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DFT including nonlocal corrections and ab initio calculations at MP2 and MP4 levels of theory have been
performed in order to provide information concerning the mechanism of the rate limiting step of the thermal
decomposition of methyl azide and ethyl azide. The chemically interesting points of the ground-state potential
energy surface have been fully optimized, and a detailed normal-mode analysis for the reagents and the
transition states is presented. The well-established scaled quantum mechanical force field method has been
used to obtain reliable vibrational frequencies for these molecular structures. The force fields of transition
states have been modified by using the scale factors computed for the force fields of the azides in their
ground state. Finally, the activation energies and the Arrhenius preexponential factors for the rate constant
have been computed according to transition state theory. The best values for the activation energies are
provided by B3-LYP/6-311+G**. For the preexponential factor, the agreement with experiment seems to
be independent of the level of theory used.

1. Introduction

The chemistry of organic azides has been widely developed
in the last years. They constitute a versatile class of compounds
used as important reagents in heterocycle syntheses1 and in
several biological methods.2 For purpose of energy storage,
these molecules are substantially higher in energy than their
decomposition products, but with activation barriers sufficient
for safe handling. Such characteristics have motivated their
study as energetic additives for advanced solid propellants,3-5

which is considered to be one of the practical ways to improve
their technical performances. Energetic azides make a signifi-
cant energy contribution to propellants and can also minimize
the amount of flame and smoke in gases generated during the
propulsion phase of solid propellants. In the past two decades,
a large number of organic azides that find application in
propellants have been synthesized and examined.3-9 However,
fundamental questions regarding the mechanism of the thermal
decomposition of such molecules are not completely answered.
It is well-known from experimental results that the first step

in the thermolysis of azides involves nitrogen elimination to
yield the respective imine as the unique product.10-14 The strong
exothermic character of this step is responsible for the applica-
tion of azides as propellants and for the chemical activation of
the imine molecule, which consequently reacts to yield the final
products: H2, nitriles, hydrocarbons, etc.13,14 The first-order
overall kinetics of the thermolysis is controlled by the elimina-
tion of N2 and two possible reaction pathways have been
traditionally proposed for this process:14 (a) A synchronous
channel where both the elimination of nitrogen and the
transposition of one substituent occur simultaneously as a
concerted process, (b) An asynchronous channel, which occurs

in two steps, in such a way that the azide first decomposes into
N2 and a singlet nitrene radical, that then transforms into an
imine by transposition of one of the substituents. For years, it
was generally accepted that the intermediate singlet nitrene
existed, characterized by an extremely short lifetime, that rapidly
suffered a Curtius rearrangement to yield the imine. When the
Cs symmetry is considered in ab initio calculations,15-17 the
open-shell1A′′ of methylnitrene, which is a component of the
Jahn-Teller splitting from1E state, is a local minimum with a
high activation energy for rearrangement. Nevertheless, this
process is irrelevant16 in comparison with the rearrangement of
the other Jahn-Teller component, singlet1A′ methylnitrene, that
is predicted to be a barrier-free process by several ab initio
results.15-19 Therefore, it has been proposed that singlet
methylnitrene is not a genuine minimum on its potential energy
surface, and this could explain why this species has never been
detected in experiments neither of direct photolysis nor pyrolysis
of methyl azide. Nevertheless, this radical has been experi-
mentally observed by photodetachment spectroscopy of the
CH3N- anion.20 A singlet potential energy surface for the
elimination of N2 in methyl azide was obtained by Bock and
Dammel14 at MNDO level, and their results show that both the
synchronous and the asynchronous channels compete since the
activation energies at those level of theory are similar. However,
these authors justify a preference for the synchronous path
because the temperature of pyrolysis presents a substituent
dependence. Recently, the geometry of the transition state
involved in such a process has been localized at MP2/6-31G*
level of theory by Nguyenet al.21 and this channel has also
been proposed for the direct photolysis of methyl azide,22

although no definite experimental evidence exists up to date
indicating which channel constitutes the reaction path.
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In this paper we report a study of the possible pathways for
their unimolecular decomposition for methyl azide and ethyl
azide. For this purpose, MP2 and MP4 ab initio calculations
and DFT methods including in all cases nonlocal corrections
have been carried out. The preexponential factor for the rate
constant has been computed according to transition state
theory,23 thus being necessary to compute the molecular partition
function of the transition stateZq and that of the reagentZ.
According to statistical mechanics,Z can be computed for the
reagent using experimental data for the geometry, rotational
constants, and vibrational frequencies. However, the respective
data for the transition states are not yet experimentally acces-
sible. To obtain reliable vibrational frequencies for them, we
have used the well-established Pulay’s method (SQMFF).24

Quadratic force constants are scaled according to

where Fii and Fij are the quadratic quantum mechanically
computed force constants, andF′ii andF′ij are the scaled ones,
λi being the scale factors. The scale factors used for the force
fields of the transition states have been obtained by transferring
those computed for the azide molecule in its ground state.25,26

The imaginary vibrational frequency is related to the negative
eigenvalue of the Hessian matrix, and the corresponding normal
mode must involve the bond that breaks (i.e., the vibrational
degree of freedom that disappears to transform into a transla-
tional one).

2. Computational Methods

Semiempirical calculations were carried out by using the AM1
method as implemented in MOPAC 6.0,27 and DFT and ab initio
calculations were performed by using the program package
GAUSSIAN 94.28 All stationary points (i.e., equilibrium
structures and transition states geometries) were fully optimized
by gradient techniques at Hartree-Fock level using the 4-31G
and 6-311G* basis sets. The effects of dynamic electron
correlation were included using the second-order Møller-Plesset
(MP) perturbation theory with full electron correlation, MP2-
(Full), which includes the inner-shell electrons. To improve
the energy predictions, particularly the barrier heights, single-
point energy calculations MP4SDTQ with full electron correla-
tion at the MP2 optimized geometries were also performed. The
standard 6-311+G** basis set was used in all MP calculations.
DFT computations were carried out in combination with 6-31G*
and 6-311+G** basis sets. Up to date, Becke’s three parameter
(B3) gradient-corrected exchange functional29 has been reported
as the functional that predicts the best geometrical parameters
and vibrational frequencies within the DFT framework.24d We
have then used this hybrid method, where the nonlocal correla-
tion has been provided by either Perdew and Wang’s 1991
(PW91)30 and the Lee-Yang-Parr (LYP)31 gradient-corrected
correlation functionals in order to compare the relative perfor-
mance of both nonlocal exchange-correlation functionals in such
a highly correlated system as the azide group. The harmonic
frequencies were computed analytically for all optimized species
with all mentioned levels of theory (a) to characterize each
stationary point as a minimum or transition state, (b) to
determine the zero point vibrational energy, and (c) to provide
computational predictions of the force constant matrix that will
be scaled using the SQMFF method for both the reagent
structures and transition states.

3. Results and Discussion

3.1. Equilibrium Geometries. The equilibrium conforma-
tions of methyl azide and ethyl azide (Figure 1) have been the

subject of many theoretical studies.33-36 A detailed analysis
of the dependence of the results on the basis set and on the
inclusion of electronic correlation at MP2 level has been made
by Costa Cabral et al.,36 and therefore it will not be commented
on here. To our knowledge no previous DFT results have been
published for these molecules up to date. Geometric parameters
for methyl azide and ethyl azide obtained at several levels of
theory, including DFT, are collected in Table 1. Nonlocal DFT
functionals previously described predict structural information
very similar to the MP2 results, with differences with respect
to the experimental data37 ranging from 0.007 to 0.018 Å for
bond lengths and up to 2.5° for the angles. More specifically,
B3-LYP/6-311+G** and B3-PW91/6-31G* calculate the bond
distances of the azide group which are in better agreement with
the experimental values. All our theoretical calculations show
that (a) the terminal NâNγ distance is considerably shorter than
the NRNâ distance, (b) the azide group is not linear but slightly
bent with an angle∠NNN of 170-175°, in agreement with
experimental MW data,37 and (c) both in methyl azide and ethyl
azide, H1 is almost trans planar to the CNNN skeleton. In ethyl
azide, such a disposition of H1 (Figure 1) has been obtained
from a full optimization of the geometrical variables and
corresponds to the average conformation between the gauche
and the anti conformers reported by Costa Cabral et al.36

3.2. Potential Energy Surface. We have theoretically
studied the ground-state decomposition of methyl azide and ethyl
azide in the gas phase. Our first attempt to describe this
process26 was made at AM1 semiempirical level of theory by
building a reduced potential energy surface (PES) where the
NRNâ bond length and H1CN valence angle were chosen as
independent variables. All the remaining defined internal
coordinates were allowed to optimize. In the AM1 PES,
asynchronous and synchronous reaction pathways shown in
Scheme 1 are possible, in agreement with MNDO results
obtained by Bock and Dammel.14 Activation energies of both
channels for methyl azide were very similar, amounting to 55.00
and 61.75 kcal/mol, respectively. For ethyl azide,Eact(async)
) 55.41 kcal/mol andEact(sync)) 59.16 kcal/mol. However,
we have obtained different results when ab initio methods have
been used. Our first calculations,26 carried out with Hartree-
Fock methodology, predicted that the mechanism of the thermal
decomposition of simple alkyl azides follows the asynchronous
path through TS2 transition state (see Scheme 1). At HF/4-
31G and HF/6-311G* levels, the computed activation energies
were very poor, and no TS1 transition state corresponding to
the synchronous channel could be localized. Nevertheless, in
the present work, which includes the electron correlation effects,
no TS2 corresponding to the asynchronous path has been located

Figure 1. Equilibrium conformations of (a) methyl azide and (b) ethyl
azide.F′ii ) λiFii and F′ij ) (λiλj)

1/2Fij
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at all. These calculations, carried out with MP2(Full)/6-
311+G** and with several nonlocal DFT functionals, predict
that the breaking of the NR-Nâ bond and the Curtius rearrange-
ment of the H1 occur exclusively by a concerted process through
the TS1 transition state (synchronous channel). We think that
the lack of a TS1 on the HF potential energy surfaces and the
poor values for the activation energies computed at those levels
of theory are a consequence of the known insufficiencies of
Hartree-Fock methods to correctly describe the behavior of
molecular systems with long bond distances.
The calculated values ofr(NR-Nâ) and ∠H1CN of the

transition state involved in the concerted decomposition pathway
of methyl azide and ethyl azide are given in Table 2. For HF/
4-31G and HF/6-311G*, the transition state considered is TS2.
The activation energies have been computed as the relative
energies between the transition state and the minimum, always

taking into account the thermal and the zero-point corrections,
and they are also summarized in Table 2. At MP2(Full)/6-
311+G** level, the NR-Nâ distance increases from 1.474 Å
in methyl azide to 1.900 Å in TS1 and the H1CN angle decreases
from 106.4° to 88.70°. At this level of theory, the computed
activation energy is overestimated in 8.53 kcal/mol. This result
has been improved by carrying out single-point energy calcula-
tions with MP4SDTQ(Full)/6-311+G** using the geometries
optimized at the MP2 level. The barrier height is then reduced
to 43.30 kcal/mol, which is just 2.8 kcal/mol higher than the
experimental value.10

By respect to DFT results, it is of interest to discuss the
performance of the different functionals in foreseeing the
transition state properties as barrier heights and structures, which
has been done for methyl azide. Concerning DFT energy
barriers, they are quite dependent on the type of functional and

TABLE 1: Selected Geometrical Parametersa Computed for Methyl Azide (A) and Ethyl Azide (B) at Several Levels of Theory

AM1
HF/
4-31G

HF/
6-311G*

MP2(Full)/
6-311+G**

B3-LYP/
6-311+G**

A B A B A B A B

B3-LYP/
6-31G*
A A B

B3-PW91/
6-31G*
A

B3-PW91/
6-311+G**

A
exptl
Ab

r(C-N) 1.440 1.450 1.482 1.490 1.465 1.473 1.474 1.481 1.474 1.474 1.484 1.466 1.466 1.483
r(NR-Nâ) 1.254 1.253 1.243 1.242 1.224 1.223 1.238 1.237 1.235 1.229 1.229 1.230 1.224 1.231
r(Nâ-Nγ) 1.136 1.136 1.114 1.115 1.096 1.096 1.155 1.156 1.143 1.136 1.136 1.142 1.134 1.137
∠H1CNR 103.6 102.1 105.7 104.2 106.6 105.0 106.4 104.7 106.4 106.6 104.7 106.5 106.7 106.8
∠CNN 121.9 121.9 116.0 115.9 113.4 113.7 114.8 114.8 115.7 116.1 116.2 116.0 116.3 113.85
∠NNN 168.7 169.0 172.2 172.5 175.4 175.5 172.6 172.9 172.9 173.1 173.3 172.9 173.1 173.1

aDistances in angstroms, angles in degrees.b From ref 37.

SCHEME 1: Mechanisms for the Unimolecular Decomposition of CH3N3 to CH2dNH + N2

TABLE 2: Some Geometrical Parameters for Transition States of Methyl Azide (A) and Ethyl Azide (B) and Activation
Energies for the Thermal Decomposition of Both Molecules Computed atab Initio and DFT Levels of Theory

r(NR-Nâ) ∠(HCN) Eacta

theory level A B A B A B

HF/4-31G TS2 1.608 1.606 101.8 99.94 9.89 9.75
HF/6-311G* TS2 1.667 1.670 100.6 98.61 19.74 18.36
MP2(Full)/6-311+G** TS1 1.900 1.869 88.70 85.96 49.03 47.92

(43.30) (45.78)
B3-LYP/6-31G* TS1 2.075 86.79 44.19
B3-LYP/6-311+G** TS1 1.995 1.938 88.52 86.24 40.68 38.76
B3-PW91/6-31G* TS1 2.068 83.59 49.52
B3-PW91/6-311+G** TS1 2.002 85.00 45.98
exptlb 40.5 40.1

a Values (in kcal mol-1) between parenthesis computed at MP4SDTQ(Full)/6-311+G**//MP2(Full)/6-311+G**. b From ref 10 for methyl azide
and ref 11 for ethyl azide.
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on the basis set which are used. B3LYP level predicts a better
activation energy than B3PW91, and upon examining the quality
of the two basis sets employed, we found that 6-311+G**
always gives lower values for the activation energy than 6-31G*,
thus giving a better agreement with experimental value.13 With
regard to the geometrical parameters computed for the transition
state, B3LYP values are closer to the MP2 ones, and this
agreement is better when the largest basis set 6-311+G** is
used, given that ther(NR-Nâ) decreases and the∠H1CN
increases with respect to the 6-31G* values. The improvement
of DFT results when higher basis sets are used has also been
reported by Rauhut and Pulay,24d who found that, when polar
systems as NH2 or OH are studied, the 6-31G** basis set gives
a better molecular description than 6-31G*. Therefore, we
found that in the case of methyl azide, B3-LYP/6-311+G**
gives the best DFT performance in foreseeing the transition state
geometry and provides an excellent value ofEa, just 0.18 kcal/
mol higher than the experimental one,10 thus being the nonlocal
functional that we will use for further calculations. As shown
in Table 1 and Table 2, DFT data for ethyl azide were computed
exclusively with that choice. To show the reaction surface for
the thermal decomposition of methyl azide, Figure 2 gives a
partial view of the B3LYP/6-311+G** potential energy surface
as well as the energy profile that corresponds to the reaction
path.
3.3. Scaled Vibrational Frequencies for Transition States.

In this section a systematic method previously proposed25,26 to
obtain reliable vibrational frequencies for transition states is
used. First, we have carried out normal coordinate analyses
for the equilibrium structures and the TS1, which has been found
as the relevant transition state involved in the rate limiting step
of the thermolysis of alkyl azides. Vibrational spectra have been
computed using all the levels of theory previously described.
The fit to the experimental frequencies of methyl azide and ethyl

azide in their ground state, reported by Nielsen et al.,33b,38has
been performed by using the SQMFF method of Pulay.24

Although DFT methods produce accurate molecular force fields
and vibrational frequencies, they exhibit a systematic overes-
timation of the force constants that justifies the applicability of
SQMFF methodology to DFT force constants, as clearly
established by Rauhut and Pulay.24d

Force fields computed in symmetry coordinates have been
transformed into internal coordinates because it allows for a
better physical meaning of the force constants as well as for
the scale factors transfer when the same internal coordinates
are defined. Table 3 summarizes the diagonal force constants
and the diagonal scale factors obtained in internal coordinates
for methyl azide. The values of the scale factors can be
considered as a criterion of the ability of a theoretical method
to compute the force field. From this point of view, MP2 and
B3-LYP are revealed to be the levels of theory that better
reproduce the diagonal force constants of methyl azide.
An interesting feature of unimolecular reactions is that the

transition state is a molecular species which still retains great
similarity to the respective molecule in its ground state.
Therefore, the same internal coordinates can be defined and it
is also to be expected that quantum mechanical calculations of
the force fields exhibit the same systematic deviations as in the
ground state. Taking this into account, it seems to be quite
sensible to propose that the scale factors computed for the azide
can be transferred to the transition state in order to calculate its
vibrational frequencies. Table 4 summarizes the scaled frequen-
cies of TS1, as well as those of methyl azide obtained at the
same levels of theory, and the experimental ones.33b According
to the potential energy distribution (PED), the normal coordinate
that corresponds to the imaginary frequency is described
essentially by the stretching of the NRdNâ bond that breaks in
the first step of the elimination of N2. There is also a
considerable participation of CH3 rocking in the imaginary
frequency, because H1 is moving from the C atom to the N
atom. As a consequence of the weakening of the azide group
in TS1, one observes also an important decrease in the
frequencies of the bending normal modeδ(NNN), and the
torsion τ(NRdNâ). On the other hand, the frequency of
ν(NâtNγ) increases significantly, because this bond becomes
stronger in the process of N2 elimination. MP2 and DFT
methods present a very good agreement between them in the
transition-state scaled frequencies. The only exception is the
low frequency forν(NâtNγ) obtained with MP2 method when
scale factors are transferred from the molecule in its ground
state, 1992 cm-1. This value is about 250 cm-1 lower than the
computed one at B3-LYP level, and even lower than in the
molecule in its ground state, 2106 cm-1. We attribute this
incorrect behavior of the MP2 method to two factors: (a) the
force constant ofν(NâtNγ) is calculated with a very similar
value in TS1 and in the molecule in its ground state, thus not
having the correct physical sense, and (b) the force field for
the alkyl azide in its ground state is poorly calculated because
the MP2 off-diagonal coupling force constant between the
internal coordinatesν(NRdNâ) andν (NâtNγ) in methyl azide
has an anomalous value (-0.224 mdyn Å-1) in comparison to
AM1 (2.692), HF/4-31G (2.141), HF/6-311G* (2.384) and B3-
LYP/6-311+G** (1.244). Such a value is responsible for the
difficulties encountered in scaling the force field and the poorly
scaled frequenciesν(NRdNâ) andν(NâtNγ) obtained for methyl
azide at MP2 level (see Table 4). Nevertheless, this off-diagonal
coupling force constant is well calculated for TS1, with a similar
value (0.312) than the obtained with B3-LYP/6-311+G**

Figure 2. View of the B3-LYP/6-311+G** potential energy surface
from the azide side and reaction profile for the thermal decomposition
of methyl azide.
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(0.371). Therefore, MP2 presents a different behavior in
computing the force constants that involve the NNN stretching
in TS1 and in the ground state. Consequently, the transference
of the scale factors from the azide to the transition state has
been done for all the internal coordinates excepting those that
involve the NNN group, given that this level of theory does
not obey the fundamental condition for a complete transfer of
the scale factors from one molecular species to the other.
3.4. Preexponential Factors.According to transition state

theory, the frequency factor for the rate constant is computed
as follows:25

whereZq is the molecular partition function of the transition
state andZ is that of the azide in its ground state. Partition
functions have been computed by using the optimized geom-
etries, inertia moments and the scaled vibrational frequencies.
The methyl group in methyl azide can be considered as a free
internal rotor39 and consequently the partition function must
contain the respective factor. The preexponential factorA has
been computed atT) 500 K as the reference temperature, given
that the experimental data are reported at this particular
temperature.10,11

Numerical values forA andEact for both azides are collected
in Table 5. The computed preexponential factors present a very

good agreement with the experimental values for all the levels
of theory, even when semiempirical and HF methods are used.
This can be justified because, for both the computed geometries
and the scaled frequencies, the numeric values obtained are not
sufficiently different to alter the preexponential factor in a
significant manner. To see whether the SQMFF method
improves or not the preexponential factors, we have computed
them for methyl azide as follows: (a) With calculated values
of the frequencies (i.e., without any correction, theA-factors
are 1.108× 1014 for MP2(Full)/6-311+G** and 1.096× 1014

for B3LYP/6-311+G**). (b) With corrected frequencies by
using the scale factors 0.943 for MP240 and 0.963 for B3LYP,24d

theA-factors are 1.174× 1014 and 1.148× 1014, respectively.
Objectively, SQM values shown in Table 5 agree better with
experiment. Concerning the activation energy, the inclusion
of electronic correlation effects yields an excellent agreement
with experimental values.10,11 For both methyl azide and ethyl
azide,Eact computed with B3-LYP/6-311+G** is in better
agreement with experiment than the corresponding MP2 and
MP4 values.

4. Conclusions

The consideration of the electron correlation effects plays a
significant role in the study of the thermal decomposition for
simple alkyl azides, being essential for a correct theoretical
discussion of the mechanism of the reaction and the identifica-
tion of transition states. The inclusion of these effects has been
made by using MP2 and MP4 ab initio calculations and density
functional theory methods. At these levels of theory, the
ground-state potential energy surface shows that the mechanism
of rate-limiting step of this reaction follows a synchronous
channel, where the breaking of the NR-Nâ and the Curtius

TABLE 3: Diagonal Scaled Force Constants and Diagonal Scale Factors for Methyl Azide in Internal Coordinates

Fii ′ a scale factorsλii
internal

coordinates exptlb
DZ
SCFc AM1

HF/
4-31G

HF/
6-311G*

MP2(Full)/
6-311+G**

B3LYP/
6-311+G**

DZ
SCFc AM1

HF/
4-31G

HF/
6-311G*

MP2(Full)/
6-311+G**

B3LYP/
6-311+G**

ν(C-H) 4.883 4.806 4.811 4.801 4.807 0.95 0.84 0.85 0.89 0.94
ν(NtN) 16.607 17.215 17.509 17.994 17.535 15.997 16.31 0.788 0.70 0.83 0.72 0.88 0.89
δ(H-C-H) 0.516 0.457 0.459 0.472 0.476 1.11 0.775 0.80 0.93 0.96
δ(H-C-N) 0.620 0.602 0.599 0.617 0.614 0.98 0.80 0.79 0.94 0.97
ν(NdN) 8.189 9.380 8.964 8.428 9.121 9.551 9.503 1.225 0.70 0.96 0.88 0.86 0.90
ν(C-N) 4.890 4.407 4.995 4.913 4.301 4.661 4.544 0.982 0.63 1.00 0.79 0.95 0.99
δ(NNN) 0.758 0.624 0.619 0.642 0.586 0.606 0.594 0.788 1.24 1.15 0.85 0.92 1.01
δ(CNN) 0.628 0.952 0.952 0.913 0.920 0.920 0.909 0.696 0.75 0.75 0.77 1.11 0.99
τ(NdN) 0.598 0.026 0.012 0.004 0.011 0.009 1.53 1.09 0.80 1.33 1.03
τ(CH3) 0.0067 0.023 0.020 0.018 0.018 0.018 0.621 0.54 0.91 0.72 0.56 0.73

a Stretching force constants in mdyn Å-1. Bending force constants in mdyn Å rad-2. b From ref 33b.c From ref 38.

TABLE 4: Scaled Vibrational Frequencies for TS1 at
Several Levels of Theory and Comparison with the
Experimental and Scaled Frequencies for Methyl Azide

methyl azide TS1a

assignment exptlb
MP2(Full/
6-311+G**

B3-LYP/
6-311+G**

MP2(Full/
6-311+G**

B3-LYP/
6-311+G**

νas′(CH3) 3023 3030 3030 2885 2826
νas(CH3) 2962 2958 2960 2770 2770
νs(CH3) 2935 2938 2939 2873 2837
ν(NtN) 2106 2198 2112 2126c 2246
δas′(CH3) 1465 1469 1466 1517 1502
δas(CH3) 1456 1453 1462 1246 1202
δs(CH3) 1417 1421 1413 1311 1288
ν(NdN) 1272 1255 1284 434i 282i
r′(CH3) 1132 1140 1129 1122 1116
r(CH3) 1087 1087 1089 634 638
ν(C-N) 910 900 901 1220 1214
δ(NNN) 666 672 661 142 144
τ(NdN) 560 565 558 97 112
δ(CNN) 245 237 247 378 334
τ(CH3) 100 107 103 324 341

a In cm-1. b From ref 33b.c The corresponding force constant has
not been scaled. When the ground-state scale factor is used, the
computed vibrational frequency is 1992 cm-1.

A) ekT
h

Zq

Z
exp[T(∂ ln (Zq/Z)

∂T )
p
]

TABLE 5: Experimental and Theoretical Values for
Activation Energies and Preexponential Factors of the
Thermal Decomposition of Methyl Azide and Ethyl Azide

methyl azide ethyl azide

theory level Eacta A Eacta A

HF/4-31Gb 9.89 0.98× 1014 9.75 0.61× 1014

HF/6-311G*b 19.74 1.86× 1014 18.36 1.05× 1014

MP2(Full)/6-311+G** 49.03 1.35× 1014 47.92 1.45× 1014

(43.30) (45.78)
B3LYP/6-311+G** 40.68 1.22× 1014 38.76 1.10× 1014

exptlc 40.8 2.85× 1014 40.1 3.30× 1014

a Values between parenthesis (in kcal mol-1) computed at MP4
SDTQ(Full)/6-311+G**//MP2(Full)/6-311+G** level of theory, and
corrected with the thermal corrections, including ZPVE, obtained with
MP2 (Full)/6-311+G**. b Value computed for the asynchronous chan-
nel, from ref 26.c From ref 10 for methyl azide and from ref 11 for
ethyl azide.
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transposition of one of the substituents occur in a concerted
way. No singlet nitrene is involved in this theoretical mecha-
nism. B3-LYP in combination with the basis set 6-311+G**
has been found as the nonlocal functional that better describes
the properties of the transition state. Considering the moderate
computational effort for DFT methods, it can be suggested as
the standard level of theory for generating highly accurate results
in the study of the alkyl azides. The force field scaling method
has allowed to obtain reliable vibrational frequencies both for
ground and transition states. Nevertheless, we found that MP2
shows anomalous behavior when computing force constants
involving NNN stretching, and therefore, the respective scale
factors must not be transferred to the transition state. Finally,
activation energies and preexponential factors show a very good
agreement with the experimental ones.
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