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The quantum chemical methods are employed to investigate the reactions of glyoxal with the HO2 radical
and the HO2 and H2O. There are twelve complexes found herein, whose stabilized energies are in the
range of �3.8 kcal/mol to �12.3 kcal/mol. The calculated results predict that the proton coupled electron
transfer process is the most favorable in the reactivity of the HO2 radical with glyoxal due to the low
energy barrier of 5.4 kcal/mol. In addition, the barriers in the reaction glyoxal with the formed HO2� � �H2O
complex are so high that the processes are unlikely to occur in the atmosphere, whereas the energy
barriers of the HO2 reaction with the complexes formed between glyoxal and water are decreased.
Additionally, the rate constant of the proton coupled electron transfer process is computed to be
2.83 � 10�16 cm3 molecule�1 s�1 at 298 K using the transition state theory with Eckart correction, which
agrees well with the experimental data. It is noted that the rate constants of the water-catalyzed glyoxal
reaction with HO2 is increased about 10 times greater than the naked reaction HO2 + (CHO)2.

Crown Copyright � 2011 Published by Elsevier B.V. All rights reserved.
1. Introduction

Glyoxal (HCO)2, is the simplest a-dicarbonyl intermediate prod-
uct produced form the atmospheric oxidation of the biogenic [1–3]
and anthropogenic precursors [4–8] primarily emitted from bio-
mass burning [6] and car exhaust [7,8]. Therefore, in urban area
[9] the concentrations of glyoxal are elevated, which has been ob-
served. Glyoxal is of great significance in atmospheric chemistry
because it can be utilized as tracer for isoprene and other biogenic
emissions, makes the major contribution to the formation of the
secondary organic aerosol (SOA) [10–14] and has an effect on
HOx (HO + HO2) budget. The atmospheric fate of glyoxal is short
with on the order of hours. The major removal processes of glyoxal
are determined by the gas-phase photolysis [15–19] with sPhot � 2
to 3 h [15,16] in the UV region and blue region of the visible spec-
trum, the reaction with the OH radical equal to �24 h [15]and aer-
osol absorption [1,2,12,13,20–24] responsible for the formation of
one sixth of secondary organic aerosol (SOA) observed at a Mexico
City field site [2].

As for the reaction of glyoxal with the HO2 radical, there is
only one experimental report [25] with a rate constant of
011 Published by Elsevier B.V. All
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5.00 � 10�16 cm3 molecule�1 s�1 at 298 ± 2 K, which indicates that
the reaction is quite slow and is of minor importance in the
atmosphere. However, Anglada et al. [26] computed the reaction
of HO2 with formaldehyde, which shows that the reaction with a
rate constant of 9.29 � 10�14 cm3 molecule�1 s�1 plays an impor-
tant role in the atmospheric chemistry. Thus, we feel that a the-
oretical study of the reaction HO2 with glyoxal is of great
necessity because there are many similarly structural features be-
tween formaldehyde and glyoxal that both of the structures of
the HCHO and (CHO)2 involve the formyl radical (HCO). In addi-
tion, the 30% of all HO2 [27,28] is in the complex form at 298 K
and the HO2� � �H2O complex can accelerate the rate constants in
the reactions of HO2 self-reaction [29], SO3 [30] and CF3OH [31]
with the HO2� � �H2O complex.

Thus, in the present study, the ab initio methods and the con-
ventional transition state theory (TST) are employed to investi-
gate the reactions of the naked HO2 radical with glyoxal and
HO2 with glyoxal with the single water molecule added. As far
as we know, there is the first theoretical study on he the title
reaction. The goal is to elucidate the reaction mechanisms of
the naked HO2 radical and the HO2 radical added water with gly-
oxal and to determine whether the water-catalyzed process of the
reaction is more important than the corresponding non-catalytic
process for the split of the glyoxal from the energetic and kinetic
points of view.
rights reserved.
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2. Theoretical methods

The electronic structure calculations were performed using the
Gaussian 03 [32] software. The geometries of all the reactants, pre-
reactive complexes, transition states and products were optimized
at the B3LYP/6-311++G(d,p) level of theory and the corresponding
frequencies of the optimized geometries were computed at the
same level to prove the characters of the transition states with
one imaginary frequency and the stationary points with positive
frequencies because Anglada [26] studied the similar reaction of
HO2 with HCHO using the B3LYP functional, which is in excellent
agreement with the experimental data. In order to obtain the rela-
tive energies reliably, single point energies were performed using
the CCSD(T)/6-311++G(d,p) method at the B3LYP-optimized geom-
etries. In these computations, the value of T1 diagnostic [33,34] in
the CCSD wave function was considered to evaluate the reliability
of these computations with respect to a possible multireference
feature of the wave function at the stationary points. Moreover,
as for the complexes founded in this study, the basis set superpo-
sition error (BSSE) was calculated using the counterpoise method
by Boys and Bernardi [35] at the CCSD(T)/6-311++G(d,p) and
B3LYP/6-311++G(d,p) levels of theory to assess the energetic sta-
bility of the complexes better. It is noted that the complexes
formed between glyoxal and HO2� � �H2O, (CHO)2� � �H2O and HO2

are considered to be three fragments. In addition, the H-bond nat-
ures in this investigation were analyzed in terms of the atoms in
molecules (AIM) theory by Bader [36], which was carried out in
AIM2000 [37–39]. If necessary, the intrinsic reaction coordinate
(IRC) [40,41] was employed at the B3LYP/6-311++G(d,p) level of
theory to verify the transition states connected with the desired
reactants and products. Finally, the rate constant was calculated
using the transition state theory with Eckart correction, which
was executed in the TheRate program [42].
3. Results and discussion

3.1. Reactants and pre-complexes

The optimized parameters of reactants are shown in Fig. 1,
which is in good agreement with the experimental [43,44] data
and theoretical results [45,46], indicating the selected method is
reliable to characterize the reaction system. As the pre-reactive
complexes are of great importance in the processes of the chemical
reaction and are the incipient step of the reaction, the complexes
between glyoxal and HO2, glyoxal and HO2� � �H2O, (CHO)2� � �H2O
and HO2 are located as presented in Figs. 1 and 2. There are three
complexes (C1, C2 and C3) found between glyoxal and HO2. From
Fig. 1, the complex C1 with the bind energy of �3.8 kcal/mol from
Table 1 is a five-membered ring structure with one hydrogen be-
tween O4� � �H9 bond interaction and one van der Waals interaction
between C5� � �O7, which is similar to the complex between formal-
dehyde [26] and HO2. It is noted that due to the lack of the disper-
sion correction for the B3LYP, the binding energy of the C1 may be
underestimated and Table 1 tells that the BSSE correction using
CCSD(T) theoretical method is overestimated. Combined with the
higher level to study the HO2 and HCHO [26], we feel that the re-
ported binding energy of C1 is reasonable and reliable. Therefore,
the binding energies of the complexes reported herein are based
on the CCSD(T)//B3LYP/6-311++G(d,p) level plus the BSSE correc-
tion at the B3LYP/6-311++G(d,p) level. The geometrical parameters
show that the O4� � �H9 bond distance is 1.763 Å and the C5� � �O7
bond length is 2.583 Å, reflecting that the O4� � �H9 interaction is
stronger than the C5� � �O7 interaction, which is confirmed by the
topological properties of the wave function because the bond
strengthen correlates with the charge density (q) at the bond crit-
ical points (bcps) in terms of the AIM theory by Bader (see Table 2)
[36,47]. In addition, according to the AIM theory, Laplacian of the
electron density (D2q), kinetic electron density (G), potential elec-
tron energy density (V), and the total electron energy density (H),
which is sum of the kinetic electron density and the potential elec-
tron density at the bcps reveal the nature of the interactions. It is
pointed out that the H is negative and the D2qis positive, reflecting
the interaction is partially covalent, whereas H is positive and the
D2q is positive, revealing that the interaction is only electrostatic
interaction in nature. The complexes C2 reported in the literature
[48] and C3 are the seven-membered ring structure and six-mem-
bered ring structure, where all atoms lie in the same plane with
two hydrogen bonds involved. It is noted that the CCSD(T)//
B3LYP/6-311++G(d,p) method cannot correctly describe the com-
plex C3 binding energy because the calculated geometrical param-
eters show that the complex C2 is more stable than the complex
C3. Moreover, the B3LYP stabilized energy also proves this point
because the stabilization energy of C2 is 0.1 kcal/mol lower than
the corresponding C3. Additionally, the stabilized energy of C2 is
found to be 5.2 kcal/mol at the CCSD(T)//B3LYP/6-311++G(d,p)
level of theory, which agrees well with the value of 5.1 kcal/mol
by Francisco [48].

As for the ternary complexes between glyoxal and HO2� � �H2O,
we only take into account that the glyoxal approaches near the
formed HO2� � �H2O complex to elucidate the reaction mechanisms
of glyoxal with the HO2� � �H2O complex relative to the atmosphere.
There are five complexes located herein, whose stabilization ener-
gies are in the range of �9.3 to �12.3 kcal/mol from Table 1. More-
over, as the complexes C4, C6 and C7 are contributors on the
reaction mechanisms of glyoxal with the HO2� � �H2O complex and
their binding energies change slightly, the three complexes are
mainly discussed below.

The complex C4 is a eight-membered ring structure contain-
ing the two hydrogen bonds and one van der Waals bond. It is
worth noting that according to Steiner [49], the O10� � �H9 bond
distance of 1.680 Å is the moderate interaction, reflecting the
interaction in nature is mostly electrostatic and partially cova-
lent, which is confirmed by the AIM analysis because of the total
electron energy density with the value of �0.0045 au. In addi-
tion, the charge density at the O10H9 is 0.0469 au, which ex-
ceeds the upper limit value of charge density proposed by
Koch and Popelier [50]. The complexes C6 and C7 are the
nine-membered ring structure and the eight-membered ring
structure with three hydrogen bonds included, which is a plane
structure. In the two complexes, the interaction between O10
and H9 is dominated in terms of the geometrical parameters
and topological analysis. However, the O7� � �H6 strengthen in
complex C6 and the O7� � �H1 interaction in C7 are very weak be-
cause their bond distances are very long and their charge densi-
ties do not arrive at the lower limit of the value proposed by
Koch and Popelier [50].

The ternary complexes C9, C10, C11 and C12 can also be formed
by the interaction the HO2 radical with the formed (CHO)2� � �H2O
complex as shown in Fig. 2. The binding energies of the complexes
are calculated in the range of the �6.2 kcal/mol to �8.3 kcal/mol. It
is noted that the complex C10 is more stable than the complexes
C9, C11 and C12 because of the distances of the two hydrogen
bonds between water and glyoxal 2.097 and 2.292 Angstroms,
which are shorter than C9, C11, and C12. The binding energies of
the complexes C9, C11 and C12 are slightly different, which is rea-
sonably consistent with the corresponding geometrical structures.
In addition, from the topological properties listed in Table 3, it is
worth noting that the complexes C9 and C10 contain two ring
structures, while the complexes C11 and C11 involve one ring
structure.
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Fig. 1. The selected reactants, complexes and products at the B3LYP/6-311++G(d,p) level of theory (bond distances in angstroms and angles in degrees).
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3.2. The reaction of glyoxal with HO2

There are two types of reactions found herein with four differ-
ent transition structures for the radical addition TS1 and TS4 and
the hydrogen abstraction TS2 and TS3 in Fig. 3. The calculated
potential energy profile clearly illustrates the dominant reaction
mechanism as provided in Fig. 4. From Table 1, the calculated
results show that the TS1 is preferable than other reaction
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Fig. 2. The optimized complexes at the B3LYP/6-311++G(d,p) level of theory.
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pathways. The transition state TS1 is a five-membered ring struc-
ture similar to the reaction of HO2 and HCHO [26], which is de-
scribed as the proton coupled electron transfer mechanism [51].
The H9 of HO2 is transferred to O4 atom of glyoxal, simultaneously
the terminal O7 of HO2 atom is added to the C5 of the carbonyl
group in glyoxal and the electron transfer occurred between two
oxygen atoms of HO2. The energy barrier is calculated to be
1.6 kcal/mol, 5.4 kcal/mol with respect to the free reactants and
the pre-reactive complex C1, which is higher than the correspond-
ing energy barriers of the reactions HO2 with HCHO [26] and OH
with glyoxal [45] by 3.7 kcal/mol, 5.0 kcal/mol relative to the sep-
arated reactants. Additionally, the reaction is exothermic with the
value of DH = �11.2 kcal/mol (see Table 1), which is 5.6 higher
than the value in the corresponding reaction of HCHO with HO2



Table 1
The Reaction and activated energies, enthalpies and free energies for the reactions (CHO)2 with HO2 and HO2 with H2O added with zero-point correction included at 298 K. (kcal/
mol).

Compound DHc DGc DEa DEb DEc T1d

(CHO)2 + HO2 0.0 0.0 0.0 0.0 0.0 0.017,0.030
C1 �4.1 5.6 �5.0 �4.6 �3.8 0.026
TS1 0.3 12.7 �1.7 1.6 1.6 0.028
HC(O)C(OO)OH (P1) �11.2 0.3 �8.4 �10.2 �10.2 0.025
(CHO)2 + HO2 0.0 0.0 0.0 0.0 0.0 0.017,0.030
C2 �5.2 3.6 �5.6 �5.8 �5.2 0.025
TS2 14.4 23.7 9.4 14.7 14.7 0.028
C3 �5.4 3.1 �5.5 �6.0 �5.4 0.025
TS3 15.0 23.9 9.4 15.1 15.1 0.027
HCOCO(P2)+H2O2 3.7 3.5 �1.4 3.5 3.5 0.031,0.013
(CHO)2 + HO2 0.0 0.0 0.0 0.0 0.0 0.017,0.030
TS4 18.2 30.1 11.7 19.1 19.1 0.047
HCOHC(OOH)O(P3) 6.1 17.3 4.1 6.8 6.8 0.032
(CHO)2 + HO2 + H2O 0.0 0.0 0.0 0.0 0.0 0.017,0.030,0.011
C4 �13.0 5.3 �13.2 �14.2 �12.3 0.024
TS5 2.9 25.5 �0.9 5.2 5.2 0.022
C5 �9.5 7.0 �10.4 �10.5 �9.3 0.023
C6 �12.2 4.6 �13.1 13.4 �11.8 0.023
TS6 6.8 25.7 2.2 7.6 7.6 0.026
C7 �12.6 4.7 �13.3 �13.6 �12.0 0.023
TS7 8.9 26.9 3.7 9.5 9.5 0.027
C8 �10.4 6.6 �11.3 �11.3 �10.1 0.023
C9 �6.6 11.0 �7.2 �7.6 �6.2 0.024
TS8 �3.8 16.3 �4.1 �2.4 �2.4 0.025
C10 �8.6 8.3 �8.6 �9.5 �8.3 0.023
TS9 �4.0 16.3 �5.3 �2.6 �2.6 0.026
C11 �6.8 8.6 �7.0 �7.8 �6.6 0.024
TS10 �3.6 15.8 �3.8 �2.3 �2.3 0.025
C12 �7.1 7.9 �7.6 �7.9 �6.8 0.024
TS11 �3.0 16.1 �4.5 �1.8 �1.8 0.025
(CHO)2 + H2O 0.0 0.0 0.0 0.0 0.0 0.017,0.011
Pre-1-1 �3.2 3.6 �3.1 �3.5 �3.1 0.016
Pre-2-1 �2.8 3.9 �2.5 �3.1 �2.8 0.016

a DE are computed at the B3LYP/6-311++G(d,p) level of theory.
b DE is calculated at the CCSD(T)//B3LYP/6-311++G(d,p) level of theory.
c The values are computed at the CCSD(T)//B3LYP/6-311++G(d,p) level of theory plus the BSSE correction at the B3LYP/6-311++G(d,p) level of theory.
d T1 is diagnostic value.

252 B. Long et al. / Computational and Theoretical Chemistry 964 (2011) 248–256
[26]. The energy difference between the reactions of HO2 with
HCHO and glyoxal could lead to the reaction HO2 + (HCO)2 more
slowly. The terminal oxygen of HO2 addition to the carbon atom
of carbonyl group in glyoxal occurs via the transition state TS4 in
Fig. 3 and there is no pre-reactive complex found for the elemen-
tary process. The activated barrier is computed to be 19.1 kcal/
mol, which is so high that the process is unlikely to occur in the
atmosphere.

The hydrogen atom of glyoxal abstracted by HO2 takes place via
the corresponding transition states TS2 and TS3, leading to the for-
mation of the products HCOCO + H2O2. The calculated results dem-
onstrate that the reaction is slightly endothermic with the value of
DH = 3.7 kcal mol at the CCSD(T)//B3LYP/6-311++G(d,p) level of
theory, which is in consistent with the formaldehyde abstracted
by HO2 [26]. The two different transition state structures are deter-
mined by the relative orientation of HOO moiety with respect to
the carbonyl group of glyoxal. Additionally, the barriers of the
two transition states are about 15.0 kcal/mol, 20.0 kcal/mol rela-
tive to the reactants and the corresponding pre-reactive com-
plexes, revealing that the processes are of no importance.

3.3. The reaction of glyoxal with HO2 and H2O

As for the reaction of glyoxal with HO2 and H2O, the elementary
processes occur via the reactions of glyoxal with the formed
HO2� � �H2O complex or HO2 with the formed (CHO)2� � �H2O com-
plex. Three different transition states for the reaction of glyoxal
with the formed HO2� � �H2O complex are located with one radical
addition and two hydrogen abstractions as shown in Fig. 3. It is
noted that the barriers of the three transition states (TS5, TS6
and TS7) are in the range of 17.5–21.5 kcal/mol relative to the
respective pre-reactive complex, which indicates that the pro-
cesses hamper the reaction HO2 + (CHO)2. However, it is pointed
out that the water-assisted proton coupled electron transfer is of
great interest because the concentration of the complex HO2� � �H2O
is very high in the atmosphere. In addition, it is obvious that the
TS5 is the main reaction channel for the energetic point of view,
reflecting the reaction mechanisms of the reactions of HO2 with
glyoxal and glyoxal with the formed HO2� � �H2O complex are
consistent.

According to the results above, the main reaction pathway of
the HO2 + (HCO)2 occurs via TS1. Thus, when the HO2 reaction with
the formed (CHO)2� � �H2O complex is investigated, the proton cou-
pled electron transfer mechanism is considered herein. Further-
more, due to two complexes formed between glyoxal with water
[45] as shown in Fig. S1 supplementary material, there are four
transition states located as shown in Fig. 5. From Table 1, the cal-
culated barriers are 3.8 kcal/mol–5.7 kcal/mol, �2.6 kcal/mol to
�1.8 kcal/mol with respect to the respective pre-reactive complex
and the separated reactants, indicating that except TS9, the single
water molecule can decrease the activated barrier of the reaction of
HO2 with glyoxal. It is noted that the barrier is slightly lowered
about 1 kcal/mol.

3.4. Kinetics

As the reactions start with the formation of the pre-reactive
complexes before the transition sates and release the products,



Table 2
Topological properties of the bond critical points of the (CHO)2� � �HO2, and (CHO)2� � �HO2� � �H2O complexes at the B3LYP/6-311++G(d,p) level of theory.

Compound Bond/ring ra (Å) q (au)b
D2q (au)c G (au)d V (au)e H (au)f

C1 O4H9 1.763 0.0369 0.1228 0.0308 �0.0309 �0.0001
C5O7 2.583 0.0207 0.0612 0.0145 �0.0137 0.0008
(3,1) – 0.0151 0.0760 0.0165 �0.0140 0.0025

C2 O3H9 1.836 0.0311 0.1084 0.0259 �0.0247 0.0011
H6O7 2.481 0.0101 0.0276 0.0063 �0.0057 0.0006
(3,1) – 0.0045 0.0196 0.0040 �0.0031 0.0009

C3 O4H9 1.846 0.0314 0.1072 0.0260 �0.0252 0.0008
C6O7 2.728 0.0068 0.0236 0.0051 �0.0043 0.0008
(3,1) – 0.0062 0.0284 0.0060 �0.0049 0.0011

C4 H9O10 1.680 0.0469 0.1400 0.0395 �0.0440 �0.0045
H11O3 1.877 0.0275 0.1024 0.0235 �0.0214 0.0021
C5O7 2.772 0.0125 0.0440 0.0094 �0.0078 0.0016
(3,1) – 0.0032 0.0160 0.0032 �0.0024 0.0008

C5 O3H9 1.812 0.0303 0.1164 0.0270 �0.0249 0.0021
O7H11 1.937 0.0253 0.0900 0.0205 �0.0185 0.0020
O10H6 2.126 0.0176 0.0636 0.0136 �0.0113 0.0023
(3,1) – 0.0015 0.0084 0.0015 �0.0009 0.0006

C6 O3H11 1.888 0.0258 0.1000 0.0224 �0.0198 0.0026
O10H9 1.685 0.0456 0.1412 0.0391 �0.0429 �0.0038
O7H6 2.327 0.0120 0.0360 0.0079 �0.0068 0.0011
(3,1) – 0.0016 0.0076 0.0013 �0.0007 0.0006

C7 O3H11 1.868 0.0285 0.1036 0.0241 �0.0223 0.0018
O10H9 1.682 0.0465 0.1412 0.0395 �0.0437 �0.0042
O7H1 2.384 0.0110 0.0336 0.0074 �0.0064 0.0010
(3,1) – 0.0024 0.0124 0.0023 �0.0015 0.0008

C8 O3H9 1.770 0.0363 0.1212 0.0305 �0.0307 �0.0002
O7H11 1.934 0.0256 0.0896 0.0206 �0.0188 �0.0018
O10H1 2.148 0.0173 0.0636 0.0136 �0.0113 0.0023
(3,1) – 0.0023 0.0132 0.0025 �0.0017 0.0008

a The distance of hydrogen bonding.
b Electronic charge density at the critical point.
c Laplacian of the electron density at the bond critical point.
d Kinetic electron density at the bond critical point.
e Potential electron energy density at the bond critical point.
f Total electron energy density at the bond critical point.

Table 3
Topological properties of the bond critical points of the (CHO)2� � �HO2� � �H2O complexes at the B3LYP/6-311++G(d,p) level of theory.

Compound Bond/ring ra(Å) q (au)b
D2q (au)c G (au)d V (au)e H (au)f

C9 O4H9 1.781 0.0360 0.1192 0.0297 �0.0296 0.0001
C5O7 2.496 0.0242 0.0700 0.0169 �0.0163 0.0006
O4C5O7O8H9 – 0.0160 0.0828 0.0180 �0.0153 0.0027
O4H11 2.079 0.0186 0.0688 0.0150 �0.0128 0.0022
O10H1 2.440 0.0095 0.032 0.0069 �0.0058 0.0011
O4H11O10H1C2C5 – 0.0058 0.0268 0.0054 �0.0041 0.0013

C10 O3H9 1.792 0.0346 0.1176 0.0291 �0.0288 0.0003
C5O7 2.917 0.0106 0.0372 0.0080 �0.0067 0.0013
O2C2C5O7O8H9 – 0.0086 0.0340 0.0072 �0.0059 0.0013
O4H11 2.097 0.0124 0.0444 0.0094 �0.0077 0.0017
O10H1 2.292 0.0179 0.066 0.0143 �0.0121 0.0022
O4H11O10H1C2C5 – 0.0064 0.0296 0.0061 �0.0048 0.0013

C11 O4H9 1.790 0.0348 0.1172 0.0289 �0.0285 0.0004
C5O7 2.622 0.0193 0.0584 0.0136 �0.0126 0.001
O4C5O7O8H9 – 0.0142 0.0708 0.0154 �0.0131 0.0023
O4H11 2.126 0.0173 0.0636 0.0139 �0.0119 0.002

C12 O4H9 1.768 0.0365 0.1208 0.0303 �0.0304 �0.0001
C5O7 2.586 0.0207 0.0612 0.0145 �0.0137 0.0008
O4C5O7O8H9 � 0.0150 0.0752 0.0164 �0.0140 0.0024
O3H11 2.075 0.0188 0.0696 0.0152 �0.0130 0.0022

a The distance of hydrogen bonding.
b Electronic charge density at the critical point.
c Laplacian of the electron density at the bond critical point.
d Kinetic electron density at the bond critical point.
e Potential electron energy density at the bond critical point.
f Total electron energy density at the bond critical point.
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the reaction mechanism can be characterized by the Eq. (1).
Assuming that the pre-reactive complex is in equilibrium with

ðHCOÞ2 þHO2$
k

k�1

Pre-reactive Complex !k2 Products ð1Þ
the reactants and in terms of the steady-state conditions, the rate
constant is expressed as

k ¼ k1

k�1
k2 ¼ Keqk2 ð2Þ
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Fig. 3. The optimized transition states at the B3LYP/6-311++G(d,p) level of theory.
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The Keq and k2 are the equilibrium constant of the first step and
the rate constant of the second step in the reactions respectively,
which is calculated by the following equations:

KeqðTÞ ¼ r
Q complex

Q R
exp½�ðEC � ERÞ=RT� ð3Þ
k2ðTÞ ¼ jr kBT
h

Q TS

Q complex
exp½�ðETS � EcÞ=RT� ð4Þ

where QTS, QR and Qc denote the partition functions of the transition
states, the reactants and the pre-reactive complex, kB is the Boltz-
mann’s constant, j is the transmission coefficient and r is the sym-
metry factor. The ETS, ER and Ec stand for the total energy of the
transition states, the reactants and the complexes with zero point
energy correction involved.

For simplicity, as the computed results show that the main
reaction pathways in the reactions of glyoxal with HO2 glyoxal
and H2O and HO2 are the TS1 and TS8-TS11 and other reaction
paths are not possible to take place because of the high activated
barriers in the atmosphere. Thus, the rate constants via TS1 and
TS8-TS11 are calculated as listed in Table 4. The rate constant via
TS1 is found to be 2.83 � 10�16 cm3 molecule�1 s�1 at 298 K, which
compares well with the experimental results [25], demonstrating
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Fig. 5. The optimized transition states at the B3LYP/6-311++G(d,p) level of theory.
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that the theoretical methods used herein are reliable. As for the
reaction (HCO)2 + HO2 in the atmosphere, the importance is lim-
ited because the rate constant of (HCO)2 + HO with the value of
(9.15 ± 0.8) � 10�12 cm3 molecule�1 s�1 [52] is about 104 times
greater than that of TS1 herein. Moreover, the ratio between HO2

and OH is about 150. Therefore, the reaction reported herein is
not competitive well with the reaction of glyoxal with HO. In addi-
tion, the calculated rate constants also show that the single water
can increase the rate constant of the reaction HO2 + (CHO)2. How-
ever, from Table 4, via TS10, the rate is about 10 times faster than
that of the naked HO2 + (CHO)2 reaction. To estimate the impor-
tance the reaction of glyoxal with HO2 in the presence of water,
the concentrations of the complexes between glyoxal and water
are calculated in terms of the equilibrium constants of the
complexes Pre-1-1 and Pre-2-1 and their concentrations in the
atmosphere. The computed equilibrium constants Keq(Pre-1-1)



Table 4
The calculated (k, cm3 molecule�1 s�1) rate constant for the elementary process in the temperature range 260–320 K.

Reaction 260 270 280 290 298 310 320

TS1 2.57 � 10�16 2.62 � 10�16 2.68 � 10�16 2.77 � 10�16 2.83 � 10�16 2.95 � 10�16 3.05 � 10�16

TS8 7.53 � 10�16 7.27 � 10�16 7.06 � 10�16 6.91 � 10�16 6.81 � 10�16 6.70 � 10�16 6.64 � 10�16

TS9 8.66 � 10�16 8.18 � 10�16 7.80 � 10�16 7.49 � 10�16 7.29 � 10�16 7.06 � 10�16 6.91 � 10�16

TS10 2.40 � 10�15 2.28 � 10�15 2.19 � 10�15 2.12 � 10�15 2.07 � 10�15 2.02 � 10�15 1.98 � 10�15

TS11 1.56 � 10�15 1.53 � 10�15 1.51 � 10�15 1.50 � 10�15 1.49 � 10�15 1.50 � 10�15 1.50 � 10�15
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and Keq(Pre-2-1) are 5.08 � 10�23 cm3 molecule�1, 2.68 �
10�23 cm3 molecule�1 at 298 K, respectively, which agrees well
with the calculated results [53]. Considering the concentrations
of glyoxal with the value of 2.46 � 1013 cm3 molecule�1 and water
about 1017 cm3 molecule�1, the concentrations of the complex be-
tween glyoxal and water is less than 0.01% of the free glyoxal con-
centration. Thus, the water-assisted reaction of glyoxal with HO2 is
of no importance because it cannot be competitive well with the
naked reaction (CHO)2 + HO2. The similar results are also reported
on the reaction acetaldehyde + OH in the presence of water [54].
4. Conclusions

The reactions of glyoxal with HO2 and HO2 and H2O are theoret-
ically investigated, showing that there are four different transition
states in the reaction HO2 + (HCO)2. The preferred reaction channel
is the proton coupled electron transfer with the barrier of 5.4 kcal/
mol with respect to pre-reactive complex, which is different from
the reaction of OH with glyoxal because the hydrogen atom of gly-
oxal abstracted by the OH radical is dominated. Additionally, the
reaction via TS1 is very complex mechanism and takes place
through the pre-reactive complex prior to the transition state
TS1. In addition, the barrier of the reaction HO2� � �H2O + (HCO)2 is
enhanced so high that the reaction does not occur in the atmo-
sphere. However, the energy barrier of the HO2 reaction with the
formed (CHO)2� � �H2O complex is lowered about 1 kcal/mol com-
paring the naked HO2 reaction with glyoxal. The calculated rate
constant is 2.83 � 10�16 cm3 molecule�1 s�1, which is in good
agreement with experimental data [52]. The slow rate constant is
due to the high activated barrier.
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