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Understanding the multi-channel dynamics of O('D) reactions with unsaturated hydrocarbon molecules
in low temperature reaction kinetics is critically important in stratospheric chemistry, plasma chem-
istry, plasma assisted fuel reforming, materials synthesis, and plasma assisted combustion. A photolysis
flow reactor coupled with highly selective mid-infrared Faraday Rotation Spectroscopy (FRS) and direct
ultraviolet-infrared (UV-IR) absorption spectroscopy (DAS) techniques was developed for the first time to
study the multi-channel dynamics of excited singlet oxygen atom O('D) reactions with C;H, and the ki-
netics of subsequent reactions. Time-resolved species concentrations of OH, HO, and H,O were obtained
and used to develop a validated kinetic model of O('D) reactions with C;H,. The branching ratios of
0('D) reaction with C,H, and subsequent HO, kinetics were also quantified. It is found that, contrary
to O('D) reactions with saturated alkanes, OH formation via direct H abstraction by O('D) is negligible.
The results revealed that two chain-branching and propagation reactions via direct O('D) insertion are
the major pathways for radical production. The present study clearly demonstrated the advantage of rad-
ical detection and kinetic studies using FRS in the effective suppression of absorption interference from
non-paramagnetic hydrocarbons.

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The chemical behavior of electronically excited singlet oxygen
atom, O('D), is of considerable interest and remains experimen-
tally attractive throughout the past few decades due to its sub-
stantial roles in establishing chemical composition of atmospheric
chemistry, plasma fuel reforming, plasma assisted materials syn-
thesis and plasma assisted combustion [1-5]. Numerous studies
[3-5] have shown that O('D) atoms contribute significantly to en-
hance ignition, reform fuel, and reduce emissions. In particular,
O('D) plays an important role in accelerating low temperature
chain branching, leading to the formation of cool flames and warm
flames [4,6]. Moreover, O('D) also contributes to the oxidation of
leaked fuels and unburned hydrocarbons as well as the O3 cycle
in the atmosphere [7,8]. As such, understanding the multi-channel
dynamics of the O('D) reaction with fuel molecules and the low
temperature reaction Kinetics is critical. However, O('D) reactions
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with fuels are complicated by its multi-channel behavior due to
direct oxygen atom insertion process.

Early studies [9-14] of the reaction between O('D) with satu-
rated hydrocarbons have been conducted to understand the role
of O('D) initiated chain-branching reactions. In reaction dynamic
studies, the products and branching ratios of the reaction chan-
nels are quite different because of the competition among differ-
ent channels after oxygen atom insertion. In these reactions, the
dominant reaction mechanism is the oxygen atom insertion into
C-H bond, while direct H abstraction in the OH formation channel
and oxygen atom insertion into the C-C bond are also important in
some cases for larger hydrocarbons.

Unfortunately, for even a simple unsaturated hydrocarbon such
as C,H,, the multi-channel dynamics of its reaction with O(1D)
and the kinetics of subsequent reactions are not well understood.
Limited relevant studies [15-17] were performed to determine the
overall rate constant and estimate the chain-branching products.
The determined rate constant is k(O('D) + C,H,) = (3.1 + 0.2)
x 10-1° ¢m3 molecule™! s-1. Based on this estimation [16], four
potential reaction channels are considered in the current reaction
mechanism:

0010-2180/© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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0('D) + C;H, — HCCOH  Rla (1)
0('D) + CoH, — HCCO+H  R1b (2)
0o('D) + C;H; — CH,(S)+CO  Rlc (3)
0('D) + GGH, — GH+OH  Rid (4)

In addition, the radicals formed during these secondary chain-
branching reactions initialize further chain-propagation and chain-
branching reactions. Formation of radicals (e.g. OH and HO,) due
to the subsequent hydrocarbon oxidation reactions are therefore
extremely important. Understanding the multi-channel dynamics
and subsequent reaction kinetics of O(1D) with C,H, is critical to
understanding O('D) kinetics with larger unsaturated fuels and un-
burned hydrocarbons typically containing alkenes and aldehydes.

Time-resolved diagnostics of radical species is crucial in kinetic
studies due to the short-lived nature of free radicals. Many spec-
troscopic techniques have been adopted for radical species de-
tection, the most notable examples include ultraviolet (UV) and
mid-infrared (IR) tunable laser absorption spectroscopy (TDLAS),
laser-induced fluorescent spectroscopy (LIF), and cavity ring-down
spectroscopy (CRDS) [18-24]. For LIF, HO, is measured indirectly
through chemical conversion to OH, and in many cases uncon-
trolled reactions involving the peroxy radicals introduce significant
experimental uncertainty. Moreover, the sensitivity and uncertainty
are limited by fluorescence quenching when the gas pressure is
high. Therefore, calibrations are required at each pressure points
[21,22].

For CRDS, the acquisition interval is limited by the time re-
quired to have sufficient intensity build-up in the cavity and
radical quenching on the sampling nozzle [23]. TDLAS in principle
can provide much better time resolution; however, sensitive mea-
surement of radicals (e.g. RO, and HO,) in both CRDS and TDLAS
is challenging due to spectral contaminations from H,0,, H,0, and
other hydrocarbons in the mid-IR and UV regions [25,26]. Typically,
the efficacy of TDLAS depends on identifying a spectral region free
from unwanted absorption features, which becomes challenging
in higher pressure experiments, and is compounded when using
larger fuels with broadband spectral features [18,23,27].

To this end, Brumfield et al. first applied Faraday rotation
spectroscopy (FRS) for HO, detection at the exit of a laminar flow
reactor [27]. A modulated magnetic field was used to improve
the detection limit and remove spectral interference. However, no
time dependent measurements were attempted due to the slow
field modulation.

In this work, we aim to study the multi-channel dynamics of
excited singlet oxygen atom O(!D) reactions with C;H, and the
kinetics of subsequent reactions via selective and time resolved
detection of HO, and OH radicals by using FRS in a balanced
detection scheme [28] to effectively cancel common-mode spectral
interference.

2. Methodology

In this study, we developed a new photolysis flow reactor to
study the reactions between O('D) and CyH, by combining mid-
infrared FRS with direct UV-IR TDLAS (Fig. 1).

The reactor is made of quartz tubing with an inner diameter of
56 mm. A pair of spherical mirrors with 250 mm focal length are
installed at the both ends of the reactor 913 mm apart to form the
multi-pass configuration (MPC), also called Herriot configuration
for the QCLs (7.2 ym, Thorlabs and 2.8 pm, Nanoplus) beams. The
mirror substrate is UV-grade CaF,, offering > 90 % transmission
from UV to 7.1 pm. A protective gold coating extends 8 mm from

the edge of the mirror, leaving a 20° section transparent for the
IR probe beam to couple into the photolysis cell. The uncoated
central part of the spherical mirrors, 40 mm in diameter, allows
for the UV photolysis beam to pass through the cell. Two dichroic
mirrors (OMEGA OPTICAL) mounted at 45° are placed at the
entrance and exit of the flow reactor to allow coupling of both
UV photolysis beam and O3 monitor beam (HG-1 Ocean Optics) in
a single-pass configuration. A beam expander consisting of a UV
coated plano-concave lens (f = —30 mm) and a UV coated plano-
convex lens (f = 200 mm) were used to improve the homogeneity
of the photolysis beam. The resulting photolysis beam profile
was measured using an energy meter (NOVA II) combined with a
diaphragm (ca. 1 mm) over the entire area of the beam. An iris di-
aphragm was installed at the entrance of the reactor with 18 mm
diameter. Generally, the center part of the laser beam has better
uniformity, therefore the iris diaphragm cut the laser beam and
only allowed relatively uniform laser light passing through the re-
actor. The measured UV beam profile indicates that the uniformity
across the reactor cross-section is + 8.4 % from the mean value.

Currently the MPC is set up in a 21-pass configuration, resulting
in an effective pathlength of 6.3 m after taking into consideration
the overlap between the 25 mm diameter photolysis beam and the
IR probe beam. The time resolved absorption signals of OH radicals
and HO, radicals are measured using DFB-QCLs centered around
the spectral regions of 3568.52 cm~! and 1396.91 cm~!, respec-
tively. For HO, detection using FRS, the laser frequency is scanned
over the absorption features of interest via current modulation at
10 kHz, and the concentration of HO, is obtained from spectral fit-
ting with a time resolution of 100 ps. For OH detection, we identi-
fied an interference free region around 3568.52 cm~!, as a result
better temporal resolution (up to 1 ps) can be obtained by operat-
ing the laser in continuous mode at fixed laser current.

A kinetic model is developed based on HP-Mech [29,30] with
electronically excited species sub-mechanism. The updated HP-
Mech was attached in the supplementary material, in which the
0O('D) and electronically excited oxygen molecule 0,('¥) quench-
ing reactions and reactions with O3, H,, H,0,, CHy4, H,0, CH,O0,
H, H,0, CH3 and C;H, were considered. The half-life of diffusion
time for major radicals and atoms out of photolysis beam (50 ms-
100 ms) are more than five times larger than HO, radicals decay
time (ca. 10 ms) and almost two orders longer compared with OH
radical decay time (ca. 1 ms). Thus, the photolysis reactor could
be simulated by using closed homogeneous batch reactor (0-D) in
Chemkin.

The absolute concentrations of O(1D) and the absolute concen-
tration of radicals are critical in order to determine the branching
ratios of reaction O('D) with C;H,. The absolute concentration of
O('D) was varied ca. 2 times and quantified by measuring the pho-
ton flux inside the reactor [1,26] using the absorption cross-section
and the photolysis reaction pathway of O; at 266 nm at 60 Torr
and 296 K. Ozone concentration is measured by a photomultiplier
tube (Hamamatsu R7154) with amplifier (Hamamatsu C6271) using
DAS signals from the monochromator (Acton 2500i). To avoid in-
terferences from residual photolysis light or fluorescence from any
surface, a 254 nm mercury line filter (Semrock) is installed before
the monochromator. The major source of uncertainty in determin-
ing absolute concentration of O(!D) is quantifying the photolysis
laser intensity inside the reactor. Therefore, we used in-situ laser
light actinometry based on ozone depletion, which is relatively
stable at these conditions, with detailed characterization of the
cross-section at the monitoring wavelength of 253.65 nm (Mercury
line) [31]. Ozone depletion in this measurement occurs in two
stages, as seen in Fig. 2. The first stage is direct photolysis de-
pletion: O3 + hv — O('D) + 0, and O3 + hv — O(3P) + 0,. The
second stage is chemical reaction consumption: a decay in ozone
concentration due to excited oxygen atoms O('D) and excited
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Fig. 2. In-situ actinometry based on ozone depletion. Ozone is detected at the mon-
itoring wavelength of 253.65 nm (Mercury line). Ozone depletion in this measure-
ment occurs in two stages. The first stage is direct photolysis depletion; the second
stage is secondary chemical reaction consumption. Green line is linear fitting be-
fore UV photolysis. Red line is fitted by HP-Mech which photon fluence is fitting
parameter.

oxygen molecules 0,(1X) interaction with Os. The main reactions
for stage 2 are: O('D) + 0, — OCP)+0,('%), 0,(1Z) + 03 —
OCP) + 20, and O('D) + 03 —> 20,. The photon fluence F (pho-
tons cm~2) can be calculated based on the absorbance (Abs):
Abs
F= (5)
005,253.65 * L % [03] % 00, 266

where the ozone absorption cross-sections at 253.65 nm and
266 nm are:

00,.253.65 = (1.136 £ 0.012) x 10~ cm>molecule”™ (6)

00,266 = (9.04 + 0.64) x 10~ '®cm>molecule”™’ (7)

L = 913 mm is the length of the reactor, and [O3] is the con-
centration. Actinometry measurements were performed before
spectroscopy experiments to provide the absolute concentration of
O(!'D) atoms.

In the presence of a paramagnetic species such as HO,, magnet-
ically induced circular birefringence (MCB) causes rotation of the
polarization plane of linearly polarized light, which leads to the
FRS signal. As Fig. 1 shows, a solenoid is used to generate an axial
magnetic field (370 Gauss) along the direction of laser propagation
within the flow reactor. A pair of wire-grid polarizers are used:
one defines the incident linear polarization, and the second serves
as an analyzer to convert laser polarization rotation into intensity
changes that can be detected using photodetectors. In this case, the
analyzer (Polarizer #2) axis is rotated at an angle of 45° with re-
spect to the initial polarizer (Polarizer #1), hence the exit beam
is split into the s and p orthogonal polarizations in the transmit-
ted and reflected beam. In this balanced detection configuration,
the FRS signal is obtained from the differential measurement be-
tween the s and p polarizations while other signals, including non-
paramagnetic absorptions, appear as common mode signal [32,33].

The advantage of this detection scheme is demonstrated in
Fig. 3, where we compare the TDLAS absorption spectra and FRS
spectra observed at 7.2. pm under the same experimental condi-
tions. Figure 3(a) shows the saw-tooth laser frequency scanning
across the HO, transitions at a rate of 10 kHz, leading to an ac-
quisition time of 100 ps for each spectrum. A total of 5 consec-
utive spectra are shown here, with ozone photolysis initiated af-
ter the second ramp. The TDLAS spectra is shown in panel (b),
where 4 CyH, lines are clearly visible and labeled in the figure.
After the photolysis reactions, the HO, absorption signal appears
near a dominant C,H, transition as also labeled in panel (b). At
60 Torr, the HO, signal is still distinguishable from C,H, but is
already affected by the C,H; lines. This spectral interference is ef-
fectively suppressed in the FRS signal as shown in panel (c), where
HO, formation is clearly visible after photolysis starts. HO, con-
centration is determined by least mean square fitting to the FRS
spectrum using HITRAN line parameters. Due to the use of he-
lium as the bath gas, collisional line-broadening parameters devi-
ate from the air-broadening coefficients provided by HITRAN. Based
on a well-calibrated frequency axis using a Germanium etalon, the
actual broadening coefficient is determined during the nonlinear
fitting procedure based on the best fit to the measured spectrum.

It should be noted that at higher pressures, collisional line
broadening will result in more severe overlap between this in-
terference and the HO, absorption signal, therefore the immunity
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Fig. 3. Illustration of spectral interference removal using FRS. (a) Continuous linear laser frequency scanning at a rate of 10 kHz from 1396.8 cm~' to 1396.95 cm~!. A total
of 5 consecutive spectra are recorded with UV photolysis initiated after the second ramp. (b) TDLAS spectra containing both C;H, and HO, absorption signal with prominent
C,H, features in the same spectral region. A zoomed view of HO, absorption is shown to emphasize the magnitude of spectral interference compared to the HO, signal
using TDLAS. c) FRS spectra measured in the same experimental condition as (b). Note the absence of non-paramagnetic C;H, absorptions.

to spectral interference from non-paramagnetic species makes FRS
a uniquely suitable technique for in-situ measurements of radical
species over a wide range of experimental conditions (e.g. with
varying pressure and different fuels). In addition, given the clean
signal spectrum achievable using FRS, spectral line-fitting is not re-
quired to isolate the HO, signal, which would be critical in the
case shown in panel (b). Hence line-locked harmonic detection
can be performed using fast laser wavelength modulation (e.g. at
100 kHz) to further improve sensitivity and time resolution of FRS
detection [34].

In addition to HO,, time-resolved concentration measurements
of OH and H,0 are also required for modeling the chemical re-
action pathways. In the current setup, another QCL at 2.8 pm
is used for measuring OH and H,O generated during the reac-
tions following ozone photolysis. Since negligible spectral inter-
ference between OH and nearby water lines is observed at the
current pressure conditions (60 Torr 150 Torr), TDLAS is used for
detecting both OH and H,0. QCL laser frequency fluctuations up
to 0.003 nm is observed during the OH measurements. Since this
fluctuation is 4 times smaller than the full width at half maximum
(FWHM) of OH absorption profiles at 60 Torr and 296 K accord-
ing to HITRAN simulations, insignificant influence to concentration
retrieval is assumed. The absorption cross-section of the OH radi-
cal at 3568.52 cm™! is calibrated using well studied chemical re-
actions O3 + hv — 0(1D) + 0, and O('D) + H,0 — 20H (Fig. 4).
The obtained absorption cross section is:

O0H,3568.52cm—1 = (31 + 05) X 10’]8cm2molecule71 (8)
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Fig. 4. Comparison of the 60 Torr experimental data and simulation based on
updated HP-Mech. [C;H;] = 1.69 x 10'® molecules cm—3. [0,] = 6.32 x 10
molecules cm=3. [03] = 2.94 x 10" molecules cm=3. [H,0] = 9.23 x 10
molecules cm—3. [0('D)] = 5.88 x 10" molecules cm~3. The time-resolved mea-
surements of OH radicals. The absorption cross-section of the OH radical at 3568.52
cm~! is calibrated using well studied chemical reactions O3 + hv — O('D) + 0,
and O('D) + H,0 — 20H (Reference). In this experimental condition, the recom-
bination channel is dominant (branching ratio ¢»1a = 76 %), while channel O('D) +
C,Hy; — CH + OH (R1d) can be neglected.
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It should be noted, however, that with minor modifications to
the current system, OH detection using FRS can be implemented
to allow measurements at higher reactor pressures where interfer-
ence becomes significant. The absorption cross section of H,O at
3568.29 cm~! is:

01,0, 3568.29cm — 1 = 2.45 x 10~ cm?molecule”’ (9)

at 60 Torr, which is taken from the HITRAN database [35].

All the experiments were carried out at 60 Torr and 150 Torr
pressure and ambient temperature. The gas flow rates were con-
trolled by mass flow controllers (MKS instruments). Helium was
used as the bath gas to dilute the reactant mixtures with total flow
rate in the range of 2300 sccm - 12300 sccm. Liquid H,0 (10 -
30 pl / min) was injected through a precision syringe pump (Har-
vard Apparatus, Model PHD 2200), which was delivered through a
capillary tube into a heated pre-vaporization chamber maintained
at 90°C. O3 was produced by an ozone generator (Ozone Solutions,
TG-20) from the downstream of O, flow. The Nd:YAG laser (Quan-
tel Laser, Qsmart 850) was operated at 0.2 - 1 Hz repetition rate.
The Q-switch output signal was used as trigger signal for oscillo-
scope to acquire data.

The concentration of O3 in the gas mixture in the range of (1.2
- 3.3) x 10™ molecules cm~3, allowing only a small fraction of
the photolysis beam (less than 30%) to be absorbed to maintain
homogeneous photolysis light throughout the reactor. The concen-
tration of C,H, in the range of (1.2 - 2.5) x 10'® molecules cm—3,
which was in excess compared to that of O('D) ((3.8 - 7.5) x 1013
molecules cm~3). 0, concentration was in the range of (2.4 - 6.5)
x 101> molecules cm~3. The photon fluence inside the reactor was
in the range of (2.1 - 3.7) x 10'® photons cm~2.

Reagents: All gases used in this study were obtained from Air-
gas. Ultra High Purity (UHP) helium 99.9995 % purity was used as
the bath gas in all the experiments. Atomic Absorption (AA) grade
acetylene 99.6% purity was well mixed with the bath gas before
entering the reactor. UHP oxygen 99.994% purity was the precursor
for ozone generation. Deionized water was injected through preci-
sion syringe pump after freeze-pump-thaw procedure degassed.

3. Results and discussion

Transient absorption profiles of OH and HO, were measured at
60 Torr pressure and ambient temperature, which are shown in
Figs. 4-6. To determine the branching ratios of reaction (O('D) +
CyH,), a reaction mechanism based on the HP-mech was used to
model and simulate the experimental profiles. The transient ab-
sorption profiles were simulated by numerical solutions of a sys-
tem of differential equations corresponding to the reaction mecha-
nism using Chemkin-Pro software [36].

The reaction rate constants used in the reaction mechanism
and absorption cross sections were taken from literature and mea-
sured in the current work. The updated HP-Mech reaction mech-
anism used in the model are listed in the supporting documents.
The formation of OH radicals is dominated by the reaction of H +
03 and most H atoms react with O3 molecules. The H atoms are
contributed by the initial dissociation of the HCCOH and two ma-
jor secondary reactions (HCCO+0O, and CH, + O,) in which HCCO
radicals are the major products of dissociation of HCCOH (reaction
R1b) and majority CH,(S) formed in reaction R1c are quenched by
He and CyH, to form CH, in less than 1 ps time scale. The total
contribution of all other reactions in terms of formation of OH is
less than 6% at 60 Torr and ambient temperature. The decay of OH
radicals is almost entirely controlled by the two reactions (the ma-
jor channel: C;H,+OH and the minor channel: HO, + OH). The rest
of the reactions in the mechanism (updated HP-Mech) only places
minor roles and can make some small corrections.
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Fig. 5. The time-resolved measurement of H,O was measured at 3568.29 cm~!
wavenumber. There is good agreement between the experimental measurement
and theoretical simulation based on the updated HP-Mech. [C;H,] = 142 x 10'6
molecules cm=3. [0,] = 6.27 x 10'® molecules cm~3. [03] = 1.26 x 10 molecules
cm~3. [0('D)] = 4.50 x 10" molecules cm~3.
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Fig. 6. The temporal profile of HO, concentration with a gas mixture of
C,H,/0,/03/He. [C;H;] = 240 x 10' molecules cm=3. [0,] = 3.58 x 10"
molecules cm=3. [03] = 3.28 x 10™ molecules cm=3. [0('D)] = 9.34 x 10B
molecules cm~3. A key elementary reaction R3 (C;H,;0H + O,) dominates the HO,
formation. The rate constant is determined by comparing the experimental profile
with the updated HP-Mech simulation.

The initial concentration of O('D) can be quantified based on
the photon fluence, the concentration of O3, and the quantum yield
of photodissociation of O3 at wavelength 266 nm (4th harmonic
Nd:Yag laser). The reaction of O('D) with C,H, is fast and dom-
inant in the current gas mixture system. The lifetime of this re-
action is very short (less than 1 ps). The branching ratios of this
reaction are the fitting parameters in this study. The quenching of
CH,(S) by He and CyH; can be finished less than 1 ps time scale.
Over 50 transient species in the reaction mechanism are listed in
the supporting documents, such as OH, HO,, CH,, H, O, HCO, CH,0,
and H,0. The concentration of stable molecules, 0O,, C;H,, and O3
are present in large excess of the transient species (20 ~ 1000
times). Therefore, the majority initial formed HCCO, CH,(S), and
H in the reaction 1 could convert to OH radicals by the reactions
with stable molecule (HCCO+0,, CH,+0,, and H + O3). By compar-
ing the experimental transient profiles of OH radicals with model
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Branching ratios of reaction 1 at 60 Torr and 296 K. The detailed HP-Mech is listed in the supporting
materials. Units are in moles, cubic centimeters, seconds and cal/mole.

Number  Reaction A n Ea Comments

Rla 0('D) + C;H; — HCCOH 1.8 x 10 0 0 84% of Kitoral

R1b 0('D) 4+ C;H; — HCCO+H 0 0 ¢1b+¢plc = (16 +4)%
Rlc 0('D) + C;H; — CH;(S) +CO 0 0 ¢1b+oplc = (16 +4)%
R2 CHy +OH+M — GH,OH+M 228 x10° 0 1071 Refs. [38,39]

R3a CH,0H 4 0; — HCO+HCOOH  0.74x102? 0 0 Refs. [40]

R3b C,H,0H 4+ 0; — HCOHCO+OH  297x102 0 0 Refs. [40]

simulation using updated HP-Mech, the overall branching ratio of
R1b and Rlc can be determined.

In Fig. 4, the OH radical absorption was measured at 3568.52
cm~! at 60 Torr and ambient temperature in a C;H,/03/0,/He gas
system. It is interesting to note in Fig. 4 that the peak of OH pro-
duction is observed 200 ps after photolysis, which indicates that
the channel O('D) + C;H, — C,H + OH (R1d) via H abstraction
reaction channel forming OH can be neglected because these chan-
nels would result in much faster OH rise (ca. 1 ps). This result is
different from the previous studies of O(!D) reaction with satu-
rated hydrocarbons [9,14,37], suggesting the uniqueness of O('D)
reaction with with alkyne.

According to the simulation based on the reaction mechanism
(HP-Mech), the chain branching and propagation channels 1b and
1c, as mentioned in the introduction, have similar sensitivities of
OH formation, while the channel 1a is dominant chain termina-
tion pathway. As a result, through a adjustment of the ratio of
branching ratio ¢1a/(¢1b+¢1c), the agreement between simula-
tion and experimental data was greatly improved. However, only
an overall chain branching ratios, ¢1b+¢1c, can be determined
since both of the channel 1b and 1c result in the fast OH radi-
cal formations. The derived branching ratio of channel 1a is 84%
and the overall branching ratio of channel 1b and channel 1c is
(16 + 4) % under 60 Torr and ambient temperature conditions.
Under higher pressure experiments condition (150 Torr), the mea-
sured overall branching ratio of Channel 1b and 1c is (10 + 3)
%. Unimolecular reaction with chemical activation can be analyzed
by the ratios of stabilization/dissociation. The collision efficiency
and bath gas number density are linearly proportional to the ratio
of stabilization/dissociation. Comparing with experiments between
60 Torr and 150 Torr conditions, the decomposition channels are
decreased. It should be noted that the HP-Mech was updated
in this study, some key elementary reactions were either added
or corrected based on most recent literature values (shown in
Table 1).

Figure 5 shows the H,0O formation measured using TDLAS at
3568.29 cm~! to validate the updated kinetic mechanism (HP-
Mech) which including the branching ratios of O('D) reaction
with C;H, and key elementary reactions shown in Table 1. The
reaction of CH; + 0O, — H;0+ CO is the major H,O formation
channel at the initial 150 ps time range and the reaction of
OH + HO, — H,0 + O, is the major H,O formation reaction over
150 ps to 5 ms time range. The simulation agrees well with ex-
perimental measurements, especially during the initial H,O rise
but slightly over-predicts the H,O concentration at around 1 ms.
Signal fluctuation is observed from the minor drifting of the
laser wavelength which can not be subtracted by the background
measurements.

The path flux analysis indicated that the original mechanism
constructed using HP-Mech and ozone measurements with ad-
ditional reactions involving O('D) has little sensitivity to the
production of HO,, suggesting the absence of some critical reac-
tion channels for HO,. A key reaction of C,H,OH with O, has been
added into the reaction mechanism which directly influences the

formation of HO,:

C,H,0H + 0, —> HCO + HCOOH (10)

C,H,0H + 0, — HCOHCO + OH (11)

In fact, Fig. 6 shows dramatically improved agreement between
HO, measurements and the model prediction after including reac-
tion C;H,0H + O, — HCO + HCOOH (R3a) and C,H,0H + 0y —
HCOHCO + OH (R3b). The reaction R3 is directly sensitive towards
the HCO radical production, which is one of the most impor-
tant intermediates in HO, formation. The experimental errors were
mainly introduced from magnetic field (£ 10 G) and pathlength
(£ 21 cm) uncertainty, in total 7%. Sensitivity analysis has been
carried out for all reactions in the reaction mechanism. Among
the reactions included in the mechanism, some reactions have only
marginal importance, while most of them are not important at all.
Turning off all other HO, formation channels results in the change
of the peak value of HO, not exceeding 15 %.

The branching ratios and rate constants of key reactions exam-
ined in this study are summarized in Table 1.

4. Conclusion

In conclusion, the kinetics of O('D) reactions with C,H, are
studied through quantitative time-resolved measurements of HO,,
OH, and H,0 in a newly developed photolysis flow reactor. In par-
ticular, selective and time-resolved detection of HO, was success-
fully demonstrated through use of Faraday rotation spectroscopy
by the suppression of spectral interference from non-paramagnetic
hydrocarbon absorption via balanced detection. The branching ra-
tios of O('D) reactions with C;H, as well as its subsequent reaction
kinetics are quantified.

With the adoption of these reaction channels and the measured
reaction rates and branching ratios, an updated kinetic model for
O('D) reactions with C;H, based on HP-Mech is developed. The
updated model significantly improved the prediction of experimen-
tal results of OH, HO,, and H,0. The results also demonstrate that
the new experimental apparatus combing TDLAS with FRS in the
photolysis reactor has the potential for sensitive measurements of
many species, (e.g. OH, HO,, H,0, CH,0, C;H,, and Os3) for the
study more complicated chemical kinetics and dynamics involv-
ing O(D) reaction with large unsaturated hydrocarbons and oxy-
genated fuels. Furthermore, understanding of O(!D) reactions with
fuels provides a key sub-mechanism of reaction kinetics for com-
bustion, plasma chemistry, materials synthesis, and atmospheric
chemistry.
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