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1 INTRODUCTION 

The electronically excited singlet oxygen atom O(1D) is 
one of the most reactive species produced in nonequi- 

librium plasma.1–3 O(1D) attracts great interests from 
the physical chemistry society throughout the past few 

decades as it has a significant impact on atmospheric 

chemistry,4, 5 plasma-assisted material synthesis,6–8 and 

plasma-assisted combustion.2, 3 Specifically, O(1D) plays 
an active role in driving the chain branching of plasma- 
assisted low-temperature fuel oxidation and generating 
important low-temperature intermediate species includ- 

 
ing the hydroxyl radical (OH) and the hydroperoxyl 

radical (HO2), leading to plasma-assisted cool flames.9 

Moreover, in atmospheric chemistry, with the develop- 

ment of shale gases10, 11 and biofuels,12, 13 the unburned 
leaked fuels may react with atmospheric species includ- 

ing O(1D). The subsequent atmospheric chemical kinetics 
may greatly influence the O3 cycle, smog formation, and 

climate change.14, 15 As such, understanding reactions of 

O(1D) with fuels and following reactions involving HO2 

and OH would provide key insight into plasma-assisted 
fuel oxidation and fuel leakage effect on the atmospheric 

chemistry. 
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Abstract 

The multichannel reaction of excited singlet oxygen atom with ethanol, O(1D) + 

C2H5OH (1), was studied in a photolysis flow reactor coupled with mid-infrared 

Faraday rotation spectroscopy (FRS) and UV-IR direct absorption spectroscopy 

(DAS) at 297 K with reactor pressures of 60, 120, and 150 Torr (bath He). The 

excited singlet oxygen atom was generated through the photolysis of O3 at 266 

nm. The photon flux and O(1D) concentrations were determined by in situ acti- 

nometry based on O3 depletion. Temporal profiles of OH and H2O were moni- 

tored via DAS signals at ca. 3568.62 and 3568.29 cm−1, while temporal profiles of 

HO2 were measured via FRS signals at ca. 1396.90 cm−1. The branching ratios 

of the target reaction (1) were determined by fitting temporal profiles to simula- 

tions from an in-house reaction mechanism. Two major reaction channels were 

identified as CH3CHOH + OH and CH3O + CH2OH, and their branching ratios 

were determined as 0.46 ± 0.12 and 0.42 ± 0.11, respectively. A specific HO2 + 

RO2 reaction between HO2 and O2CH2CH2OH (𝛽-RO2) at the low-temperature 

range is estimated in this work as HO2 + O2CH2CH2OH ⟶ products with a 

rate constant of 7 × 10−12 cm3 molecule−1 s−1. 

KEYWORDS  

atmospheric kinetics, balanced detection, Faraday rotation spectroscopy, photolysis Herriott 

cell, plasma-assisted combustion, singlet oxygen atom 
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TA B L E  1 Summary of reported rate constant values for reaction O(1D) + CH3OH at room temperature 
 

Products k (× 10−𝟏𝟎 cm𝟑 molecule −𝟏 s−𝟏) Method P (Torr) Reference 

CH3O + OH 4.2 ± 0.1 VUV-LIF 1–2 23 

HOCH2O + H 0.9 ± 0.1 VUV-LIF 1–2 23 

trans-HOCH2OH 4.2 PES calculation 0.1 24 

CH3OOH 0.5 PES calculation 0.1 24 

Abbreviations: PES, potential-energy surface; VUV-LIF, vacuum-UV laser-induced fluorescence. 

 

Unfortunately, O(1D) reactions with fuels are com- 
plicated by the insertion/decomposition mechanism and 

multichannel dynamics. Most previous studies of O(1D) 

reactions with fuels are focused on small saturated 

hydrocarbons,16–20 where the excited oxygen atom could 
insert into C–H or C–C bond for hydrocarbons (RH)   

to form an energetic complex19 and eventually undergo 
fragmentation and produce radicals with different low- 

temperature reactivities. O(1D) reactions with oxygenated 

fuels including alcohols are less examined,21–26 where 

O(1D) could possibly insert into C–O or O–H bond, lead- 

ing to more complex kinetics. The earliest experimental 

attempt of O(1D) reactions with alcohols was made by Osif 

et al.21 By photolyzing N2O/CH3OH/CO at 213 nm (298 K, 
345 K, and the milliTorr pressure range) and analyzing the 

product with the gas chromatograph, they concluded that 
the OH production channel had a branching ratio of 0.46 ± 

0.10 while the deactivation channel CH3OH + O(1D) ⟶ 

CH3OH + O(3P) is negligible (≤0.05). No measurements of 

absolute rate constants for CH3OH + O(1D) were provided. 

Later in 1983, Goldstein and Wiesenfeld22 applied laser- 

induced fluorescence (LIF) to study the dynamics of O(1D) 

reactions with isotopically labeled alcohols at room tem- 

perature and 10 Torr. They found that approximately 70% of 

the OH production originated from the methanol hydroxyl 

position. In other words, the primary site of O(1D) attack 

upon the alcohols is the O–H bond. Matsumi et al. was the 

first one to measure rate constants and branching ratios 

for O(1D) reactions with CH3OH. By measuring temporal 

profiles of the reactant and product atoms with vacuum- 

UV laser-induced fluorescence (VUV-LIF) method at 115.2 

nm,23 the total rate constant was determined as (5.1 ± 0.1) 

× 10−10 cm3 molecule−1 s−1 at 300 K and 1–2 Torr (detailed 

information is listed in Table 1). Huang et al. predicted the 

total rate coefficient as 4.8 × 10−10 cm3 molecule−1  s−1  

at 300 K24 using the potential-energy surface (PES) cal- 

culation. Following different primary channels of O(1D) 

+ CH3OH, O(1D), sensitized HO2 kinetics proceeds with 

reactions: 

CH2OH + O2 ⟶ HO2 + CH2O 

Clearly, HO2 is formed through the reaction of fuel radicals 

(e.g., CH2OH) with O2 while CH2OH is originated from 

the O(1D) insertion reaction into the C–H bond. The subse- 

quent HO2 consumption by fuel and intermediate species 

(e.g., CH2O) plays a key role in fuel oxidation chemistry 

and atmospheric chemistry. 

Yet another simple alcohol, also known as a promis- 

ing alternative biofuel,12 ethanol, has been rarely dis- 

cussed for reaction rate constants and branching ratios for 

O(1D) reactions to authors’ knowledge. Although Gold- 

stein and Wiesenfeld mentioned possible reaction chan- 

nels for O(1D) + C2H5OH,22 no explicit measurements 

were performed for this elementary reaction. Besides, few 

previous studies integrated a suite of selective and sensitive 

in situ time-resolved spectroscopic diagnostics for impor- 

tant intermediates including OH, HO2, and H2O in such 

O(1D) kinetic studies, which greatly impair the under- 

standing of the O(1D) reaction with ethanol and the sub- 

sequent O(1D) sensitized HO2 kinetics. 

Laser-based time-resolved diagnostics, including ultra- 
violet (UV) and mid-infrared (IR) direct absorption spec- 

troscopy (DAS), LIF, and cavity ring-down spectroscopy, 

have been applied for radical species detection in the 

past decades.27–35 However, these traditional methodolo- 

gies have limitations for the study of O(1D)-sensitized 

HO2 kinetics. For example, in LIF, HO2 is measured indi- 

rectly through chemical conversion to OH. Unexpected 

HO2 reactions, fluorescence quenching or OH detec- 

tion uncertainty will all bring additional experimental 

uncertainties.30 DAS is a powerful spectroscopic technique 

that can provide sensitive detection if a strong transition is 

targeted in a spectral region free of interference. However, 

“contamination-free” spectral region for the target species 

may be unrealistic for HO2 due to the absorption from 

H2O2, H2O, and larger fuels with broadband spectral fea- 

tures in mid-IR or UV regions.34, 35 To this end, we propose 

Faraday rotation spectroscopy36–38 as a robust methodol- 

ogy for HO2 measurements in this study. 
Faraday rotation spectroscopy (FRS) was first applied 

for HO2 detection by Brumfield et al.36 at Princeton. 

The HO2 detection limit was improved by FRS with a 

H2O2 + CH3O ⟶ HO2 + CH3OH 

HO2 + HO2 ⟶ H2O2 + O2. 

modulated magnetic field, but no time-dependent mea- 
surements were attempted due to the slow B-field mod- 

ulation. Recently, Teng et al.37, 38 and Zhong et al.39 
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F I GUR E  1 Experimental setup schematic [Color figure can be viewed at wileyonlinelibrary.com] 

 

demonstrated the application of line-scanned FRS for 

quantitative and time-resolved measurements of HO2 in 

O(1D) and HO2 kinetic studies. Yan et al.40 and Zhong 

et al.26 discussed the branching ratios of O(1D) reac- 

tions with fuels in plasma-assisted combustion and some 

missing pathways for HO2 formation using FRS, together 

with OH measurements from IR-DAS and O3 measure- 

ments from UV-DAS. This well-developed diagnostic setup 

(introduced in the Experimental Section) provides a versa- 

tile system to study O(1D) reactions with complex fuels and 

the subsequent O(1D)-sensitized kinetics. 
In this work, we aim to study the multichannel dynam- 

ics of excited singlet oxygen atom O(1D) reactions with 

C2H5OH and the kinetics of subsequent reactions via 

selective and time-resolved detection of HO2 using FRS. 

We also applied IR-DAS for OH and H2O and UV-DAS for 

O3. Absolute photolysis light was quantified by in situ acti- 

nometry. The proposed reaction channels, in analogy with 

those of C2H5OH + O,41, 42 are shown below: 

 

C2H5OH + O(1D) ⟶ CH3CHOH + OH (R1) 

⟶ CH2CH2OH + OH (R2) 

⟶ CH3CH2O + OH (R3) 

⟶ CH3O + CH2OH. (R4) 

The paper is organized as follows: in the Experimental Sec- 

tion, the photolysis flow reactor, diagnostic methods, and 

the calibration of OH, HO2 absolute concentrations will 

be discussed. In the Results and Discussion section, we 

will present time-resolved measurements of intermediate 

species OH, HO2, and H2O together with uncertainty and 

sensitivity analysis. The branching ratios of the reaction 

between O(1D) and ethanol will be fitted by an in-house 

reaction mechanism. Important O(1D)-sensitized reaction 

pathways will be summarized. This study will fill the gap 

of knowledge of O(1D) reactions with oxygenated biofu- 

els and O(1D)-sensitized HO2 kinetics. Further, it will pro- 

mote the understanding of plasma-assisted biofuel oxida- 

tion and biofuel leakage in the atmosphere. 

 
2 EXPERIMENTAL SECTION 

2.1 Experimental setup 

The experimental setup shown in Figure 1 is described 

in detail previously.26, 37–40 Here we only provide a brief 
description. In all experiments, helium was used as the 
bath gas. The measurements were performed at 297 K and 
60, 120, and 150 Torr. 

The work was based on the Nd:YAG laser (Quantel Q- 

smart 850, 266 nm) photolysis coupled to the UV-IR DAS, 

and IR-FRS spectroscopic system. A quartz flow reactor 

with an inner diameter of 56 mm and a photolysis path- 

length of 913 mm was used. A pair of spherical mirrors with 

a focal length of 250 mm was installed at the both ends 

of the reactor. The mirror substrate was UV-grade CaF2, 

offering over 90% transmittance for UV. A protective gold 

coating extends 8 mm from the edge of the mirror, leav- 

ing a 20◦ section transparent for the IR-DAS and IR-FRS 

detection. The uncoated central part of the spherical mir- 

rors, 40 mm in diameter, allowed for the UV photolysis 

beam to pass through the cell and generate O(1D) atoms 

from O3. The homogeneity of the laser beam was ensured 

by a beam expander along the photolysis pathway and a 22- 

mm i.d. apertures at the entrance of the reactor. At the exit, 

a high-energy pyroelectric sensor (Ophir, PE50BF-DIF- 

C) was placed to monitor the laser photon fluence. The 
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absolute photon flux was determined quantitatively using 

in situ actinometry. A repetition rate of 0.4 Hz was applied 

to the Nd:YAG laser to satisfy slow flow conditions and 

ensure the entire replacement of the gas volume between 

laser pulses. 

The photolysis reactor also served as a Herriot multi- 

pass cell (MPC) with 21 passes for two quantum cascade 

lasers (QCL) emitting in the mid-IR (7.2 𝜇m, Thorlabs; and 

2.8 𝜇m, Nanoplus). An axial magnetic field (ca. 380 G at 

the center of the reactor) was generated by a 300-mm long 

solenoid with DC current for IR-FRS measurements. With 

21 passes through the reactor and considering the overlap 

between the QCLs and UV beam, the effective pathlength 

of the IR-FRS signals was 6.3 m (limited by solenoid length) 

while that of the IR-DAS signal was 7.5 m. 

 
2.2 In situ actinometry and O(𝟏D) 
measurements 

To determine the branching ratio of the target reaction 

as O(1D) + C2H5OH, an accurate quantification of O(1D) 

concentrations was critical. In this work, we applied in 

situ laser light actinometry to determine the photon flux 

F (photons cm−2) and further the absolute concentra- 

tion of O(1D). Discussions of this technique can be found 

elsewhere.35, 40 In the photolysis of O3/O2/He mixtures at 

60 Torr, 297 K, the UV-DAS signals at 253.65 nm is moni- 

tored by an imaging spectrometer (Acton 2500i) together 

with a photomultiplier tube (Hamamatsu R7154) with an 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FI G U R E  2 In situ actinometry based on O3 depletion of the 

O2∕O3∕He mixture at 60 Torr and 297 K. O3 is monitored at the wave- 

length of 253.65 nm (mercury line). The red line is fitted by an in- 

house mechanism where photon fluence (photons cm−2) is the fitting 

parameter. The initial O2 number density is 2.04 × 1016 molecule/cm3 

[Color figure can be viewed at wileyonlinelibrary.com] 

 
the Supporting Information). The actinometry measure- 

ments were performed before the kinetic measurements 

of O(1D) + C2H5OH. During the measurements, the read- 

out of the pyroelectric detector measuring the laser pulse 

energy was recorded and then used to introduce proper 

corrections for the drift of the photon fluence. For all exper- 

imental conditions, the photolysis laser photon fluence 

amplifier (Hamamatsu C6271). The cross section of O3 at inside the reactor was varied in the range (1.7–2.7) × 1016 

this monitoring wavelength (253.65 nm) was character- 

ized previously.43 With this detailed characterization of the 

absorption cross section and the photolysis light path of 913 

mm, the two-stage decay of the O3 concentration is shown 

in Figure 2. The first stage was the direct photolysis O3 

depletion: 

photon cm−2 pulse−1. 

 
2.3 Faraday rotation spectroscopy and 
HO𝟐 measurements 

Paramagnetic species HO2 plays an important role in the 

O3 + ℎ𝜈 ⟶ O(1D) + O2 (P1a) kinetics of the target reaction O(1D) + C2H5OH. In the 

⟶ O(3P) + O2. (P1b) 

In the second stage, O3 interacted with excited oxygen 

atoms O(1D) and excited oxygen molecules O2(1Σ): 

presence of the paramagnetic species HO2 and an exter- 

nal magnetic field, magnetically induced circular birefrin- 

gence will lead to the rotation of the polarization plane 

of linearly polarized light and sensitive and selective HO2 

diagnostics. In this work, the time-resolved FRS signals 
 1 3 1 of HO2 radicals were measured at the spectral region 

O( D) + O2 ⟶ O( P) + O2( Σ) 

O2(1Σ) + O3 ⟶ O(3P) + 2O2 

O(1D) + O3 ⟶ 2O2. 

Photon fluence F (photons cm−2) was determined by fit- 

ting the experimental temporal profiles of O3 with numer- 

ical simulations from a small reaction mechanism (see 

around 1396.91 cm−1 (7.2 𝜇m), which is a Q-branch spec- 

tral feature for a vibrational transition. Figure 1 shows the 

balanced-detection IR-FRS configuration. A pair of wire- 

grid polarizers (labeled as Polarizer #1 and #2) are used 

before and after the MPC. Polarizer #1 polarizes the inci- 

dent light, and Polarizer #2 serves as an analyzer to convert 

laser polarization rotation into intensity changes. Specif- 

ically, the axis of Polarizer #2 is rotated at an angle of 
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F I GUR E  3 An illustration of the line-scanned FRS. (A) Continuous linear laser frequency scanning at a rate of 50 kHz from 1396.85 to 

1396.95 cm−1. Consecutive spectra were recorded with UV photolysis initiated after the second scan. (B) Sample transmittance signals from 

two channels (ch1 and ch2 in Figure 1) after digital balancing. The differences between two channels lead to HO2 FRS signals. (C) A sample 

FRS spectrum of HO2 with external magnetic field of 380 G. Least-means-squares fitting using HITRAN parameters was also provided. (D) A 

sample profile of HO2 measured by FRS at 297 K and 60 Torr. The shaded area indicates the fitting uncertainty [Color figure can be viewed at 

wileyonlinelibrary.com] 

 

45◦ with respect to Polarizer #1, hence the exit beam is 

split into s and p orthogonal polarizations in the transmit- 

ted and reflected beams. The light intensity of two beams 

is detected using photodetectors (VIGO, PVI-4TE-8) and 

the differential measurements between s and p polariza- 

tions lead to FRS signals. Common-mode intensity noise 

dissociation reaction. HO2 was further produced from the 

subsequent reaction between Cl atom and methanol in the 

presence of excessive O2 molecules: 

(COCl)2 + ℎ𝜈 (266 nm) ⟶ 2CO + 2Cl (P2) 

Cl + CH OH ⟶ HCl + CH OH 
(including shared absorption features from nonparamag- 3 2 

netic species H2O2, C2H5OH, etc.) will be suppressed given 

that proper balancing is performed.37, 38 

The line-scanned FRS scheme is further demonstrated 

in Figure 3. Figure 3(A) shows the saw-tooth laser fre- 

quency scanning scheme across the target HO2 transition 

at a rate of 50 kHz, leading to an acquisition time of 20 𝜇s 

for each spectrum. Figure 3(B) presents the directly mea- 

sured transmittance around the target spectrum region, 

where absorption signals from ethanol and other species 

are clear. However, the spectral interference was effectively 

suppressed using IR-FRS, shown as FRS signals in Fig- 

ure 3(C). A time-resolved profile of HO2 is shown in Fig- 

ure 3(D). With O3 photolysis and O(1D) production initi- 

ated at “time zero,” there was a prompt generation of HO2 

and a subsequent decay controlled by the O(1D)-sensitized 

HO2 kinetics. 

The absolute concentration of HO2 radicals determined 
from IR-FRS was calibrated based on a well-studied mech- 

anism in the CH3OH∕(COCl)2∕O2∕He mixtures.44 The 
precursor, oxalyl chloride, (COCl)2, has been a clean Cl 

atom source in various kinetic studies. At 266 nm, the 
major channel of oxalyl chloride photolysis reaction was 
reaction (P2), which produced Cl atoms via the photon- 

CH2OH + O2 ⟶ HO2 + CH2O. 

 
All the related reactions for the HO2 calibration were 

included in a small mechanism. With initial concentra- 

tions of (COCl)2, CH3OH, O2 and photon fluence known, 

the absolute concentration of HO2 could be predicted from 

the mechanism. This calibration experiment connected 

FRS signals and absolute HO2 yield for a given condition, 

laying the foundation for the determination of HO2 con- 

centrations in the following experiments. A sample cali- 

bration result is provided in the Supporting Information. 

 
2.4 Direct absorption spectroscopy and 
OH, H𝟐O measurements 

To better capture the subsequent kinetics, another QCL 

targeting at 2.8 𝜇m was used for measuring time-resolved 

concentrations of OH and H2O generated during the reac- 

tions following ozone photolysis. The target spectral region 

for OH is ca. 3568.52 cm−1 while that of H2O is ca. 3568.29 

cm−1. During the measurements, the maximum QCL laser 

frequency fluctuations were observed to be ca. 3 × 10−3 

Experimental 

Fit 
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[C𝟐H𝟓OH]𝟎 [O2]0 [O3]0 [O(1D)]0 [O]0 [𝚽] 

2 

TA B L E  2 Experimental conditions and results. T = 297 K. All concentrations are given in units of molecule cm−3, photon fluence Φ in 

photons cm−2. 𝜙1–𝜙4 refer to the fitted branching ratios of four reaction channels (R1–R4) 

 
 

No P (Torr) (× 10𝟏𝟓) (× 10𝟏𝟔) (× 10𝟏𝟒) (× 10𝟏𝟒) (× 1013) (× 1016) 𝝓𝟏 𝝓𝟐 + 𝝓𝟑 𝝓𝟒 

1 60 5.41 1.13 1.14 0.56 0.63 1.88 0.70 0.00 0.30 

2 60 5.40 1.50 0.68 1.49 1.66 2.37 0.39 0.09 0.52 

3 60 10.80 1.50 1.13 1.09 1.21 2.73 0.41 0.11 0.48 

4 60 8.61 3.30 5.95 1.43 1.59 2.50 0.42 0.14 0.44 

5 60 8.61 3.30 6.05 1.35 1.50 2.21 0.51 0.09 0.40 

6 60 8.61 3.30 5.90 1.48 1.64 2.41 0.41 0.16 0.43 

7 120 8.76 3.35 5.87 1.62 1.80 2.44 0.35 0.22 0.43 

8 120 8.76 3.35 5.85 1.64 1.82 2.58 0.49 0.11 0.40 

9 120 8.76 3.35 6.57 1.00 1.10 2.34 0.45 0.09 0.46 

10 150 10.90 1.53 1.19 1.06 1.18 2.11 0.38 0.30 0.32 

11 150 5.54 1.15 0.82 0.86 0.96 1.72 0.54 0.10 0.36 

12 150 5.47 1.15 1.14 0.58 0.64 1.93 0.45 0.10 0.45 

 

cm−1 at the pressure range from 60 to 150 Torr, which was 

four times smaller than the full width at half maximum 

of OH absorption profiles according to HITRAN simula- 

tions. Therefore, we applied DAS for detecting both OH 

and H2O and assumed insignificant spectral interference 

between the OH and H2O concentration retrieval. 

The absorption cross section of the OH radical at 

3568.52 cm−1 was calibrated using well-studied chem- 
ical  reactions  O3+ ℎν(266nm) ⟶ O(1D) + O2  and 

O(1D) + H2O ⟶ 2OH. The method was discussed in 

previous publications,40 and the measured absorption 
cross section in this work was 𝜎OH = (3.75 ± 0.31) × 10−18 

cm2 molecule−1 at 60  Torr  and  (2.30 ± 0.21) × 10−18  

cm2 molecule−1 at 120 Torr. The absorption  cross 

section of H2O at 3568.29 cm−1  used in this work is 

𝜎H O = (2.45 ± 0.25) × 10−19 cm2  molecule−1  at 60 Torr 

and (1.26 ± 0.15) × 10−19 cm2 molecule−1 at 120 Torr. 

 
2.5 Reagents and experimental 
conditions 

The gas flow rates were controlled by well-calibrated 

mass flow controllers (MKS instruments). The gases He 

(99.999%, ultra high purity , Airgas) and O2 (99.5%, Air- 

gas) were used as supplied. O3 was produced by an ozone 

generator (Ozone Solutions, TG-20) from the downstream 

of O2 flow. Ethanol (≥99.9%, Fisher Scientific) was deliv- 

ered by a precision syringe pump (KdScientific, Legato 110) 

through a central capillary tube (200 𝜇m) into a prevapor- 

ization chamber with a flow rate of 0.02–0.04 mL/min. 

The experimental conditions are listed in Table 2. The 

total flow rates of the reactant mixtures with helium were 

in the range of 2000–5050 sccm (standard cubic centime- 

ters per minute). The initial concentrations of the reactants 

used were (1.1–3.5) × 1016 molecules cm−3 (O2), (0.7–6.6) × 

1014 molecules cm−3 (O3), and (5.4–10.9) × 1015 molecules 

cm−3 (C2H5OH). 

 
3 RESULTS AND DISCUSSION 

To determine the branching ratio of the target reaction 

and discuss the kinetics, an in-house reaction mechanism 

was developed (provided in Table 3 ). Then, transient pro- 

files of OH and H2O from IR-DAS and those of HO2 from 

IR-FRS were fitted by numerical simulations of the dif- 

ferential equation systems corresponding to this reaction 

mechanism using SCIENTIST software.45 In the mecha- 

nism, reactions of electronically excited species including 

atomic oxygen O(1D) and molecular oxygen O2(1Σ), rad- 

icals including OH, O, H, HO2, H2O2, CH2OH, CH3O, 

CH3CHOH, CH2CH2OH, CH3CH2O, O2CH2CH2OH, and 

C2H5OO, and stable molecules including O2, O3, H2O, 

CH3CHO, and C2H5OH were considered. As the diffusion 

timescale for major radicals and atoms out of photolysis 

beam (50–100 ms) is more than five times larger than the 

half-life of HO2 radicals (ca. 5 ms) and almost two orders 

longer compared with OH radical decay time (ca. 1 ms), 

the diffusion effect in the photolysis reactor was insignif- 

icant. Simulated and measured profiles of OH, HO2 and 

H2O are shown in Figure 4–6. The direct reaction of O(1D) 

with C2H5OH is fast and dominant in the current kinetic 

system. The timescale of this reaction is less than 1 𝜇s. 

Therefore, we treat this reaction different from other sec- 

ondary reactions. 
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No. Reaction Rate constant Reference 

𝝏ln𝝓𝟒∕ 𝝏ln(𝝓𝟐  + 𝝓𝟑)∕ 

𝝏ln𝒌𝒊
a 𝝏ln𝒌𝒊 

TA B L E  3 The in-house mechanism for C2H5OH + O(1D) kinetic study. R = 8.314 J/mol K. Rate constant unit: cm3/molecules 

1 C2H5OH  +  O(1D)  ⟶  CH3CHOH + OH (0.46 ± 0.12) × 3 ×10−10 This workb 4.027 2.231 

3 C2H5OH + O(1D)  ⟶  CH3CH2O + OH This workc 0.231 0.818 

5 O(1D) + O2   ⟶  O + O2(Σ) 2.64 ×10−11 exp(55/T) 51 0.0778* 0.0853* 

7 O(1D) + O3   ⟶  O + O + O2 1.2 ×10−10 51 0.0105* 0.0125* 

9 O2(Σ) + O2 ⟶ Products 3.9 ×10−17 51 4.58e−4 1.42e−4 

11 O2(Σ)  +  H2O ⟶  O2 + H2O 4.52 ×10−12 exp(740/RT) 52 2.58e−4 2.83e−5 

13 OH + OH  ⟶  H2O + O 1.07×10−12(1+10−4(T−483)2)0.2 53 1.21e−5 8.54e−5 

 
15 OH + CH3CH2OH  ⟶  H2O + CH3CHOH 3.00×10−12 55 0.0998* 0.0309* 

 
17 OH + O ⟶ O2   + H 2.4×10−11exp(109/T) 56 0.0188* 0.00122 

19 OH + H  ⟶  H2 + O 6.86×10−14(T/298)2.8exp(−1950/T) 57 4.58e−4 5.66e−5 

21 OH + H2O2   ⟶  H2O + HO2 2.9×10−12exp(−109/T) 59 3.58e−4 1.13e−4 

23 O + HO2  ⟶ O2  + OH 1.35×10−11exp(1860/RT) 56 0.0392* 0.0943* 

25 H + HO2  ⟶ H2  + O2 7.11×10−11exp(−5900/RT) 61 5.06e−4 5.11e−4 

27 H + HO2  ⟶ H2O + O 5.00 ×10−11exp(−7200/RT) 61 2.85e−4 9.07e−4 

29 O + O2  ⟶ O3 [M]3.4×10−34 (T/300)−1.2 63 8.65e−4 0.0025 

31 H + O2   ⟶ HO2 [M]5.4×10−32(T/298)−1.8 65 0.0258* 0.0211* 

33 O + O3  ⟶ O2  + O2 8.0×10−12exp(−17130/RT) 66 6.05e−5 3.68e−4 

35 HO2  + O3  ⟶ OH + O2  + O2 1.97×10−16(T/298)4.57exp(5760/RT) 56 0.00101 0.00334 

37 CH2OH + O2  ⟶ CH2O + HO2 0.95×10−11 66 0.0865* 0.0504* 

39 CH3O ⟶ CH2OH 1.0×1013 exp(−109,000/RT) 68 4.53e−5 2.83e−5 

41 CH3O + H2O2   ⟶  CH3OH + HO2 5.0×10−15 exp(−10,810/RT) 69 4.58e−4 6.05e−4 

(Continues) 

16 OH + CH3CH2OH  ⟶  H2O + CH2CH2OH 2.61×10−13 55 0.0158* 0.0268* 

14 OH + OH ⟶ H2O2 k0 = 9.0×10−31(T/300)−3.5, 

k∞ = 2.4×10−11(T/300)−0.5 

54 4.58e−4 5.66e−4 

Pr = k0[M]/k∞ 

log F = 
log 𝐹 

10 
10 cent 

1+𝑓2 
(F =0.37) cent 

1 

k = k∞ 
1+𝑃𝑟 

F 
𝑃𝑟 

6 O(1D) + O2 ⟶ O + O2 0.66 ×10−11 exp(55/T) 51 0.0225* 0.0213* 

8 O(1D) + O3 ⟶ O2 + O2 1.2 ×10−10 51 0.00378 0.00743 

10 O2(Σ) + O3 ⟶ O + 2O2 3.63 ×10−11 exp(960/RT) 52 4.58e−4 2.83e−5 

12 O2(Σ) + O ⟶ Products 8.0 ×10−14 51 4.58e−4 2.83e−5 

18 OH + O ⟶ HO2 [M]1.6×10−31(T/298)−2.6 Estimated from 0.00855 1.13e−4 

OH + H 

20 OH + H ⟶ H2O [M]1.6×10−31(T/298)−2.6 58 4.58e−4 2.83e−5 

22 OH + HO2 ⟶ H2O + O2 2.4×10−11exp(250/T) 60 0.0304* 0.0329* 

24 O + H2O2 ⟶ OH + HO2 1.40×10−12 exp(−16,630/RT) 56 3.58e−5 5.66e−5 

26 H + HO2 ⟶ 2OH 2.81×10−10exp(−3660/RT) 61 0.00688 0.00509 

28 H + HO2 ⟶ O(1D) + H2O 3.29×10−12(T/298)1.55exp(670/RT) 62 4.58e−4 2.55e−4 

30 H + O2 ⟶ OH + O 1.62×10−10exp(−62,110/RT) 64 3.04e−4 2.83e−4 

32 OH + O3 ⟶ HO2 + O2 1.7×10−12exp(-7820/RT) 56 0.00345 0.0171* 

34 H + O3 ⟶ OH + O2 1.4×10−10exp(−3990/RT) 67 0.0488* 0.0205* 

36 HO2 + HO2 ⟶ H2O2 + O2 2.86×10−13exp(4990/RT) 56 0.0182* 0.00995 

38 CH3CHOH + O2 ⟶ CH3CHO + HO2 1.90×10−11 66 0.00673 0.00123 

40 CH3O ⟶ CH2O + H  9.0×10−11 exp(−56,460/RT) 64 6.05e−5 1.13e−4 

4 C2H5OH +  O(1D)  ⟶  CH3O + CH2OH (0.42 ± 0.11) × 3 ×10−10 This work 1.410 0.966 

2 C2H5OH + O(1D) ⟶ CH2CH2OH  + OH (0.12 ± 0.03) × 3 ×10−10 This work 2.414 0.744 
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TA B L E  3 (Continued) 
 

𝝏ln𝝓𝟒∕ 𝝏ln(𝝓𝟐  + 𝝓𝟑)∕ 

No.  Reaction Rate constant Reference 𝝏ln𝒌𝒊
a 𝝏ln𝒌𝒊 

42 CH3O + HO2 ⟶ CH2O + H2O2 5.0×10−13 57 0.00452 0.00144 

43 CH3O + CH3O ⟶ CH3OH + CH2O 3.85 ×10−11 70 4.55e-4 0.00151 

44 CH3O + CH3O ⟶ (CH3O)2 3.0 ×10−12 57 8.05e−5 2.83e−5 

45 CH3O + OH ⟶ CH2O + H2O 3.0 ×10−11 57 4.23e−5 1.13e−4 

46 CH3O + O ⟶ CH2O + OH 1.0 ×10−11 69 0.00141 0.00199 

47 CH3O + O ⟶ CH3 + O2 2.5 ×10−11 71 0.00258 0.00851 

48 CH3O + H ⟶ CH2O + H2 3.3 ×10−11 57 2.57e−4 2.55e−4 

49 CH3O + H ⟶ CH3 + OH 3 ×10−11 72 4.21e−4 8.51e−5 

50 C2H5OH + O ⟶ CH3CHOH + OH 5.21 ×10−14 73 0.0477* 0.0341* 

51 CH3CHOH + O ⟶ CH3CHO + OH 1.5 ×10−10 74 0.00921 0.00612 

52 CH3CHO + OH ⟶ Products 1.63 ×10−11 61 2.65e−4 2.83e−5 

53 CH3CHO + O ⟶ Products 5.07 ×10−13 75 1.72e−4 4.53e−4 

54 CH2CH2OH + H ⟶ products 8.3 ×10−11 76 0.00101 3.11e−4 

55 CH2CH2OH + O2 ⟶ O2CH2CH2OH 3.0 ×10−13 66 0.00253 1.41e−4 

56 CH2CH2OH + CH2CH2OH ⟶ products 5.6 ×10−11 77 2.95e−4 5.67e−4 

57 CH3CH2O + H ⟶ CH3 + CH2OH 6.84 ×10−11 78 0.00691 0.00125 

58 CH3CH2O + O2 ⟶ CH3CHO + HO2 9.48 ×10−15 66 0.00212 0.00372 

59 CH3CH2O + C2H5OO 

⟶ CH3CHO + CH3CH2OOH 

1.54 ×10−11 79 0.00394 0.00289 

60 CH2CH2OH + O ⟶ products 3 ×10−11 estimated 0.00576 0.00377 

61 O2CH2CH2OH + HO2 ⟶ products 7 ×10−12 this work 0.103* 0.0813* 
a The last two columns are sensitivities, defined as 𝛿𝑙𝑛𝜙 in Equationn (2). 𝑘 is reaction rate for reaction i. 𝜙 is the branching ratio shown in Table 4.* denotes the 𝑖 

𝛿𝑙𝑛𝑘𝑖 

important reactions as discussed in Results and Discussions. 
b As this reaction occurs at a microsecond timescale, we estimated the rate constant as 3 ×10−10 and only determined the branching ratio. 
c According to our discussion, reactions (2) and (3) cannot be distinguished. Therefore, only a total branching ratio of reactions (2) and (3) is provided here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F I GUR E  4 Left: OH time history measured by IR-DAS at 2.8 𝜇m with numerical fitting to experimental data. The initial rise of OH is 

strongly interfered with the electronic noise, and thus we only fit the OH decay profile. Two other simulations with branching ratios ±15% for OH 

channels are also presented. Right: The time evolution of reaction rates for dominant reactions (except the target reaction O(1D) + C2H5OH) 

of OH calculated by the reaction mechanism. The reaction condition for both plots is No. 8 in Table 2 [Color figure can be viewed at wileyon- 

linelibrary.com] 
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F I GUR E  5 (A) HO2 time history measured by IR-FRS at 7.2 𝜇m with numerical fitting to experimental data. Two other simulations with 

branching ratios ±15% for HO2 channels are shown with dotted and dashed lines. The simulation without one HO2 consumption channel as 

O2CH2CH2OH + HO2 is also presented in the solid yellow line. (B) The time evolution of reaction rates for dominant reactions of HO2 in the 

millisecond timescale calculated by the reaction mechanism. The reaction condition for all plots is No. 7 in Table 2 [Color figure can be viewed 

at wileyonlinelibrary.com] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F I GUR E  6 (A) H2O time history measured by IR-DAS at 2.8 𝜇m with the numerical simulation from the reaction mechanism at room 

temperature and 120 Torr. Reaction condition is No. 9 in Table 2. (B) The time evolution of reaction rates for dominant reactions of H2O in 

the millisecond timescale calculated by the reaction mechanism. The reaction condition for both plots is No. 9 in Table 2 [Color figure can be 

viewed at wileyonlinelibrary.com] 

 

The dominant sources of uncertainty in the current mea- 

surements stem from the uncertainty of OH and HO2 con- 

centrations. Uncertainties in the OH cross sections and 

uncertainties in the OH absorption length are folded into 

an total uncertainty of 10%. Our previous work40 indicated 

an uncertainty of 16% in the OH measurements. Such a 

discrepancy may originate from the improvement of the 

optical alignment and better tuning of the laser condi- 

tions. The FRS measurements of HO2 significantly reduce 

its associated uncertainty as FRS better suppresses the 

spectral interference and background noise. The uncer- 

tainty associated with the magnetic field strength and 

the pathlength contributes as much as 3% to the HO2 

uncertainty. The uncertainty associated with FRS calibra- 

tion, FRS modeling, and spectrum fitting at these con- 

ditions typically does not exceed 5%. The overall uncer- 

tainties for HO2 measurements are estimated as 8% in 

this work. 

n
u

m
b

e
r 

d
e
n
s
it
y
 

n
u

m
b

e
r 

d
e
n
s
it
y
 

R
e

a
c
ti
o

n
 r

a
te

s
 

R
e

a
c
ti
o

n
 r

a
te

s
 



10 ZHONG et al. 

 

∑ ( ) ( ) 

Sensitivity analysis has been carried out for all reactions 

in the mechanism and listed in Table 3 using a represen- 

tative experimental profile (Experimental condition 12 in 

Table 2). Among the reactions included in the mechanism, 

some are highly sensitive to the branching ratio, while 

some have marginal influence. Using the sensitivity coeffi- 

cient exceeding 10−2 as a criterion of reaction importance, 

one can identify important reactions for each branching 

ratio. For example, the following reactions were selected 

as important (labeled in Table 3 with asterisks) for the 

branching ratio 𝜙4: reactions 5–7, 15–17, 22, 23, 31, 34, 36, 
37, 50, and 61. Assigning errors of ±15% for the well-studied 
reactions (reactions 5–7, 15, 16, 22, 31, 36, 37) and ±25% 

ple measurement is shown in Figure 4(A)), the OH pro- 

duction channels (R1–R3) and non-OH production chan- 

nel (R4) are fitted to 0.58 ± 0.15 and 0.42 ± 0.11. A pertur- 

bation of the branching ratio of ±15% not only introduces 

higher or lower initial peaks for the OH profile but also 

greatly influences the subsequent OH decay rates within 

the initial 100 𝜇s. Figure 4(B) presents the time evolution 

of reaction rates for other dominant reactions of OH. In 

addition to the reaction between the excited oxygen atom 

O(1D) and ethanol, reactions with the ground state oxygen 

atom O continue to generate OH radicals: 

 

C2H5OH + O ⟶ OH + products 

for the rest of those important reactions, and assuming 

statistical independence of their errors, we calculated the HO2 + O ⟶ OH + O2. 

error in the target branching ratio 𝜙4 as 12.2% contributed 

by the mechanism. The error for other branching ratios 
contributed by the mechanism can be calculated with the 

same procedures. 

For individual conditions listed in Table 2, the branch- 

ing ratio is determined via a fitting process which involves 

both experimentally measured concentrations (denoted 

as 𝑿) and mechanism-dependent reaction rate constants 

(denoted as 𝒌). The branching ratio is formulated as 

𝜙 = 𝜙(𝑿, 𝒌). (1) 

The uncertainty of the branching ratio is 

max(i) 

The subsequent OH formation is negligible compared to its 

consumption, which is dominantly controlled by C2H5OH 

+ OH reactions: 

CH3CH2OH + OH ⟶ H2O + CH3CHOH. (R15) 

This reaction promptly consumes almost all OH radi- 

cals within 1 ms and convert them to the 𝛼-hydroxyethyl 

(CH3CHOH) and water. Other reactions pathways through 

O and HO2 radicals (shown in Figure 4(B)) are playing a 

minor role in the OH consumption. The reaction kinet- 

ics proceeds after the microsecond reaction channels (R1– 

R4). Products including hydroxymethyl (CH2OH) and 𝛼- 

hydroxyethyl (CH3CHOH) continue to contribute in the 
Δ𝜙 = 

 ∑ 
( 

𝜕ln𝜙 
)

 
( 

Δ𝑋𝑖 
) 

 
 

O(1D)-sensitized HO2 kinetics. 
𝜙 

𝑖=1 𝜕ln𝑋𝑖 mech 𝑋𝑖 exp HO2 is one of the secondary products of O(1D)+ 

C2H5OH. The initial HO2 yield is directly sensitive towards 
max(j)       

𝜕ln𝜙
 

𝜕ln𝑘 
Δ𝑘𝑗 

 
 𝑘 , (2) the production of CH2OH generated from the reaction 

𝑗=1 𝑗 mech 𝑗 mech channel (R4) and CH3CHOH from the reaction channel 

(R1). The former one generates HO2 via the oxidation reac- 

which is a sum of experimental uncertainties from species 

measurements and mechanism uncertainties from related 

reactions, weighted by their sensitivities (the sensitivity of 

the individual reaction is listed in Table 3). As most reac- 

tions and species in the mechanism have negligible sen- 

sitivities (as discussed above), the calculation is simplified 

and tractable. For example, the sensitivity of the branching 

ratio 𝜙4 towards the species profiles of OH and HO2 is esti- 

mated as 0.74 and 0.79. Given the uncertainty of OH and 

HO2 measurements, the contributed error from the species 

measurements for the branching ratio 𝜙4 is 13.7%. Follow- 

ing Equation (2), the combined uncertainty for the branch- 

ing ratio 𝜙4 is 25.9%. Similarly, the combined uncertainty 

for 𝜙1 is 25.8% and that for (𝜙2 + 𝜙3) is 24.1%. 
According to the proposed reaction channels (R1–R4), 

OH is one of the primary products of O(1D) + C2H5OH. 

With measured OH profiles at different conditions (a sam- 

tion CH2OH + O2 ⟶ HO2 + CH2O, while the latter one  

via the reaction CH3CHOH + O2 ⟶ HO2 + CH3CHO. 

Therefore, by fitting to the time-resolved HO2 profile, the 
branching ratios for HO2 production channels (R1, R4) and 

non-HO2 production channels (R2, R3) are determined as 

0.88 ± 0.23 and 0.12 ± 0.03, respectively. A perturbation of 

the branching ratio of ±15% together with optimal fitting 

to a sample HO2 measurement is shown in Figure 5(A). 

Even though HO2 is a secondary product of the target reac- 

tion, the HO2 profile is still offset by roughly 25% caused 

by this perturbation of the branching ratio. The above- 

mentioned HO2 formation channels are shut down within 

the microsecond timescale. Only a minimal amount of 

HO2 is formed via OH + O3 ⟶ HO2 + O2 at the mil- 

lisecond timescale, at which HO2 decay rates are higher 

by several orders of magnitude (shown in Figure 5(B)). 

It  is  reported  previously46, 47    that   low-temperature 

+ 
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TA B L E 4 The branching ratios of the target reaction. The detailed mechanism is in Table 3  

No Reaction Branching ratio 

R1 C2H5OH + O(1D) ⟶ CH3CHOH + OH 𝜙1 = 0.46 ± 0.12 

R2 C2H5OH + O(1D) ⟶ CH2CH2OH + OH 𝜙2 + 𝜙3 = 0.12 ± 0.03 

R3 C2H5OH + O(1D) ⟶ C2H5O + OH  

R4 C2H5OH + O(1D) ⟶ CH3O + CH2OH 𝜙4 = 0.42 ± 0.11 

 

chain-branching pathways involving active species OH, O, 
HO2 and particularly some oxygenated fuel radicals RO2 

contribute to the HO2 decay. Reactions between simple 

oxygenated fuel radicals CH3O2
48 or C2H5O2

49 and HO2 

generate H2O: 

OH + HO2 ⟶ H2O + O2 

CH O + O ⟶ H O + CH O 
have been discussed in detail. Nevertheless, a specific 3 2 2 

HO2 + RO2 reaction between HO2 and O2CH2CH2OH 

(𝛽-RO2) at the low-temperature range is not understood 

well and poses a challenge in fitting the HO2 decay in 

the current kinetic study. Based on the similar reaction 

between CH3CH2O2 and HO2, in this work we included 

the following reaction: 

HO2 + O2CH2CH2OH ⟶ Products (R61) 

with an estimated rate constant of 7 × 10−12 cm3 

molecule−1 s−1. O2CH2CH2OH (𝛽-RO2) is originated 

from a primary product of the reaction channel (R2) as 
CH2CH2OH (𝛽-hydroxyethyl). CH2CH2OH is further oxi- 

dized (R55)46, 50: 

O2 + CH2CH2OH ⟶ O2CH2CH2OH. (R55) 

Ignoring the presence of O2CH2CH2OH and turning off 

reaction (R61) as the HO2 consumption channel will dra- 

matically postpone the decay of HO2 in the discussed sys- 

tem (shown in Figure 5(A)). Clearly a detailed investiga- 

tion is outside the scope of this work. High-level ab ini- 

tio calculations and quantitative measurements of reaction 

kinetics of both HO2 and RO2 are required for a better char- 

acterization of the HO2 kinetics. 

From the above discussion, the interactions among reac- 

tive species result in the formation of stable molecules 

like H2O. Reaction rates of dominant reactions of H2O are 

plotted in Figure 6. Clearly, H2O is generated mainly by 

the interactions between OH and HO2. Therefore, H2O 

transient profiles can be used to further validate the reac- 

tion mechanism and the proposed branching ratio. A sam- 

ple profile of H2O and the corresponding simulation are 

presented in Figure 6, which show a good agreement. 

Based on the mechanism, the major formation channel for 

H2O is reaction (R15). As the OH yield at the microsec- 

ond timescale is completely controlled by the OH pro- 

duction channels (reaction R1–R3), the rapid formation 

of H2O within 200 𝜇s is directly correlated to the target 

O(1D) reaction. At a later stage, other reactions continue to 

OH + OH ⟶ H2O + O. 

 

To summarize, by measuring the transient profiles of 

HO2, OH, and H2O, we determine the branching ratios 

of the target reaction as the fitting parameters in the 

mechanism (summarized in Table 4). One missing low- 

temperature chain-branching reaction (R61) is also esti- 

mated for a better fitting of the experimental data. The 

unique O(1D) reaction kinetics of the target reaction is 

originated from the unique molecular structure of alco- 

hols where a hydroxyl moiety is connected to a hydrocar- 

bon chain. The presence of this hydroxyl moiety weakens 

the C–H bond, C–C bond, and C–O bond at the adjacent 

𝛼-site,46  such that a large fraction of reactive O(1D) can 

attack and insert into those positions (reaction R1, R3, and 

R4). 

 
4 CONCLUSION 

In this work, the kinetics of O(1D) reactions with C2H5OH 

were investigated through quantitative time-resolved mea- 

surements of HO2, OH, H2O, and O(1D) in a photol- 

ysis flow reactor. Specifically, HO2 was quantified by 

selective and time-resolved FRS, in which spectral inter- 

ferences from nonparamagnetic hydrocarbon absorption 

were suppressed by the balanced-detection configuration. 

The branching ratios of O(1D) reactions with C2H5OH as 

well as its subsequent reaction kinetics were discussed 

in detail. Based on OH temporal profiles, the branching 

ratio of OH production channels was fitted to 0.58 ± 0.15. 

Moreover, HO2 temporal profiles allow for the identifi- 

cation and estimation of the rate constant of a missing 

chain-branching reaction channel for HO2 consumption 

involving O2CH2CH2OH (𝛽-RO2). Differing from O(1D) 

reactions with hydrocarbons, O(1D) reacts with alcohols 

by attacking and inserting into the adjacent 𝛼-site of 

the hydroxyl moiety. The work demonstrates the capabil- 

ity of the experimental apparatus combing IR-DAS, UV- 

DAS, with IR-FRS in the photolysis reactor for selective 
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measurements of low-temperature species (e.g., OH, HO2, 

H2O, and O3) and kinetic studies of complicated chemical 

kinetics and dynamics involving O(1D) reaction with oxy- 

genated fuels. 
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