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　　Abstract　　A DFT study on the react ions betw een CH3C(O)O2 and HO 2 radicals has been carried out.It i s suggested that both the

triplet and singlet potential surfaces involve a complex mechanism w ith the formation of loosely bound intermediate complexes of reactants

and products.The reaction prefers to occur on the triplet surface to produce peracet ic acid(CH
3
C(O)O

2
H)and triplet O

2
molecule.The

CH3C(O)O 2H can further convert into CH3C(O)O and HO radicals.
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　　Acetyl peroxy radicals play a major role in the at-
mospheric deg radation of organic compounds.In pol-
luted atmospheres , the react ion between CH3C(O)O2

radical and NO2 form s the w ell-known PAN(pero xy-
acetyl nitrate , CH3C(O)OONO2), an impo rtant or-

ganic contributo r to photochemical smog.In less pol-
luted atmospheres , the reactions between CH3C(O)
O2 and HO2 radicals become critical as NO x levels may

be low[ 1 ,2] .Niki et al.were the first to examine the
reactions of CH3C(O)O2 with HO2 radicals in a FTIR

study of the pho toly sis of Cl2 in the presence of

CH3CHO , HCHO and O2
[ 3] .According to analy sis of

products they showed that the reactions proceed via

tw o channels:
CH3C(O)O2 +HO2 CH3C(O)O2H +O2

(1a)
CH3C(O)O2 +HO2 CH3C(O)OH +O3

(1b)
w ith the branching rat io of 0.75 and 0.25 for channel
(1a)and channel(1b), respectively , at 700 torr and
298 K.The subsequent kinetic studies[ 4 ,5] supported
the results of Niki et al.However , Crawford et al.[ 6]

obtained a branching ratio value of about 0.9∶0.1 us-
ing a similar technique wi th that of Niki et al.More-
over , Hasson et al.[ 7] repo rted ano ther reaction chan-
nel:CH3C(O)O2 +HO2 CH3C(O)O+O2 +OH
(1c), giving the rat ios of channel (1a):channel
(1b):channel(1c)of about 0.4∶0.2∶0.4.The con-

t roversy in literatures requires further study on the ti-
t le reactions.Our primary aim in this w ork is to iden-
tify the key intermediates and the react ion pathw ay s

and thereby to gain insight into the reaction mecha-
nism.

1　Methodology

Considering the size of molecules involved in this

study , we employed B3LYP method w ith the 6-31+
G(d , p)and 6-311++G(d , p)basis sets to deter-
mine the geometries of the reactants , products , inter-
mediates , and transition states.Each minimum we

repo rt has all real f requencies , and each transit ion

st ructure has one imaginary f requency.The particular
nature of a transition state has been determined by

analyzing the motion described by the eigenvector as-
sociated to the imaginary frequency .Furthermore ,
the transi tion state w as found to connect the proper

reactants and products by the int rinsic reaction coor-
dinate(IRC)method.The calculations w ere execut-
ed using the Gaussian 03 program

[ 8]
.

2　Results and discussion

2.1　CH3C(O)O2 and HO2 radicals

Fig.1 show s the optimized geometries of reac-
tants (CH3C(O)O2 and HO2 radicals) at both

B3LYP/6-31+G(d ,p)and B3LYP/6-311++G(d ,
p)levels of theory.Our calculation show s that acetyl



peroxy radical has two (E and Z)possible conforma-
tions(Z or E w ith respect to the carbonyl group).
The calculated relative energies betw een the E- and
Z-conformat ion of CH 3C(O)O2 radical are listed in

Table 1.It can be seen that the energies of bo th con-
formations are close w ith the E-confo rmation being

slightly more stable than the Z-confo rmation at both
B3LYP /6-31+G(d ,p)and B3LYP/6-311++G(d ,
p)levels of theory w ith the zero-point-energy (ZPE)
correction.Besides , the calculation indicated that

both conformations of CH3C(O)O2 radical have pla-
nar heavy atom framew ork.

Table 1.　Relative energies of conformers of CH3C(O)O2(kJ/
mol)

CH3C(O)O 2

B3LYP/ 6-31+G(d , p) B3LYP/ 6-311++G(d , p)

E rel

(with ZPE)
E rel

(w ithout ZPE)
E rel

(w ith ZPE)

E
re l

(without ZPE)

Z-CH3C(O)O 2 2.50 3.26 1.10 1.72

E-CH3C(O)O2 0.00 0.00 0.00 0.00

2.2　Reaction mechanism

The reactions between two open shell species ,
CH3C(O)O2 and HO2 radicals , take place as they are

approaching each other to interact on an at tractive po-
tential surface.And the spin state of the overall sys-
tem they form can be either a singlet spin state o r

triplet.A picture of the optimized geometries and the

calculated geometric parameters of various stat ionary

points on bo th t riplet and singlet surfaces is displayed

in Fig .1 , and the co rresponding low est f requencies

and zero-point energies(ZPE)are listed in Table 2.
In general , the B3LYP/6-31+G(d , p)st ructures are
consistent w ith the results f rom the B3LYP /6-311+
+G(d ,p)calculations.Therefore w e w ill just discuss
the B3LYP/6-31+G(d ,p)results later.The overall
energet ic profile based on the B3LYP/6-31+G(d ,p)
energies fo r the tit le react ions is show n in Fig .2.

Table 2.　The calculated vibrational frequencies (cm-1)and

the zero-point energies (kJ/mol) for stationary points involved

in the title reaction at B3LYP/ 6-31+G(d , p)and B3LYP/ 6-
311++G(d , p)level of theo ry

S tat ionary
point s

B3LYP/ 6-31+G(d , p)B3LYP/ 6-311++G(d , p)

Low est

f requency

ZPE Lowest

f requency

ZPE

Z-CH3C(O)O 2 68 136.39 68 135.89

E-CH3C(O)O 2 136 137.16 136 136.51

HO 2 1166 37.03 1155 36.95

RM 1 31 180.16 30 179.39
TS1 19i 178.67 16i 178.03

RM 2 15 178.89 16 178.32

To be con tinued

Continued

Stationary

points

B3LYP/ 6-31+G(d , p)B3LYP/ 6-311++G(d , p)

Low est

f requency

ZPE Low est

f requency

ZPE

TS2 274i 173.06 281i 172.18
PM1 16 180.95 18 180.55

CH3C(O)O2H 61 170.24 57 169.74
RM3 14 178.89 16 178.34
TS3 695i 168.44 763i 167.43
PM2 30 181.75 29 181.17
TS4 267i 181.68 273i 181.46
RM4 54 185.63 58 185.07
TS5 528i 174.25 719i 172.83

CH3C(O)OH 71 161.98 73 161.54
O 3 698 16.84 710 16.62
TS6 183i 173.87 194i 172.84
PM3 22 175.15 19 174.12

CH
3
C(O)O 38 125.10 40 124.61

HOOO 220 46.13 173 45.42
O 2 1641 　9.82 1633 　9.77

2.2.1　The triplet surface　　RM1 is a planar sev-
en-membered-ring precurso r or reactant complex.It

has been found that the distance of H
1
-O

2
and C

6
-O

7
of

RM 1 increase about 0.001 nm compared to those of
the isolated peroxy radicals(CH3C(O)O2 and HO2).

Meanwhile , C
6
-O

5
distances show a decrease of 0.002

nm.The contact distances of H
1
...O

7
and H

9
...O

3

are 0.1818 nm and 0.2469 nm , respectively , which
means there is st rong hydrogen bond in RM1.RM1
can transform into another complex RM 2 via a torsion

t ransition state TS1.RM2 is a hydrogen-bonding

complex also.The contact distances of H
1
...O

7
of

RM 2 is 0.1934 nm , which means there is a moder-

ately strong hydrogen bond between H
1
and O

7
.TS2

is a t riplet t ransit ion state w hich describes the H-ab-

st raction process on the t riplet surface.The O
2
H
1
O
4

angle in TS2 is 163°.Compared to RM 2 , the break-

ing H
1
...O

2
bond of TS2 is only elongated by 0.0040

nm , and the fo rming O
2
...O

3
bond is 0.1557 nm.

Therefore TS2 is a reactant-like transi tio n state.PM1
is a triplet product complex .The contact distance of
H
1
...O

3
of PM1 is 0.2556 nm , which means a weak

hydrogen bond betw een H
1
and O

3
.The dihedral an-

gle of O
2
O
3
O
4
O
5
in PM1 is 0.0°, which indicates that

the O
2
=O

3
moiety in PM 1 locates exact ly in the per-

acetic acid moiety plane.The molecular orbital of

PM 1 shows that the two molecular o rbital co rre-
sponding to the tw oπ

＊
o rbi tal of the dio xygen moiety

(O
2
=O

3
)are singly occupied and have the same spin

state.In keeping w ith these descriptions , the spin

densities on O
2
and O

3
in PM 1 are 0.99 and 1.01 ,

respect ively .In a w ord , PM1 is formed by peracetic
acid(CH3C(O)O2H)and triplet O2 molecule.
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(Continued)

Fig.1.　Opt imized geometries of stationary points at the B3LYP/ 6-31+G(d , p)and B3LYP/ 6-311++G(d , p)level of theory.For
the structures w ith tw o ent ries , the upper data are obtained at the B3LYP/ 6-31+G(d , p)level and the low er data are obtained at the

B3LYP/ 6-311++G(d , p)level , respect ively.The bond distances are in nm , and the angles are in degree.

1272 www .tandf.co.uk/ journals　Progress in Natural Science　Vol.16 No.12　2006



Fig.2.　The overall profile of the potential surface for the reaction of CH3C(O)O 2 w ith HO2 calculated at B3LYP/ 6-31+G(d , p)levels

w ith ZPE correction(kJ/mol).

　　The reaction CH 3C(O)O2 +HO2 CH3C(O)
O2H+O2 is highly exo thermic.The calculated reac-

tion heat is 182 kJ/mol w hich is in agreement with

the literature value of 180 kJ/mol[ 9] .It is noting that
CH3C(O)OH can decompose to CH3C(O)O and HO

radicals via simple O-O bond scission.This process
needs energy of 153 kJ/mol at B3LYP/6-31+G(d ,
p)level of theory.Therefore it is reasonable that a
fraction of nascent CH3C(O)O2H can further convert

into CH3C(O)O and HO radicals and thus affect the

product distribution in the CH3C(O)O2 +HO2 reac-
tions.

2.2.2　The sing let surface　　As can be seen from
Fig.2 , there are three product channels on the sin-
g let surface.The init ial reactant complex is RM 3

which has nearly the same geometries and energy as

those of RM2.Furthermore , RM3 has surprisingly

similar elect ron densi ty dist ributions as those of

RM2.For example , the spin densities on O
3
and O

4

are 0.72 and 0.77 respectively , in the t riplet reactant
complex RM 2 and -0.71 and 0.78 in the singlet re-
actant complex RM3.The similarity between RM 2

and RM 3 may be at tributed to the loose st ructure of

these reactant complexes as the contact distance of

O
3
...O

4
is 0.33 nm in RM 2 as well as in RM 3.

S tart ing f rom RM3 , there are tw o possible reactions
pathw ay s.One is the hydrogen abstraction w hich

leads to the product complex PM2 via transi tio n state

TS3.The other is the conversion of RM 3 to a much

deeper well RM 4 via transi tion state TS4.Similar to
TS2 , the sing let hydrogen abst raction t ransition state
TS3 is a reactant-like t ransition state either.The
breaking H...O bond is only slightly st retched to

0.1064 nm and the fo rming H...O bond is 0.1411
nm.For PM2 , only one oxygen atom of the dioxygen

moiety (O
2
=O

3
)locates in the peracet ic acid moiety

plane and the dioxygen moiety (O
2
=O

3
)is nearly

perpendicular to the peracetic acid moiety plane

(O
2
O
3
O
4
O
5
=97.5°).The molecular o rbitals of PM2

show that two paired elect rons occupy one of the

molecular orbitals w hich corresponds to the tw o Π＊

orbitals of the dioxygen moiety (O
2
=O

3
)leaving the

other Π
＊
orbitals empty.Moreover , the spin densi-

ties on O
2
and O

3
are 0.00 in PM2.Therefore PM 2 is

a complex of peracetic acid(CH3C(O)O2H)and sin-
glet O2 molecule.RM4 is a tet roxide intermediate and

has many conformations due to the torsions of O4

skeleton.For simple purpose , only the most stable

conformer is shown in Fig.1.It is show n that the

central O-O distance (O
3
-O

4
)in RM4 appears to be

0.004 nm -0.010 nm smaller than other O-O dis-

tances.The dihedral ang le O
2
O
3
O
4
O
5
is 106°.The

distance betw een H
1
and O

7
is about 0.18 nm which

means there is a strong hydrogen bond betw een H
1

and O
7
in RM4.With respect to the ini tial reactants

(CH 3C(O)O2 +HO2), the po tential w ell depth of
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RM4 is 59.5 kJ/mol , deeper than that of RM 3 by

35.7 kJ/mol.Once RM 4 is formed , i t can easily un-
dergo an inner hydrogen transfer to emit O3 via the

seven-membered-ring transition state TS5.TS5 is a
concerted transi tion state w ith a barrier height of 4.9

kJ/mol.The distances of H
1
...O

2
and O

4
...O

5
of

TS5 are 0.1122 nm and 0.1981 nm , respectively.
Decomposition of RM 4 may also occur via O-O bond

scission to give CH3C(O)O and HOOO radicals.This
process involves a t ransition state TS6.TS6 is a

product-like t ransit ion state and its barrier height is

24.6 kJ/mol , which is 19.7 kJ/mol higher than that
of TS5.Thus it is no t a preferable reaction path.
However , the energy of TS6 is 34.8 kJ/mol low er
than the to tal energy of the initial reactants.It is pos-
sible that a fraction of CH 3C(O)O and HOOO could

be produced.PM3 is a complex formed by CH3C(O)
O and HOOO.Like o ther complexes , there is a hy-

drogen bond in PM3.The contact distance of H
1
...

O
7
of PM 3 is 0.1929 nm and the CH 3C(O)O moiety

plane is nearly perpendicular to HOOO moiety plane

(O
3
O
7
C
6
O
5
=99.7°).An equilibrium HO +O2

HOOO may exist at room temperature
[ 10]
, thus the

finial products w ould be CH3C(O)O+HO+O2.

3　Summary

In this paper , the reactions betw een CH3C(O)
O2 and HO2 radicals have been studied by DFT calcu-

lations.It is suggested that bo th the t riplet and sin-
g let po tential surfaces involve a complex mechanism

w ith the formation of loosely bound intermediate

complexes of reactants and products.The hydrogen

abst raction on the triplet surface possesses the lowest

barrier and the big gest v alue of reaction heat , thus
the reaction prefers to occur on the triplet surface.
The products on the t riplet surface are peracetic acid

(CH3C(O)O2H)and triplet O2 molecule.Peracetic
acid may further decompose to CH3C(O)O+HO rad-

icals.There is a very deep w ell on the singlet surface.
Ozone can be formed via a seven-membered-ring con-
certed t ransition state.Singlet O2 molecule , peracetic
acid , as w ell as CH3C(O)O+HO radicals can also be

produced on the singlet surface.The energies of all
the involved transition states are low er than the total

energy of the reactants , which implies that all the re-
actions may process fast.I t should be emphasized that
the present calculation is only of semi-quanti ty.Fur-
ther elaborate investigations of the mechanism and

dynamic characteristics of the t itle reactions are clear-
ly required.
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