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INTRODUCTION

Trinitromethane (nitroform, 

 

1

 

) is used in the synthe-
sis of high-energy materials and is an intermediate in
various decomposition reactions. In particular, nitro-
form is formed during the thermal decomposition of
hydrazine nitroformate (HNF), a promising oxidizer
and a component of solid rocket fuels [1–3]. The prob-
lem of replacing ammonium perchlorate with a chlo-
rine-free oxidizer has become a challenging issue
because of the necessity of reducing the deleterious
environmental effect of solid-fuel rockets. The thermo-
dynamic characteristics of 

 

1

 

 and of the intermediates of
its decomposition, as well as the rate constants of the
elementary steps involving these species, are necessary
for constructing kinetic models for the complicated
processes of the combustion of high-energy materials.

The rate constants of all elementary steps are
required to construct a detailed kinetic mechanism for
the combustion of a high-energy substance. Experi-
mental rate constant data available in the literature
cover only a few reactions, and no such information is
available for most of the hypothesized reactions.
Hence, the calculation of the rate constants and their
temperature and pressure dependences is an important
task. The statistical Rice–Ramsperger–Kassel–Marcus
(RRKM) theory has often been used in such calcula-
tions [4, 5].

To apply this theory, it is necessary to know the
structure and properties of the reactants, products, and
transition states for each elementary step. It is neces-
sary to use high-level quantum-chemical methods in
calculating the heat of formation, the height of the
potential barrier, and the heat of reaction with an accu-
racy close to experimental (~1 kcal/mol). Complex
multilevel theoretical procedures (for example, G1–G3

and G2M [6–9]) have been developed in the last 10–
15 years.

A complex theoretical approach based on high-level
quantum-chemical calculations and statistical theories
is now used by several research groups [10–13] in the
study of the mechanisms of gas-phase reactions. Unfor-
tunately, multilevel quantum-chemical calculations are
applicable only to small molecules containing at most
ten atoms (excluding H).

In this work, we calculate the properties (geometry,
the enthalpy of formation, the frequencies of normal
vibrations, moments of inertia, etc.) of trinitromethane
and of a number of anticipated intermediates in the
thermal decomposition of this compound. The calcula-
tions are carried out with the use of two multilevel pro-
cedures in order to choose the optimal technique for the
system examined. The transition states were located,
and the high-pressure limit of rate constant is estimated
for a number of primary monomolecular reactions
involved in isomerization and dissociation.

CALCULATION PROCEDURES

 

Quantum-Chemical Calculations

 

As mentioned above, multilevel procedures such as
G1 [6], G2 [7], G3 [8], and their modifications (G2M
[9]) are commonly used to perform the most precise
quantum-chemical calculations of energy and thermo-
dynamic characteristics. Molecular geometry is ini-
tially optimized, and normal vibration frequencies are
calculated with the use of a low-level procedure (HF,
MP2, or density functional theory). After the geometry
is optimized, the electron energy is calculated using a
high-level procedure. Next, several additive corrections
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(which are also difficult to calculate) are applied to the
electron energy.

In this work, the enthalpy of formation, the Gibbs
energy of activation, and other thermodynamic charac-
teristics are mainly calculated by the G2M(CC5)
method [9] and are compared with the results obtained
by the G2 method [7]. The distinctions between
G2M(CC5) and the well known procedure G2 are the
following:

(1) The former uses the B3LYP/6-311G(d,p)
method of DFT [14, 15], while the latter uses the MP2
method in geometry optimization and the Hartree–Fock
(HF) method in the calculation of vibrational frequen-
cies;

(2) The G2M(CC5) procedure employs the
CCSD(T) method to take into account the electron cor-
relation, while the G1–G3 procedures use QCISD(T);

(3) The number of additive corrections in the
G2M(CC5) procedure is smaller.

We chose to use the G2M(CC5) procedure [9] in this
work for the reason that DFT methods are preferable
for open systems (radicals, triplet states, etc.), since the
calculated wave functions do not usually contain a sub-
stantial contribution of higher spin states. Furthermore,
G2M calculations are approximately 5 times less time-
consuming and require less computer resources. All
calculations were performed using the Gaussian 98
program package [16].

Thermodynamic potentials, such as internal energy
(

 

U

 

), enthalpy (

 

H

 

), and Gibbs energy (

 

G

 

), were calcu-
lated according to standard formulas of statistical phys-
ics with the use of calculated vibrational frequencies
and moments of inertia. The heats of formation

(

 

∆

 

(å)

 

) of nitroform and supposed intermediates
in the gas state at 

 

P

 

 = 1 atm and 

 

T

 

 = 298 K were calcu-
lated as follows:

 

(1)

 

where 

 

E

 

el

 

(M) is the total electronic energy of the mole-
cule calculated using the multilevel procedure, 

 

E

 

el

 

(X

 

i

 

)
is the electronic energy of the 

 

i

 

th atom calculated by the
same procedure, 

 

ZPVE

 

 is the zero-point vibrational
energy of the molecule 

 

(1/2

 

ν

 

i

 

)

 

, [

 

H

 

298

 

(M) – 

 

H

 

0

 

(M)

 

]
is the thermal correction to the enthalpy of the mole-

cule, and 

 

∆

 

(

 

X

 

i

 

)

 

 is the experimental enthalpy of
formation of the 

 

i

 

th atom.

Hf 298,
g

∆Hf 298,
g M( ) Eel M( ) ZPVE M( )+=

+ H298 M( ) H0 M( )–[ ]

– Eel Xi( ) H298 Xi( ) H0 Xi( )–[ ]+{ }
i
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∑

h∑
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The enthalpy of formation of the reactants, inter-
mediate species, and transition states at an arbitrary
temperature 

 

T

 

 and 

 

P

 

 = 1 atm were calculated using
formula (1) with 

 

H

 

298

 

(M)

 

 and 

 

H

 

298

 

(X

 

i

 

)

 

 in place of

 

H

 

T

 

(M)

 

 and 

 

H

 

T

 

(X

 

i

 

)

 

.

 

Estimation of the Rate Constants
and Their Temperature Dependences

 

If a saddle point corresponding to the transition state
was present on the potential energy surface (PES), the
rate constant of the monomolecular decomposition or
isomerization reaction at a high pressure was calculated
according to transition state theory:

 

(2)

 

where 

 

α

 

 is the statistical factor (number of equivalent
reaction channels) and 

 

∆

 

G

 

≠

 

 is the Gibbs energy of acti-
vation in the standard state.

When the section of the potential energy surface
(PES) along the reaction coordinate axis (

 

s

 

) had no bar-
rier, as in the decomposition of molecules to radicals
and in the inverse reaction of radical recombination,
canonical variation transition state theory (CVTST) [5,
17] was used. In this theory, the transition state is
viewed as the reaction coordinate 

 

s

 

≠

 

 maximizing the
Gibbs activation energy 

 

∆

 

G

 

0

 

(

 

T

 

, 

 

s

 

)

 

:

 

(3)

 

The PES section was calculated by the UB3LYP/6-
311G(d,p) method (with the use of the guess = mix pro-
cedure), varying the length of the breaking bond (C–N
or C–O) between 1.5 and 3.5 Å in 0.1 Å steps. For each
length of the breaking bond, the other geometric
parameters were fully optimized. For each structure,
(

 

3

 

N

 

 – 7) vibrational frequencies along the normal coor-
dinates orthogonal to the reaction coordinate axis were
calculated. These vibration frequencies and the calcu-
lated moments of inertia for each structure were used in

the calculation of 

 

∆

 

(

 

T

 

, 

 

s

 

)

 

. Unlike the PES sec-
tion, the section of the free energy surface always has a
maximum. It is the configuration 

 

s

 

≠

 

 corresponding to
this maximum that is taken to be the transition state in
variational theory. These calculations were carried out
for several temperatures in the range 298–2000 K in

250-K steps, and the corresponding 

 

∆

 

(

 

T

 

) maxi-
mum was found for each temperature. Next, the total
electron energy for each structure of the transition state
s≠(T) was recalculated with the use of the G2M(CC5)
procedure and the refined values of Gibbs activation
energy were found:

(4)

k∞ T( ) αkT
h

------ ∆G≠ T( )
kT

-------------------–⎝ ⎠
⎛ ⎞ ,exp=

∆G≠ T( ) max ∆G0 T s,( )( )=
s

GB3LYP
0

GB3LYP
≠

∆GG2M
≠ T( ) ∆GB3LYP

≠ T( ) Eel G2M( )+=

– Eel UB3LYP( ).
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The temperature dependences of the rate constants
of the dissociation reactions in the high-pressure limit
were calculated according to formula (2) with the use
of the free activation energy values calculated by for-
mula (4). The dependences calculated were then fitted
to the Arrhenius equation

(5)

RESULTS AND DISCUSSION

The primary reaction in the thermal decomposition
of 1 is dissociation [18]:

(I)

As in the case of nitromethane monomolecular
decomposition [18–20], the isomerization of 1 into
nitrite 3 may compete with dissociation:

(II)

In this work, the dissociation of radical 2 to radical

O2 and carbene 4 in the singlet state (reaction (III)),
followed by the isomerization of the singlet carbene

k A E‡/RT–( ).exp=

HC NO2( )3 CH NO2( )2 NO
.

2.+
.

1 2

k1

HC NO2( )3 HC NO2( )2ONO.
k2

1 3

N
.

into aldehyde 5 (reaction (IV)), were analyzed along
with the reactions of the starting compound 1.

(III)

(IV)

Calculation of the Heats of Formation

Before calculating the transition states and/or PES
sections for reactions (I)–(IV), we calculated the
enthalpy of formation for nitroform and for the inter-
mediates assumed for its thermal decomposition. We
used two multilevel quantum-chemical procedures in
order to choose the most optimal technique for the sys-
tem under consideration. Furthermore, we calculated
the heat of formation for a number of simpler methane
derivatives for which experimental heats of formation
are available from the literature. All of the calculated
heats of formation refer to the gas phase. For com-
pounds whose standard state is condensed, we used, for
comparison, the experimental heat of formation in the
liquid or solid phase corrected for the heat of evapora-

CH
.

NO2( )2 :CH NO2( ) NO
.

2,+
2 4

k3

:CH NO2( ) HC
k4

4 5

O

NO

Table 1.  Experimental and calculated heats of formation for nitro derivatives of methane and for a number of intermediates
of their decomposition in the gas phase at 1 atm and 298 K

Molecule
, kcal/mol

G2M(CC5) method G2 method experiment

•NO 19.9 21.1 21.6 [9]
•NO2 6.1 7.4 7.9 [9]

CH2(NO2)2 –19.5 –15.4 –14.2 ± 0.2 [21]

CH3NO2 –22.6 –20.5 –19.3 ± 0.3 [21]

–16.8 [22]

CH(NO2)3 –12.4 –6.2 –0.2 ± 0.5 [23]

–5.2a –3.2 ± 0.8 [24]

–7.7b 5.8 [25]

CH(NO2)2ONO –23.2 –17.0 –

C(NO2)2NOOH 7.1 13.5 –
•CH(NO2)2 33.9 37.0 33.2; 37.5 [18]
•C(NO2)NOOH 65.3 67.6 –

CH(NO2) 77.3 – –

HC(O)NO –0.4 –2.8 –

HC(O)NO2 –38.0 –34.9 –

C(NO2)NO 57.5 59.0 –
a,b Estimated from the calculated enthalpy of the isodesmic reaction (V) and from the experimental enthalpy of formation of CH3NO2 and

CH2(NO2)2 according to data reported in (a) [23] and (b) [24].

∆Hf 298,
g
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tion or sublimation. The calculated and experimental
data are presented in Table 1.

As can be seen in Table 1, the G2 procedure allows
the enthalpy of formation of nitro compounds to be cal-
culated with a high degree of accuracy (about
~1 kcal/mol). The only exception is nitroform. How-
ever, the experimental data for nitroform are also
widely scattered. For this reason, we estimated this
parameter from the calculated enthalpy of the isodes-
mic reaction (V), in which the number of bonds of a
given type is invariable.

(V)

The enthalpy of appropriate isodesmic reactions can
be calculated with a high accuracy even using low-level
procedures. For example, the enthalpy of reaction (V)
calculated by the B3LYP/6-311G(d,p), G2M(CC5),
and G2 methods is 5.6, 4.0, and 3.8 kcal/mol, respec-
tively. The heat of formation of 1 derived from the
enthalpy of reaction (V) (–5.2 and –7.7 kcal/mol,
Table 1) is significantly lower than most of the experi-
mental values and is close to the value calculated by the
G2 method (–6.2 kcal/mol). Hence, the experimental
enthalpies of formation of nitroform need to be refined.

As is clear from Table 1, the G2M(CC5) heats of
formation are systematically underestimated as com-
pared to the experimental and G2 values. The devia-
tions increase nearly additively (by 1.5–2 kcal/mol)
with increasing number of NO2 groups in the molecule.
Therefore, it can be expected that the accuracy of the
calculation of heat, the Gibbs energy of activation, and
the enthalpy of activation for the reactions examined
will be substantially higher. For instance, the heat of

2CH2 NO2( )2 CH3NO2 CH NO2( )3.+

reaction (I) at 298 K calculated by the G2M(CC5)
method is 52.4 kcal/mol, and the same heat calculated
by the G2 method is 50.6 kcal/mol.

When these quantities are calculated by the
G2M(CC5) procedure, the errors are partially compen-
sated and the calculation time is much shorter (in com-
parison with G2). In addition, reactions involving free
radicals, for which the HF method and perturbation the-
ory (MP2) can lead to large errors, were of great inter-
est in this work. This is the reason why we chose the
G2M(CC5) procedure.

Calculation of Transition State Structures
(or PES Sections) and Reaction Rate Constants

in the High-Pressure Limit

As mentioned above, the decomposition reactions
yielding radicals have no energy barrier. Therefore, to
calculate the rate constant of such a reaction, one
should use canonical variational transition state theory
(CVTST) and calculate a PES section.

1. Calculation of the rate constant of nitroform
dissociation (reaction (I)). Figure 1 shows the PES
section for reaction (I). The calculations were carried
out by the UB3LYP/6-311G(d,p) method by varying
the C–N bond length with full optimization with
respect to the other coordinates. As was expected, no
maximum on the PES section and, accordingly, no sad-
dle point on the PES were found.

Figure 1 plots the Gibbs energy as a function of the
reaction coordinate at 298 K. This curve has a maxi-
mum. The structure corresponding to the Gibbs
energy maximum is taken to be the transition state at
the specified temperature, in accordance with varia-
tional theory.

Similar calculations for the PES section were per-
formed at various temperatures between 298 and
2000 K in 250-K steps. The calculated values of the
Gibbs energy of activation were corrected according to
formula (4). The Gibbs energies of activation at 298 to
2000 K are in the range 44.4–37.0 kcal/mol.

The temperature dependence of the rate constant of
reaction (I) in the high-pressure limit was calculated
using formula (2). As is clear from Fig. 2, this depen-
dence is satisfactorily described by the Arrhenius
law (5). Table 2 presents the corresponding parameters
of the Arrhenius equation (preexponential factor A and
activation energy E‡) and the rate constants at the ends
of the temperature range examined. The calculated
parameter A = 1015.3 ± 0.1 s–1 is in satisfactory agree-
ment with the value A = 1015.6 s–1, which is accepted in
the literature for simple C–N bond dissociation reac-
tions [20].

2. Calculation of the rate constant of nitroform
isomerization (reaction (II)). The heat of formation of
nitrite 3, a nitroform isomer, was found to be much

lower (∆  = –23.2 kcal/mol) than the correspond-Hf 298,
g

30

2.4 2.6 2.8 3.0 3.2

32

34

36

RC–N, Å

∆G, kcal/mol ∆U, kcal/mol

1

2

Fig. 1. (1) PES section and (2) Gibbs energy for reaction (I)
calculated as a function of the reaction coordinate by the
B3LYP/6-311G** method.
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ing value for nitroform itself. In other words, mole-
cule 3 in the gas phase is thermodynamically more
favorable than 1. In addition, it is known that, in the
case of monomolecular decomposition of nitromethane
and other nitroalkanes, isomerization into the corre-
sponding nitrite competes with dissociation [18–20].
Therefore, it is necessary to calculate the rate constant of
the isomerization reaction (II) and to compare it to k1.

We located the transition state of this reaction,
whose geometrical structure is presented in Fig. 3. We
confirmed (with the aid of the IRC procedure) that this
structure indeed corresponds to the saddle point on the
way between reactant 1 and product 3. Furthermore,
Fig. 3 shows the calculated geometries of nitroform and
product 3. Note that the transition state for the nitro–
nitrite rearrangement of nitromethane has repeatedly
been calculated [19, 26, 27]. In [19], the geometry of
the transition state was calculated by various methods
(PM3, HF, B3LYP, CASSCF, and MP2) and all of them
led to the same structure of the transition state. Note
that the geometry of the CNO2 moiety in the transition
state calculated by us (Fig. 3) is close to that found for
the transition state of nitromethane isomerization [19].

The calculated O–N bond length in nitrite 3 (1.63 Å)
is appreciably longer than was expected. HF calcula-
tions gave a “normal” length of the O–N bond
(1.395 Å), while the bond length obtained by MP2 cal-
culations (1.715 Å) was even greater than the B3LYP
value. The O–N bond in the nitrite is likely to be
extraordinarily long. This is due to the steric strain in
this molecule. Note that all of the calculation methods
used here lead to a normal O–N bond length comparing
well with the experimental value (1.418 Å [28]) for
nitrite ëH3ONO (HF, 1.336 Å; MP2, 1.415 Å, and
B3LYP, 1.434 Å).

Although reaction (II) is exothermic, its activation
barrier is very high (Table 2). The Gibbs energy of acti-
vation at 298 K is, for instance, 64.8 kcal/mol. Corre-
spondingly, the high-pressure limit of the rate constant
at 2000 K is k2 = 1.2 × 107 s–1. This is 3 orders of mag-
nitude lower than the rate constant of dissociation (k1)
at the same temperature. Thus, in accordance with cur-
rent views [18], this reaction channel should not play an
essential role in nitroform decomposition.

–40

0.5

–20

0

20

1.0 1.5
1/RT, (kcal/mol)–1

lnk [s–1]

Fig. 2. Arrhenius plot of the high-pressure limit of the rate
constant of reaction (I).

Table 2.  Gibbs energies of activation, rate constants, and parameters of the Arrhenius equation for reactions (I)–(III) at 298
and 2000 K calculated with the use of the conventional and variational transition state approaches and the G2M method

Reaction
∆ , kcal/mol logk [s–1] 

logA[s–1] Ea, kcal/mol
298 K 2000 K 298 K 2000 K

(I) 44.4 37.0 –18.4 10.2 15.3 ± 0.1 47.1 ± 0.2

(II) 64.8 64.7 –30.7 7.1 13.7 ± 0.1 61.2 ± 0.4

(III) 43.8 21.4 –18.8 11.6 16.9 ± 0.1 49.1 ± 0.2
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1.
21

0
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1.
52

3

1 3

TS1–3

Fig. 3. Geometries (bond lengths in Å) of trinitromethane
(1), the isomeric nitrite (3), and the transition state in the
isomerization of 1 into 3 (TS1–3) calculated by the
B3LYP/6-311G** method.
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3. Calculation of the rate constant of the decom-
position of the radical H(NO2)2 (reaction (III)).
Unlike the decomposition of molecule 1 into two radi-
cals (reaction (I)), in this case the radical decomposes
to a radical and a singlet species (singlet carbene). The
heat of this reaction (∆H298) is 49.5 kcal/mol
(G2M(CC5) method). Calculations have shown that
there is an energy barrier in this reaction. The transition
state was located by the B3LYP/6-311G(d,p) method,
and the barrier height was refined by the G2M(CC5)
procedure.

The Gibbs energy of activation at various tempera-
tures was calculated with the use of the transition state
configuration corresponding to the saddle point on
PES. The rate constant of reaction (III) in the high-pres-
sure limit (k3) in the temperature range 298–2000 K
was found by formula (2). The temperature-dependent
activation energy data were then fitted to the Arrhenius
equation (5). The A and E‡ values thus found are pre-
sented in Table 2.

4. Calculation of the rate constant of singlet car-
bene isomerization (reaction (IV)). Singlet carbene 5
is one of the products of reaction (III). It is well known
that carbene has two close-lying low electronic states, a
singlet and a triplet [29, 30]. The triplet is the ground
state for the simplest carbene, CH2, and for some of its
derivatives [29], whereas the singlet is the ground state
for other carbenes, for example, halocarbenes [30].

We calculated the electron structure of the carbene
ëHNO2 in both triplet and singlet electronic states by
the B3LYP/6-311G(d,p) method. Note that density
functional theory often provides a better description for
the properties of carbenes than other, more time-con-
suming methods [31, 32].

According to our calculations, the singlet state is
ground for the carbene CHNO2. The energy of the trip-
let state is higher by 6.8 kcal/mol. For this reason, the
formation and reactions of triplet carbene are not con-
sidered in this work.

We analyzed the isomerization of the singlet car-
bene CHNO2 (reaction (IV)). Table 3 presents the
enthalpy and the Gobbs energy of activation for this
reaction calculated by various quantum-chemical meth-
ods. The isomerization reaction (IV) is highly exother-
mic, and, therefore, its activation barrier is very low.
According to the G2M(CC5) calculations, the Gibbs
energy of activation is negative. This means that car-

C
.

bene isomerization has a negligible (≤1 kcal/mol), if
any, energy barrier; hence, the reaction is extremely fast
(k4 ≈ 1012–1013 s–1).

Thus, the primary stage of nitroform decomposition 1
is the formation of the radicals O2 and H(NO2)2
through reaction (I). Nitroform isomerization (chan-
nel (II)) is unimportant. The radical H(NO2)2 then

decomposes to form O2 and singlet carbene, and the
carbene rapidly isomerizes to HC(O)NO. We intend to
calculate the rate constants of the above reactions in a
wide pressure range with the use of the kinetic net-
works of PPKM theory [5] instead of the transition state
approach.

REFERENCES

1. Louwers, J. and van der Heijden, A.E.D.M., Eur.
Patent 0959085, 1998.

2. Schoyer, H.F.R., Welland-Veltmans, W.H.M., Louwers, J.,
Korting, P.A.O.G., van der Heijden, A.E.D.M., Keizers,
H.L.J., and van der Berg, R.P., J. Propul. Power, 2002,
vol. 18, no. 1, p. 131.

3. Schoyer, H.F.R., Welland-Veltmans, W.H.M., Louwers, J.,
Korting, P.A.O.G., van der Heijden, A.E.D.M., Keizers,
H.L.J., and van der Berg, R.P., J. Propul. Power, 2002,
vol. 18, no. 1, p. 138.

4. Robinson, P.J. and Holbrook, K.A., Unimolecular Reac-
tions, London: Wiley, 1972.

5. Holbrook, K., Pilling, M., and Robertson, S., Unimolec-
ular Reactions, London: Wiley, 1996.

6. Pople, J.A., Head-Gordon, M., Fox, D., Raghavachari, K.,
and Curtiss, L.A., J. Chem. Phys, 1989, vol. 90, no. 10,
p. 5622.

7. Curtiss, L.A., Raghavachari, K., Trucks, G.W., and
Pople, J.A., J. Chem. Phys, 1991, vol. 94, no. 11,
p. 7221.

8. Curtiss, L.A., Raghavachari, K., Redfern, P.C., Rassolov, V.,
and Pople, J.A., J. Chem. Phys., 1998, vol. 109, no. 11,
p. 7764.

9. Mebel, A.M., Morokuma, K., and Lin, M.C., J. Chem.
Phys., 1995, vol. 103, no. 17, p. 7414.

10. Diau, E.W.G. and Lin, M.C., J. Phys. Chem., 1995,
vol. 99, no. 17, p. 6589.

11. Hsu, C.-C., Mebel, A.M., and Lin, M.C., J. Chem. Phys.,
1996, vol. 105, no. 6, p. 2346.

12. Kim, G.S., Nguyen, T.L., Mebel, A.M., Lin, S.H., and
Nguyen, M.T., J. Phys. Chem. A, 2003, vol. 107, no. 11,
p. 1788.

13. Zhu, R.S. and Lin, M.C., J. Chem. Phys., 2003, vol. 119,
no. 20, p. 10667.

14. Becke, A.D., J. Chem. Phys., 1993, vol. 98, p. 5648.
15. Lee, C., Yang, W., and Parr, R.G., Phys. Rev. B: Condens.

Matter, 1988, vol. 37, p. 785.
16. Frisch, M.J., Trucks, G.W., Schlegel, H.B., et al., Gaus-

sian 98.
17. Garrett, B.C. and Truhlar, D.G., J. Chem. Phys., 1979,

vol. 70, p. 1593.

N
.

C
.

C
.

N
.

Table 3.  Enthalpies and Gibbs energies of activation for re-
action (IV) calculated by various methods

Method ∆Hr(298 K), 
kcal/mol

∆G≠(298 K), 
kcal/mol

B3LYP/6–311G(d,p) –74.8 0.25

CCSD(T)/6–311G(d,p) –82.6 0.59

G2M(CC5) –77.9 –0.68



KINETICS AND CATALYSIS      Vol. 47      No. 3      2006

THEORETICAL ANALYSIS OF THE INITIAL STAGES 357

18. Nazin, G.M. and Manelis, G.B., Usp. Khim., 1994,
vol. 63, no. 4, p. 327.

19. Khrapkovskii, G.M., Nikolaeva, E.V., Chachkov, D.V.,
and Shamov, A.G., Zh. Obshch. Khim., 2004, vol. 74,
no. 6, p. 983.

20. Wodtke, A.M., Hintsa, E.J., and Lee, Y.T., J. Phys.
Chem., 1986, vol. 90, p. 3549.

21. Knobel’, Yu.K., Miroshnichenko, E.A., and Lebedev, Yu.A.,
Izv. Akad. Nauk SSSR, Ser. Khim., 1971, no. 3, p. 485.

22. Melius, C.F., J. Phys. IV, 1995, vol. 5, no. 4, p. 535.
23. Miroshnichenko, E.A., Lebedev, Yu.A., Shevelev, S.A.,

Gulevskaya, V.I., Fainzil’berg, A.A., and Apin, A.Ya.,
Zh. Fiz. Khim., 1967, vol. 41, no. 6, p. 1477.

24. Carpenter, G.A., Zimmer, M.F., Baroody, E.E., and
Robb, R.A., J. Chem. Eng. Data, 1970, vol. 15, p. 553.

25. Matyushin, Y.N., Lebedev, V.P., Miroshnichenko, E.A.,
Kostina, L.M., and Inozemcev, Y.O., 31st Int. Annual
Conf. of ICT, Karlsruhe, 2000, p. 51.

26. Nikolaeva, E.V., Shamov, A.G., and Khrapkovskii, G.M., in
Struktura i dinamika molekulyarnykh sistem: Sbornik
tezisov (Structure and Dynamics of Molecular Systems:
Collection of Theses), Moscow, 2000, p. 117.

27. McKee, M.L., J. Am. Chem. Soc., 1986, vol. 108,
p. 5784.

28. Van der Veken, B.J., Maas, R., Guirgis, G.A., Stidham, H.D.,
Sheeham, T.G., and Durig, J.R., J. Phys. Chem., 1990,
vol. 94, p. 4029.

29. Matzinger, S. and Fulscher, M.P., J. Phys. Chem., 1995,
vol. 99, p. 10747.

30. Schwartz, R.L., Davico, G.E., Ramond, T.M., and
Lineberger, W.C., J. Phys. Chem. A, 1999, vol. 103,
p. 8213.

31. Poutsma, J.C., Nash, J.J., Paulino, J.A., and Squires, R.R.,
J. Am. Chem. Soc., 1997, vol. 119, p. 4686.

32. Cramer, C.J., Truhlar, D.G., and Falvey, D.E., J. Am.
Chem. Soc., 1997, vol. 119, p. 12338.


