with
our B3LYP-determined NO2 stretch, CH3 rock, and CH3 stretch.
Infrared intensities show that three strong absorption peaks are
associated with the NO2 group.

Figure 1 illustrates the fully optimized potential energy curves
for the triplet state, determined from MCSCF and DFT methods.
As shown, this state is bound with respect to C-N dissociation
by an energy barrier of roughly 33 kcal/mol (MCSCF), 21 kcal/
mol (B3LYP), and 17 kcal/mol (BLYP). The magnitude of this

barrier is on the order of the zero point energy of the triplet
state as determined at the MCSCF level. The energy discrep-
ancy between the MCSCF and DFT values is∼10 kcal/mol
and, as it will be shown, of the same order as for the singlet
state in the C-N bond distance range 2.0-2.25 Å. Furthermore,
the location of this barrier is shifted toward larger C-N bond
distance at the MCSCF level (2.0 Å) than it is at the DFT levels
(1.75 Å). Table 3 lists the geometrical parameters from both
MSCSF and DFT(B3LYP) calculations. We have chosen the
region up toR(C-N) ) 2.75 Å as a cutoff since at this point
the dissociation process seems to be almost complete and beyond
which the molecular parameters no longer vary in an appreciable
way. As can be seen, the B3LYP parameters are in close
agreement with the MCSCF results except for the noted
difference inR(N-O) and∠ONO. Finally, we note that the
existence of the energy barrier renders the triplet state adiabati-
cally stable with respect to the C-N bond dissociation,
supporting a few vibrational energy levels. We are currently
considering the interaction of this state near its equilibrium
structure with the lower singlet. A full account of this
nonadiabatic channel and its effects on the initiation process in
energetic materials in general will be provided soon elsewhere.36

The Singlet State. The equilibrium structure of the ground
state of nitromethane has been determined previously at various
computational levels.27,44 For this state comparisons are possible
to both experiments and theory. We carried out the optimiza-
tions with the two basis sets. Optimizations were carried out
only with the 6-311G** basis set for the QCISD method. In
all cases the optimized geometry of nitromethane hasCs

symmetry, as found previously.27,44-47 As listed in Table 1,
the tilting angleφ is found to be near zero. The results are in
very good agreement when compared with the very recent
theoretical work of Gutsev and Bartlett44 and with the (limited)
available experimental data.47 The only noticeable deviation
is the shortened MCSCF C-H and N-O bond lengths by about
0.01and 0.03 Å, respectively. The MCSCF wave function at
the equilibrium structure exhibits a dominant closed-shell
character, along with some mixing of configurations arising from
the (π-π*) excitation. The use of the larger 6-311++G(2d,2p)

Figure 1. Fully optimized DFT and MCSCF potential energy curves
of the triplet state.

TABLE 2: MCSCF and DFT(B3LYP) Harmonic
Frequencies (in cm-1) for the Triplet State of CH 3NO2 with
the 6-311++G(2d,2p) Basis with IR Intensities (in km/mol)
in Parentheses

description MCSCF B3LYP description MCSCF B3LYP

CN torsion 188 188 (0) NO2 stretch 1356 1335 (19)
NO2 rock 446 406 (2) CH3 umbrella 1541 1430 (0)
NO2 wag 463 435 (15) HCH bend 1601 1477 (13)
NO2 scissor 620 521 (14) CH3 rock 1613 1479 (17)
CN stretch 904 849 (1) CH3 stretch 3207 3050 (7)
NO2 stretch 1045 872 (6) CH3 stretch 3285 3137 (5)
CH3 rock 1219 1127 (9) CH3 stretch 3321 3163 (0)
CH3 twist 1274 1161 (12)

TABLE 3: Geometries and Energy Differences for the
Triplet State Predicted by the DFT(B3LYP) (Top Value) and
MCSCF (Bottom Value) Methods with the 6-311++G(2d,2p)
Basis Seta

R(C-N)

1.40 1.50 1.75 2.00 2.25 2.50 2.75

R(C-H1) 1.094 1.089 1.082 1.079 1.078 1.078 1.078
1.085 1.081 1.076 1.074 1.071 1.071 1.070

R(C-H2,3) 1.088 1.086 1.080 1.079 1.078 1.078 1.078
1.078 1.077 1.074 1.073 1.071 1.070 1.070

R(N-O) 1.310 1.308 1.271 1.232 1.208 1.199 1.196
1.303 1.301 1.298 1.287 1.170 1.167 1.166

∠H2CH1 109.7 111.2 115.1 117.6 119.0 119.6 119.9
109.0 110.5 113.4 115.5 118.3 119.1 119.1

∠NCH1 110.7 108.7 103.3 98.7 95.1 92.7 85.3
112.2 110.5 106.5 103.5 97.8 93.4 86.9

∠CNO1 119.6 117.9 104.5 102.1 101.2 100.5 100.4
115.4 114.0 111.0 108.2 100.8 100.6 100.7

∠ONO 105.2 105.3 129.2 130.9 132.4 133.4 133.9
111.7 111.7 111.3 110.4 133.9 134.5 134.8

∠φ 42.1 46.1 56.9 62.0 63.4 64.3 64.1
45.6 49.0 55.8 61.7 63.0 64.7 67.1

∆Ee 1.0 0.0 20.7 19.5 12.7 7.2 4.2
2.7 0.0 12.5 29.5 18.2 8.5 3.6

a Bond lengths in Å and angles in degrees. Energies are in kcal/mol
relative to the near respective equilibrium structures atR(C-N) ) 1.5
Å.
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basis does not have an appreciable effect on the molecular
geometry with any of the methods employed. For further com-
parison, the calculated dipole moment is 3.67 D as determined
from both MCSCF and B3LYP with the 6-311++G(2d,2p)
basis. This value should be compared with the experimental
one, which lies between 3.1 and 3.5748 D, and with the CCSD-
(T)/ 6-311++G(2d,2p) computed value of 3.59 D.44

The bond dissociation energies are provided in Table 4. To
include the zero-point energy (ZPE) correction, we have
optimized the open-shell fragments CH3 and NO2. For MCSCF
the point atR(C-N) ) 4.00 Å was taken as the dissociation
limit. As shown in the table, the density functional results are
very comparable to that of QCISD and MCSCF. With the larger
basis, the dissociation energy improved on the order of 0.6-
3.0 kcal/mol, depending on the computational method used. The
DFT(B3PW91) and MCSCF results of this basis are ap-
proximately 5 kcal/mol lower than the experimental values of
59-60 kcal/mol.49,50 This deviation is not unexpected from
calculations of the type reported in this work. The MRD-CI
calculations of Roszak and Kaufman,28 which also included a
generalized multireference Davidson correction formula, gave
a value of 64.3 kcal/mol. The limited sizes of the basis sets
employed might be one source for the discrepancy between the
computational and experimental results, and inclusion of f-type
and higher order basis functions could lead to a better agreement.

On the other hand, we note that the experimentally determined
zero-point energy correction (ZPE) for CH3NO2, CH3, and NO2

are 30.3, 16.2, and 5.4 kcal/mol, respectively.51,52 Our calculated
values in this work at the 6-311G** QCISD level are 31.8 (CH3-
NO2), 18.7 (CH3), and 5.8 (NO2) and at the 6-311++G(2d,2p)
DFT(B3PW91) level are 31.3 (CH3NO2), 18.6 (CH3), and 5.6
kcal/mol for NO2. Thus, approximately up to 2.5 kcal/mol
difference could be attributed to error in determining the ZPE
correction of CH3. This could be due in part to the explicit
assumption of the validity of the harmonic approximation.
Contributions from cubic and quartic anharmonic terms for this
molecule are very significant, as was shown by Schatz et al.53

Furthermore, one-point calculations using the experimental
geometrical parameters and ZPEs for NO2 and CH3 species
while fixing R(C-N) at 8.00 Å improved the dissociation energy
to 56.2 kcal/mol at the 6-311++G(2d,2p) MCSCF level of
theory.

Figure 2 illustrates the calculated potential energy curves from
MCSCF and QCISD methods. Figure 3 shows the relative
energies obtained from DFT calculations to those of MCSCF.
While the energy difference seems to be systematic for all
functionals, the potential energy curves predicted by the BLYP
and BPW91 methods are strikingly broader than those predicted
by the high-level methods. AtR(C-N) ) 2.25 Å, the BLYP
energy is about 17 kcal/mol lower than the MCSCF value and
13 kcal/mol lower than the corresponding QCISD value. It is

also noticed that this effect persists, albeit with relatively lower
deviation, throughout the dissociation pathway up toR(C-N)
) 3.0 Å. With this anharmonic deviation, the calculated force
constant will be weakened considerably and effects on calculated
properties such as frequency shifts would be notable. The
B3PW91 and B3LYP functionals predict dissociation curves
in better agreement with those of MCSCF and QCISD calcula-
tions. As can be seen from Figure 3, the maximum energy
deviation of B3PW91 and B3LYP from MCSCF is 4 and 7
kcal/mol atR(C-N) ) 2.25 Å, respectively.

In Table 5 the geometrical parameters from representative
calculations are provided. In the illustrated region, we note that
the bond lengthsR(C-H) andR(N-O) follow the order MCSCF
< B3PW91∼ B3LYP < QCISD < BPW91∼ BLYP, while
the bond angles ONO, HCH, and CNO show little change as a
function of the method used. In all, the geometrical structure
throughout the dissociation process tends to remain in theCs

symmetry. The CH3 moiety changes from the pyramidal
structure in the bonded molecule to planar as a free fragment.
The geometric parameters of the fragment species are correctly
reproduced at the end of the decomposition and should be
compared with the literature valuesR(N-O) ) 1.194 Å,∠ONO
) 133.8° for NO2,54 andR(C-H) ) 1.079 Å for CH3.55 Both
the ∠ONO and∠HCH angles vary by roughly 10° in going
from the equilibrium structure of nitromethane to the end of
the dissociation. We note that the use of the larger basis has
little effect on the molecular geometrical parameters as deter-
mined at the MCSCF and DFT(B3LYP) levels of theory.
Finally, as expected, both DFT and QCISD wave functions
exhibit significant spin contamination due to mixing with the

TABLE 4: Dissociation Energy (Zero-Point Correction
Included) in kcal/mol for the Singlet State with Results
of the 6-311++G(2d,2p) Basis Below Those of the
6-311G** Basis

B3PW91 B3LYP BPW91 BLYP QCISD MCSCF
exper-
iment

D0 53.8 52.5 51.8 49.9 51.1 53.6 59.4
54.5 53.4 52.4 52.9 54.4 60.1b

56.2c

a From ref 49.b From ref 50.c Calculated atR(C-N) ) 8.00 Å with
the 6-311++G(2d,2p) basis using the experimental dataR(N-O) )
1.194 Å,∠ONO ) 133.8° for NO2 (ref 53), andR(C-H) ) 1.079 Å
for CH3 (ref 54).

Figure 2. Fully optimized MCSCF and QCISD ground-state potential
energy curves for nitromethane.

Figure 3. Calculated energy difference∆E [E(MCSCF)- E(DFT) ]
of the singlet potential curve.
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triplet surface, starting atR(C-N) ) 2.75 Å where theS2 value
is 0.975 and 0.751 from B3PW91 and QCISD, respectively. At
R(C-N) ) 4.00 Å the spin contamination is most pronounced
with S2 being from the two methods 1.03 and 1.0, respectively.

Conclusion

In this paper we have undertaken a comparative study of C-N
bond dissociation for the singlet and triplet states of ni-
tromethane, a prototypical energetic material. In addition to
characterizing the triplet state minimum energy structure, we
have found that the potential energy curve for this state exhibits
an energy barrier that is 33 kcal/mol as determined at the
MCSCF level. This barrier renders the state bound with respect
to decomposition into CH3 and NO2 fragments, and its relevance
in photodissociation studies should be considered. The DFT
results locate the barrier aroundR(C-N) ) 1.75 Å, shorter than
the MCSCF value atR(C-N) ) 2.0 Å. DFT methods also
predict a lower energy barrier with the B3LYP functional
showing closer agreement with MCSCF than the BLYP.

The equilibrium properties of the singlet state predicted by
all methods, including bond lengths, angles, and dipole moment,
were in close agreement with experiment and a CCSD(T)44

calculation. Good agreement for the potential energy along the
reaction coordinate was found between the MCSCF and the
QCISD methods for bond distances less than 2.75 Å. The
difference between the DFT and MCSCF results was found to
have a distinct maximum nearR(C-N) ) 2.25 Å for all methods
studied. DFT methods should be used with caution in this
region, which corresponds to the onset of bond cleavage. The
difference, however, decreased at larger bond distances.

Overall, we find that the DFT methods based on Becke’s
3-parameter exchange functional faired best in the comparison

to high-level methods. The correlation functional played a less
dominant role. The difference in energy between 6 and 311G**
and 6-311++G(2d,2p) was less than 1 kcal/mol for the B3LYP
and B3PW91 functionals. We conclude that either the B3PW91/
6-311G** or B3LYP/6-311G** DFT method should be accurate
to within 5 kcal/mol for the treatment of homolytic bond
cleavage of closed-shell energetic materials similar to ni-
tromethane. These methods also reproduce the qualitative
features of open-shell systems but showed errors of up to 12
kcal/mol in predicted barrier heights. This level of accuracy is
sufficient to distinguish between competing reaction channels
with widely ranging energetics.2
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