
Quantitative Kinetics Reveal that Reactions of HO2&nbsp;are 
a Significant Sink for Aldehydes&nbsp;in the Atmosphere 

and may Initiate the Formation of&nbsp;Highly Oxygenated 
Molecules&nbsp;via&nbsp;Autoxidation

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-ART-02-2024-000693.R2

Article Type: Paper

Date Submitted by the 
Author: 12-May-2024

Complete List of Authors: Gao, Qiao; Guizhou Minzu University
Shen, Chuanyang; University of California
Zhang, Haofei; University of California
Long, Bo; Guizhou Minzu University
Truhlar, Donald; University of Minnesota

 

Physical Chemistry Chemical Physics



Quantitative Kinetics Reveal that Reactions of HO2 are a Significant Sink for Aldehydes 
in the Atmosphere and may Initiate the Formation of Highly Oxygenated Molecules 

via Autoxidation

Qiao Gaoa, Chuanyang Shenb, Haofei Zhang*b, Bo Long*a,c Donald G. Truhlard*
aSchool of Physics and Mechatronic Engineering, Guizhou Minzu University, Guiyang 550025, 
China

bDepartment of Chemistry, University of California, Riverside, California, 92507, USA
cCollege of Materials Science and Engineering, Guizhou Minzu university, Guiyang 550025, 
China

dDepartment of Chemistry, Boston College, Chestnut Hill, Massachusetts 02467, United States
dDepartment of Chemistry, Chemical Theory Center, and Minnesota Supercomputing Institute, 
University of Minnesota, Minneapolis, Minnesota 55455-0431, USA

ABSTRACT: Large aldehydes are widespread in the atmosphere and their oxidation leads to 
secondary organic aerosols. The current understanding of their chemical transformation 
processes is limited to hydroxyl radical (OH) oxidation during daytime and nitrate radical (NO3) 
oxidation during nighttime. Here, we report quantitative kinetics calculations of the reactions of 
hexanal (C5H11CHO), pentanal (C4H9CHO), and butanal (C3H7CHO) with hydroperoxyl radical 
(HO2) at atmospheric temperatures and pressures. We find that neither tunneling nor 
multistructural torsion anharmonicity should be neglected in computing these rate constants; 
strong anharmonicity at the transition states is also important. We find rate constants for the three 
reactions in the range 3.2 – 7.7 × 10-14 cm3 molecule−1 s−1 at 298 K and 1 atm, showing that the 
HO2 reactions can be competitive with OH and NO3 oxidation under some conditions relevant to 
the atmosphere. Our findings reveal that HO2-initiated oxidation of large aldehydes may be 
responsible for the formation of highly oxygenated molecules via autoxidation. We augment the 
theoretic studies with laboratory flow-tube experiments using an iodide-adduct time-of-flight 
chemical ionization mass spectrometer to confirm the theoretical predictions of peroxy radicals 
and the autooxidation pathway. We find that the adduct from HO2 + C5H11CHO undergoes a fast 
unimolecular 1,7-hydrogen shift with a rate constant of 0.45 s−1. We suggest that the HO2 
reactions make significant contributions to the sink of aldehydes.  
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(Haofei Zhang), truhlar@umn.edu (Donald G. Truhlar)
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1  INTRODUCTION

Aldehydes are released into the atmosphere by direct emission from biogenic and 

anthropogenic sources,1-6 and they can be also formed by oxidation of volatile organic 

compounds (VOC) such as alkanes, alkenes, and alcohols.7,8 Aldehydes play important roles in 

the atmosphere, including the formation of secondary organic aerosol (SOAs),9-11 ozone,12-17 

and free radicals such as hydroxyl radical (OH) and hydroperoxyl radical (HO2); and the 

reactions of aldehydes impact the atmospheric oxidation capacity.9 Therefore, it is important to 

elucidate atmospheric chemistry of aldehydes.

Aldehydes are understood to undergo photolysis18 and reaction with OH during the 

daytime19 and to mainly react with nitrate radicals (NO3) during the nighttime – where the OH 

concentration is very low (< 104 molecules/cc)20-22 and there is no photolysis.23 Previous 

investigations have shown that some small aldehydes24-29 and ketones30 can react with HO2. The 

initial reaction proceeds by forming an adduct between HO2 and the aldehyde or ketone as in 

HO2 + HCHO HOCH2OO or HOOCH2O. However, studies of the kinetics of HO2 reactions 

with aldehydes are limited to small aldehydes such as formaldehyde and acetaldehyde, with 

estimated rate constants on the order of 10-14 cm3 molecule−1 s−1.28,29,31,32 It is unknown whether 

similar reactions can occur as rapidly even more rapidly for heavier aldehydes. 

Atmospheric concentrations of HO2 have been reported as high as 1.4 × 108 molecule/cc 

during the daytime and 3.7 × 107 molecules/cc during the nighttime.33,34 These concentrations 

are much higher than those of OH, raising the question of whether HO2 oxidation may be an 

important sink for aldehydes. Recently, the RO2 species produced by OH oxidation of large 

aldehydes (e.g., hexanal and decanal) have been shown to undergo a hydrogen shift followed by 

O2 addition (widely referred to as “autoxidation”35-40), leading to the formation of highly 

oxygenated molecules (HOMs) that can contribute appreciably to SOA formation because of 

their low volatility.41-44 If HO2 reacts rapidly enough with larger aldehydes, they could provide 

another SOA source in the atmosphere.

In the present work, we carry out quantitative kinetic calculations on the reactions (R1–R3 

in Scheme 1) of hexanal (C5H11CHO), pentanal (C4H9CHO), and butanal (C3H7CHO) with HO2 
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at atmospheric temperatures and pressures. These aldehydes are studied mainly because they 

have been observed as major aldehydes in polluted urban atmosphere with high concentrations 

on the order of 1010 molecules/cc.7,16 ,45,51 We further explore the hydrogen shifts to the RO2 

group of the adduct peroxy radicals (reactions R4–R6 in Scheme 1, which produce 

QCH(OH)CH2OOH species). Finally, we report experimental measurements of the key gas-

phase products to support the theoretical results for the HO2 + C5H11CHO and HO2 + C4H9CHO 

reactions.

Scheme 1. Reactions and the names of the adducts (prefix M) and lowest-energy conformers of the 
transition states (prefix TS)

In order to calculate accurate rate constants, our calculations include potential energy 

surfaces based on high-level electronic structure calculations and a density functional validated 

against them, anharmonicity effects on zero-point vibrational energies, multiple conformers, 

variational determination of the transition states, multidimensional tunneling, and pressure 

effects. 

2  METHODS

2.1  Electronic structure methods 

We use standard acronyms for electronic structure methods and basis sets, which are explained 
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with references in Table S1 (Tables and figures with a prefix S are in the Electronic 

Supplementary Information (ESI)). 

We performed both coupled cluster calculations and density functional calculations. The 

CC/TZ-F12// method has been shown previously to be reliable for the reactions of small 

aldehydes with HO2.29 But because the systems in this paper have strong correlation, and the 

coupled cluster calculations are not converged with respect to excitation level or basis set, it is 

not certain that the coupled cluster calculations are more accurate than the density functional 

calculations. Nevertheless, we nominally treat the coupled cluster calculations as the higher level 

(HL) and the density functional calculations as the lower level (LL), and their deviation is a 

measure of the reliability of either or both. We used calculations with the density functional 

M06-2X52 and the MG3S53 basis set to optimize the geometries and calculate the frequencies of 

the stationary points in reactions R1–R6 and to calculate the minimum energy paths54 that 

connect reactants to products. Coupled cluster calculations55,56 by CCSD(T)-F12a/cc-pVTZ-F1

2//M06-2X/MG3S and CCSD(T)-F12a/cc-pVDZ-F12//M06-2X/MG3S (to be denoted 

respectively as CC/TZ-F12// and CC/DZ-F12// in the rest of the article) were used to perform 

single-point energy calculations to improve the relative energies of stationary points. 

The dynamics calculations involve both levels. The HL electronic structure method is 

CC/TZ-F12// for reactions R1-R6. Based on comparisons with the HL calculations (see Tables 

S6 and S7), the density functionals chosen for the LL calculations are M11-L57 for reactions 

R1–R3 and MN15-L58 for reactions R4–R6. The mean unsigned deviation of the LL calculations 

from the HL ones are 0.8 kcal/mol for R1–R3 (averaged over three classical barrier heights and 

three enthalpies of activation) and 1.7 kcal/mol for R4–R6 (averaged over three enthalpies of 

activation and three enthalpies of reaction. The basis set for all LL calculations is MG3S.53

2.2  Vibrational frequencies

The calculated harmonic vibrational frequencies were scaled to improve the zero-point 

vibrational energies. We used two different methods for scaling. The first uses the standard scale 

factor obtained by optimizing against a database of experimental zero-point vibrational 
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energies.59 The standard scale factor for M06-2X/MG3S is 0.970 (see Table S2). The second 

uses the specific-reaction-parameter scale factor60-63 obtained by hybrid degeneracy-corrected 

second-order vibrational perturbation theory (HDCVPT)64-66 to compute anharmonic zero-point 

vibrational energies for reactants and transition states at the MPW1K/MG3S53,67 level (see 

Table S3). More details of this method are discussed in our previous work.60,63 

2.3  Kinetics methods for high-pressure-limit rate constants

Reactions R1–R3 are calculated in two steps. The first step is to calculate the high-pressure limit 

(HPL); the second step is to calculate the falloff effect, i.e., the lowering of the rate constant as a 

function of decreasing pressure. Reactions R4-R6 are calculated only in the HPL.

The HPL rate constants were calculated by using dual-level68-73 multistructural74 canonical 

variational transition state theory (MS-CVT)75 with small-curvature tunneling (DL-MS- 

CVT/SCT),76 as used previously.77 The dual-level strategy combines conventional transition 

state theory at the higher level (HL) of electronic structure theory78 with MS-CVT/SCT at the 

lower level (LL): 

𝑘 = 𝑘DL
MS―CVT SCT(T) = 𝐹MS―T,LL

fwd 𝜅LL
SS―SCT𝛤LL

SS―CVT𝑘HL
SS―TST(T) (1)

where 𝑘 is the HPL rate constant of the bimolecular reaction; 𝑘DL
MS―CVT SCT is the bimolecular 

rate constant calculated by using DL-MS-CVT/SCT with the lowest-energy conformer of the 

reactant and the lowest-energy conformer of the transition state (see Figure 1); 𝜅LL
SS―SCT is the 

tunneling transmission coefficient calculated by using small-curvature tunneling via the lowest-

energy conformer of the transition state from the pre-reactive complex to the corresponding 

adduct. That is the tunneling calculation assumes that collisional stabilization occurs in the 

entrance van der Waals well (C1A, C1B, C1C), resulting in a Boltzmann energy distribution in 

that well; 𝛤LL
SS―CVT is the recrossing effect corresponding to 𝜅LL

SS―CVT/𝜅LL
SS―TST by using the 

single-structural canonical variational transition state theory and transition state theory and the 

lowest-energy conformer of the transition state; and 𝑘HL
SS―TST is the single-structural 

conventional transition state theory rate constant without tunneling for the most transition state; 
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𝐹MS―T,LL
fwd  is the multistructural torsional anharmonicity factor, which includes the contributions 

from all the conformational structures of reactants, transition states, and intermediates (listed in 

in Table S4), as calculated by the coupled-potential multistructural torsion (MS-T) method.79-83 

It is computed by 

                                                           𝐹MS―T
fwd, = 𝐹MS―T

TS

𝐹MS―T
𝑅𝑒

                               (2)

𝐹MS―T
X is the multistructural torsional anharmonicity factor of species X, where X is a reactant 

(Re) or a transition state (TS), and it equals the ratio of the MS-T partition function to the single-

structure harmonic partition function.

In the DL-MS-CVT/SCT calculations, 𝑘HL
SS―TST was computed by using the specific 

reaction parameter scale factor in Table S3, while all the other parameters were calculated by 

using the standard scale factor in Table S2. The bimolecular rate constants for R1–R3 are called 

𝑘R1, 𝑘R2 and 𝑘R3, and the unimolecular rate constants for R4– R6 re called 𝑘1𝑢, 𝑘2𝑢, and 

𝑘3𝑢. The computational details for all the rate constants in the Supporting Information 

2.4  Kinetics methods for pressure-dependent rate constants

The falloff effect, defined as the rate constant at infinite pressure divided by the rate constant at a 

given finite pressure, was computed for reactions R1–R3 by using the system-specific quantum 

Rice−Ramsperger−Kassel (SS-QRRK) theory79,80,84-86 and also by using the energy-grained 

master equation (ME/RRKM)87-89 with the direct diagonalization method. In the ME/RRKM 

calculations, the microcanonical rate constants were computed by using Rice-Ramsperger- 

Kassel-Marcus (RRKM) theory90 with Eckart tunneling91,92,93 at the CC/TZ-F12//level. We 

considered two steps for HO2 + C5H11CHO/C4H9CHO/C3H7CHO→C1A/C1B/C1C→

M1A/M1B/M1C in ME/RRKM calculations. In the pressure-dependent rate constant 

calculations, we used the exponential gap model94 for energy transfer with <ΔE>down equal to 

300 cm−1, where <ΔE>down is the average energy transferred in a collision in which the energy in 

the reacting molecule decreases. The collision rate was calculated by the Lennard−Jones model 

with the Lennard−Jones parameters given in Table S5.
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2.5  Software

Conformers of each species were generated by the MSTor-2017 code95-97 by rotating all the 

dihedral angles of an optimized geometry. Density functional calculations were performed using 

the Gaussian 16 program.98 The coupled cluster calculations were performed using Molpro 

2019.99 Rate constants were calculated using Polyrate 2017-C100 and Gaussrate 2017-B.101 The 

ME/RRKM and master equation calculations were carried out with the MESS program.102

2.6  Laboratory studies

To verify the computational results, laboratory experiments were performed in a flow tube 

reactor (Quartz, volume ~2.1 L) to study the HO2 + hexanal/pentanal reactions at 295 K and 10% 

relative humidity. The total flow rate in the reactor was 2.1 L/min, corresponding to a residence 

time of approximately 1 min. The details of the flow tube reactor setup and operation have been 

described previously.103,104 Briefly, a clean-air generator (Aadco Instruments) was used to 

provide clean dry air. Hexanal (99%, ACROS organics) was injected into the reactor using a 

syringe pump with an initial concentration of ~470 ppb. We used alkene (i.e., 

tetramethylethylene and a-pinene, concentrations ~ 1 ppm) ozonolysis to generate OH and 

injected high concentrations of methanol (5–240 ppm) to convert the produced OH into HO2.105 

Given the experimental conditions, we estimated that the HO2 concentrations in the flow tube 

reactor range from 0.2 to 0.8 ppb and the total RO2 concentrations range from 20 to 50 ppb, 

based on kinetic box model simulations using the Master Chemical Mechanism (MCMv3.3.1). 

Under these conditions, the RO2 produced by the aldehyde oxidation are mainly consumed by 

RO2 + RO2 reactions, with RO2 + HO2 a minor but still detectable pathway, due to the faster 

reaction rate constant. Because OH is inevitably co-generated, the oxidation conditions 

correspond to mixed OH and HO2; however, the distinct reaction mechanisms (i.e., H-abstraction 

by OH vs. adduct formation by HO2) make it possible to differentiate the products from the two 

pathways in most cases. The oxidation products were analyzed in real time using an iodide-

adduct time-of-flight chemical ionization mass spectrometer with a mass resolution (m/Δm) of 

~5000 (I-CIMS, Aerodyne Research Inc.).103,106,107 The I-CIMS is known to be sensitive for 
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multifunctional organic compounds.108-111 The flow tube reactor was directly interfaced with the 

I-CIMS inlet, allowing probing of HO2 and oxidation products with little wall loss.

3  RESULTS AND DISSCUSSION 

3.1  The formation of RO2 adducts in the HO2 + aldehyde reactions

The reaction between HO2 and C5H11CHO results in the formation of adduct M1A (C6H13O3) by 

transition state TS1A and its conformers, as shown in Scheme 1. The reaction is similar to those 

the HO2 + HCHO, HO2 + CH3CHO, and HO2 + CF3CHO reactions.29 However, there are 27 

distinguishable conformers for C5H11CHO and 33 for the HO2 + C5H11CHO transition state (with 

the lowest-energy one being TS1A – see Table S4), so the reactions studied here are more 

complicated. The reaction mechanisms of the HO2 + C4H9CHO and HO2 + C3H7CHO reactions 

are similar to that of the HO2 + C5H9CHO reaction. The numbers of distinguishable structures of 

C4H9CHO, C3H7CHO, TS1B, and TS1C are 9, 3, 16, and 9, respectively (see Table S4). 

All enthalpies in this article are given for temperature of 0 K, at which the enthalpy is equal 

to the potential energy of the lowest-energy structure (of a stable species or transition state) plus 

the zero-point energy. The lowest-energy conformers for the reactant, the transition state, and the 

adduct are illustrated in Figure 1 for reactions R1–R3, where enthalpy of reaction is defined as 

enthalpy of the lowest-energy product conformer minus the enthalpy of the lowest-energy 

reactant conformer, and enthalpy of activation defined as enthalpy of the lowest-energy 

transition state conformer minus the enthalpy of the lowest-energy reactant conformer. The 

calculated enthalpy of activation for R1 with standard vibrational-frequency scaling is –1.67 

kcal/mol, which is similar to the values of –1.03, –1.17, and –1.86 kcal/mol in the HO2 reaction 

with HCHO, CH3CHO, and C2H5CHO, respectively.28, 29 This shows that the carbon chain length 

in aldehydes has only a minor influence on the enthalpies of activation for reaction with HO2.
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Figure 1. The relative enthalpy profile of the HO2 + C5H11CHO, HO2 + C4H9CHO, and HO2 + 
C3H7CHO reactions at the CC/TZ-F12//level. All enthalpies in this article are given at 0 K. For the 
transition states, the result with the standard vibrational scale factor is given first, followed (in 
parentheses) by the result with the specific reaction parameter for the vibrational scale factor. For 
the bound species, the results are obtained with the standard vibrational scale factor.

We used two different methods for scaling vibrational frequencies to account for 

anharmonicity and systematic errors in the density functional calculations. The standard scale 

factor59 for M06-2X /MG3S is 0.970 (see Table S2). In the standard procedure, the calculated 

vibrational frequencies of all the species are scaled by the same factor, which is deemed 

appropriate for stable molecules. However, the anharmonicity at transition states is known to 

often be quite different from that of stable molecules.29,60 ,62,63,112-116 We calculated M06-

2X/MG3S specific reaction parameter scale factors to be 0.967, 0.970 and 0.967 for HO2, 
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C5H11CHO, and TS1A, respectively as listed in Table S3. This shows that the standard scale 

factor is sufficient for the reactant C5H11CHO, while the standard scale factor is not sufficient for 

HO2 and the transition state TS1A. As seen in Figure 1, using the specific reaction parameters 

reduces the enthalpy of activation for TS1A by 0.33 kcal/mol to -2.00 kcal/mol. 

Figure 1 shows slightly larger specific-reaction-parameter lowering for TS1B and TS1C; it 

shows that the enthalpies of activation of the HO2 + C4H9CHO and HO2 + C3H7CHO reactions 

with specific reaction parameters for vibrational frequency scaling are -2.05 and -2.07 kcal/mol, 

respectively, in which is close the value of 0.33 kcal/mol for TS1A.

The calculated HO2 oxidation pathway is supported by the flow tube experiments. The 

exemplified mass spectra from the experiments are illustrated in Figure S1. Although the peroxy 

radical M1A (C6H13O3) was not directly observed owing to the isotopic interference caused by 

the large peak at C6H12O3 (from OH oxidation of C5H11CHO), its bimolecular reaction product 

(C6H14O3) via the M1A + HO2 reaction was found to be present and increases with the HO2 

intensity (Figure 2A). (Because OH oxidation of hexanal proceeds via H-abstraction, all the 

C6H14Ox products must be from the HO2 oxidation pathway.) To rule out the possibility that 

tetramethylethylene (C6H12) oxidation might form C6H14O3, -pinene ozonolysis was used 

instead in some experiments to verify that C6H14O3 was formed from hexanal. Mass spectral 

comparisons were carefully performed to verify that the C6H14Ox products are not present in pure 

-pinene ozonolysis. Because OH oxidation products (such as C6H12O3) should decrease with 

increasing HO2, as OH is converted to HO2, the increasing trend of C6H14O3 with HO2 

unambiguously suggests that it is formed from the hexanal + HO2 pathway. Due to the abundant 

HO2 in the reactor, the formed peroxy radical M1A (C6H13O3) rapidly reacted with HO2 to 

produce C6H14O3 (Figure S1). Figure 2B shows that the analogous product (C5H12O3) was also 

observed from pentanal + HO2, suggesting that the HO2 adduct reaction is likely a generic 

process for aldehydes.
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Figure 2. Major oxidation products from (A) hexanal + OH/HO2 and (B) pentanal + OH/HO2 as 
functions of measured HO2 intensities. A decreasing trend may suggest products from OH 
oxidation and an increasing trend may suggest products from HO2 oxidation. In (A), because 
tetramethylethylene may form identical chemical formulas with some hexanal oxidation products, 
some data were collected using -pinene ozonolysis (with HO2 intensities < 1000 cps). The error 
bars represent standard deviation.

3.2  Hydrogen shift reactions of the HO2 adducts

We carried out CC/DZ-F12// calculations to explore all possible hydrogen shift pathways of the 

adducts M1A, M1B, and M1C, Figure S2 shows that the 1, 7 H-shift of M1A (C6H13O3) has the 

lowest calculated enthalpy of activation. This enthalpically most favored hydrogen shift proceeds 

through transition state structure TS2A to yield product M2A. The adduct M1A has 256 

distinguishable structures, but the transition state TS2A has only 2; this results in a 

multistructural torsion anharmonicity factor that lowers the reaction rate by a factor of 0.18 at 

300 K and a factor of 0.34 at 200 K.

Increasing the level of calculation of the enthalpy of activation to CC/TZ-F12// changes the 

enthalpy of activation from 17.91 to 17.13 kcal/mol, as shown in Figure 3. We used the CC/DZ-

F12// level for the HL kinetics of reactions R4–R6.
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Figure 3. The relative enthalpy profile of the H-shifts of M1A, M1B, and M1C at the CC/TZ-
F12//level with the scale factor by the standard method and with specific reaction parameter scale 
factor in parentheses, respectively.

Figures S3 and S4 show the possible H-atom migration pathways of the hydrogen-shift 

reactions of adducts M1B (C5H11O3) and M1C (C4H9O3). CC/DZ-F12// calculations indicate that 

the lowest-enthalpy path for M1B is a 1,6-H-shift via TS2B to form M2B with an enthalpy of 

activation of 19.42 kcal/mol, and that for M1C is a 1,5-H-shift via TS2C to form M2C with an 

enthalpy of activation of 21.63 kcal/mol. The numbers of distinguishable structures for M1B, 

M1C, TS2B, and TS2C are 101, 31, 2, and 2 (see Table S4). For the kinetics of the H-shift 

processes of the HO2 adducts, we only studied the 1, 7-H-shift of M1A, the 1, 6-H-shift of M1B, 

and the 1, 5-H-shift of M1C because these reactions have the lowest enthalpies of activation.  

Figure 3 shows that the specific reaction parameters for scaling vibrational frequencies 

reduce the enthalpies of activation for TS2A, TS2B, and TS2C by 0.21, 0.17 and 0.24 kcal/mol 

respectively. 
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Figure 4. The relative enthalpy profile of the H-shift reaction of the C3A (C6H13O5) at the CC/DZ-
F12//level with the scale factor by the standard method.

3.3 Autooxidation

The product (M2A) of the 1,7-H-shift of M1A can add an O2 molecule to form the peroxy 

radical C3A (C6H13O5), as shown in Figure 4. All possible H-atom migration pathways of C3A 

are described in Figure S5, and we find that the lowest-energy pathway is a 1,9-H-shift via 

TS3A to form M3A with an enthalpy of activation of 18.01 kcal/mol (Figures 4 and S5), where 

the hydrogen atom of the HO2 group in C3A is transferred unimolecular to the terminal oxygen 

atom of OO group, leading to the formation of M3A (see Figures 4 and S5). Subsequently, the 

intermediate M3A undergoes a 1, 7-H-shift to yield the closed-shell hydroperoxide product M4A 

(C6H12O4) and release hydroxyl radical (OH) with an enthalpy of activation of 18.44 kcal/mol 

(Figure S6).

Figure S6 shows that the next most feasible reaction channel of intermediate M3A a 1, 6-H 

shift to yield M4B with an enthalpy of activation of 22.12 kcal/mol. Addition of O2 to M4B 

yields the peroxy radical C5A (C6H13O7), which further forms M5A (C6H12O6) + OH or M5B 
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(C6H13O7). All-possible H-atom migration pathways of C5A are shown in Figure S7.

The autoxidation processes are also supported by the experimental results, as shown in 

Figure 2. In the case of hexanal + HO2, the products from bimolecular and unimolecular 

reactions of C3A (C6H13O5) were observed (see Scheme 2), including C6H14O5, C6H12O4, and 

C6H14O4. Here, C6H14O5 is likely a product from C3A + HO2; C6H14O4 is likely formed from 

C3A + RO2; and C6H12O4 may come either from C3A + RO2 or from C3A unimolecular H-shift 

and subsequent self-termination (i.e., M4A). All these products were found experimentally to 

increase with HO2, suggesting that they are from the hexanal + HO2 pathway, consistent with the 

calculation results. The lack of further autoxidation products may be due to slow H-shifts and 

high concentrations of reacting HO2 and RO2, terminating the reactions. Similar products and 

trends were also observed on the pentanal experiments.

Scheme 2. The simplified reaction mechanisms in the HO2/HO + C5H11CHO reactions. The 1,6-
H-shift rate constant in the OH oxidation pathway is based on the recent work if Barua et al.;44 the 
1,7-H-shift rate constant in the HO2 oxidation pathway is from this work.

3.4  High-pressure rate constants

Table 1 gives the HPL rate constants (𝑘𝑅1,𝑘𝑅2,and 𝑘𝑅3) for the HO2 reactions with C5H11CHO,

C4H9CHO, and C3H7CHO reactions over the temperature range from 190 to 350 K, with 

additional details provided in Tables S8–S10. These rate constants are fitted using the following 

four parameter function80,117,118 in the temperature range from 190 to 350 K:
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𝑘 = 𝐴 𝑇 𝑇0

300

𝑛
𝑒𝑥𝑝 ― 𝐸(𝑇 𝑇0)

(𝑇2 𝑇02)
(2)

where R is the gas constant, T is temperature in K, and the fitting parameters are listed in Table 

S14. The temperature dependent Arrhenius activation energies are computed from the fits by     

𝐸𝑎 = ― 𝑅
𝑑 𝑙𝑛 𝑘

𝑑 1
𝑇

(3)

and are given in Tables S8–S10.

Table 1. High-pressure-limit rate constants (cm3 molecule−1 s−1) for reactions R1–R3

𝑇(𝐾) 𝑘R1
C5H11CHO

𝑘R2
C4H9CHO

𝑘R3
C3H7CHO

190 6.40 × 10-13 1.26 × 10-12 9.58 × 10-13

210 3.07 × 10-13 5.99 × 10-13 4.49 × 10-13

230 1.72 × 10-13 3.33 × 10-13 2.46 × 10-13

250 1.08 × 10-13 2.07 × 10-13 1.52 × 10-13

270 7.33 × 10-14 1.40 × 10-13 1.02 × 10-13

290 5.33 × 10-14 1.00× 10-13 7.35 × 10-14

298 4.75 × 10-14 8.93 × 10-14 6.53 × 10-14

310 4.08 × 10-14 7.61 × 10-14 5.56 × 10-14

330 3.25 × 10-14 6.01 × 10-14 4.44 × 10-14

350 2.68 × 10-14 4.91 × 10-14 3.60 × 10-14

The calculated HPL rate constants of 𝑘R1, 𝑘R2, and 𝑘R3 have a negative temperature, 

leading to negative Arrhenius activation energies in the range -2.1 to -3.1 kcal/mol. The negative 

temperature dependence of the HPL rate constants was also observed in the reactions of small- 

sized aldehydes with HO2. 29 At 298 K, Table 1 shows HPL rate constants in the range 4.8 × 

10−14 to 6.5 × 10−14 cm3 molecule−1 s−1; these are slightly faster than the rate of HO2 + 

CH3CHO.29

The 1,7-H-shift reaction of peroxy radical intermediate M1A (C6H13O3), responsible for the 

formation of a M2A radical (see Scheme 2 and Table S11), has an HPL rate constant at 298 K 

of 0.45 s−1, which is only 2.6 times slower than that of a aldehydic 1,7-H-shift.119 In contrast, the 

peroxy radical intermediate M1B (C5H11O3) undergoes a 1, 6-H-shift reaction to form a M2B 

radical with a slow 298 K HPL rate constant of 0.020 s−1 (see Table S12), and the peroxy radical 

M1C (C4H9O3) undergoes a 1, 5-H-shift reaction to form a M2C radical with a slower 298 K 
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HPL rate constant of 0.0026 s−1 (see Table S13). However, although the H-shift rate constant is 

low for M1B, Figure 2B shows that a termination HO2 oxidation product was observed.

The tunneling is not negligible for any of the six reactions. For example, the small-curvature 

tunneling transmission coefficients at 190−300 K are in the range of 4.7−1.9, 4.9−1.9, and 

4.8−1.9 for R1, R2, and R3, respectively (see Tables S8–S10). The tunneling transmission 

coefficients are even larger at these temperatures for the H-shift reactions, being in the range of 

557−20, 769−18, and 3.56 × 105−32 for R4, R5, and R6, respectively (see Tables S11–S13).

The multistructural torsional anharmonicity factors are in Tables S8–S13. At 190−350 K, 

they increase the rates by factors of about 1.2, 1.9, and 1.4 for R1, R2, and R3, respectively. 

However, for R4, R5, and R6, they decrease the rates by factors in the ranges 0.37−0.14, 

0.40−0.19, and 0.41−0.24, respectively.

We conclude that neither tunneling nor multistructural torsion anharmonicity should be 

neglected in computing these rate constants.

The effect on the rate constants of the vibrational frequency scale factors is mainly due to 

the zero-point energies because of changes in the high-frequency modes. These effects were 

considered in the HPL rate constants of R1–R3 by using conventional transition state theory to 

calculate the rate constants at 190−350 K by using both the standard scale factor and specific-

reaction-parameter scale factor (see Tables S15 and S16). For reactions R1–R3, the effects 

respectively vary from 2.2, 2.5, and 2.6 at 190 K to 1.5, 1.6, and 1.6 at 350 K. For reactions R4-

R6, the effects respectively vary over 1.89–1.4, 1.7–1.3, and 1.9–1.4 in the same temperature 

range.

3.5  Pressure-dependent rate constants

We calculated the pressure-dependent rate constants of R1–R3 by using both the SS-QRRK and 

the ME/RRKM methods; the results are in Tables S18A–S20B. We define the falloff factor f(p) 

as the ratio of HPL rate constant to the pressure-dependent rate constant pressure p, and these are 

given in Table S17 for a pressure of 1 bar. The falloff effects from the two methods agree well 

with each other. For example, Table S17 shows that the falloff effect for R1 at 1 bar is estimated 
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by SS-QRRK to increase from 1.04 at 190 K to 1.5 at 298 K and is estimated by ME/RRKM to 

increase from 1.02 at 190 K to 1.8 at 298 K. Therefore, we only discuss the pressure-dependent 

rate constants obtained by the SS-QRRK method. 

The falloff factors increase as pressure is lowered. The falloff factors at 298 K and 0.1 bar 

for the three HO2 reactions are somewhat different from one another: 4.5 for R1 (Table S18A) 

and 2.1 for R2 and R3 (Tables S18A, S19A, and S20A). These are similar to previously 

reported pressure effects in the reactions of HO2 with small aldehydes,29 which are 3.8 for 

HCHO and 1.5 for CH3CHO at 0.1 bar and 298 K. 

Table 2 illustrates the falloff under conditions typical of the upper troposphere. The falloff 

effects are lower due to the lower temperature; they range from 1.1 to 1.3 for the conditions 

shown. Results for a greater variety of conditions are given in Tables S18A, S19A, and S20A.

Table 2. SS-QRRK calculations of high-pressure-limit rate constants, pressure-dependent rate 
constants (both in 10-13 cm3 molecule−1 s−1) and falloff factors (unitless)

Reaction
𝑇 = 230 𝐾

p´ = 0.316 bar
𝑇 = 250 𝐾

p´ =0.562 bar
R1 p =  1.72 1.08

p = p´ 1.30 0.84
f (p´) 1.32 1.28

R2 p =  3.33 2.98
p = p´ 2.98 1.88
f (p´) 1.12 1.10

R3 p =  2.46 1.52
p = p´ 2.18 1.38
f (p´) 1.13 1.10

4  Atmospheric Implications

Next we consider the role of the HO2 reactions with the three aldehydes as bimolecular sinks for 

aldehydes and explore the process of autoxidation leading to higher oxidized products formation. 

Customarily, the primary reactions for these aldehydes are considered to be reactions with OH 

during daytime and with NO3 during nighttime. The typical HO2 concentration, daytime OH 

concentration, and nighttime NO3 concentration are estimated to be 1.4 × 108 molecules/cc,32 106 
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molecules/cc,23,120 and 5 × 108 molecules/cc,121-123 respectively. Table 3 shows that the 

reactions of HO2 with the studied aldehydes are competitive with the OH oxidation of aldehydes 

during the daytime and with NO3 oxidation during the nighttime in the atmosphere at 298 K. 

Thus, the contributions of the HO2 reactions as sinks for C5H11CHO, C4H9CHO, and C3H7CHO 

are not negligible, especially during nighttime. 

Table 3. The rate coefficients (in cm3 molecule-1 s-1) at 298 K and 1 bar for the reactions of HO2, OH, 
and NO3 with the three aldehydes and the corresponding atmospheric lifetimes τ (in s).

Compoun

d
𝑘(HO2) 𝑘(OH)124 𝑘(NO3)124 τHO2 τOH τNO3

C5H11CH

O

3.22 × 10-

14
3.17 × 10-11 1.49 × 10-14

2.2 × 

105 3.2 × 104 1.3 × 105

C4H9CHO 7.70 × 10-

14
2.99 × 10-11 1.41 × 10-14

9.3 × 

104 3.3 × 104 1.4 × 105

C3H7CHO 5.68 × 10-

14
2.47 × 10-11 1.12 × 10-14

1.3 × 

105 4.0 × 104 1.8 × 105

aFor bimolecular reactions, τR = 1 𝑘[x], where k is the bimolecular rate coefficient of HO2 + RCHO 
(R = C5H11, C4H9, or C3H7) and [x] is the concentration of HO2, OH, or NO3 (values are given in the 
text).

We also calculated the atmospheric lifetimes of the three aldehydes against HO2 as 

functions of altitude at 0−15 km (with standard values for the temperature at each altitude); the 

results are listed in Table 4 and Table S21. These tables show that the reactions of HO2 with 

C5H11CHO, C4H9CHO, and C3H7CHO dominate over the NO3 reactions with these altitudes at 

0−15 km.
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Table 4. HO2 concentration, rate constants, and atmospheric lifetimes with respect to bimolecular 
reactions as functions of altitudea

H

(km)

T

(K)

p

(bar)

[HO2]
(molecules

/cc

kR1 (T, p)
(molecules
cm–3 s–1)

kR2 (T, p)
(molecules
cm–3 s–1)

kR3 (T, p)
(molecules
cm–3 s–1)

𝜏1

(s)

𝜏2

(s)

𝜏3

(s)

0 290.2 0.1013 1.40 × 108 3.81× 10-14 8.83 ×10-14 6.50 × 10-14 1.87 × 105 8.09 × 104 1.10 × 105

5 250.5 0.4959 4.90 × 107 8.02 × 10-14 1.83× 10-13 1.34× 10-13 2.54 × 105 1.12 × 105 1.52 × 105

10 215.6 0.2428 8.30 × 106 1.97 × 10-13 4.52 × 10-13 3.31 × 10-13 6.12 × 105 2.67 × 105 3.65 × 105

15 198 0.1188 2.30 × 106 3.30 × 10-13 7.97 × 10-13 5.83 ×10-13 1.32 × 106 5.50 × 105 7.46 × 105

aτ𝑥 =
1

𝑘R𝑥(𝑇,𝑝)[HO2] (x = 1, 2, and 3), where 𝑘R𝑥(𝑇,𝑝) is the bimolecular rate constant of HO2 + 

C5H11CHO (x = 1), C4H9CHO (x = 2), or C3H7CHO (x = 3).

Customary atmospheric chemistry models, especially in less polluted environments, assume 

that HO2 serves as the main terminator for RO2 radicals through HO2 + RO2 reactions, forming 

organic hydroperoxide. In contrast, the present investigations show that HO2 may initiate the 

formation of RO2 radials that are capable of undergoing autoxidation leading to formation of 

higher oxidized products. In a recent study, RO2 (C6H11O3) formed from OH + C5H11CHO44 was 

shown to autoxidize at ~ 0.17 s-1 and initiate higher oxidized products formation (Scheme 2). 

Here, we show that an analogous process can take place from HO2 oxidation and produce an RO2 

(C6H13O3) that can autoxidize at a faster rate constant (~ 0.45 s-1). In the atmosphere, the typical 

RO2 bimolecular reaction rate is in the range of 0.01–1 s-1 from pristine to polluted regions.125 

This suggests that the RO2 from HO2 oxidation of some large-sized aldehydes can autoxidize fast 

enough to compete with bimolecular RO2 reactions. We also estimate that the termination 

products from HO2 + hexanal are in the range of semi-volatile organic compounds, even with 

only one step of autoxidation (Table S22). Therefore, they may contribute to SOA formation in 

the atmosphere.

In addition to the simple straight-chain aldehydes investigated in this work, substantial 

quantities of various other large aldehydes are present in the atmosphere. For example, aldehydes 

are known to form from oxidation of terpenoid and aromatic hydrocarbons. Many of these 

aldehydes are oxidized and are even larger than those studied here. The presence of functional 

groups and longer carbon chains could potentially facilitate RO2 autoxidation with faster rate 
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constants than those reported here. If the HO2 oxidation kinetics is fast enough, this new pathway 

may be an important sink for those aldehydes and contribute significantly to atmospheric SOA.

5  Concluding remarks

The gas-phase reactions of HO2 with C5H11CHO, C4H9CHO, and C3H7CHO have been 

investigated theoretically and experimentally. The theoretical treatment uses multistructural 

canonical variational transition state theory (MS-CVT) with small-curvature tunneling and dual-

level electronic structure, with the higher level being CC/TZ-F12// and the lower level being 

M11-L/MG3S. The experimental treatment uses a flow tube reactor and an iodide-adduct time-

of-flight chemical ionization mass spectrometer.

The prominence of the process studied here depends on the chemical state of the 

atmosphere. Our calculated results show that under some conditions relevant to the atmosphere, 

HO2 reactions with C5H11CHO, C4H9CHO, and C3H7CHO can compete well with the 

corresponding OH and NO3 oxidation reactions. Subsequently, H-shift reactions of the RO2 

radicals formed in the HO2 + C5H11CHO reaction are surprisingly fast, which leads to the 

formation of M2A (C6H13O3) and M2B (C5H11O3) intermediate products. These findings are 

supported by experiments. 

The calculations show that tunneling significantly enhances the rate constants of H-shift 

reactions, and torsional anharmonicity significantly decreases the rate constants of H-shift 

reactions. For the HO2 + C5H11CHO reaction, the adduct intermediate M1A can lead to 

autoxidation processes that make higher oxidized products through hydrogen-shift reactions of 

the formed RO2.

Data availability
Data for this paper are available in the ESI., which contains scale factors, specific reaction scale 
factors, Lennard-Jones parameters, the high-pressure limit rate constant, activation energy, fitting 
parameters for the high-pressure limit rate constants, the calculated multistructural torsional 
anharmonicity factor, the conventional transition state theory (TST) rate constants, the pressure-
dependent rate constants, comparison of the rate constants, volatility estimation of the products, the 
Cartesian coordinates (Å) of the optimized geometries, absolute energies in hartrees, the relative 
enthalpies of all the H-shift reactions of the adduct and intermediates, and input files for MESS.
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