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Abstract: E,E-2,4-hexadienal is probably a precursor of secondary  organic  aerosol

(SOA) and plays an important role in the atmospheric chemistry. Its main degradation

routs are the reactions with OH, Cl, NO3 as well as photolysis. Atmospheric hydroxyl

radical,  as  the  most  important  oxidant,  generally  controls  the  removal  of  volatile

organic  compounds  (VOCs)  in  the  atmosphere. Thus,  the  quantum  chemical

calculations are  used  to  investigate  the  reaction  mechanism of  E,E-2,4-hexadienal

with  hydroxyl  radical,  which  would  give  better  understanding  for  the  main

degradation products. The reaction paths of E,E-2,4-hexadienal with OH radical have

been  calculated  accurately at  the  BMC-CCSD//M06-2X/6-311G  (d,  p)  level at

atmospheric pressure and room temperature.  There are  six hydrogen abstraction and

four  carbon addition paths at  the first stages of this reaction. Due to the low energy

barrier and reaction exotherm, the  ten paths would contribute to the total reaction.

Furthermore,  the peroxy (RO2) and alkoxy (RO) radicals  from the most important

adduct  IM1(CH3CHOHCHCH=CHCHO) would  be  formed in  the  atmospheric

environment.  The  reaction  mechanism  of  the  peroxy  radical

(CH3CHOHCHO2CH=CHCHO)  with  NO,  NO2,  HO2,  and  self-reaction  have  been

studied  by using the same quantum chemical  methods.  And the  reaction  paths  of

alkoxy radical (CH3CHOHCHOCH=CHCHO) have been also originally studied. The

subsequent reactions play a key role in the cycling of atmospheric radicals, production

of ozone, and SOA formation. What’s more, the reaction mechanism of this study

accords with the reported experimental observations.

Keywords: E,E-2,4-hexadienal, VOCs, Hydroxyl radical,  Peroxy radical, Quantum

chemical calculations, Degradation mechanism
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1. Introduction

Volatile  organic compounds (VOCs)  generally  participate  in  the formation  of

secondary aerosols and affect the regional ozone and PM2.5 pollution[1,2]. Oxygen-

containing  volatile  organic  compounds  (OVOCs),  a  subset  of  VOCs,  are  the

intermediates  of  photochemical  reactions  in  the  atmosphere[3,4]. As  we  know,

OVOCs  are  mainly composed of aldehydes, ketones, ethers, acids, esters and  their

derivant. They are easy to be degraded by oxidation reactions with OH, Cl, and NO3

in the atmosphere[5,6], in which the most important degradation route is reaction with

OH radical. OVOCs with Cl atoms reactions are fast especially in coastal areas where

high concentration peaks are discovered. In the case of reactions with NO3 radical,

they play a determinant role during night time. In brief, the studies of the degradation

mechanism of OVOCs can provide new insight into environmental impacts[7].

The unsaturated aldehydes  play a  unique role  in atmospheric  sciences  due to

their  large  constituent  in  OVOCs  and  high  reactivity.  They  are  emitted  to  the

atmosphere from anthropogenic resources such as industrial,  vehicle  and domestic

heating and from vegetation emission such as the wounded and cut plants[8,9]. E, E-

2,4-hexadienal, an  unsaturated  C6  aldehyde, is  used as food additives and chemical

intermediates, which lead to its release into the atmosphere. This compound are also

emitted to atmosphere from the wounded plants[10]. Furthermore, its emission may

contribute  to  the  formation  of  other  oxygenated  species  and  secondary  organic

aerosols (SOAs). For instance, Zhao et al. studied uptake of 2,4-hexadienal by liquid

H2SO4  over the temperature range of 250-298 K and acidic range of 60-85 wt%[11].

Henry’s law solubility constant (H*) was determined and irreversible reactive uptake

was observed for 2,4-hexadienal. The formation of unsaturated polymers may explain
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the  irreversible loss of 2,4-hexadienal in sulfuric acid interface. This heterogeneous

interaction is important for SOA formation in the upper troposphere.

In the case of homogeneous (gas-phase) reactions  of  E,E-2,4-hexadienal only

three studies have been reported. The photolytic processes of E,E-2,4-hexadienal have

been investigated[12]. Their results suggest that the photolytic reaction is reversible.

Although photolysis of this compound is supposed to be an important degradation

pathways  for  E,E-2,4-hexadienal,  this  reversible  nature  means  that  the  removal

pathways of this compound should be reactions with OH, NO3 radicals and Cl atoms.

The rate  coefficients  have been determined for the  reaction  of  E,E-2,4-hexadienal

with  OH,  NO3 radicals  and  Cl atoms  at  atmospheric  pressure  and  room

temperature[13]. Also, the photolysis coefficient were obtained. These results show

that the main sink routes for  E,E-2,4-hexadienal are the reactions with OH radicals

and sunlight during day time and its  reaction with NO3 radicals  at  night,  with the

atmospheric  lifetimes of 4, 2.5 and 0.4 hours, respectively.  It is worth noting that

reaction products of E,E-2,4-hexadienal  with OH,  NO3 radicals and  Cl atoms have

been analyzed[14]. According to the identified products, the reaction mechanism was

proposed. All of results present a mechanism that the first stages occur addition of an

atom or  radical  to  the  double  bond  of  E,E-2,4-hexadienal  and  the  aldehydic  and

hydrocarbyl hydrogen abstraction. An example of the reaction mechanism of E,E-2,4-

hexadienal with OH radical is as follows:

CH3CH=CHCH=CHCHO OH CH2CH=CHCH=CHCHO H2O+ +

CH3CH=CHCH=CHCHO OH+ CH3C=CHCH=CHCHO H2O

CH3CH=CHCH=CHCHO OH+ CH3CH=CCH=CHCHO H2O

CH3CH=CHCH=CHCHO OH+ CH3CH=CHC=CHCHO H2O

CH3CH=CHCH=CHCHO OH+ CH3CH=CHCH=CCHO H2O

CH3CH=CHCH=CHCHO OH+ CH3CH=CHCH=CHCO H2O

+

+

+

+

+

(1)

(2)

(3)

(4)

(5)

(6)
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CH3CH=CHCH=CHCHO OH+ CH3CHOHCHCH=CHCHO

CH3CH=CHCH=CHCHO OH+

CH3CH=CHCH=CHCHO OH+

CH3CH=CHCH=CHCHO OH+

CH3CHCHOHCH=CHCHO

CH3CH=CHCHOHCHCHO

CH3CH=CHCHCHOHCHO

(7)

(8)

(9)

(10)

For  the  most  important  intermediate  CH3CHOHCHCH=CHCHO,  the  critical

process  is  the  addition  of  O2 in  which  the  corresponding  peroxy  radical

(CH3CHOHCHO2CH=CHCHO) is  produced.  It  is  known that  the  peroxy  radicals

represent key intermediates in the atmospheric oxidation of VOCs. Their subsequent

oxidation influences the level of ozone,  the formation of SOAs, and the cycles of

reactive radicals. Hence, the typical reactions of peroxy radicals with NOx  (NO and

NO2), HO2 and self-reaction have been emphasised[15]. Summarizing these results,

CH3CHOHCHO2CH=CHCHO would react with NO, NO2, HO2 and self-reaction in

the  atmosphere.  Although  some  degradation  products  of  the  reaction  of  E,E-2,4-

hexadienal with OH radicals have been discussed in the cited literature, the intensive

reaction mechanism is not well-known. The preferred sites of addition and abstraction

for  E,E-2,4-hexadienal  are  still  puzzled  scientists.  Meanwhile,  the  main  product

pathways are also ambiguous in the complicated environment. Thus, in this work, the

detailed  reaction  mechanism  of  E,E-2,4-hexadienal  with  OH  radical  has  been

explored,  including  the  first  stages  initiated  and  subsequent  oxidation.  The

degradation  paths  of  RO2 (CH3CHOHCHO2CH=CHCHO)  radical  with  NO,  NO2,

HO2,  self-reaction,  and  the  relevant  reactions  of  the  abundant  RO

(CH3CHOHCHOCH=CHCHO) radical are calculated. Expectantly, theoretical results

can  explain  previous  experimental  phenomenon  and  provide  guidance  for  future

experimental measurement.  

2. Computational methods
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The M06-2X  functional[16]combined with the  triple- basis set 6-311G (d, p)

[17]was used to optimize the geometric structure of all  standing points (reactants,

complexes, transition states, intermediates and products) and to analyze the vibration

frequencies. The M06-2X has been recommended for giving accurate results such as

thermochemical and kinetic data[18-20].  The intermediates and transition states are

determined by frequency analysis (number of imaginary frequencies, NIMAG, 0 for

minima and 1 for transition states), and the final reactants and products connected by

transition states are determined by internal reaction coordinate (IRC) method[21,22].

In  order  to  obtain  reliable  potential  energy  surface  of  these  reactions,  high-level

BMC-CCSD method was used for energy calculations. The principle of BMC-CCSD

is  coupled  cluster  theory,  which  includes  single  and  double  excitations[23].  The

expression of the combinational algorithm BMC-CCSD is described below:

E(BMC-CCSD)=E(HF/6-31B(d))+1.06047423∆(HF/MG3|6-31B(d))

+1.09791∆(MP2|HF/6-31B(d))+1.33574∆(MP2|HF/MG3/6-31B(d))

+0.90363∆(MP4(DQ)|MP2/6-31B(d))+1.55622∆(CCSD|MP4(DQ)/6-31B(d))+

ZPE+Eso

Where ∆E(L2|L1/B)≡E(L2/B)-E(L1/B);                                   

∆E(L/B2|B1)≡E(L/B2)-E(L/B1)      

The BMC-CCSD method has been proved in the accuracy of reaction energies.

For example, in the reactions of aliphatic aldehyde and NO2, BMC-CCSD method has

obtained accurate potential energy surfaces[24,25]. Therefore, the M06-2X and BMC-

CCSD calculations are carried out using the Gaussian09 program[26]. 

3. Results and discussion

A reaction mechanism for degradation of E,E-2,4-hexadienal with OH radical
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would  gain  a  better  understanding  for  high-weight  unsaturated  aldehydes  in  the

atmospheric chemistry. In the following sections, we will separately discuss the first

stage of this reaction and further degradation reactions of the key radicals (RO2 and

RO) with NO, NO2, HO2, and self-reaction. The optimized structures of complexes,

stable intermediates and transition states are shown in Figure 1. The relative energies

and reaction enthalpy are summarized in Table 1. The vibrational frequencies of  all

species are shown in Table S1 (supporting information).  And the potential  energy

surfaces for these reactions are described in Figure 2.
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(b)
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(c)
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(f)

Figure1  The  geometric  structures  of  the reactants,  complexes,  transition  states,

intermediates, and products in this study at the M06-2X/6-311G(d,p) level (distance in

Å  and  angles  in  degree).  More specifically,  (a)  Structures  for  the  first  stage  of

hydrogen abstraction and C-addition reaction paths. (b) Structures for peroxy radical

(R1) + NO reaction path. (c) Structures for the R1 + NO2 reaction path. (d) Structures

for  the  R1+ HO2 reaction  path.  (e)  Structures  for  the  R1  self-reaction  path.  (f)
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Structures of subsequent reactions for alkoxy radical (R2).

Table 1 Relative energy and enthalpy obtained at two levels of M06-2X/6-311G (d, p)

and BMC-CCSD//M06-2X/6-311G (d, p) at 298 K (unit: kcal/mol)

Species ∆Ea ∆Eb ∆Hb Species ∆Ea ∆Eb ∆Hb

R+OH 0 0 0 TS-6 -9.10 -4.71 -5.31

Com1 -5.26 -2.78 -2.91 RO2H+3O2 -36.84 -36.32 -23.12

Com2 -4.56 -2.03 -2.16 RO4H -11.16 -14.21 -8.96

TS1 -3.88 -4.36 -5.33 TS-7 32.02 17.54 14.42

TS2 0.58 -2.04 -2.80 TS-8 30.61 16.01 13.96

TS3 -0.77 -2.63 -3.50 R=O+HO2+OH -27.61 -29.01 -18.67

TS4 -1.37 -2.38 -3.15 R=O+HO3H -55.18 -58.73 -40.44

IM1 -43.34 -42.00 -43.29 RO3+OH 15.56 10.16 5.98

IM2 -24.97 -22.65 -23.64 RO+HO3 9.64 7.67 3.84

IM3 -30.39 -27.56 -28.77 RO+3O2+OH 4.72 9.05 9.89

IM4 -38.61 -37.36 -38.59 2×R1 0 0 0

CR1 -4.56 -2.03 -2.22 RO4R -12.00 -16.81 -17.21

CR2 -5.26 -2.78 -2.91 TS-9 14.73 -1.82 -2.40 

HTS1 0.81 -1.03 -1.66 TS-10 28.09 11.11 10.61

HTS2 1.34 1.97 1.22 R=O+RO+HO2 -32.95 -31.76 -30.81

HTS3 1.50 2.27 1.54 R=O+RO3H -55.27 -58.16 -58.16

HTS4 1.14 2.49 1.80 RO3+RO 10.23 7.41 7.46

HTS5 1.26 1.77 1.04 2×RO+3O2 -0.61 6.30 7.11

HTS6 -3.37 -2.23 -2.90 R2+NO2 0 0 0

CP -32.30 -31.96 -31.77 RONO2 -38.20 -45.29 -46.25

155

156

157
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P1 -34.09 -39.83 -39.81 TS-4 2.03 -10.90 -11.88

P2 -8.09 -10.04 -9.61 TS-14 18.79 3.97 3.13

P3 -5.81 -12.43 -12.00 R=O+HONO -65.19 -72.90 -72.96

P4 -14.32 -19.00 -18.52 R=O+HNO2 -54.73 -65.39 -65.48

P5 -2.86 -8.78 -8.39 R2+NO 0 0 0

P6 -25.80 -30.25 -29.97 RONO -37.51 -50.14 -51.01

R1+NO 0 0 0 TS-15 8.06 -4.68 -5.40 

Trans-RO2NO -18.38 -23.06 -23.89 R=O+HON 9.43 -0.84 -0.71

Cis-RO2NO -20.37 -24.29 -25.21 TS-12 2.53 -11.39 -11.49

TS-1 -10.10 -14.08 -15.18 CH3CHOH+

E-butenedial

5.66 -4.03 -3.20 

TS-2 26.68 10.59 9.95 R2+O2 0 0 0

TS-3 21.32 13.92 12.64 Com4 -39.95 -36.45 -36.36

TS-4 -9.86 -18.27 -19.46 TS-13 -31.12 -35.08 -35.57

RO+NO2 -4.40 -10.46 -10.73 R=O+HO2 -70.00 -73.66 -73.53

RONO2 -50.44 -55.07 -56.19 R2+HO2 0 0 0

R=O+HONO -73.84 -77.33 -77.67 RO3H -26.90 -34.46 -35.81

R1+NO2 0 0 0 TS-11 18.79 -1.74 -2.80 

RO2NO2 -23.42 -24.33 -25.25 R=O+HO2H -70.12 -81.86 -81.82

RO+NO3 20.65 16.46 16.29 RO2+OH 6.08 -3.29 -2.94

TS-5 11.04 7.55 6.35 2×R2 0 0 0

R=O+HNO3 -77.16 -77.62 -78.09 RO2R -38.08 -56.69 -57.34

R1+HO2 0 0 0 ROH+R=O -93.58 -

112.59

-

112.73

Com3 -8.43 -7.08 -4.77
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a  refers to the energy at  the  M06-2X/6-311G (d,  p) level;  b  refers to the energy  and

enthalpy at the BMC-CCSD//M06-2X/6-311G (d, p) level.
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(g)

Figure 2 Potential energy surfaces for all reactions obtained at the BMC-CCSD//M06-

2X/6-311G (d,  p)  level.  (a)  Hydrogen  abstraction  paths.  (b)  C-addition  paths.  (c)

Reaction paths of CH3CHOHCHO2CH=CHCHO (R1) with NO. (d) Reaction paths of

R1 with  NO2.  (e)  Reaction  paths of R1 with  HO2.  (f)  R1 self-reaction  paths.  (g)

Reaction paths of CH3CHOHCHOCH=CHCHO  (R2)  with O2,  NO, NO2,  HO2  and

self-reaction.

3.1 Reaction mechanism of hydrogen abstraction

As shown in Figure 2(a), it is a potential energy diagram of hydrogen abstraction

of E,E-2,4-hexadienal with OH radical, where the total energy of E,E-2,4-hexadienal

and OH radical is set to zero. OH radical can capture hydrogen atom from C1, C2, C3,

C4 and C5 of E,E-2,4-hexadienal  through  HTS1,  HTS2, HTS3, HTS4 and HTS5,
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respectively. And the energy barriers of HTS1, HTS2, HTS3, HTS4 and HTS5 are -

1.03,  1.97, 2.27, 2.49 and 1.77 kcal/mol respectively.  Moreover, the corresponding

products P1 (CH2CH=CHCH=CHCHO+H2O), P2 (CH3C=CHCH=CHCHO+H2O), P3

(CH3CH=CCH=CHCHO+H2O),  P4  (CH3CH=CHC=CHCHO+H2O),  and  P5

(CH3CH=CHCH=CCHO+H2O) are more exothermic 39.81,  9.61, 12.00, 18.52 and

8.39 kcal/mol, respectively. In addition, OH radical can also extract hydrogen  atom

from -CHO group to generate P6(CH3CH=CHCH=CHCO+H2O) via transition state

HTS6 (-2.23 kcal/mol relative to reactants). The formation of P6 is also exothermic

29.97 kcal/mol. The IRC calculation confirms that HTS1 is connected to P1 through

complex  CR2 and HTS6 is connected to  later complex  CP through  early complex

CR1.  The pre- and post-reactive complex represent the interaction of OH and H2O

with E,E-2,4-hexadienal, respectively. In fact, hydrogen abstraction from CH3- and -

CHO group are  the  most  important  channels compared with  hydrogen abstraction

from C2, C3, C4 and C5 of E,E-2, 4-hexadienal.

3.2 Reaction mechanism of carbon addition

 There are four carbon addition channels. It can be seen that double bond addition

of OH radical at C2 and C3 of E,E-2,4-hexadienal would happen though TS1 (-4.36

kcal/mol) and TS2 (-2.04 kcal/mol). Because the energies of TS1 and TS2 are lower

than that of the reactants, an entrance complex named Com1 would be formed with

the energy of -2.78 kcal/mol. From Com1, OH radical can add to C2 site of E, E-2,4-

hexadienal  via  TS1  to  form  the  intermediate  IM1,  or  to  C3 via  TS2  with  the

formation of IM2. TS1 shows that the distance between C2 and oxygen is 2.178 Å.
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TS2 is similar to TS1, namely, bond length between C3 and oxygen is 2.047 Å. IRC

calculation determines that the connection of TS1 and TS2 is both from Com1 to IM1

and IM2, respectively.  And the relative energies of IM1 and  IM2 is  -42  and -22.65

kcal/mol. In the same way, OH radical can also add at  C4 and C5 with IM3 (-27.56

kcal/mol) and IM4  (-37.36 kcal/mol) formation via  TS3(-2.63 kcal/mol) and TS4(-

2.38 kcal/mol), respectively. IRC calculation confirms TS3 and TS4 connect to IM3

and IM4 through Com2. The distance between C4 and oxygen is 2.072 Å in TS3, and

that of TS4 is 2.135 Å. The potential energy surface of carbon addition implies that

the  intermediate  IM1  is  the  most  important  adduct for  the  reaction  of  E,E-2,4-

hexadienal and OH radical. This conclusion can be attributed to the positive inductive

effect of the methyl group attached to C2. Colmenar et al. has proposed that a double

bond  addition  of  OH radical  at  C2/C3  of  E,E-2,4-hexadienal  is  the  first  step  for

tropospheric degradation. 

Theoretically,  Vega-Rodriguez  et  al.  studied  the  reaction  mechanism of  three

unsaturated aldehydes  with hydroxyl radical at  M05-2X/6-311++G(d, p) level[27].

The  sites  of  OH  addition  and  hydrogen  abstraction  have  been  predicted.  And

branching ratios for addition and abstraction have been also calculated. The results

suggested  that  β  carbon  atom  addition  and  aldehydic  hydrogen  abstraction  are

dominant. According to experimental data, the addition channels become increasingly

important when hydrogen on the unsaturated aldehyde is substituted by methyl group.

Hence,  it  is  easy  to  draw  a  conclusion  that  the  C2  site  addition  leading  to  the

formation of IM1 is the most important for initial reaction of E,E-2,4-hexadienal with
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OH radical.

 Under  atmospheric  conditions,  IM1  would  combine  with  oxygen  rapidly  to

generate R1 (CH3CHOHCHO2CH=CHCHO) with an energy of -44.62 kcal/mol. In

the following sections, we will study the detailed reaction mechanism of R1 with NOx

(NO and NO2), HO2 and self-reaction by quantum chemical calculations. Meanwhile,

the  subsequent  degradation  pathways of  the  dominant  intermediate  R2

(CH3CHOHCHOCHCHCHO) have also been calculated.

3.3 Reaction mechanism of R1 and NO

Figure 2(c) shows the potential energy surface of the reaction of R1 and NO. We

set the total energy of R1+NO to zero, and the energies of other species are relative to

the reactants.  For  R1+NO reactions,  R1 and NO firstly generate  Trans-RO2NO and

Cis-RO2NO whose energies are -23.06 and -24.29 kcal/mol respectively. They would

transform each other via a  transition state TS-1 (-21.88 kcal/mol). The two isomers

would be decomposed into the product CH3CHOHCHOCH=CHCHO (RO)+NO2 (-

10.46 kcal/mol) without barrier.  Furthermore, RO and NO2 radicals are combined to

generate stable compound  RONO2 (-55.07 kcal/mol). For the formation of RONO2,

quantum  chemical  calculations  for  CH3O2+NO  and  PhCH2O2+NO  assured  that

RONO2 is formed from the recombination of CH3O+NO2 and PhCH2O+NO2 not from

transformation of RO2NO[28-30]. In this work, a new source of RONO2 containing an

aldehyde group in  the atmosphere is  found.  In addition,  we have  determined two

routes from  Cis-RO2NO and  Trans-RO2NO to  CH3CHOHCOCH=CHCHO (R=O)

+HONO (-77.33 kcal/mol) by transition states TS-2 (10.59 kcal/mol) and TS-3 (13.92
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kcal/mol), respectively. The intermediate RONO2 (-55.07 kcal/mol) can also generate

the product R=O+HONO via transition state TS-4 (-18.27 kcal/mol). 

3.4 Reaction Mechanism of R1 and NO2

In the presence of NO2, R1 and NO2 combine to generate analogous alkylperoxy

nitrates RO2NO2 and release 24.33 kcal/mol of energy without any barrier. RO2NO2

would be decomposed into RO+NO3 requires an energy of 40.79 kcal/mol, and R=O

and HNO3 can also be generated through TS-5 (7.55 kcal/mol) with a barrier of 31.88

kcal/mol. However, the reaction is highly exothermic 78.09 kcal/mol. Reactions with

NO  and  NO2 play  an  important  role  in  losing  process  of

CH3CHOHCHO2CH=CHCHO. And the peroxynitrates (RO2NO2 and RONO2) have

been also observed in the experiment. They would contribute to the photochemical

smog and have a potential impact on the atmospheric chemistry.

3.5 Reaction Mechanism of R1 and HO2

Some  experimental  results  have  proved  that  the  products  of  ROOH+O2 are

dominant between RO2 and HO2 reaction[31-34]. And the formation of OH radical has

been directly observed in RO2 + HO2 reaction. Hasson et al. analyzed the products for

acetyl  peroxy (CH3C(O)O2)  and HO2 reaction with FTIR and HPLC methods and

obtained about 0.4 branching ratios of OH radical[35]. Jenkin also received similar

results by using the analogous methods[36]. 

In  this  work,  the  triplet  and  singlet  potential  energy  surfaces  (PESs) of  the

reaction mechanism of R1 and HO2 are shown in Figure 2(e).  It is indicated that R1

and HO2 primarily form a complex Com3 in the triplet state with the energy of -7.08

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

24



24

kcal/mol.  Subsequently,  Com3 generates  CH3CHOHCHOOHCH=CHCHO (RO2H)

and  triplet  O2 via  transition  state  TS-6  (-4.71 kcal/mol) with  a  barrier  of  2.37

kcal/mol.  And this pathway is  highly  exothermic 23.12 kcal/mol. Thus, the reaction

from Com3 to RO2H+3O2  would be very fast. PhCH2O2H+3O2 are dominant products

from triplet PES of PhCH2O2+HO2 in the Feng et al.’s study at the CCSD(T) level of

theory. In PhCH2O2+HO2  reaction, the energy of triplet hydrogen-bond complex is -

4.99 kcal/mol and the transition state is located at -1.07 kcal/mol with a barrier of 3.92

kcal/mol.  The  dominant  products  of  CH3OOH+3O2 and  C2H5OOH+3O2  from

CH3O2+HO2 and C2H5O2+HO2 were calculated by Hou et al. at the CCSD(T) level of

theory[37,38]. 

On  the  singlet  state paths,  R1  and  HO2  can combine  to  form

CH3CHOHCHO4HCH=CHCHO (RO4H) with the relative energy of  -14.21 kcal/mol

which is respectively close to the relative energies (-13.14 and -14.46 kcal/mol) of

similar structure C2H5O4H from  C2H5O2+HO2  and PhCH2O4H from  PhCH2O2+HO2.

The first interesting path is that RO4H decomposes to produce R=O+HO2+OH (-29.01

kcal/mol) via transition state TS-7 (17.54 kcal/mol). The second one is that it passes

TS-8 (16.01kcal/mol) to produce R=O+HO3H (-58.73 kcal/mol). Moreover, RO4H can

generate  CH3CHOHCHO3CHCHCHO (RO3)+OH (10.16 kcal/mol), RO+HO3 (7.67

kcal/mol)  and  RO+3O2+OH (9.05 kcal/mol)  through heterolytic  cleavage,  one  of

RO+3O2+OH were  also  reported  by  Hasson  et  al.  in  the  CH3C(O)O2+HO2

reaction[35]. Therefore, new routes of CH3CHOHCHO2CH=CHCHO with HO2 in this

work are described,  which help us understand the transformation of  HO2  into OH
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radical.

3.6 R1 self-reaction mechanism

To our knowledge, some theoretical studies  about self-reaction of alkyl peroxy

radicals  have  been  carried  out,  such  as  CH3O2,  CH3CH2O2,  and  PhCH2O2

systems[30,39-43]. Ghigo et al. investigated the mechanism of CH3O2 self-reaction at

the CAS(16,12)-PT2/6-311G(2df,p)//CAS(8,8)-MCSCF/6-311G(d,p)  level of theory.

They pointed  out  that  the  products  of  2CH3O+O2 by concerting dissociation from

CH3O4CH3 are the most favorable. Liang et al. provided a complicated mechanism for

CH3O2 self-reaction at  the  CCSD(T)/cc-pVTZ//B3LYP/6311++G(2df,2p)  level  of

theory.  From their  calculations,  the self-reaction of CH3O2 mainly occurs on spin-

singlet  PES.  Among  these  channels,  the  dominant  channels  are  2CH3O+O2  and

CH3OH+CH2O+O2,  but  the  channels  leading  to  CH3OOOH+CH2O  and

CH3O+CH2O+HO2  are also energetically favorable.  Zhang et  al.  evaluated reaction

mechanism of singlet and triplet self-reaction of C2H5O2 radicals at the CCSD(T)/cc-

pVDZ//B3LYP/6-311G(2d,2p)  level  of  theory.  They  suggested  that  this  reaction

mainly  occurs  through  singlet  oxygen-to-oxygen  coupling  mechanism  with  the

formation  of  tetroxide  intermediate,  and  the  most  dominant  product  is

C2H5O+HO2+CH3CHO.  Feng  et  al.  calculated  the  self-reaction  mechanism  of

PhCH2O2 by  employing  cam-B3LYP/dgtzvp  and  CCSD(T)/CBS  methods.  Their

calculated results indicated that the first channel of forming PhCH2O and O2 is the

dominant decomposition path of PhCH2O2 self-reaction, and the second channel of

forming PhCHO, PhCH2O and HO2 may also  be competitive.  To sum up,  singlet
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oxygen-to-oxygen coupling mechanism can account for the self-reaction process of

peroxy radicals.

In this  work, we also investigate the self-reaction of peroxy radical including

long chain aldehyde group. Figure 2(f) is the PES of the reaction mechanisms of two

R1. We set the sum energies of two R1 to be zero and the energies of other species are

relative to this energy. The two R1 radicals can combine to form new species RO4R (-

16.81 kcal/mol)  without  any  barrier.  The  dimer  RO4R  structure  is  similar  with

CH3O4CH3,  C2H5O4C2H5 and  PhCH2O4CH2Ph.  Then  RO4R  happens heterolytic

cleavage  to  form  2×RO+3O2 (6.30 kcal/mol). In  addition,  RO4R  can  be  also

decomposed into RO3+RO (7.41 kcal/mol). The bond formation and rupture pathway

is  that  RO4R  passes  the  transition  state  TS-9  (-1.82 kcal/mol)  to  form  product

R=O+RO+HO2 (-31.76 kcal/mol), with the barrier of 18.63 kcal/mol. In addition, it

can also generate the product  R=O+RO3H (-58.16 kcal/mol) via  the transition state

TS-10 (11.11 kcal/mol),  with  the  barrier  of  28.92 kcal/mol.  The above calculated

results  indicated  that  the  forming  channel  of  RO  and  3O2 is  dominant,  and  the

formation  of  R=O,  RO,  and  HO2 may  also  be  competitive,  which  are  close  to

PhCH2O2 self-reaction. 

3.7 Reaction Mechanism of R2  

CH3CHOHCHOCH=CHCHO(R2) is a relatively rich species in above reaction

processes. Alkoxy radicals are often formed by the reaction of peroxy radicals with

NO, and they strongly influence the production of ozone and SOA in atmospheric

conditions[44,45]. Figure 2(g) shows the possible pathways of R2 in the atmosphere,
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including reactions with NO, NO2, O2, HO2,  self-reaction and decomposition.  In the

same way, the sum of the energy of reactant is set to zero, and the energies of other

species  are  relative  to  the  energy of  reactant. We can find that  R2 and HO2 can

quickly combine to form  RO3H (-34.46 kcal/mol) with no barrier.  Then RO3H can

generate  R=O+HO2H  (-81.86 kcal/mol)  through  TS-11  (-1.74 kcal/mol) with  the

energy barrier of 32.72 kcal/mol. And the products of RO2+OH (-3.29 kcal/mol) can

also be obtained by direct dissociation, requiring energy of 31.17 kcal/mol. From the

reaction energy barrier point of view, the formations of RO2+OH and R=O+HO2H are

competitive.

R2 can be decomposed into CH3CHOH+E-butenedial (-4.03kcal/mol) via TS-12

(-11.39 kcal/mol), which  is exothermic 3.20 kcal/mol.  Obviously, it is very easy to

form the  products  of  CH3CHOH+E-butenedial,  which  is also  in  accordance  with

Colmenar's  conclusion  on  the  degradation  mechanism  of  E,E-2,4-hexadienal  and

atmospheric oxidants (OH, Cl, and NO3)[14]. Wu et al. proposed toluene to be the E-

butenedial’s precursor[46]. And E-butenedial would yield maleic anhydride that may

affect environment and human health because it is low volatility organic hazardous air

pollutant[47]. And atmospheric chemistry of maleic anhydride have been investigated:

photolysis and reaction with OH radical[48,49]. The reaction of R2 and O2 should be

the main path under atmospheric conditions, because the concentration of oxygen in

the atmosphere is much higher than that of other active radicals. R2 and O2 first form

complex Com4 with energy of -36.45 kcal/mol. Later,  Com4 generates R=O+HO2

with energy barrier of 1.37 kcal/mol through transition state TS-13 (-35.08 kcal/mol).
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Therefore, R=O should be the abundant compound under atmospheric conditions.  In

addition, two R2 free radicals can form RO2R (-56.69 kcal/mol)  and ROH+R=O (-

112.59 kcal/mol) without barrier.

As for the reaction mechanism of R2 and NO2, R2 and NO2 firstly combine to

form  RONO2 without  obstacles.  This  path is  exothermic  -46.25 kcal/mol.  From

RONO2, there  are  two  paths. One  is  to  generate  R=O+HONO  (-72.90 kcal/mol)

through the transition state TS-4 (-10.90 kcal/mol); The other is to form R=O+HNO2

(-65.39 kcal/mol)  via transition state TS-14 (3.97 kcal/mol). The barrier heights of

TS-4  and  TS-14  are  34.39 and  49.26 kcal/mol,  respectively. Considering energy

barrier, the formation of R=O+HONO is relatively easy. R2 and NO can be mixed to

form RONO (-50.14 kcal/mol) without any barrier. The products of R=O+HON (-0.84

kcal/mol)  are  produced  through TS-15 (-4.68 kcal/mol) with  an  energy barrier  of

45.46 kcal/mol. 

The  above  reaction  pathways  reveal  that  the  product  yields  depend  on  the

concentration  of  active  radicals  such  as  O2,  NOx,  and  HO2.  For  example,  under

atmospheric  condition,  the  concentration  of  O2 is  very  high.  Thus,  the  products

R=O+HO2 account  for  a  substantial  part.  More  importantly,  the  products  of

CH3CHOH+E-butenedial decomposed by the unimolecular reaction of R2  are also

dominant.

4. Conclusion

In  this  paper,  the  multichannel  atmospheric  reaction mechanisms of

CH3CH=CHCH=CHCHO+OH have been studied by quantum chemical methods. It is
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found that the first pathways are hydrogen abstraction and carbon addition for E, E-

2,4-hexadienal initiated by  OH radical. The six hydrogen abstraction  channels  are

found, namely,  extracting H atom  from C1, C2, C3, C4, C5 and C6 of  E,  E-2,4-

hexadienal,  respectively. The  products  of  P1  (CH2CHCHCHCHCHO+H2O),  P2

(CH3CCHCHCHCHO+H2O),  P3  (CH3CHCCHCHCHO+H2O),  P4

(CH3CHCHCCHCHO+H2O),  P5  (CH3CHCHCHCCHO+H2O)  and  P6

(CH3CHCHCHCHCO+H2O) would be formed. Of course,  on the  potential  energy

surface,  hydrogen  atom  abstraction  from  C6  is  dominant  and  P6  has  the  largest

branching ratio. There are four carbon addition reaction paths. E,E-2,4-hexadienal and

OH radical can add to generate intermediates IM1 (CH3CHOHCHCHCHCHO), IM2

(CH3CHCHOHCHCHCHO),  IM3  (CH3CHCHCHOHCHCHO)  and  IM4

(CH3CHCHCHCHOHCHO)  through  TS1,  TS2,  TS3  and  TS4,  respectively. The

potential energy surface reflects that IM1 is the most important intermediate.

IM1  can  rapidly  combine  with  oxygen  to  form  R1

(CH3CHOHCHO2CHCHCHO).  Quantum chemical  calculations  have  been  used  to

study  the  degradation  mechanism  of  R1  with  NO,  NO2,  HO2 and  self-reaction.

R1+NO firstly produces  RO and  NO2 radicals,  and  the  potential  energy  surface

forming RO and NO2 can recombine into RONO2. As for R1+NO2, we found that the

binding  of  R1+NO2 to  RO2NO2 is  reversible.  Compared  with  other  dissociation

pathways  (RO+NO3,  R=O+HNO3),  RO2NO2 is  favorable  to  return  R1+NO2.  The

R1+HO2 reaction  can generate RO2H+3O2 on triplet  state energy surface, which is

feasible. It can also form RO4H on the singlet state without barrier and RO is found to

be a rich substance. The self-reaction of R1 firstly would occur to form an interesting
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compound RO4R. It is found that the most favorable reaction path is the formation of

RO+3O2 from RO4R. As the primary product RO(R2), it may react with O2, NO, NO2,

H2O, and self-reaction. The interesting thing is that CH3CHOH+E-butenedial through

the carbon-carbon single bond fracture of R2 are dominant products. In a word, the

above studies have established the contribution of E,E-2,4-hexadienal to atmospheric

chemistry.
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