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Photolysis of CH;CHO at 248 nm: Evidence of triple fragmentation
from primary quantum yield of CH; and HCO radicals and H atoms
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Radical quantum yields have been measured following the 248 nm photolysis of acetaldehyde,
CH;3CHO. HCO radical and H atom yields have been quantified by time resolved continuous wave
Cavity Ring Down Spectroscopy in the near infrared following their conversion to HO, radicals
by reaction with O,. The CHj radical yield has been determined using the same technique fol-
lowing their conversion into CH30;. Absolute yields have been deduced for HCO radicals and
H atoms through fitting of time resolved HO, profiles, obtained under various O, concentrations,
to a complex model, while the CHj3 yield has been determined relative to the CHj yield from
248 nm photolysis of CH3I. Time resolved HO, profiles under very low O, concentrations suggest
that another unknown HO, forming reaction path exists in this reaction system besides the conver-
sion of HCO radicals and H atoms by reaction with O,. HO, profiles can be well reproduced under
a large range of experimental conditions with the following quantum yields: CH3CHO + hvasgnm
— CH3;CHO*, CH;CHO* — CH3+HCO ¢, = 0.125+0.03, CH;CHO* — CH3;+H+CO
$1. = 0.205 £ 0.04, CH;CHO*—25>CH3CO 4+ HO, ¢ ¢ = 0.07 4 0.01. The CH30, quantum yield
has been determined in separate experiments as ¢cy, = 0.33 £ 0.03 and is in excellent agreement
with the CHj yields derived from the HO, measurements considering that the triple fragmentation
(R1e) is an important reaction path in the 248 nm photolysis of CH;CHO. From arithmetic consider-
ations taking into account the HO, and CH; measurements we deduce a remaining quantum yield for
the molecular pathway: CH3CHO* — CH4+ CO ¢4, = 0.6. All experiments can be consistently
explained with absence of the formerly considered pathway: CH;CHO* — CH3;CO+H ¢ =0.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878668]

Il. INTRODUCTION

Acetaldehyde, CH3CHO, is one of the important car-
bonyl compounds present in the atmosphere because its pho-
todecomposition by sunlight generates free radicals, which
further influence the photochemistry of the troposphere. Ac-
etaldehyde is emitted to the atmosphere both through direct
anthropogenic and biogenic emission, but is also generated
during the photochemical oxidation of volatile organic com-
pounds (VOC) such as alkanes and alkenes.! Concentrations
of up to 100 ppt are even found at altitudes of 12 km. In a
recent study,” average annual concentrations of CH;CHO of
430 ppt were found in the tropic, remote marine boundary
layer between 2006 and 2011, but current atmospheric mod-
els underestimate this concentration by up to a factor of 10,
rising to 40 during the summer. This shows that the sources
and sinks of acetaldehyde are still not well understood and it
is important to further investigate the degradation mechanism
of acetaldehyde. Photolysis is one of the possible degradation
paths for CH3CHO, and its photochemistry has been studied
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many times: the most detailed study using the analysis of sta-
ble end products has been carried out by Moortgat et al.,?
who also developed a parameterization of quantum yields as
a function of wavelength (250-330 nm) and pressure (100—
870 Torr N,).* Their end product analysis can be consistently
interpreted with three different primary photolysis pathways:

CH;CHO* — CH; + HCO, (R1a)
CH;CHO* — CH, + CO, (R1b)
CH;CHO* — CH;CO + H. (Rlc)

The wavelength dependant photochemistry of CH3;CHO has
also recently attracted increased interest as it has become an-
other model molecule for testing the concept of “roaming”
mechanism, a new mechanism that has first been described for
the photo-dissociation of CH,0.°> Houston and Kable® have
analyzed the detailed state distribution of the nascent CO pro-
duced following 308 nm photolysis of CH3;CHO. They de-
duced that up to 15% of the CO originates from a mechanism
other than the conventional transition state mechanism (R1b)
and attributed it to the roaming pathway:

roamin g

CH;CHO* — (CH; + HCO) CH, + CO. (R1d)

© 2014 AIP Publishing LLC
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The same group has since then undertaken other experiments
and theoretical calculations,”? confirming the importance of
the roaming mechanism (R1d) in the photolysis of CH;CHO
at wavelengths above around 300 nm. Rubio-Lago et al. pho-
tolysed CH3CHO at 248 nm and concluded from slice imag-
ing detection’ as well as later from a combination of velocity-
map imaging and rotational resonance enhanced multiphoton
ionization'® of the product CO, that roaming is even more
important at this shorter wavelength. From a lack of any
CH3; signal in both studies they conclude furthermore, that
the roaming channel (R1d) competes very efficiently with
the radical channel (R1a). A detailed review on the roaming
mechanism in CH3CHO photolysis can be found in Bowman
and Shepler.!! Recently, de Wit et al.'> suggested another
possible pathway following CH3;CHO photolysis, the triple
fragmentation:

CH;CHO* — CH; + H + CO, (Rle)

and deduced from theoretical considerations that such triple
fragmentation would lead to cold translational and rotational
reaction products, precisely the characteristics of the donat-
ing product in a roaming mechanism. From a thermodynamic
point of view, triple fragmentation is open for CH3;CHO for
wavelengths shorter than 294 nm. By only observing the CO
fragment it would therefore be thinkable to attribute the cold
CO from channel (Rle) to the roaming channel (R1d). Han
et al."’ recently presented quasiclassical trajectory calcula-
tions of the dissociation dynamics of CH3CHO at high ener-
gies. They obtained branching ratios of 45.4%, 14.6%, 19.5%,
and 9.9% for channels (R1a), (R1e), (R1b), and (R1c), respec-
tively. An overall yield of 60% for CHj; radicals has thus been
predicted, in total contradiction with absence of any CHj3 sig-
nal in the experiments of Rubio-Lago et al.®'° In a very re-
cent work, Hung et al.'* applied time-resolved FTIR emission
spectroscopy to investigate the roaming and triple fragmenta-
tion pathways following the 248 nm photolysis of CH;CHO.
From time-resolved measurements of the HCO fragment as
well as the rotational distribution of CO they conclude to have
the first experimental evidence of triple fragmentation follow-
ing the 248 nm photolysis of CH;CHO.

Considering the different results from experimental and
theoretical works, new experiments aiming to observe the dif-
ferent possible photolysis products is needed. In the present
work, we present the application of time resolved continu-
ous wave Cavity Ring Down Spectroscopy (cw-CRDS) for
the quantification of radical yields following the 248 nm pho-
tolysis of CH3CHO. The yields of HCO radicals and H atom:s,
products of different reaction paths, are determined following
their transformation into HO; radicals. The CHj radical yield
is determined following its reaction with O, and conversion to
CH;0,. Combination of CHs, HCO and H yields can unravel
the presence of triple fragmentation through unequal yields of
CH3; and HCO radicals.

Il. EXPERIMENTAL TECHNIQUE

Experiments have been performed by laser photolysis
coupled to a detection of HO, and CH30, radicals by cw-
CRDS in the near infrared. The experimental set-up has al-
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ready been described in previous papers'>~'7 and only a brief
description will be given here. Pulsed photolysis of acetalde-
hyde at 248 nm was carried out by an excimer laser (Lambda
Physik LPX 202i). OH radicals were detected in some experi-
ments to control acetaldehyde concentration or to cross check
the photolysis energy (see further down) by high repetition
rate LIF (10 kHz) using a frequency doubled YAG (Spectra
Physics) pumped dye laser (SIRAH), operating at 10 kHz rep-
etition rate with a maximum output power of 30 mW.'® The
absorption path for the detection of HO, or CH3O; radicals by
cw-CRDS is installed in a small angle (4°) with respect to the
excimer laser beam, leading to an overlap of 28.7 cm between
both laser beams. HO, concentration time profiles have been
measured at total pressures of 10, 50, and 90 Torr He with
O, between 0.05 and 10 Torr added to the mixture, CH50,
profiles were measured at a total pressure of 50 and 100 Torr
helium containing up to 100 Torr O,. HO, concentration—time
profiles were measured at the peak of the most intense absorp-
tion line in the 2v; band!® at 6638.205 cm™!, CH;0, profiles
were recorded at one of the maxima in the v,-transition?° at
7489.16 cm~!. Time-resolved ring-down times, t, have been
converted into absorption coefficients, «, and subsequently
into absolute concentrations by the following equation:

RL (1 1
OlzZO’X[ROZ]zZ_(___), (D
c \n 1

with Ry being the ratio between the cavity length L, i.e., the
distance between the two cavity mirrors, to the length LA over
which the absorber is present (in our case the overlap of pho-
tolysis beam and absorption path), c is the speed of light, 7
and 7 being the ring-down times before the photolysis pulse
and at a delay t after the photolysis pulse, respectively. The ab-
sorption cross sections, o, necessary in (1) to convert « into
absolute concentrations, have been found pressure indepen-
dent for the CH;0, radical by Farago et al.?’ and a unique
value of ocp,0, = 3.4 X 10~2% ¢m? has been used throughout
the work. The helium pressure broadening of the HO, absorp-
tion line at 6638.205 cm™! has been determined in the frame
of this work and more details on the absorption cross sec-
tions employed to calculate absolute HO, concentrations can
be found further down. Typical ring-down times in the empty
cell, i.e., before the photolysis pulse, were around 50 us for
the HO, measurements, leading to ring-down times of around
35 us for the highest HO, concentrations. Mirrors with lower
reflectivity were used for the CH30, measurements and typ-
ical ring-down times of the empty cavity of only 16 us were
obtained, leading to ring-down times of around 14 us for the
highest CH3O, concentrations.

The photolysis laser frequency was 0.3 Hz allowing re-
freshing the gas mixture between two laser pulses. The pho-
tolysis energy was measured at the exit of the photolysis cell
using a power meter (Newport 841-PE), 10% were added
to the measured value in order to take into account the
loss through the exit window (determined in separate exper-
iments). However, uncertainties of power meters are rather
high, therefore photolysis energies were also cross-checked
by measuring well-known systems. In the case of HO; rad-
icals, both OH and HO, radical profiles were measured si-
multaneously following the photolysis of H,O,. From the
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exponential decay of the relative OH profile (obtained by
LIF), the initial H,O, concentration can be retrieved us-
ing the known rate constant between OH radicals and H,O,
molecules, while fitting of the absolute HO, concentration
time-profile (obtained by cw-CRDS) allows retrieving the
initial, absolute OH-concentration. Admitting that the 248
nm photolysis of H,O, leads to the formation of two OH-
radicals,?"-?? the ratio between OH and H,O, concentration
in turn depends only on the well-known absorption cross sec-
tion of H,O, at 248 nm (9.06 x 1072 cm?)> as well as the
photolysis energy (for more details see Jain et al.?*) and hence
allows retrieving the photolysis energy. On the other hand, the
absolute HO, concentration, which is the basis for the ratio
OH/H,0,, is extracted from equation (1) and depends thus
on the correct Ry and o: any systematic error in these val-
ues will be directly reflected in a proportional error in the re-
trieved photolysis energy. The photolysis energy obtained this
way was in very good agreement (better than 10%) with the
photolysis energy obtained from the corrected power meter
readings. In the case of the CH30; radical measurements, the
yield has not only been measured through determining abso-
lute concentrations and photolysis energies, but has first and
foremost been measured in back-to-back experiments relative
to the CH30; yield following CH3I photolysis. Also in these
experiments, a comparison of the calculated photolysis energy
from absolute CH30, measurement following the CH3I pho-
tolysis with power meter measurements showed an excellent
agreement, giving confidence to the power meter readings.

A. Reactants and concentration measurements

CH;CHO (Sigma Aldrich, >99.5%) was prepared as a
diluted gas mixture in a darkened glass bulb at concentra-
tions of up to 2%. CH3CHO is known to easily polymerize,
therefore the CH3;CHO concentration within the balloon, de-
duced from pressure measurements, was occasionally verified
by measuring OH-decays under pseudo-first order conditions.
For these experiments, H,O, has been co-photolyzed with
CH;CHO and the exponential OH-decay has been followed
by LIF: using the well-known rate constant of the reaction
between OH and CH3CHO allows calculating the CH;CHO
concentration, such as detailed by Morajkar et al.”> Helium
(Praxair 6.0) and O, (Praxair 4.5) were used without further
purification and have been added through calibrated flow me-
ters. The lowest O, concentrations resulted from a small leak,
carefully quantified before each experiment from a measure-
ment of Ap/At in a known volume, obtained by comparison
with a known flow from calibrated flow meters.

lll. RESULTS AND DISCUSSION

The results are presented in three sections: determination
of the CHj-radical quantum yield by quantifying the forma-
tion of CH30O; radicals following the 248 nm photolysis of
CH;CHO in the presence of large excess O, in Sec. III A;
determination of the helium pressure broadening of the HO,
absorption line at 6638.205 cm™!, necessary for retrieving ab-
solute HO, concentrations at different pressures in Sec. III B,
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and determination of the H atom and HCO radical quantum
yield through time resolved measurements of HO, radicals
following the CH3CHO photolysis in the presence of variable
O, concentrations and at different pressures in Sec. III C.

A. CHj; radical quantum yield from time resolved
CH30, profiles

The CHj radical is the primary dissociation product of re-
action channel (R1a) but is also formed in the recently postu-
lated triple fragmentation pathway (Rle).'?> Determining the
CHj3 radical yield and comparing it to the yield of HCO rad-
icals is therefore interesting, as it allows estimating the im-
portance of the triple fragmentation under our conditions: in
absence of any triple fragmentation, the HCO and the CHj;
yields should be identical, while triple fragmentation at a non-
negligible yield should result in a higher CH3 radical yield
compared to the HCO radical yield. An important yield of
acetyl radicals, i.e., reaction (R1c), would on the other hand
lead to an H-atom yield without the equivalent CHj3 yield.

We have detected CHj3 radicals following the 248 nm
photolysis of CH3;CHO after conversion to CH30, radicals
in the presence of excess Oy.

CH; + O2(+M) — CH30,(4+M). (R2)

Reaction (R2) converts CHj3 radicals under our O, concentra-
tions into CH3O; radicals within less than 10 us, rendering
radical-radical reactions such as (R6), (R9), (R10), or (R11)
(see Table I) negligible at the overall low radicals concentra-
tions. CH30, radicals have been detected by cw-CRDS in
the near infrared at the v, transition at 7489.16 cm™'. In
a recent work, we have measured the absorption spectrum
of CH30, radicals in this wavelength range®” and absolute
absorption cross sections a factor of 2-3 times higher than
earlier determinations’®?’ have been obtained. In order to
cross-check CHj3 yields, determined by calculating absolute
CH30; concentrations using this absorption cross section to-
gether with the photolysis energy, we have carried out rel-
ative measurement: the CH3;O, concentration following the
248 nm photolysis of CH;CHO was determined relative to
the CH30, concentration following the 248 nm photolysis of
CHsl, always in the presence of excess O,. For this purpose,
diluted CH3I and CH3CHO mixtures in helium have been pre-
pared in darkened glass bulbs, with the concentrations calcu-
lated from pressure measurements. As CH;CHO is known to
polymerize, its concentration has been cross-checked occa-
sionally by measuring OH-decays, as described earlier. Back-
to-back experiments have been carried out by photolysing al-
ternately mixtures containing a known concentration of CH;3I
or CH3CHO, using the same photolysis energy. A typical ex-
ample is presented Figure 1.

Under the assumption that all CHj radicals are con-
verted to CH30,, i.e., O, concentrations high enough to make
reaction (R7) (see Table I) fast compared to secondary reac-
tions, the absorption coefficient ¢, extrapolated to zero delay
after the photolysis pulse, can be expressed for both species as

acu,1i=0 = [CH30:] X ocn,0,

= [CH;3I] X och;1 X Faagnm X @cHs1 X 0cH;0,5
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TABLE I. Complete reaction mechanism used to fit the HO, concentration time profiles.

J. Chem. Phys. 140, 214308 (2014)

Reaction No. k (cm3 s7h) Reference
CH3CHO + hvosg nm — CH; + HCO Rla ¢ =0.125
— CH3 + H+ CO Rle ¢ =0.205 This work
+ 0, - CH3CO + HO, RIf ¢ =0.07
— CH4 + CO RIb ¢ =06
CH3 + O, (+M) — CH30; (+M) R2 1.4 x 10~132 51,52
HCO + 0, — CO + HO, R3 5.2 x 10712 28
H + Oy (+M) — HO, (+M) R4 3 x 107142 44
H + CH3CHO — H, + CH3CO RS 1.1 x 10713 46
CH; + HCO — CH4 + CO R6 2 x 10710 49
H + HCO — H, +CO R7 1.5 x 10710 50
H + HO, — 20H RS 8 x 1071 23
2 CH3 — CyHs R9 6 x 10~ 53
CH; + CH30, — 2 CH30 R10 45 x 1071 49
CH; + HO, — CH30 + OH RI1 3.7 x 10711 54
CH3CHO + HO» — CH3CH(OH)O, R12 1.5 x 10714 55
CH;CH(OH)O, — CH3CHO + HO, RI3 900 s~! 55
CH30 + O, — CH,0 + HO, R14 1.92 x 10715 28
CH3CO + 0, — OH + CH,C(0)O R15a 1.05 x 107122 56
— CH3C(0)0; R15b 1.74 x 10712
CH30 + CH3CHO — CH3CO + CH30H R16 7 x 10714 57
2 HO, — H,0, + 0, R17 1.7 x 10712 23
2 CH;30, — 2CH30 + 05 R18a 1.3 x 10713 28
— Products R18b 22 x 10713
CH;0; + HO, — products R19 52 x 10712 28
CH;C(0)0, + HO, — CH; + OH" R20a 6.16 x 10712 28¢
— products R20b 7.57 x 10712
2 CH3C(0)0, — 2CH3? 1.6 x 10~11 28
CH3C(0)0,+CH;0, — CH30+CH;? 9.9 x 10712 28
— products 1.1 x 10712
OH + CH3CHO — H,0 + CH3CO 1.5 x 10~11 28
OH + CH30, — products 2.8 x 10710 30
CH3;CH(OH)O, + HO» — products 12 x 1071 3
CH3CH(OH)O, + CH3C(0)0, — CH3 + HO, P 1 x 10711 3
CH;CH(OH)O, + CH;30, — HO, + CH30°® 1.8 x 1012 3
— products 12x 10712
2 CH3CH(OH)O, — 2HO, " 5.4 x 10712 3
— products 6x 1071
CH3CH(OH)O, — diffusion 5571
HO, — diffusion 757!

“Rate constant at 50 Torr, values for 10 and 90 Torr have been adapted according to corresponding references.
PReaction is not stoichiometric, only radical products influencing the HO, profiles are listed.
©A recent work of GroB et al.’® suggests higher values, used for the dashed lines in Figure 6 (see text).

acH,;cHo,i=0 = [CH30,] X och,0,
= [CH3CHO] x ochycHO X Fasgnm

X @CH;CHO X OCH;0, 5

with ocp,0, the absorption cross section of CH30; radicals
at 7489.16 cm™!, ocu,1 and ocy,cHo the absorption cross
sections of CH3I (8.07 x 107! cm?)?® and CH3;CHO (9.73
x 1072 CHI2)28 at 248 nm, ¢CH3I and ¢CH3CHO the CHj;
radical quantum yields for the 248 nm photolysis of CH3I
and CH3;CHO, respectively, and Fysg,m the photolysis
laser fluence. In Figure 2 are plotted for both species the
absorption coefficient oy as a function of the product
of the CH3I or CH3CHO concentration multiplied by the

corresponding absorption cross section at 248 nm: because
all experiments have been carried out at the same photolysis
energy (26 mJ cm™2), Faoagnm cancels out and this product
is therefore a relative measure for the number of absorbed
photons and with this the slope becomes a relative measure
for the quantum yields ¢cp,1 and ¢cu,cro. Taking the ratio of
both slopes (mcu,cno = (1.20 £ 0.04) x 103 and MCH,1 =
(3.345 4 0.07) x 1073), the absorption cross section OCH;0,
cancels out as well and the ratio of the CHj3 radical quantum
yields for both photolysis reactions is obtained.

A small correction needs to be applied to the CH30,
absorption coefficient obtained following the photolysis of
CH3I: from an extrapolation of « to zero delay, ocp,1,i=0 1S un-
derestimated by around 10% due to a fast reaction sequence
between CH30, and I-atoms and the subsequent reaction of
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FIG. 1. CH;30; profiles following the photolysis of 3.09 x 104 cm™3 CH3I
(upper, red curve) and 2.87 x 10'® ¢m=3 CH3CHO (lower, blue curve) in
the presence of [O2] = 5.7 x 107 ¢cm™3. The maximum o corresponds to a
concentration of [CH30,] ~ 2 x 10'3 cm™3.

CH;0,1 with I-atoms.?’ This reaction sequence decreases the
CH;0; concentration by around 10% on the millisecond time
scale (for more details see Bossolasco et al.’®) and hence the
slope for the CH3I photolysis in Figure 2 is also underesti-
mated by around 10%. Taking this into account and applying
the recommended®' CHj3 radical yield for the 248 nm photol-
ysis of CH3I of ¢cp,r = 1, one obtains a CHj radical yield for
the 248 nm photolysis of CH3CHO of ¢ = 0.33.

An overestimation of the CHj radical yield could arise
from the possible formation of other products in reaction
(R1a)—~(R1f) absorbing in the near infrared and thus faking
a higher CH30, concentration. Unfortunately, the absorp-
tion spectrum of CH30, radicals in this wavelength range
is rather broad”® and hence it is not possible to shift the
wavelength of the DFB laser off the absorption line to un-
ravel any other, broadband absorbing by-products. There-
fore, we have measured the absorption spectrum following
the photolysis of CH;CHO over a large wavelength range,
covering a characteristic structure of the v, transition of
the CH30, absorption spectrum including three distinct ab-
sorption peaks. Even though the S/N ratio is rather poor
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1.0x106
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(ICH3l] or [CH3CHO]) X Gggqm/ cm’!

0
0.0000

FIG. 2. Absorption coefficient @ as a function of the product of precursor
concentration multiplied by absorption coefficient, photolysis energy was
kept constant for all experiments (26 mJ cm™2): open symbols CH;I, filled
symbols CH3CHO. Blue circles: p = 50 Torr, [02] =5.7 x 107 cm™3; green
circles: p = 50 Torr, [O2] = 8.2 x 107 cm—3; red circles: p = 100 Torr, [O2]
=33 x 108 cm3.
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FIG. 3. Relative absorption spectrum obtained following the 248 nm photol-
ysis of CH3CHO (blue, left y-axis) compared to the absolute CH3O; absorp-
tion spectrum obtained by Farago ez al.? following the 248 nm photolysis of
CH3lI (red, right y-axis).

following the CH3CHO photolysis (blue line) due to the
small absorption cross section of CH3;CHO, a very good
agreement is found with the shape of the CH;O, spec-
trum (Figure 3), obtained from the photolysis of CH3I.%°
From this experiment we conclude that a contribution of
other, unknown absorbing species to the absorption signal is
unlikely.

The error in the determination of the CHj; quan-
tum yield lies mostly in the uncertainty of the absorption
cross sections of the two precursors, CH3I and CH;CHO.
We have used for both species the values recommended
by the TUPAC committee,”® only slightly different from
JPL recommendation.’? For CH;I, the TUPAC value (8.07
x 107! cm?) is based on the measurements of Roehl
et al.,’® Jenkin e al.** and Rattigan et al., while the JPL
recommendation®? include also the value obtained by Fahr
et al.,’® leading to a 4% higher value (8.40 x 10~!° cm?). For
CH;CHO, the TUPAC recommendation (9.73 x 1072' cm?)
reflects the data of Martinez et al.,’” while JPL recommends
a 6% higher value (10.33 x 102! cm?) by including data
published in the PhD thesis of H. G. Libuda (University Wup-
pertal, 1992). Another small error is caused by the correction
necessary for the CH3O, concentration from CH31 photolysis
due to secondary chemistry. However, this correction itself is
only small (10%), and hence a minor error would only have a
small impact on the CHj3 radical yield of the CH3;CHO photol-
ysis. Other errors such as concentration, pressure, photolysis
energy, absorption path length are all cancelled out due to the
relative measurement. We therefore estimate the uncertainty
on the CHj3 radical yield to be less than 10%:

der, = 0.33£0.03.

This unequivocal, non-negligible yield of CHj radials is in
contradiction with the results of Rubio-Lago et al..®'% who
did not observe any CHj signal in their experiments, using
two different detection techniques for CHs radicals, but this
might be explained according to the authors by a low sensi-
tivity of their technique for CHj3 radicals. The result is, how-
ever, in satisfactory agreement with the theoretical work of
Han et al.'? predicting an overall CH3 yield of 60% following
230 nm photolysis.
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B. Pressure broadening of HO, absorption line

The HO, absorption spectrum in the near infrared has
been recorded by Thiébaud ef al.'® in the wavelength range
between 6600 cm~!' and 6700 cm~!. They observed the
strongest line at 6638.205 cm™~!, with an absorption cross sec-
tion twice as high as all other lines in that spectral range. It is
therefore likely that the line consists of the superposition of
two individual lines. Even though this line has been employed
for the quantification of HO, in many studies,’®3 the pres-
sure broadening behaviour of this particular line has rarely
been investigated. Thiebaud et al.'® have determined the he-
lium pressure broadening of a line at 6637.29 cm™! using two
different methods: (a) scanning the full line at different pres-
sures and fit the shape to a Voigt profile and (b) measuring
the absolute peak absorption cross section from kinetic de-
cays and extract the pressure broadening coefficient by sup-
posing a Voigt profile and imposing the Doppler linewidth
at zero pressure. Both methods led to a good agreement for
this line with a broadening coefficient of yy. = 0.057 cm™!
atm~'. In that work, only the peak absorption cross section in
50 Torr He was determined from kinetic measurements for the
strongest line at 6638.205 cm™!. Ibrahim et al.** have mea-
sured the air broadening coefficients for 34 HO, absorption
lines in this wavelength range, yielding quantum number de-
pendant broadening coefficients between 0.09 and 0.14 cm™!
atm™"'; the line at 6638.205 cm™"', however, has not been stud-
ied in that work. In a recent paper, Tang et al.*' have studied
the broadening behaviour of the strongest HO, line by mea-
suring the peak absorption coefficient at different pressures
and retrieved air broadening coefficients supposing a Voigt
profile and Doppler width at zero pressure. After applying a
correction due to instrumental broadening, a broadening co-
efficient of 4, = 0.106 cm™! atm~! was obtained. By com-
parison with the peak absorption in helium they estimate y e
=0.035cm™! atm™'.

However, the strong line being probably the superposi-
tion of two individual lines, it cannot be excluded, that the
superposition is not perfect and that the two lines are slightly
shifted. This would result in a line width at zero pressure
larger than the theoretical Doppler width, and hence it could
be hazardous to deduce pressure dependant peak absorption
cross sections by supposing the theoretical Doppler width at
zero pressure. Because the determination of the HO, quan-
tum yield at different pressures requires accurate knowledge
of the pressure dependant absorption cross section, we have
determined the helium pressure broadening of the absorption
line at 6638.205 cm™!. The full as well as an adjacent smaller
line, centred at 6638.12 cm™', have been scanned at four dif-
ferent pressures between 10 and 95 Torr helium and both lines
have been fitted to a Voigt profile using the Fityk Software.*?
In these experiments, HO, radicals have been generated by
248 nm photolysis of COCl, in the presence of excess
CH30H and O,, a clean source for the preparation of HO,
radicals. The absorption lines have been scanned by measur-
ing successively kinetic decays under identical experimen-
tal conditions (precursor and bath gas concentration as well
as photolysis energy) at different wavelengths. The wave-
length has been automatically incremented by around 0.001
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FIG. 4. HO, absorption lines at 10, 30, 60, and 95 Torr helium. The spectra
have been scaled to the line strength of the line at 6638.205 cm~ !, such as
obtained from the Voigt fit.

cm~! through a LabView program as soon as enough ring-
down events (user-defined as 20 ring-down events in the first
5 ms following the photolysis pulse) had occurred to describe
the HO, decay; this condition was generally fulfilled after
less than five photolysis pulses. The time resolved ring-down
events have been converted to absorption coefficients « using
Eq. (1). Each kinetic trace has then been fitted in order to re-
trieve by extrapolation the absorption coefficient o(—, i.e., the
absorption coefficient at zero delay after the photolysis laser
(more details on this method can be found in Jain et al.’*).
The result is presented in Figure 4 for all pressures with each
data point being the result of one kinetic decay. The full line
represents a fit to a Voigt profile, the absorption coefficients
a have been normalized to the surface area such as obtained
from the Voigt fitting for each pressure. It can be seen in
Figure 4, that the peak absorption coefficient decreases only
by around 15% with the pressure increasing from 10 to 95
Torr He, pointing to a weak pressure broadening.

In Figure 5 are plotted the line widths (half width at
half maximum, HWHM), such as obtained from the fitting
procedure, as a function of pressure for both lines: a very
weak broadening coefficient is obtained for both lines with an
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FIG. 5. Linewidth (HWHM) of both lines from Figure 4 at the four different
pressures (no data available for the small line at 30 Torr): filled red circles
6638.205 cm !, open red circles 6638.12 cm ™!, and black square: theoretical
Doppler line width.
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average value of yy. = 0.0237 cm™' atm™!. It can also be

seen in Figure 5 that the line width extrapolated to zero pres-
sure (10.72 x 1073 cm~' HWHM) is not in agreement with
the theoretical Doppler width (7.088 x 1073 cm™! HWHM,;
represented as a black dot in Figure 5) for the strong line
at 6638.205 cm~!, while the extrapolation is in excellent
agreement with the expected value for the smaller line at
6638.12 cm~!. Nonetheless, this result is consistent with the
suspicion of the line at 6638.205 cm™! being composed of two
individual, slightly shifted absorption lines. Using these val-
ues, a line strength of S = 7.09 x 102! cm~! can be deduced
by adjusting the peak absorption cross section at 50 Torr he-
lium, obtained by Thiébaud et al.’® (272 x 107'% cm?), to a
Voigt profile.

Based on these measurements, the following pressure de-
pendant absorption cross sections have been used in what fol-
lows to convert ring-down times into absolute HO, concen-
trations: o e638.205cm1 = 3.02, 2.72 and 2.49 x 107! cm? at
10, 50, and 90 Torr, respectively.

C. HCO radicals and H-atom quantum yield
from time resolved HO, profiles

Continuous wave cavity ring-down spectroscopy (cw-
CRDS) was used to monitor the time resolved profiles of HO,
radicals formed after the 248 nm photolysis of CH;CHO at
pressures between 10 and 90 Torr He. Both primary photoly-
sis products, HCO radicals from reaction (R1a) and H atoms
from reaction (R1e) and possibly (R1c), can be converted into
HO, radicals via reaction with O,:

HCO 4 O, — CO 4 HOy, (R3)

H + 02(+M) — HO»(+M). (R4)

The rate constants of both reactions differ by around two to
three orders of magnitude, which allow distinguishing HCO
radicals from H atoms by using different O, concentrations.
The principle of this technique has been shown recently in a
work on the photolysis of CF3CH,CHO:*? reaction (R3) is in-
dependent of total pressure®® with k3 = 5.2 x 1072 cm? 57!,
while the rate constant for reaction (R4) depends on pres-
sure and bath gas: for He, the low pressure limit* is kyq
= 1.8 x 10732 cm® molecule 2 s7!, ie., ks, = 0.59, 2.97
and 5.35 x 10~ cm3 s~! at 10, 50, and 90 Torr He, respec-
tively. At the lowest O, concentrations used in this work (few
10" molecule cm™?), HCO is converted into HO, within less
than one millisecond, while at the highest O, concentrations
(above 10'7 molecule cm™?) both, HCO radicals and most of
the H atoms are convert into HO, on a much shorter time
scale.

Figure 6 shows a typical example for a series of ex-
periments with increasing O, concentration. At the low-
est O, concentration (0.16 x 10'® cm™ in the example of
Figure 6, red dots) only HCO is converted to HO,, while H
atoms will react with acetaldehyde:

H + CH3;CHO — H, + CH;CO. (RS)

J. Chem. Phys. 140, 214308 (2014)
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FIG. 6. HO; concentration time profiles at five different of O, at a total pres-
sure of 50 Torr helium. [CH3CHO] = 1.67 x 100 cm™3, photolysis laser
fluence of 37.1 mJ cm 2. O, concentrations were 0.16, 1.23, 5.60, 12, and
31 x 10'® cm~3, from bottom to top. Data points at the first 200 s are from
individual ring down events, thereafter ring down events have been averaged
within 300 s time windows. Full lines from model Table I, dashed lines
same model except rate constants for R20a and b from Grof et al.*’

The rate constant ks (1.1 x 10~ cm® molecule™ s71)* is
between 2 and 20 times faster than k4 in our pressure range
and leads to a pseudo-first order decay of around 1000 s~!
for H atoms, compared to a pseudo-first order rate of less
than 100 s~! for reaction (R4) under low O,-concentrations.
With increasing O, concentration, the rate of reaction (R3)
increases and is in the example of Figure 6 only barely re-
solved at the second lowest O,-concentration ([O;] = 1.23
x 10'® ¢cm~3, green dots). Under these conditions the con-
version of HCO is completed within a few tens of us
and the HO, concentration decreases following this near-
instantaneous rise, because the conversion of H-atoms into
HO; is still too slow to compete with reaction (RS5). With
further increase in the O, concentration (5.60 x 10'® cm™3,
blue dots), another increase of HO, is to be seen over the first
ms, due to an increased competition of reaction (R4) com-
pared to reaction (R5). At even higher O, concentrations (3.1
x 107 cm™3), the HO, concentration further increases as now
H-atoms are more and more converted to HO, instead of re-
acting through (RS5): the pseudo-first order rate constant for
reaction (R4) under these conditions is 9000 s~!, one order of
magnitude faster than reaction (RY).

In order to retrieve the H atom and HCO radical yields,
profiles such as shown in Figure 6 have been fitted to a chem-
ical mechanism including the mentioned reactions as well as
other reactions known to influence the HO, concentrations-
time profile on a short time scale (see Table I). However, first
attempts of reproducing HO, profiles obtained at the lowest
O, concentrations pointed to the existence of an HO, forma-
tion path other than reaction (R3) or (R4): a very rapid forma-
tion of HO, radicals is observed, much faster than expected
from the well-known rate constant of reaction (R3) and not
resolved with the time resolution of our experiment, even at
the lowest O, concentrations.

Figure 7 shows a zoom of the first ms of examples ob-
tained at 90 Torr total pressure under low O, concentrations:
initial CH;CHO and O, concentrations are the same for all
experiments, only the photolysis energy has been varied. Un-
der these O, concentrations, reaction (R3) has a pseudo-first
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FIG. 7. HO; concentration time profiles at 90 Torr helium. [CH3;CHO]
=1.67 x 10'® cm™3, [02] = 1.6 x 10" cm™3, photolysis energy was 26.4,
47.8, 63.8, and 81.1 mJ cm~2 from bottom to top. Full lines represent a fit
to (2), fixing only kg to the expected pseudo first order rate for reaction
(R3), dashed line represents fit forced through origin. Data points at the first
200 ps are individual ring down events, thereafter ring down events have
been averaged within 200 us time windows.

order rate of 8400 s~! and is with a rise time of around 200
s well resolved in our experiments. HO, concentration time
profiles have been fitted to an association reaction (Kg,g), fol-
lowed by a much slower decay (Kgjow)

[HO,] = [HO,Jip x €' + [HO, e,

kfaS[ (e_kfas!t _ e_kslowt) (2)
)
kslow - kfasl

whereby kg, can be associated to the pseudo-first order rate
of reaction (R3), k3’, while kgow corresponds to loss of HO,
radicals by diffusion and other secondary reactions. Such fits
returned a time constant for kg, in good agreement with k3’
only when a non-zero value for [HO;];,; was admitted, i.e.,
the formation of HO, immediately (on our time scale) after
the photolysis pulse. Forcing [HO;]iy; to zero returned poor
quality fits with values for k3" more than a factor of two faster
than would be expected from the measured O, concentration:
such a fit is shown in Figure 7 as a dashed line for the low-
est photolysis energy (kg = 21500 s~! instead of 8400 s!
as fixed for all full line). Therefore, we suspect that an-
other pathway of HO; radical formation exists following the
248 nm excitation of CH3CHO in the presence of O, not
mentioned in the literature to our knowledge. The reaction
seems to be completed within the first 10 us, leading with an
0, concentration on the order of 10" ¢cm™3 to a rate constant
for this reaction near collision frequency.

Rapid initial HO, formation has already been observed
in our group following the 248 nm excitation of C¢Hg in the
presence of O, whereby it turned out that 2-photon absorption
by C¢Hg was at the origin of the very fast HO, formation.*’
In order to test for a possible 2-photon process as the origin
of the rapid HO, formation, we have carried out experiments
with varying photolysis energy (24-82 mJ cm~2). Three sets
of experiments such as shown in Figure 7 were carried out at
10 Torr with [CH;CHO] = 1.67 and 0.80 x 10'°® cm™—3 and
at 90 Torr with [CH;CHO] = 1.63 x 10'% cm™3 as well as 5
experiments at 50 Torr.
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FIG. 8. Plot of [HO; Jini (open symbols) and [HO» Jsec (filled symbols, shifted
by 5 x 10! cm~3 for better visibility) as a function of absorbed photons such
as obtained from Figure 7-type fits: total pressure is 90 (red symbols), 50
(green symbols), and 10 Torr (blue symbols). [CH3CHO] = 16.7 (squares),

8.1 (circles), and 5.3 (triangle) x 10'> cm™3, photolysis energy has been

varied between 24 and 82 mJ cm™2.

Figure 8 summarizes the concentrations of [HO;]i,; and
[HO;]sec such as returned by the fit to (2) for all experiments
with low O, concentrations as a function of absorbed photons.
In all fits, the rate constant kg, was forced to the expected
pseudo-first order rate constant k;’. No systematic depen-
dence of the yields on the total pressure (different colours),
the laser energy (same symbol, but different number of ab-
sorbed photons), or the CH3CHO concentration (different
symbols) was observed. The yields such as obtained from the
slope of the regression through all data leads to a yield of ¢y
= 0.069 % 0.003 and ¢psec = 0.117 £ 0.009 (errors are statis-
tical only).

The origin of the rapid HO, is unknown: to our knowl-
edge no such pathway has been mentioned in the literature.
One option would be a reaction between highly excited HCO
radicals and O,, possibly faster than reaction (R3). In this
case, one could expect that more HCO would be stabilized at
90 Torr He compared to 10 Torr He, thus increasing the
branching of [HO;]s. compared to [HO;]i,; with increasing
pressure. However, we do not see any pressure dependence of
the ratio [HO;Jiy; to [HO, ] within the experimental uncer-
tainty, the yields of both HO, are pressure independent (see
symbols with different colours in Figure 8). Another argu-
ment against the excited HCO-hypothesis is that from arith-
metic considerations the CHj radical does not seem to be
the co-product of this reaction (see next paragraph). Chubb
et al.*® have recently described the formation of vinyl alcohol
as the result of phototautomerization of acetaldehyde follow-
ing its excitation in the wavelength range 295-335 nm at low
pressure: quantum yields of up to 7.7% were determined at
330 nm and 20 Torr. It can be speculated that the initially
formed, excited vinyl alcohol might further react with O, to
lead to vinoxy radicals and HO,. However, in the frame of
this work no conclusion can be drawn about the origin of the
prompt HO, and we therefore tentatively propose a rapid re-
action between excited CH;CHO* and O,:

CH;CHO* —2- HO, + CH;CO, (R1f)
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with formation of the acetyl radical, CH3CO, as the co-
product. Further research is needed to elucidate the formation
pathway of the prompt HO,.

The final yields of radical formation through the three
channels (R1a), (R1e), and (R1f) following the 248 nm pho-
tolysis of CH3;CHO were retrieved from fitting [HO,] pro-
files to the complete model such as given in Table I, thus tak-
ing into account secondary reactions. Six sets of experiments,
such as shown in Figure 6, were carried out under the follow-
ing conditions: 50 Torr : [CH;CHO/10' cm—3: F/mJ cm—2
= 1.67:24.8, 1.67:37.1, 1.67:66.4, 0.81: 66.4; 0.53:66.6 and
10 Torr: 0.53/67.0. The model reproduces perfectly well such
as shown in Figure 6, within better than +12%, all HO,
profiles under all conditions with the following yields: ¢,
=0.125, ¢1. = 0.205 and ¢y = 0.07.

The yield of reaction (Rla) is slightly higher than the
slope of the “slow” HO, of Figure 8 (0.117): all experiments
in Figure 8 where carried out under very low O, concentra-
tions, and thus the very fast radical-radical reactions, such
as CH; + HCO (kg = 2 x 107'% cm?® molecule™" s=H)* or
H + HCO (k; = 1.5 x 10719 cm?® molecule™! s71),°° have
a slight impact on the observed maximal HO, radical con-
centration under these conditions, leading to a lower apparent
yield in Figure 8. These reactions are taken into account when
fitting to the full model (reactions 6 to 11) and hence the HCO
radical yield is slightly higher.

The dashed lines in Figure 6 shows a fit using the same
chemical model as for the full lines, only the rate constant
for the reaction of CH3C(O)O, with HO, radicals (reaction
20) was increased from 1.37 to 2.1 x 10~ ecm? s~! (with, in
addition, the yield of the radical pathway (a) increased from
0.45 to 0.61), corresponding to the most recent results from
GroB et al.® Tt can be seen, that the peak HO, concentrations
are not at all influenced by this change, only the HO, decay
on longer time scales becomes faster. The model using the
currently recommended rate constant for reaction (20) with
the lower radical yield seems to better reproduce the experi-
mental results. However, secondary chemistry influencing the
HO,; decay in this system on longer time scales (above 1 ms)
is very complex, and the model used to fit the experiments
such as shown in Table I is possibly not complete. Therefore,
the current system is not sensitive enough to the rate constant
of reaction (20).

The uncertainty on the HCO radical or the H atom yields,
induced by uncertainties in the chemical model, is rather
small. Experiments for a given condition (CH3;CHO concen-
tration, laser energy and pressure) have always been carried
out as a series with different O, concentrations and these se-
ries of experiments have then been fitted simultaneously to
the same model, using a homemade, LabView based pro-
gram. Doing so, uncertainties in the fate of the HCO radi-
cal under the lowest O, concentrations (red dots in Figure 6),
when the lifetimes of H atoms, HCO and CHj; radicals are
long and poorly studied reactions such as HCO + H or HCO
+ CHj3; have some importance, are eradicated at the next-
higher O, concentration (green dots in Figure 6): now, the
HCO-conversion to HO; is much faster than all secondary
chemistry and the “starting” concentration of the green curve
is governed by the total HCO yield. The fate of H-atoms is
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changing with increasing O, concentration and is, except for
the lowest O, concentrations, when other radical-radical re-
actions such as (R2) and (R3) have some importance, divided
between reactions (R4) and (R5). The increase of the ter-
molecular rate constant of reaction (R4) due to the increased
collision efficiency with increasing O, has been taken into
account, based on the fall-off expressions from Fernandes
et al.,* the most recent values have been taken for the rate
constant of reaction (R5).*® From the coherent, simultane-
ous fitting of the HO, profiles at the higher O, concentrations
(above 5 x 10' cm™3) we conclude that the ratio of the rate
constants k4 and ks is well expressed. Also, the conversion
of H atoms to HO; is around 90% at the highest O, concen-
tration so that a small error in the ratio would have only a
very minor impact on the retrieved H atom yield at this O,
concentration.

From these considerations we conclude, that the major
uncertainty in the H atom and HCO radical yield do not orig-
inate from possible uncertainties in the chemical model, but
stem from the uncertainty in the determination of the photoly-
sis energy and the absolute HO, concentration. The latter one
is based on both, the HO, absorption cross section o as well
as the absorption path length Ry, used in (1). Both values in
turn are directly linked to the photolysis energy, as explained
in the experimental section: the ratio Ry /o, such as used in
(1), has been found from separate H,O, photolysis experi-
ments to be coherent within better than 10% with the power
meter reading. The same values (power meter reading, Ry, and
o) are used for the CH3;CHO photolysis experiments, hence
any systematic error in one of these values would cancel out.
The error on the HCO radical and H atom quantum yields,
combined from HO, quantification and fitting procedure, is
therefore estimated to be £20%.

CH;CHO* — CH3 +HCO ¢,,=0.1254+0.03, (Rla)
CH;CHO* — CH3;+H+CO ¢1p=0.205+0.04, (Rle)
CH;CHO*—%5> CH;CO +HO, ¢, =0.07+0.01. (RIf)

The agreement between the quantum yield for CH; radicals
(¢cu, = 0.33 £ 0.03) and the sum of the quantum yields
of (R1a) and (R1e) is excellent. From this agreement it can
be presumed, that the triple fragmentation (R1e) is the major
radical path following the 248 nm photolysis of acetaldehyde.
A high yield of the reaction path (R1c) such as proposed by
Mortgaat et al.}? (¢1c = 0.12 at 255 nm, with yield increas-
ing with decreasing wavelength) does not seem to be con-
sistent with our experimental data. Also, it seems unlikely,
that the co-product of HO, radicals in reaction (R1f) is the
CH3 radicals, even if this possibility is within the combined
uncertainties.

IV. CONCLUSION

We have directly measured the H atom, HCO and CHj3
radical yields following the 248 nm photolysis of acetalde-
hyde, CH3;CHO. Photolysis has been carried out in the pres-
ence of various amounts of O,, and H atoms and HCO
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radicals have been quantified as HO, radicals by cw-CRDS
in the near infrared following their reaction with O,. Yields
of ¢ = 0.205 £ 0.04 and ¢yco = 0.125 £ 0.03 have been
obtained. In order to well reproduce the time resolved HO,
profiles, another pathway forming very rapidly HO, radi-
cals needed to be included with a rate constant near collision
frequency: the yield of this pathway was found to be ¢po,
= 0.07 £ 0.01. CHj radicals have been detected as CH30,
radicals following their reaction with O,. A yield of ¢cH,
= 0.33 £ 0.03 has been obtained in back-to-back experiments
relative to the CHj radicals yield in the 248 nm photolysis of
CH;l. The results suggest that triple fragmentation is the ma-
jor radical forming pathway following the 248 nm photolysis
of CH;CHO.
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