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Abstract:  The reaction mechanism between atomic oxygen radical anion and benzene has been investigated using the density 
functional theory (DFT). Geometries of the reactants, products, complexes, and transition states involved have been optimized at the 
B3LYP/6-31+G(d, p) level, and their vibrational frequencies and zero-point energies (ZPEs) have been calculated subsequently at 
the same level. The multichannel pathways, e.g. the H atom abstraction, oxide ion formation, H2

+ transfer, and proton transfer, are 
confirmed by the calculated potential energy surface of this reaction. Based on the G2MP2 energies, a reasonable description has 
been proposed qualitatively to explain the inconsistency of previous experimental conclusions. 
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Oxide anions play an important role in ionospheric ionic 
chemistry, stratospheric ionic chemistry, and liquid-phase 
chemical reactions[1−4], which can be generated from the ionic 
reactions between atomic oxygen-radical anion (O−) and neu-
tral molecules. These reactions are very significant in organic 
chemistry, biochemistry, catalysis, and so on[1−5]. For example, 
reactions between O− and hydrofluorocarbons (HFCs) are re-
lated to the concentration of pollutants such as HFCs in the 
aerosphere[6,7]. Thus, it is necessary to investigate these reac-
tions extensively for atmospheric chemistry, radiation chemis-
try, and biochemistry. Moreover, these reactions will give in-
sight into synthesis of organic intermediate anions and 
mechanisms of liquid-phase chemical reactions.  

Chemical kinetics demonstrates that there are four possible 
product channels for reactions between O− and neutral organic 
molecules as follows: 

O－+ RH→ R + OH－  (1)          H abstraction 
→ RO－ + H  (2)      oxide ion formation 
→ R'－ + H2O (3)        H+

2
    abstraction 

→ R－ + OH  (4)        H+   abstraction 
Since the development of SIFT (selected ion flow tube) 

technique by Deputy et al.[8,9], extensive experimental studies 

have been conducted on reactions between O− and neutral 
molecules. In reactions between O− and halogenated com-
pounds, the existence of the above mentioned four channels 
were confirmed by detecting all anion products and measuring 
their branching ratios[10−15]. Yamamoto et al.[16] investigated 
the reaction mechanism between O− anion and CH3F at the 
density functional theory (DFT) level. Their results implied 
that these reaction rates were determined by the dipole mo-
ments of halogenated methane such as CH3F, CH2F2, and 
CHF3.  

The reaction between O− anion and benzene has been inves-
tigated using a variety of experimental techniques because 
important intermediate anions, C6H5O− and C6H−

5, can be po-
tentially generated. Stockdale et al.[17] first studied this reac-
tion in 1970. O− anions were generated via dissociative elec-
tron attachment (DEA) technique, and were then reacted with 
benzene in gas cell. All anion products were observed using a 
TOF mass spectrometer, and the branching ratios were de-
tected: C6H−

4+H2O 57%, C6H5O−+H 43%, C6H5+OH−<1%. 
Subsequently, Futrell et al.[18] used similar experimental tech-
nique to reinvestigate this reaction, and the major anion prod-
ucts were C6H4 42%, C6H5O− 25%, and OH− 33%. By using 
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double-focusing mass spectrometer, Bruins et al.[19] obtained 
the branching ratio of C6H5O−, which was nearly twice as that 
of C6H4

−. The subsequent experimental branching ratios were 
slightly different: C6H−

4   48%, C6H5O− 39%, and OH−13%[20]. 
Obviously, results obtained using different experimental tech-
niques and conditions differ from each other. Therefore, it is 
necessary to explore the mechanism for this reaction using 
high-level theoretical calculations. As per the available infor-
mation, there has been no theoretical work published to un-
derstand mechanism of the title reaction. 

In this article, quantum chemical calculations are used to 
explore the mechanism of the title reaction. All possible reac-
tion products are deduced based on the calculations and ther-
modynamics analysis that has been employed in this study. 
Barrier heights are determined to qualitatively understand the 
validity of product pathways. Different experimental conclu-
sions are explained subsequently. A valid and clear mechanism 
for the title reaction is proposed to give insight into studying 
similar reactions.  

1  Computational methods 

According to the negative charge and typical open-shell 
electric configurations involved in the title reaction, the spin 
contamination is a serious problem. Therefore, the DFT- 
B3LYP method is applied to study this reaction, as the previ-
ous study showed that the B3LYP method exhibited good per-
formance while dealing with this type of open-shell system[16]. 

Optimized geometries of all reactants, products, complexes 
(denoted as CM), transition states (denoted as TS), vibrational 
frequencies, and zero-point energies (ZPEs) are calculated us-
ing the B3LYP method. To consider the diffuse electron ef-
fects involved in the title reaction system, polarized and dif-
fuse functions are expanded to the standard basis set 6-31G(d) 
as the 6-31+G(d, p) basis set to study the expansive basis set 
effects. In addition, intrinsic-reaction-coordinate (IRC) calcu-
lations are performed to clarify every transition state as well 
as the corresponding reactant and product. Meanwhile, the 
electron-transfer mechanisms along the minimum-energy 
paths (MEP) can also be shown. The previous studies[21−23] 
suggested that the G2MP2 method[24] was suitable and accu-
rate for the study of open-shell systems. Therefore, the 
G2MP2 method is performed to calculate the single-point en-
ergies of all species with the B3LYP/6-31+G(d, p) optimized 
geometries and to calculate relative energies as well as reac-
tion enthalpies, and then the results obtained are compared 
with those of the previous experiments. To estimate the spin 
contamination effect, the UMP2 energies are substituted for 
the projected MP2 energies. In addition, the ZPEs and tem-
perature corrections are obtained with the B3LYP/6-31+G(d, p) 
vibrational frequencies. All the above calculations are carried 
out using the Gaussian-03 program package[25]. 

 

2  Computational results  

Due to the π-bond conjugate of the benzene, the hexahy-
droxy cycle is partially electronegative, whereas the hydrogen 
atoms are partially electropositive. As a result of the charge 
induction effect, the O−H bond is most probably formed, 
while the anion O− approaches the benzene molecule to form 
an initial complex, which can further decompose and/or isom-
erize to various kinds of species. On the basis of this assump-
tion, the B3LYP calculations have been carried out to obtain 
optimized geometries. There are no obvious differences be-
tween the results with the 6-31G(d) and 6-31+G(d, p) basis 
sets, which suggests a less severe diffuse electron effect in the 
title reaction system. So, only optimized structures of the 
B3LYP/6-31+G(d, p) method are shown in Fig.1, where the 
imaginary vibration modes are also presented. Meanwhile, all 
spin-squared expectation values <S2> for all doublets are in 
the range of 0.750−0.782, indicating that spin contamination is 
not severe. Finally, the G2MP2 energies are listed in Table 1. 
Reaction mechanisms and relative energies are shown in Fig.2. 
In Table 1, the calculated reaction enthalpies are consistent 
with those obtained in experimental results[26−29], and errors 
are less than 18 kJ·mol−1. Thus, the present method is suitable 
to investigate the title reaction system. 

Hodgson et al.’s results[30] have pointed out that a neutral 
oxygen atom will attach to the carbon atom via a small barrier 

 
Fig.1  The optimized structures of main species at the 

B3LYP/6-31+G(d, p) level 
bond length in nm, bond angle in degree 
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to form the initial intermediate while approaching the benzene 
molecule. The B3LYP calculations that have been described in 
this study have shown the totally different entrance potential 
surface of the O−+C6H6 reaction, compared with that of the 
O+C6H6 reaction. Among all the possible spatial approach di-
rections, the most favorable path for O− close to the benzene 
molecule is along the C−H bond to form the initial complex 
[C6H6

…O]− (CM1). As shown in Fig.1, the active C−H bond 
length of CM1 is 0.110 nm, and it is very close to that of the 
benzene molecule; the distance between the attacked H and O 
atoms is 0.174 nm, just slightly shorter than a normal hydro-

gen bond length; meanwhile, Mulliken atomic-charge analysis 
suggests that the negative charge is predominantly restricted to 
that of the O atom. Thus, the interaction between O atom and 
the benzene ring in CM1 is strengthened due to the charge at-
tractive effect. CM1 has an available energy of 57.3 kJ·mol−1 
relative to the initial reactants, and can easily further decom-
pose and/or isomerize to various species. It should be noticed 
that all atoms are kept in a plane in the combination process, 
and CM1 has a Cs point group with the 2A' symmetry. When 
further decomposition and/or isomerization take place, the 
plane structure may be destroyed via four possible product 
channels: hydrogen abstraction (1), oxide ion formation (2), 
H2

+ abstraction (3), and proton abstraction (4), which will be 
discussed separated in the following sections.  

2.1  Hydrogen abstraction channel (1)  

As shown in Fig.2, CM1 can decompose to C6H5 and 
OH− directly, with an endothermic energy of 63.9 kJ·mol−1. 
The corresponding overall process is endothermic by 6.6 
kJ·mol−1. So this channel is not favorable. To understand the 
abstraction process in detail, the stepped-optimization method 
has been performed to monitor the change of geometries and 
energies. Based on the B3LYP/6-31+G(d, p) results, no obvi-
ous energy barrier has been found. With the increase in C−H 
bond length, the distance between O− and H atoms is reduced 
to form a σ bond, whereas the energy of system increases 
close to the total energy of the abstraction products. When the 
O−H bond length is decreased to 0.099 nm, close to the equi-
librium bond length of OH− anion, the Mulliken atomic charge 
on O atom is −0.64. Therefore, the decomposition product of 
CM1 is the OH− anion rather than the neutral OH radical. In 
contrast to the H-abstraction channel in the O−+CH3F reac-
tion[16], no product complex has been found on the exit poten-
tial energy surface at the B3LYP/6-31+G(d, p) level.  

CM1 can also isomerize to phenol anion and subsequently 
dissociate to OH− and C6H5. First, the O atom in CM1 can at-
tach to the active C atom via a transition state TS1, when the 
active O−H bond is broken and the C−O and O−H bonds are 
formed. A complex CM2, phenol anion is formed. This isom-
erization is just similar to the typical insertion reaction proc-
ess[21,22]. The TS1 has a loose triatomic-ring structure: the dis-
tances between C−H, O−H, and O−C are 0.141 nm, 0.114 nm, 
and 0.248 nm, respectively, as shown in Fig.1. Meanwhile, the 
Mulliken atomic charges on the C and O atoms are −0.28 and 
−0.84, respectively. Thus, as O approaches C, the electronic 
repulsion between the O and C atoms increases the energy of 
TS1 with their distance decreasing, and the barrier energy is 
18.5 kJ·mol−1 higher than that of the CM1 but still lower than 
the energy of the initial reactants. In contrast to the hydrogen 
bond complex CM1, the CM2 is a stable anion intermediate 
(phenol anion), and all bonds are stable chemical bonds. 
Therefore, the energy of CM2 is far lower than that of the ini-

Table 1  Total energies, relative energies, reaction enthalpies, and 
ZPE of main species 

ΔE0
Ө

 ΔrHӨ
298 

Species νa
i/cm−1 ZPE 

(hartree) b 

−E0[G2MP2] 

(hartree) kJ·mol−1 

 

kJ·mol−1 

C6H6+O−  0.09541 306.80443 0.0  0.0 

C6H5O−+H  0.08588 306.86499 −159.0  −159.4, 
−142.3c 

C6H−
4+H2O  0.08949 306.82054 −42.6  −39.1, 

−43.9c 

C6H5+OH−  0.09104 306.80193 6.6  9.5, 
11.3c 

C6H5
−+OH  0.08895 306.78240 57.8  60.4, 

77.4c 

CM1  0.09706 306.82627 −57.3   

CM2  0.09465 306.87716 −191.0   

CM3  0.08851 306.86686 −163.9   

CM4  0.09331 306.85757 −139.5   

CM5  0.09160 306.84436 −104.9   

TS1 1047i 0.08786 306.81921 −38.8   

TS2 808i 0.08811 306.86519 −159.5   

TS3 336i 0.09362 306.81527 −28.5   

TS4 940i 0.08785 306.84798 −114.3   

TS5 135i 0.09135 306.83199 −72.3   

a) calculated at the B3LYP/6-31+G(d, p) level; b) zero-point energy calculated 

with the calculated vibrational frequencies (scaled by 0.95[28]); 

c) experimental values from Ref.[29−31] 

 
Fig.2  The scheme of relative energies for the O－+C6H6 reaction 
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tial reactants, 191.0 kJ·mol−1, so its high active energy can 
lead to further isomerization or dissociation. It should be 
noted that the O atom of CM2 has a small negative charge of 
0.184, rather smaller than that of CM1. It implies that this 
isomerization process is coupled with charge transfer. In fact, 
the conjugate action between the p-orbital of O atom and 
π-bond of benzene cycle favors charge transfer. The Mulliken 
atomic-charge analysis along MEP has estimated this negative 
charge transfer as shown in Fig.3. 

Similarly, CM2 can directly decompose to H-abstraction 
products C6H5 and OH−, and no barrier has been found at the 
B3LYP/6-31+G(d, p) level. Although mostly localized on the 
π-bond of benzene ring in CM2, the negative charge relocal-
izes and gradually transfers to the OH group as the decompo-
sition progresses. Finally, the Mulliken atomic-charge analysis 
shows that the anionic product of this bond decomposition is 
OH− instead of C6H5

−. Due to the stronger C−O bond and the 
conjugate action between O atom and benzene ring, this proc-
ess is far endothermic by 197.5 kJ·mol−1. 

2.2  The oxide ion formation channel (2) 

The isomerization and decomposition are needed for CM1 
to produce C6H5O– and H. The calculation that has been de-
scribed in this study has shown two possible reaction path-
ways in Fig.2. 

In contrast to the neutral phenol molecule, the H atom in 
CM2 anion is repulsed out of the benzene plane by the conju-
gate electron cloud. Therefore, the O−H bond is weakened 
slightly and can dissociate to produce the H atom via a 31.4 
kJ·mol−1 barrier, TS2. The TS2 is a typical product-like barrier, 
and its energy is close to that of products. In the geometry of 
TS2, the O−H bond is elongated to 0.146 nm, and the C−H 
bond shortened to 0.130 nm, close to the bond length of C=O 
in the product C6H5O−, 0.128 nm. The detailed B3LYP calcu-
lation implies that there is a complex CM3 [C6H5O−…H] in 
the exit potential surface, in which the distance between H and 
O atoms is 0.180 nm, corresponding to a classical hydrogen 
bond length. 

The other product pathway corresponds to isomerization 
from CM1 to CM4 via a transition state TS3. O atom attaches 
benzene from outside plane and is bonded to active C atom; 
meanwhile, the H atom connected with the C atom is pushed 
outside the benzene plane. Obviously, the π-bond of benzene 
ring is broken down in this process, so that the TS3 is rela-
tively high, 28.9 kJ·mol−1 but still lower than the reactants. 
Therefore, this isomerization process is thermodynamically 
favorable. The C−O bond in CM4 is rapidly shortened from 
0.195 nm in CM3 to 0.137 nm, and ∠OCH enlarged from 
69.71° in TS3 to 112.74° by steric hindrance. The benzene cy-
cle is slightly loosened, with the C−C bond including the ac-
tive C atom elongated to 0.152 nm. Therefore, the active C 
atom in CM4 has changed from sp2 to sp3 hybrid, while all 
chemical bonds are close to single bond, and the negative 
charge is distributed mostly among benzene ring and O atom, 
with the charge of −0.684 on O atom. Obviously, the conju-
gate π-bond structure in benzene has been broken, thus CM4 
has a higher energy than CM2. However, its energy is still far 
lower than that of the initial reactants by 139.5 kJ·mol−1 and 
can furthermore decompose to C6H5O− and H via a barrier 
TS4. In this decomposition process, the C−H bond is elon-
gated from 0.113 nm in CM4 to 0.158 nm in TS4, and C−O 
bond is shortened to 0.128 nm. The imaginary vibration mode 
of TS4 corresponds to the stretching vibration of the decom-
posing C−H bond. Structure of the [C6H5O−] part in TS4 is 
very close to that of product anion C6H5O−, indicating that 
TS4 is also a late barrier. The decomposition pathway is exo-
thermic by 19.5 kJ·mol−1 relative to CM4. No stable complex 
has been found by the present calculation with regard to the 
exit potential surface, compared with that associated with the 
decomposition of CM2.  

2.3  H2
+               -abstraction channel (3) 

H2O as the product of the H2
+-abstraction channel has been 

detected in previous experiments involving reactions of O− 
with molecules containing hydrogen. According to the en-
trance reaction potential surface and the structure of CM1, it is 
certain that H+

2 abstraction must occur via either a concerted 
decomposition of two hydrogen atoms or multistep isomeriza-
tion. There must be a five-element ring transition state with 
high energy in a concerted dissociation process. No such tran-
sition state has been located on this B3LYP potential energy 
surface. 

The present calculation has clarified that CM1 can produce 
H2O finally via two isomerization steps. First, H is transferred 
on isomerization from CM1 to CM2; second, OH group of 
CM2 is transferred, and CM5 [C6H4

−…H2O] is formed via a 
barrier TS5. The first step of isomerization is the same as that 
in the oxide ion formation channel (2), whereas the second 
process has a high barrier TS5, 118.7 kJ·mol−1. As shown in 
Fig.1, the imaginary vibration mode of TS5 mainly corre-

 

Fig.3  The MEP and Mulliken atomic-charge analysis for  

the CM1 to CM2 isomerization 
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sponds to the translation movement of OH group to the 
neighboring H, with a small imaginary frequency of 135 cm−1, 
indicating that the TS5 is a loose barrier. IRC calculation has 
confirmed that the TS5 exactly links CM2 and CM5. That is, 
OH group of CM2 approaches the neighboring C−H generally, 
and the O atom is bonded to the H atom when the C−H bond 
is broken. In the structure of CM5 shown in Fig.1, the C−O 
bond is completely broken, and the distance between O and 
the neighboring H is shortened to 0.196 nm to form a typical 
hydrogen bond. As the transfer progresses, the C−H bond is 
elongated promptly to 0.186 nm, and the distance between O 
and H atoms is shortened to 0.102 nm to form a σ bond, and 
subsequently the anion complex CM5 is formed. The H2O 
group in CM5 is very similar to that of the neutral H2O mole-
cule, whereas the structure of the other part [C6H4

−] is close to 
that of the product C6H4

−. Finally, CM5 can decompose di-
rectly to C6H4

− and H2O. Although the barrier involved in this 
reaction pathway is relatively high, its energy is still below 
that of the initial reactants, and the overall reaction pathway is 
favorable in energetics with an exothermic energy of 42.6 
kJ·mol−1. 

2.4  The H+-abstraction channel (4) 

The product pathway corresponding to C6H5
− and OH prod-

ucts has not been found. In view of the structures of species 
involved, the H+-abstraction reaction is the most favorable re-
action pathway for CM2 anion. However, the H-abstraction 
reaction is the other product channel with an apparently lower 
barrier as shown in Fig.2. Thus, a possible transition state of 
channel (4) probably crosses with exited states of other prod-
uct channels on potential energy surface. Moreover, the point 
group of the species involved in this channel is C1, so that no 
symmetry restraint makes that these potential surfaces could 
not be distinguished at the B3LYP level. Therefore, the possi-
ble pathway for channel (4) is represented as a broken line in 
Fig.2. 

2.5  Comparison with experimental results 

The present calculations have shown that the oxide ion 
formation channel, O−+C6H5 → CM1 → TS1 → CM2 → TS2 
→ CM3 → C6H5O−+H, is the most favorable among all the 
reaction pathways. In addition, the H2

+-abstraction channel (3) 
is also possible in thermodynamics, and H-abstraction (1) and 
H+-abstraction (4) are difficult to occur. More detailed chemi-
cal-reaction kinetic calculations, e.g. RRKM, could show 
branching ratios of all corresponding product channels. The 
above conclusions are consistent with most those obtained in 
previous experimental results, that is, C6H5O−+H and 
C6H4

−+H2O are major products.  
However, Stockdale[17], Futrell[18], and Vanorden[19] detected 

more number of C6H4
− anions than C6H5O− anions in their 

SIFT experiments, whereas Bruins observed contrary results. 

The calculations in this study suggest that the latter experi-
mental conclusion is in closer agreement to the real situation. 
In the experiments of Stockdale et al.[4], O− anion was gener-
ated via DEA (dissociative electron attachment), with higher 
translation energy of 2 eV. Thus, the entire reaction system 
had a higher initial energy. Those endothermic reactions, 
H-abstraction and H+-abstraction, became favorable. There-
fore, the observed branching ratio is far different from the 
present result at the zero-translation energy level, and a little 
amount of OH− anion observed as reaction product was quali-
tatively valid[20]. As shown in Fig.2, both C6H5O− and C6H4

− 
mainly result from decomposition and isomerization of CM2. 
Therefore, the branching ratio is only determined by the prop-
erties of TS2 and TS5. Although TS5 has higher energy than 
TS2, its frequencies are far smaller than those of TS2. The 
microcanonical rate constant k(E) in chemical dynamics the-
ory[31] is 

k(E)=
)(

)(
R

TS

Eh
EEN

ρ

≠−  

Where N TS(E–E≠) and ρ R(E) are the sum of states and density 
of states of TS and CM, respectively. Thus, when the initial 
energy of reaction system is high enough, the sum of states of 
TS5 exceeds that of TS2 by a large extent, and the branching 
ratio of channel corresponding to TS5 is higher compared to 
that of TS2.  

On the other hand, most previous experiments were com-
pleted in gas cell[4] with a pressure of about 1.33×104 Pa, 
where anion products were generated, and further reactions 
might change the concentrations of the observed anion species. 
Among the anion products of C6H5O−, C6H4

−, and OH−, OH− 
can react with benzene rapidly to generate C6H4

− and H2O[4]. 
Thus, C6H4

− signal is increased distinctly when OH− is de-
creased. Moreover, C6H5O− anion is also active to a certain 
extent and probably reacts with buffer gas or water, and this 
leads to the underestimation of its signal that has been ob-
served in previous experiments.  

3  Conclusions 

The reaction mechanism between atomic oxygen-radical 
anion and benzene has been investigated using the density 
functional theory (DFT). Geometries of the reactants, products, 
complexes, and transition states involved have been optimized 
at the B3LYP/6-31+G(d, p) level, and their vibrational fre-
quencies and zero-point energies (ZPEs) have been calculated 
subsequently at the same level. The multichannel pathways, 
the H abstraction (1), oxide ion formation (2), H2

+ abstraction 
(3), and proton abstraction (4), are confirmed. Their relative 
energies are obtained at the G2MP2 level to ensure barrier 
heights, and then the branching ratios of all the product chan-
nels are analyzed qualitatively. It is shown that oxide ion for-
mation (2) and H2

+ abstraction (3) are major product channels, 
whereas H abstraction (1) and proton abstraction (4) are not 
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favorable product channels. Validity and inconsistency of pre-
vious experimental results are confirmed and interpreted in the 
view of barrier height. A clear reaction process has been es-
tablished for the title reaction. 
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