
 

ISSN 0023-1584, Kinetics and Catalysis, 2008, Vol. 49, No. 1, pp. 1–10. © MAIK “Nauka /Interperiodica” (Russia), 2008.
Original Russian Text © E.T. Denisov, A.F. Shestakov, 2008, published in Kinetika i Kataliz, 2008, Vol. 49, No. 1, pp. 5–14.

 

1

 

INTRODUCTION

The reactions of radicals with carbon monoxide
play an important role in the modern combustion chem-
istry of hydrocarbons and other organic compounds [1–
3], as well as their slow oxidation in the liquid phase
[4]. The oxidation of CO occurs as a branched chain
reaction [2]. The sources of CO are acyl radicals
formed from aldehydes [1],
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•

 

(O)  R

 

•

 

 + CO,

 

and ketohydroperoxides, for example [4],

 

  

 RCOOH + RCHO + CO.

 

The alkoxy and peroxy radicals involved in the chain
oxidation of hydrocarbons react with CO, oxidizing it
to 

 

CO

 

2

 

:
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The experimental data concerning these reactions
are scarce [1, 4, 5]. Only the reaction of the hydroxyl
radical with CO has been studied in sufficient detail:
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 + CO  H
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 + CO

 

2

 

.

 

This reaction results in the oxidation of carbon monox-
ide via a branched chain mechanism [1, 2].
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This work is aimed at analyzing the experimental
data on the reaction of the oxygen-centered radicals
with CO and at determining their mechanism. The
intersecting parabolas model (IPM) [4, 6–8] and quan-
tum-chemical calculations using the Gaussian 98 pro-
gram package [9] were used in theoretical analysis. In
the present study, we refined the mechanism of these
reactions, compared them with other addition reactions
involving the 

 

RO

 

•

 

 and  radicals, determined the
structure of the transition state (TS), and suggested an
algorithm for the calculation of the activation energies
and rate constants of the reactions of CO with various
alkoxy and peroxy radicals.
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Abstract

 

—Experimental rate constants of the reactions 
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 are analyzed in the framework of the intersecting-
parabolas model. The transition states of the additions of the methoxy and methylperoxy radicals to carbon
monoxide were calculated by quantum-chemical methods. The reactions occur in two consecutive steps: first
the 

 

HO
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 (RO
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, )

 

 radical adds to CO and then the resulting unstable intermediate radical decomposes to
evolve 

 

CO

 

2

 

. The kinetic parameters of these reactions are calculated by two methods (using the intersecting-
parabolas model and the quantum-chemical method). The activation energies and rate constants of a series of
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 + CO and 
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 + CO reactions are calculated. A comparison of the kinetic parameters suggests close
similarity between the transition states in the additions of the O-centered radicals to CO and olefins.
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The standard enthalpies of formation of the 
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 radicals were calculated by the equation
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where X• = R•, RO•, or , and D(X–H) is the disso-
ciation energy of the corresponding bond. The numeri-
cal values of the enthalpies of formation of the mole-
cules are given in [10], the dissociation energies of the
C–H and O–H bonds are available from [11], the disso-
ciation energy of the C–H bond in the carboxyl group
of esters and peresters of formic acid was considered to
be the same as that in formic acid (392.7 kJ/mol) [12].
The enthalpy of formation of a perester was calculated
from the enthalpy of formation of the corresponding
ester by adding the increment ∆H(O–(é)(C)) =
−19.2 kJ/mol, which was determined by comparison of
the enthalpies of formation of ethers and peroxides [10,
12]. The enthalpies of formation ∆H(CO) = –110.5 kJ/mol
and ∆H(CO2) = –393.5 kJ/mol are borrowed from [10].

RO2
•

RO2
•

RO2
•

Calculation of Kinetic Parameters of the Reactions
of Ré• and  with CO in the Framework of the IPM

In the framework of the IPM, the reaction of radical
addition of the type

X• + ëé  Xë•é

is characterized by the following parameters [6–8]:
(1) classical enthalpy ∆He, which includes the dif-

ference of the zero-point vibration energies of the
attacked (C=O) and formed (C–X) bonds (∆He = ∆H +
0.5hNAνC=O – 0.5hNAνC–X, where h is the Planck con-
stant, NA is Avogadro’s number, and νC=O and νC–X are
the stretching frequencies of the corresponding bonds);

(2) classical potential barrier Ee, which includes the
zero-point vibration energy of the attacked bond and is
related to the Arrhenius activation energy E by the
equation

Ee = E + 0.5(hNAνC=O – RT); (6)

(3) parameter re, which is equal to the total exten-
sion of the attacked and formed bonds in the TS;

(4) parameters b = 2πνC=O  and bf = 2πνC–X ,
where µC=O and µC–X are the reduced masses of the C=O
and C–X groups, respectively; b = 75.63 ×
1010 (kJ/mol)1/2 m–1, and the coefficient α = b/bf;

(5) preexponential factor A.
The reaction rate constant is related to the E activa-

tion energy and A value through the Arrhenius equa-
tion: k = Aexp(–E/RT).

The kinetic and physical parameters of the consid-
ered reactions are given below.

RO2
•

µC=O
1/2 µC–X

1/2

Radical
bf ,

(kJ/mol)1/2 m–1 α 0.5hNAνC=O, kJ/mol
0.5hNA(νC=O – νC–X),

kJ/mol
A, l mol–1 s–1

(gas phase)

RO• 39.21 1.929 13.0 6.3 2.0 × 108

R 37.01 2.044 13.0 6.7 2.0 × 108O2
•

These parameters are interrelated through the rela-
tionship [6–8]

(7)

Knowing bre, one can calculate the classical potential
barrier of the thermally neutral reaction, EÂ, 0 = EÂ, at
∆HÂ = 0, bre = const, and α = const, which is

(8)

and the parameter re = bre/b. Provided that the reactions
of the class considered have been characterized by all
parameters including bre, the activation energy of an
individual reaction can be calculated from its enthalpy

bre α Ee ∆He– Ee.+=

Ee 0,
bre

1 α+
-------------

⎩ ⎭
⎨ ⎬
⎧ ⎫

2

,=

(9)

where B = bre/(α2 – 1).

Quantum-Chemical Calculations

The coupled-cluster method was used for the theo-
retical analysis of the reactions of the H3CO• and
H3COO• radicals with the CO molecule. The geometry
of stationary points on the potential energy surface of
the system was determined by the CCD optimization
using the 6-31G* basis set. The geometric parameters
obtained were used in the CCSD(T) calculation of the
energy of the system using the 6-311++G** basis set
taking into account the zero-point vibration energy in

Ee B2 α 1 ∆He/breB+ 1–{ }2
,=

E Ee 0.5hNAν– 0.5RT ,+=
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the harmonic approximation at the CCD/6-31G* level.
An alternative approach based on the B3LYP density
functional hybrid method and the 6-31G* basis set was
used, for comparison, to optimize the geometry fol-
lowed by the calculation of the energy of the system by
the B3LYP or CCSD(T) method in the 6-311++G**
basis set. When the molecular system had open shells,
the UCCD, UB3LYP, and UCCSD(T) unrestricted
methods were applied in all cases. The intrinsic reac-
tion coordinate was analyzed to determine the true
nature of all TS found. The enthalpy and activation
energy of the reaction at 298 K were determined from
the statistical sums in the harmonic oscillator–rigid
rotator model.

RESULTS AND DISCUSSION

Reaction of Ré• with CO

In principle, this reaction can occur via two chan-
nels. The first is a two-step channel consisting of an
addition reaction and subsequent decomposition of the
resulting alkoxyformyl radical (reactions (I) and (II)).
The second channel is single-step oxygen atom transfer
from Ré• to CO:

RO• + CO  R• + CO2. (V)

The ROC•(O) radical is unstable and decomposes
rather rapidly to R• and CO2. If the decomposition
occurs more rapidly than the formation of ROC•(O) in
reaction (I), then, evidently, the reaction of RO• with
CO includes the fast sequence of steps (I) and (II). The
methoxy radical reacts with CO, and the rate constant
of this process is k = 35 l mol–1 s–1 (298 K, gas phase)
[13]. Under a CO pressure of pCO = 1 atm, the specific

rate of the reaction of CH3O• with CO is k[CO] =
35(4 × 10–2) = 1.4 s–1. The rate constant of MeOC•(O)
decomposition is kd = 1013exp(–42.7/RT) = 3.3 × 105 s–1

[12]; i.e., this reaction is faster by five orders of magni-
tude. Therefore, there is every reason to believe that the
reactions of the alkoxy radicals with CO occur in two
consecutive steps and addition step (I) is rapidly fol-
lowed by step (II). It is likely that the fast interaction of
the hydroxyl radical with CO occurs similarly.

This conclusion is consistent with the results of the
quantum-chemical calculation of the TS for the reac-
tion of the methoxy radical with CO. The TS structures
in the addition of MeO• to CO and in the decomposition
of MeOC•(O) are shown in Fig. 1.

The TS in the addition of MeO• to CO is character-
ized by the distances r#(Me–O) = 1.416 × 10–10 m and
r#(OC–O) = 1.819 × 10–10 m and the angle ϕ(ëéë) =
110. 6°. When studying the forward reaction of MeO•

with CO via O atom transfer from MeO• to CO, it was
found that this route does not occur in fact, because this
is possible only when the dissociation of MeO• to Me•

and O is coupled with the subsequent recombination of
O and CO. This agrees with the theoretical analysis
results [14] indicating the absence of the forward reac-
tion of O atom transfer from the çéé• radical to CO.

The enthalpies of formation of the R• and Ré• radi-
cals and the enthalpies of addition (I) and decomposition
(II) are listed in Table 1. As can be seen, both steps are
exothermic and ∆H(I) ranges from –75 to –95 kJ/mol
and ∆H(II) varies from –53 to –126 kJ/mol. The addition
of the hydroxyl radical to CO is a very exothermic reac-
tion (∆H(I) = –132.5 kJ/mol), but the decomposition of

H
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Fig. 1. Structures of (c) the prereaction complex and (a) the TS in the addition of H3CO• to CO, (d) the H3COC•O intermediate
product and (b) the TS in the reaction of its decomposition to H3C• and ëé2, and (e) the postreaction complex as determined by
the CCD/6-31G* and B3LYP/6-31G* methods (in parentheses). The distances are in Å, the angles are in deg, and the imaginary
frequencies are in cm–1.
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the çéë•(é) radical is endothermic (∆H(II) =
28.5 kJ/mol). These values are close to the results of the
theoretical calculation performed in this work.

The parameter bre was calculated by formula (7)
using experimental data obtained for the reactions of

HO•, DO•, and MeO• with CO in the gas phase. The ini-
tial data and calculation results are presented in Table 2.
Knowing bre, we found, by formula (8), the following
values of the classical potential of the thermally neutral
reaction (Ee, 0) and the parameter re for these reactions:

The Ee, 0 values for the reactions of çé• and DO• with
CO are nearly the same (the estimation error for Ee, 0 is
±1.5 kJ/mol [7]); Ee, 0 for CH3O• addition to CO is
14 kJ/mol higher than Ee, 0 for the addition of çé•, and
for Me3CO• Ee, 0 is 12 kJ/mol higher than that for CH3O•.

The difference in reactivity between the methoxy and
tert-butoxy radicals is likely due to the steric effect, and
the difference between the hydroxyl and methoxy radi-
cals is due to their different electron affinities. The results
of the quantum-chemical calculation of ∆H(298 ä) and
E for reactions (I) and (V) are presented in Table 3. They

Parameter HO• DO• CH3O• Me3CO•

bre, (kJ/mol)1/2 26.55 26.70 28.84 30.57

Ee, 0 , kJ/mol 82.2 83.1 97.0 108.9

re × 1010, m 0.351 0.353 0.381 0.404

     
Table 1.  Enthalpies of formation of the R•, RO•, and ROC•O radicals and the enthalpies of reactions (I) and (II) (kJ/mol)

R• ∆H(R•) ∆H(RO•) –∆H(ROC•O) –∆H(I) –∆H(II)

H• 218.0 39.0 204.0 132.5 –28.5
C•H3 147.5 12.7 180.9 83.1 65.1
CH3C•H2 119.9 –20.4 210.2 79.3 63.4
Me2C•H 89.4 –58.7 251.1 81.9 53.0
Me3C• 47.7 –91.1 283.1 81.5 62.7
EtMe2C• 27.1 –107.6 299.6 81.5 66.8

cyclo-C6 67.4 –65.7 268.7 92.5 57.4

22.8 –96.1 301.1 94.6 65.8

CH2=CHC•HMe 130.4 55.0 137.4 81.9 125.7
PhC•H2 207.0 113.6 71.6 74.7 114.9
PhC•Me2 140.9 42.1 145.3 76.9 107.3

H11
•

•

      
Table 2.  Experimental rate constants of the reactions of various radicals with CO and the bre parameters calculated using
formula (7)

Radical T, K k, l mol–1 s–1 E, kJ/mol –∆H, kJ/mol bre, (kJ/mol)1/2 References

HO• 298 (8.52 ± 0.75) × 107 2.1 132.5 26.55 ± 0.04 [15–17]
DO• 298 6.62 × 107 2.7 132.5 26.70 [18]
CH3O• 298 34.5 38.5 83.1 28.84 [13]
Me3CO• 298 0.236 50.9 81.5 30.57 [19]

H 298 (7.66 ± 0.74) × 107 82.2 18.1 30.68 ± 0.04 [20, 21]

PhMe2C 393 1.81 65.8 30.7 29.33 [22]

PhMe2C  403 2.81 66.0 30.7 29.36 [22]

PhMe2C 413 3.11 67.3 30.7 29.51 [22]

Average
29.40 ± 0.08

O2
•

O2
•

O2
•

O2
•
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will be considered further along with the data concerning
the addition of CH3Oé• to CO.

The numerical values of bre in combination with
other kinetic parameters (see above) were used to cal-
culate the activation energies and rate constants of the
reactions of the alkoxy radicals of different structures
with CO. The activation energies were calculated by
Eq. (9), and the rate constants were calculated by the
Arrhenius equation using the preexponential factor A =
2.0 × 108 l mol–1 s–1 for the reactions in the gas phase
and A = 1.0 × 109 l mol–1 s–1 for the same reactions in
the liquid phase. These A values are typical of radical
addition to multiple bonds [8] (the difference is due to
the higher collision frequency in the liquid [23]). The
results of these calculations are given in Table 4. As can

be seen from the calculated data, the activation energies
of addition of various alkoxy radicals to CO range from
33 to 53 kJ/mol, and the rate constants in the gas phase
at 300 K vary between 0.1 and 300 l mol–1 s–1.

Reactions of  with CO

The enthalpies of formation of the Ré• and 
radicals and the enthalpies of reactions (III) and (IV)
are listed in Table 5. Both steps are exothermic; ∆H(III)
ranges between –8 and –35 kJ/mol, and ∆H(IV) ranges
between –236 and –278 kJ/mol. The high exothermic-
ity of ROOC•O radical decomposition is due to the low
strength of the O–O bond being cleaved.

RO2
•

RO2
•

      
Table 3.  Results of the quantum-chemical calculation of the enthalpy and activation energy for the reactions of the methoxy
and methylperoxy radicals with CO

Parameter,
kJ/mol IPM CCSD(T)/6-311++

G**//CCD/6-31G*
CCSD(T)/6-311++

G**//B3LYP/6-31G*
B3LYP/6-311++G**

//B3LYP/6-31G*

MeO• + CO  MeOC•O (I)

∆H –83.1 –44.0 (–59.4) –43.7 (–58.7) –65.6 (–98.1)

E 38.5 31.2 28.9 16.7

MeOC•O  Me• + CO2 (II)

∆H –65.1 –96.7 –96.1 –94.0

E 42.7 60.1 60.9 38.1

Me  + CO  MeOOC•O (III)

∆H –12.3 45.5 (19.4) 44.4 (19.4) 22.7 (–19.5)

E 77.5 82.0 81.3 58.3

MeOOC•O  MeO• + CO2 (IV)

∆H –273.3 –312.1 –312.1 –316.5

E 21.5 17.8 1.4

O2
•

      
Table 4.  Activation energies and rate constants of the RO• + CO  ROC•O reaction in the gas and liquid phases

R –∆H, kJ/mol E, kJ/mol
k (300), l mol–1 s–1

gas phase liquid phase

Me 83.1 38.5 39.5 1.97 × 102

Et 79.3 40.6 17.0 85.1

Me2CH 81.9 39.2 30.3 1.51 × 102

Me3C 81.5 50.9 0.27 1.37

EtMe2C 81.5 50.9 0.27 1.37

cyclo-C6H11 92.5 33.4 3.02 × 102 1.51 × 103

94.6 43.6 5.07 25.4

CH2=CHCHMe 81.9 39.2 30.3 1.51 × 102

PhCH2 74.7 43.2 6.07 30.4

PhMe2C 76.9 53.5 9.61 × 10–2 0.48

Me
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The bre parameter was calculated by formula (7)
using experimental data available for the reactions of CO
with  in the gas phase and with Me2Ph  in the
liquid phase [20–22]. The initial data and calculation
results are presented in Table 2. Using Eq. (8), we found
the following classical barriers of the thermally neutral
reaction (Ee, 0) and re parameters for these reactions:

As can be seen, the Ee, 0 value for  addition is
8 kJ/mol higher than that for the addition of
Me2Ph ; i.e., these values differ substantially. The

different reactivities of the  and  radicals are
likely due to the polar effect, which differs from that of
the radicals having O–H and R–O groups.

The TS structure determined by the quantum-chem-
ical calculation for Me  addition to CO is shown in
Fig. 2. It is characterized by a rather long distance
r#(éë…O) = 1.727 × 10–10 m; i.e., this reaction is char-
acterized by an early TS, like the reaction of MeO• with
CO (Fig. 1). The enthalpy and activation energy values
for reactions (III) and (IV) obtained by the quantum-
chemical method are listed in Table 3.

As can be seen from the data in Table 3, the alterna-
tive DFT calculation at the B3LYP/6-
311++G**//B3LYP/6-31G* level gives somewhat dif-
ferent results. However, if the coupled-cluster
CCSD(T)/6-311++G** method using the B3LYP/6-

Parameter H Me2PhC

bre, (kJ/mol)1/2 30.68 29.40
Ee, 0, kJ mol–1 101.6 93.3
re × 1010, m 0.406 0.389

HO2
• CO2

•

O2
• O2

•

HO2
•

CO2
•

HO2
• RO2

•

O2
•

31G* geometry is used in the calculation of the energy
of the system, the differences in energy profiles of the
reactions are negligible. This indicates that geometry
optimizations by the CCD/6-31G* and B3LYP/6-31G*
methods, which require essentially different amounts of
computation, give very similar results. The most seri-
ous discrepancies are observed in the TS geometry for
the addition of åÂO• to CO and in the geometry of the
weakly bonded prereaction and postreaction com-
plexes. These complexes are of the van der Waals
nature and are characterized by low bond energies (sev-
eral kilocalories per mole).

A comparison of the theoretical and direct experi-
mental data on the overall heats of reactions (I)–(IV)
indicates that the discrepancies do not exceed
25 kJ/mol. However, the enthalpies of particular reac-
tions (I)–(IV) calculated by the quantum-chemical
methods differ considerably from their thermochemical
estimates. The discrepancies are as large as 40 kJ/mol
for the addition of the methoxy radical to CO and
58 kJ/mol for the addition of the methylperoxy radical. A
qualitative distinction is also observed in the latter case:
according to the quantum-chemical calculations, the
enthalpy of formation of the intermediate compound
åÂOéC•(O) is positive, whereas the thermochemical
calculation gives a negative value. Earlier quantum-
chemical calculations [14] also gave a positive value of
the enthalpy of the reaction  + CO  HOéC•(O)
(∆H = 48.5 kJ/mol). A similar value of ∆H =
43.7 kJ/mol is also obtained by the CCSD(T)/6-
311++G**//CCD/6-31G* method. The O–O, O–C, and
C=O distances in the HOéC•(O) and åÂOéC•(O) rad-

HO2
•

      

Table 5.  Enthalpies of formation of the RO•, R , and ROOC•O radicals and the enthalpies of reactions (III) and (IV) (kJ/mol)

R• ∆H(RO•) ∆H(R ) –∆H(ROOC•O) –∆H(III) –∆H(IV)

H• 39.0 10.5 118.1 18.1 236.4

C•H3 12.7 15.3 107.5 12.3 273.3

CH3C•H2 –20.4 –17.8 136.8 8.5 277.1

Me2C•H –58.7 –50.8 177.7 16.4 274.5

Me3C• –91.1 –101.4 220.9 9.0 263.7

EtMe2C• –107.6 –122.0 241.5 9.0 259.6

cyclo-C6 –65.7 –67.4 195.3 17.4 263.9

–96.1 –99.8 227.7 17.4 261.9

CH2=CHC•HMe 55.0 81.3 64.0 34.8 274.5

PhC•H2 113.6 139.9 –1.8 27.6 278.1

PhC•Me2 42.1 55.3 85.9 30.7 265.5

O2
•

O2
•

H11
•

Me
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icals almost coincide and differ slightly from the pub-
lished values [24]

The increment method using experimental dissociation
energies of the Me–OMe (344.3 kJ/mol) and Me−OOMe
(288.7 kJ/mol) bonds is applied to the thermochemical esti-
mation of the enthalpy of formation of the ROC•(O) and
ROéC•(O) intermediates. To rule out any possible influ-
ence of the errors arising from the choice of the calculation
method, the dissociation energies of these bonds were also
calculated by the quantum-chemical method using three
approaches: CCSD(T)6-311++G**//CCD/6-31G*,
CCSD(T)6-311++G**//B3LYP/6-31G*, and B3LYP/6-
311++G**//B3LYP/6-31G*. As a result, the following val-
ues were obtained:

Bond
r × 1010, m

HOéC•(O) åÂOéC•(O) HOéC•(O) [24]

é–é 1.450 1.450 1.393
é–ë 1.356 1.354 1.330
ë=é 1.184 1.185 1.160

Method

D
M

e–
O

M
e,

kJ
/m

ol

D
M

e–
O

O
M

e,
kJ

/m
ol

CCSD(T)/6-311++G**//CCD/6-31G* 329.9 262.8
CCSD(T)/6-311++G**//B3LYP/6-31G* 329.3 263.7
B3LYP/6-311++G**//B3LYP/6-31G* 311.8 246.5
Thermochemical 344.3 288.7

Estimating the discrepancy between these values
and experimental data, one can determine the empirical
corrections to the enthalpies of reactions (I) and (III).
The thus-corrected ∆H values are given in Table 3 (in
parentheses). When the B3LYP method is used for
reaction (III), the signs of the values determined by the
quantum-chemical and thermochemical methods are
consistent. However, the error of the determination of
the overall enthalpy of reactions (III) and (IV) becomes
very high (~50 kJ/mol), whereas the error is reduced to
6 kJ/mol when the CCSD(T) coupled-cluster method is
used. Thus, the calculation using empirical corrections
is unlikely to lead to a very large error in the enthalpy
of reaction (III). Therefore, the totality of quantum-
chemical and thermochemical data suggests that the
most probable ∆H(III) value is close to zero.

The formation of a complex between HOO• and CO
in low-temperature matrices was observed [24]. How-
ever, the spectrum of this weakly bonded, van der
Waals complex exhibits a 22-cm–1 blue shift of the
vibrational frequency of the carbonyl group, whereas
the chemically bonded HOOC•(O) complex must be
characterized by a red shift. According to CCD/6-31G*
calculations, this shift is 235 cm–1. At the same time, the
calculations using both approaches (CCD and B3LYP)
indicate a 5-cm–1 blue shift of this frequency in the
spectrum of the van der Waals complex between
MeOO• and CO.

The activation energies calculated by the B3LYP/6-
311++G**//B3LYP/6-31G* method are systematically
underestimated by 15–20 kJ/mol as compared to the
values determined using the more rigorous approaches
CCSD(T)6-311++G**//CCD/6-31G* and CCSD(T)6-

C
O

O
O

C H
H

H

CO

O O

H

H
HC

C

H
H

HC

O

O

O

H
O

C
O

CH H

H

O O C
O

O

H

H

C

1.727 (1.737)

(109.0)
108.8°

(112.9)
110.4° 1.429 (1.430)

1.381 (1.375)
119.2°
(116.0)

1.150 (1.155)
1.191 (1.196)

(106.8°)
107.7°

1.588 (1.614)

1.417
(1.408)

102.2°
(103.5°)

142.4°
(134.0)

1.249 (1.278)

(110.9°)
110.1°

(108.0°)
84.0°

106.6°
(102.5°)

3.174
(3.096) 1.316 (1.322)

1.448 (1.450)

(1.137)
1.138

1.185 (1.191)

124.9° (124.5°)
1.354

(1.344)
1.450 (1.467)

1.428 (1.422)

105.7° (106.0°)

108.1°
(109.0°)

1.169 (1.171)

179.0° (178.4°)

1.166 (1.168)

(3.058)
3.067

(87.9°)
87.2°69.7°

(69.1°)
2.879

(2.857)

1.395 (1.371)

∠C–O–O–C = 87.1° (84.7°)

ω = 843i (536i) ω = 2015i (964i)

∠C–O–O–C = 71.6° (49.5°) ∠C–O–O–C = 107.3° (110.9°) ∠C–O–O–C = 0°

(a) (b)

(c) (d) (e)

Fig. 2. Structures of (c) the prereaction complex and (a) the TS in the addition reaction of H3COO• to CO, (d) the H3COOC•O inter-
mediate product and (b) the TS in the reaction of its decomposition to H3CO• and ëé2 and (e) the postreaction complex as deter-
mined by the CCD/6-31G* and B3LYP/6-31G* methods (in parentheses). The distances are in Å, the angles are in deg, and the
imaginary frequencies are in cm–1.
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311++G**//B3LYP/6-31G*. The imaginary frequen-
cies of vibrations in the TS calculated using the
B3LYP/6-31G* approach are also approximately two
times lower than those calculated by the CCD/6-31G*
method.

The activation energies of åÂO• addition to CO cal-
culated by the CCSD(T)6-311++G**//CCD/6-31G*
(31.2 kJ/mol) and CCSD(T)6-311++G**//B3LYP/6-
31G* (28.9 kJ/mol) methods are rather close to the
value determined using the IPM (38.5 kJ/mol). For the
activation energy of MeOC•O decomposition, the
B3LYP/6-311++G**//B3LYP/6-31G* and IPM meth-
ods also give very close values (39.7 and 42.7 kJ/mol,
respectively). The difference between the theoretical
and IPM activation energies of the MeO• + CO reaction
generally does not exceed 20 kJ/mol.

The activation energy of åÂéé• addition to CO
determined by the CCSD(T)6-311++G**//CCD/6-31G*
(82.0 kJ/mol) and CCSD(T)6-311++G**//B3LYP/6-
31G* (81.3 kJ/mol) methods agrees well with the value
calculated using the IPM (77.5 kJ/mol). The B3LYP
approach gives an underestimated value. In the very exo-
thermic reaction of MeOOC•O decomposition, the tran-
sition state is very early and the O–O bond extension is
as small as 0.15 Å and is characterized by a very low
activation barrier. For the calculations using the
CCSD/6-311++G**//CCD/6-31G* and CCSD(T)6-
311++G**//B3LYP/6-31G* approaches, this value is
21.5 and 117.8 kJ/mol, respectively. The B3LYP

approach gives a much underestimated value. The empir-
ical estimation of this barrier using the IPM is impossible
because the necessary experimental data are lacking.

The bre parameter in combination with other kinetic
parameters (see above) was used to calculate the activa-
tion energies and rate constants of the reactions of var-
ious peroxy radicals with CO. The activation energy
was calculated using Eq. (9), and the rate constants
were calculated using the Arrhenius equation with the
preexponential factors A = 2.0 × 108 l mol–1 s–1 for the
gas phase and A = 1.0 × 109 l mol–1 s–1 for the liquid
phase. The enthalpies of addition reactions (III) are
listed in Table 4, and the results of calculation are given
in Table 6. As can be seen from these data, the activa-
tion energy of the addition of various peroxy radicals to
CO ranges from 64 to 80 kJ/mol and the rate constant
of the reaction in the gas phase at 300 K varies from
2.1 × 10–6 to 1.7 × 10–3 l mol–1 s–1.

Comparison of Addition Reactions

The data obtained in this work make it possible to
compare the addition reactions to CO of the hydroxyl,
alkoxy, and peroxy radicals with other addition reac-
tions. Table 7 lists the enthalpies, activation energies,
Ee, 0 values, and re parameters for these reactions and
for the additions of the methyl and methoxy radicals to
multiple bonds. As can be seen from these data, the

Table 6.  Activation energies and rate constants of the R  + CO  ROOC•O reaction in the gas and liquid phases

R –∆H, kJ/mol E, kJ/mol
k (300), l mol–1 s–1

gas phase liquid phase

Me 12.3 77.5 5.77 × 10–6 2.88 × 10–5

Et 4.4 80.3 2.09 × 10–6 1.04 × 10–5

Me2CH 16.4 75.1 1.69 × 10–5 8.44 × 10–5

Me3C 9.0 79.9 2.40 × 10–6 1.20 × 10–5

EtMe2C 9.0 79.9 2.40 × 10–6 1.20 × 10–5

17.4 74.4 2.19 × 10–5 1.09 × 10–4

17.4 74.4 2.19 × 10–5 1.09 × 10–4

CH2=CHCH( )Me 34.8 63.6 1.71 × 10–3 8.54 × 10–3

PhCH2 27.6 68.0 2.91 × 10–4 1.46 × 10–3

PhMe2C 30.7 66.1 6.28 × 10–4 3.14 × 10–3

O2
•

O2
•

O2
•

O2
•

O2
•

O2
•

O2
•

OO•

H

OO•

O2
•

O2
•

O2
•
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reactions of addition of the HO•, RO•, and  radicals
(R = Me) to CO are exothermic, their enthalpies vary in
a wide range (from –12 to –132 kJ/mol), and the activa-
tion energies range from 2 to 77 kJ/mol. The low acti-
vation energy of the reaction of the hydroxyl radical
with CO (2 kJ/mol) is due to its high exothermicity
(∆H = –132.5 kJ/mol). The Ee, 0 values for the addition
of oxygen-centered radicals to CO are rather similar
(82–102 kJ/mol), and the re parameters for the addi-

tions of çé•, MeO•, and Me  to CO almost coincide,
being (0.38 ± 0.2) × 10–10 m. The additions of the meth-
oxy radical to ethylene and of the methyl radical to eth-
ylene, acetone, and acetylene, for which re = (0.365 ±
0.005) × 10–10 m, are also similar to the additions of the
oxygen-centered radicals to CO. This additionally con-
firms the fact that the addition of the oxygen-centered
radicals to CO is the first rate-determining step of the
overall process. The quantum-chemical calculation
showed that the activation energy of the forward reac-
tion of O atom abstraction by the CO molecule from
åÂé• is very high (above 300 kJ/mol). A similar result
was obtained for the reaction of  with CO [14].
Thus, the results of this work indicate unambiguously
that the HO•, RO•, and  radicals first add to CO and
then the resulting unstable radical decomposes to yield
ëé2. This sequence of transformations is fully consis-
tent with Hammond’s postulate [25]. The kinetic
parameters determined in the framework of the IPM
make it possible to calculate the activation energies and
rate constants of the reactions under study (Tables 4, 6).
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