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We measure the UV absorption spectrum of a Criegee
intermediate acetaldehyde oxide, CH;CHOO, using time-
resolved broadband cavity-enhanced spectrometry. We
separate the spectra of the two possible structural isomers,
syn- and anti-CH3;CHOO, based on their different reactivity
towards H,O and SO,. Despite significant overlap, the spectra
of the two conformers are sufficiently separated to allow
direct conformer-specific probing of the reactions of
CH;CHOO with other important tropospheric species.

One of the primary pathways for the destruction of alkenes in the
Earth’s troposphere is reaction with ozone, which generates
carbonyl oxides, known as Criegee intermediates (CI),' as shown in
Scheme 1. When formed this way, CI are initially highly excited and
quickly undergo collisional stabilization, dissociate, or convert to
more stable isomers.>> The reactivity of stabilized CI has long been
a subject of interest because of their importance in ozonolysis and in
atmospheric chemistry.®® Yet, until recently no CI species had ever
been directly observed experimentally and our understanding of their
chemistry came from indirect studies based on end product analysis
in the presence of competing kinetic pathways.
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Scheme 1. Production of Criegee intermediates in ozonolysis of alkenes

However, in 2008 Taatjes and co-workers reported the first detection
of CI’ by photoionization mass spectrometry (PIMS); in 2012 the
same group introduced an alternative means of CI formation in the
gas phase'® by photolysis-initiated reactions of iodoalkyl radicals
with O, (Scheme 2). These nearly thermoneutral reactions offer a
reliable method of generating high concentrations of stabilized
Criegee intermediates, which has enabled rapid progress in our
understanding of CI structure and reactivity. The simplest CI,
CH,00, has been characterized by microwave,'! IR,'? and UV
spectroscopy,'®!* photodissociation dynamics studies,'® and high-
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level quantum chemical calculations.'” Spectroscopic studies are
being extended to more complex methyl- and ethyl-substituted CI
species: CH3;CHOO, (CH;),COO, and CH;CH,CHOO have been
studied by UV spectroscopy,'®?° and there is also a report of a
microwave spectrum of CH;CHOO.?!

CHsCHI, —>  CH,CHI +1 R1
CHsCHI+ 0, ——> CHsCHOO + 1 r2

products

Scheme 2. Production of Criegee intermediates by reaction of iodoalkyl
radicals with O, (using CH;CHOO as an example).

Kinetic studies of CI reactivity are also becoming possible using
direct CI detection by PIMS**® or optical detection of reaction
products.”** Such studies of CI reactions with key atmospheric
species (H,O, SO,, NO, and others)!***? have led to significant
improvements in previously assumed reaction rate coefficients — in
some cases by orders of magnitude. In addition, our group recently
showed that the intense UV absorption of CH,OO is also an
excellent direct probe of reaction kinetics. We used time-resolved
UV spectroscopy to study the reactions of CH,00 with SO," and
with carboxylic acids;*® others have since applied the same method
to the reaction of CH,00 with alkenes.?’
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In contrast to CH,00, the next larger CI (CH3;CHOO, acetaldehyde
oxide) has two possible conformers, syn- and anti-CH;CHOO,
shown in Scheme 3. This structural motif, which is representative of
other CI with a single substituent alkyl group,® leads to complex
conformer-dependent reactivity. Computational studies indicate that
syn-CH3;CHOO is significantly less reactive than anti-CH;CHOO
towards, e.g., H,0? and alkenes,?® due to the electronic interactions
and steric hindrance of the methyl group. Instead, the proximity of
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the methyl group to the O-O moiety in syn-CH3;CHOO facilitates H
transfer to the terminal O atom followed by OH elimination.
Motivated by its importance as a prototypical CI with a single alkyl
substituent, we present here the UV absorption spectrum of
acetaldehyde oxide, which includes resolved contributions from syn-
and anti-CH;CHOO. The difference in the UV spectra of the two
conformers aids our understanding of the electronic structure and
photochemistry of CH;CHOO. In addition, our results enable direct
conformer-specific probing of CH;CHOO kinetics by time-resolved
UV absorption spectroscopy. This probe technique can be a powerful
complement to PIMS and in some cases can offer important
advantages such as greater sensitivity.

Acetaldehyde oxide was produced as shown in Scheme 2. Pulsed
266-nm laser photolysis of CH;CHI, generates CH;CHI radicals,
which react with an excess of O, in He bath gas at room temperature
and a total pressure of 5 — 20 Torr. The experiments were performed
using a recently constructed time-resolved cavity-enhanced
absorption spectrometer that has already been used to measure the
absorption spectrum of CH,00." Briefly, a slow-flow chemical
reactor is integrated into a broadband optical cavity, operating over
the spectral range 300 — 450 nm for the present study. A Xe lamp
provides continuous broadband probe radiation, and the effective
path length in the reactor/cavity varies from 40 — 70 m, depending
on the wavelength. The transient absorption spectra are acquired by
a custom-built spectrometer, which captures the time evolution of
the entire probe spectrum for every photolysis laser shot. The
simultaneous broadband transient absorption probing is crucial in
interpreting the kinetic measurements of complex chemical systems
with overlapping spectral bands.

Figure 1 shows three different transient absorption images taken at a
total P = 10 Torr in the presence of ~5% molecular oxygen, ([O,] =
1.65-10'°cm’). The image in Fig. 1A was acquired under “baseline”
conditions, i.e. only the radical precursor (CH3CHI,) and O, were
diluted in the He bath. Figures 1B and 1C display the transient
signals with addition of SO, ([SO,] = 4.7-10"cm™) and water vapor
([H,0] = 1-10""em®), respectively. The false-color scale indicates
absorption intensity; kinetic time t = 0 marks the arrival of the
photolysis laser pulse. At first glance, two main spectral features are
apparent in Fig. 1: a strong, broad absorption band centered at ~340
nm and a weaker structured band at longer wavelengths. However, a
careful examination of the time-resolved spectra in Fig. 1C reveals
that the intense 340-nm absorption actually consists of two spectral
contributions: a high-energy component centered at ~325 nm and a
low-energy component that extends to longer wavelengths (labelled
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Band I and Band II, respectively). All of the transient signals appear
promptly after photolysis, indicating that they arise from reactions in
Scheme 2. Bands I and II decay with timescales that depend on SO,
and H,O. In contrast, the weaker, structured absorption at longer
wavelengths persists throughout the experimental observation
window, unaffected by either SO, or water.

Based on the transient spectra at long kinetic times averaged over t =
4 — 5 ms (Fig. S1, ESI), we can easily identify the long-lived spectral
feature as the absorption spectrum of 10,” which is formed mostly
by secondary chemistry in reactions of iodoalkyl radicals with 0,.*
Under our conditions, IO does not decay on the experimental
timescale because it is not reactive towards SO, or H,O. The other
dominant transient signal evident in the long-time spectra is the
photolytic depletion of CH;CHI,. The 10 absorption and precursor
depletion signals can be easily subtracted from the transient
absorption measurements in order to focus solely on the
contributions of Bands I and II (see ESI).

A quantitative analysis of the experimental measurements in Fig. 1C
(in the presence of H,O) is given in Fig. 2. Panel 2A shows the time
evolution of the absorption signals averaged over the A = 320 — 400
nm range. The data fit successfully to a kinetic model made up of
two independent components, each with a single exponential rise and
decay. These two fit components, shown individually in Fig. 2A,
decay with first-order rates (1/Tgecay) of 2800300 s and 175425 s,
All errors reported throughout this report are 1o, and details of the
fits and the error treatment are provided in the ESI. To separate the
spectra of the two species that give rise to these decay timescales we
average the absorption signals between t = 1 — 2 ms. This yields the
spectrum of only the slowly decaying component (Band I in Fig.
1C). The long-lived spectrum of Band I can then be appropriately
scaled and subtracted from the total transient spectrum, resulting in
the spectrum of only the short-lived component, labelled Band II.
The two spectra are plotted in Fig. 2B, extrapolated to their fitted
intensities at t = 0. In a complementary approach (see ESI), we fit
absorption traces at different probe wavelengths to the same kinetic
model. The amplitudes of Bands I and II obtained in this way are
entirely consistent with the spectra in Fig. 2B, which supports our
conclusion: the broad 340-nm absorption band in Fig. 1 consists of
two independent species with differing reactivity towards H,O.

The slowly-decaying spectrum of Band I is nearly identical to the
UV spectrum of syn-CH3;CHOO, measured recently by Smith et al.
in a combined direct absorption and photoionization depletion
study.® Because of this similarity we assign Band I to the

10 radical

300 325 350 375 400

wavelength (nm)
Fig. 1 Transient absorption images of the reaction CH;CHI + O, in He buffer gas with [O,] = 1.65-10'%cm™, total P = 10 Torr. The
false-color scale indicates absorbance per single cavity pass. Panel A: [SO,] = 0, [H,O] = 0. Panel B: [SO,] = 4.7-10"cm™, [H,0] =

0. Panel C: [SO,] =0, [H,0] = 1-10"7cm™

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 2012

Page 2 of 5



Page 3 of 5

3F A
57
&
8 fit, slow
1+ component
—— fit, fast component
0

1 1 n 1

otk

1.2
time (ms)

slow, Band | B
syn-CH,CHOO

fast, Band Il
anti-CH,CHOO

f

0 'AA

L L L L L AWIL)
300 320 340 360 380 400 420

wavelength (nm)
Fig. 2 Panel A: Transient absorption in the presence of H,O
(from Fig. 1C), averaged over A = 320 — 400 nm. Thick
black line is a fit to two components, shown separately by
blue and red shaded areas. Panel B: UV spectra of the two
kinetic components, extrapolated to t = 0.

B('A—X('A") electronic transition of syn-CH;CHOO. Band II, on
the other hand, has not been reported before, but several
observations indicate that it is due to the anti-CH;CHOO isomer.
First, the appearance timescale of Bands I and II is the same (see
below), which is consistent with our expectation that syn- and anti-
CH;CHOQO are formed in the same reaction (R2, Scheme 2). Second,
it is unlikely that any other species give rise to Band II absorption. In
analogy to the case of CH,00, reaction R2 may produce some
acetaldehyde + IO along with stabilized CH;CHIO, radicals. Yet, the
UV spectrum of acetaldehyde®' does not match Band IT; CH;CHIO,
should be a minor product with moderate absorption cross-section
(analogous to CH,10,) and should not contribute significantly to our
transient signal either. Third, the species responsible for Band II
reacts with water vapor (see below) with a rate coefficient consistent
with calculations and with prior measurements of anti-CH;CHOO.
Lastly, Band II is red-shifted from syn-CH;CHOO absorption, as
predicted by calculations of the anti-CH;CHOO spectrum. '

We interpret our isomer-resolved measurements of the formation and
decay kinetics of CH;CHOO in the context of the following
mechanism:

CH,CHI + 0, — CH;CHOO +1 R2
CH3;CHOO + SO, — products R3
CH;CHOO + H,O — products R4

CH;CHOO — loss R5

Reaction RS includes all first-order removal processes such as wall
loss or unimolecular decomposition. Based on analogy with CH,00,
the self-reaction of CH;CHOO may be very fast,?*? and indeed our
measurements at high initial radical concentrations revealed non-
exponential signal decays. Because of this, we reduced the initial
CH;CHI concentration to ~7-10'cm™. Tests of various kinetic fit
functions showed that at these conditions the experimental signals no
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Fig. 3 Panel A: Transient absorption traces at varying [O,],
averaged over A = 320 — 400 nm, in the absence of SO, or
H,0. Black lines are kinetic fits. Panel B: Determination of
the bimolecular rate coefficient k, for the reaction CH;CHI
+ O, from pseudo—first-order decay rates, k3.

longer showed signs of second-order decays, meaning that self-
reaction of CH;CHOO was effectively supressed.

Figure 3 shows the [O,]-dependence of the transient absorption with
no H,O or SO,. The data, averaged over A = 320 — 400 nm, are fit to
a single exponential rise and decay (see ESI), describing a simplified
kinetic model with only one formation and removal pathway:

kZ k5
CH3CHI + O3 ﬁ' CH3CHOO — loss

The decay of CH;CHOO absorption (reaction RS5) is not sensitive to
the oxygen concentration, whereas its formation is governed by the
reaction R2. A plot of the inverse of the signal rise time (1/t) Vs.
[0,] yields the rate coefficient k, = (8.0£0.8) <107 cm® s™', a factor
of ~5 higher than for the analogous case of CH,I + O,."*** Notably,
fitting of data at different probe wavelengths (see ESI) shows that
the rise and decay times of Bands I and II are the same, consistent
with syn- and anti-CH;CHOO being formed together.

Figure 4A shows selected transient absorption traces at a constant
[0,] = 1.65:10'"® cm™ and at varying [H,0], along with fits to a
model (see ESI) that describes the reactions:

kZ
CH3CHI + O T’ CH3CHOO
4
| k

The fit function is a sum of two kinetic components, each with single
exponential rise and decay. We fix the rise times at 132,000 s™' based
on our determination of k,, but allow the decay times for each
component to vary. Panel 4B shows that the decay rate of syn-
CH;CHOO does not change as a function of [H,O] from its baseline
value of 160+25 s™', most likely limited by loss through diffusion out
of the probe volume. Consequently, we can only obtain an upper

H,0

products

loss
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Fig. 4 Panel A: Transient signals at varying [H,O], averaged
over A = 340 — 380 nm. Black lines are kinetic fits. Panel B:
Determination of conformer-specific rate coefficients ky syn
and k4 gne; from pseudo—first-order decay rates, k.

limit for ky gyn < 2:10"'% cm® s7'. This result agrees with calculations
by Anglada et al.? (2.39:10"® cm® s') and with the experimentally
derived upper limit (k4 yn<4- 10" cm® s7') by Taatjes er al.”.

In contrast, anti-CH;CHOO decay rate increases linearly with [H,O],
which allows a determination of the bimolecular rate coefficient,
Kaanti = (2.4£0.4)-10™"* em® s™'. Tt is 7 times lower that the high-
pressure limiting value by Anglada ef al.> and 2.4 times higher than
the results of Taatjes et al?® The large (over two orders of
magnitude) difference between the rate coefficients for syn- and
anti-CH;CHOO + H,0 is in agreement with the predicted lower
reaction barrier for the anti- conformer.

The absorption signals also show biexponential decays in the
presence of SO,, but the difference between the two CH3;CHOO
isomers is less pronounced than in the reaction with H,O. The plots
of the pseudo-first-order decay rates as a function of [SO,] are
shown in Fig. 5. The rate coefficient for syn-CH;CHOO + SO, is
k3 syn = (2.9£0.3)-10"" ecm® s, in good agreement with the findings
by Taatjes e al.”® of (2.4+0.3)-10"" cm® s”'. In the case of the anti-
conformer we determine K3 gn; = (2.2£0.2):10"° ecm’ 5!, which is a
factor of ~3 higher than that obtained by Taatjes et al.” The
systematic differences between our reaction rate coefficients for
anti-CH;CHOO and those found by PIMS detection is probably due
to better sensitivity and selectivity afforded by UV spectroscopic
probing for this chemical system.

The UV spectrum of syn-CH;CHOO described here is centered at
323 nm (~3.8 eV) and is ~40 nm wide (FWHM). It is substantially
broader than that reported by Beames et al.'® using photoionization
depletion measurements under molecular beam conditions. This
discrepancy, which is similar to the case of CH,00 UV spectrum,'*
may arise from the differences in detection technique or from the
dissimilar temperatures in our flow reactor and in the cold molecular
jet of Beames et al. Our results agree overall with those reported by
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Fig. 5 Determination of isomer-specific rate coefficients for
the reaction CH;CHOO + SO, (k3 syn, k3 gnti) from pseudo—
first-order decay rates kj.

Smith et al.;** however, our syn-CH;CHOO spectrum is less intense
than theirs on the low-energy side. When the spectra are scaled to
match their maximum intensities (see ESI), the spectrum of Smith et
al. resembles the sum of transient absorptions of Bands I and II in
our study, which suggests that their results may in fact contain
unresolved contributions from both CH;CHOO isomers.

The UV spectrum of anti-CH;CHOO is centered at ~360 nm (~3.4
eV) and has a width of ~55 nm. The roughly 0.4 eV shift in the band
maximum compares well to the calculated shifts of ~0.3 eV by
Beames ef al.'® and ~0.35 eV by Smith er al.** This agreement
supports the theoretical prediction that the B state is destabilized
relative to the ground state more strongly for syn-CH;CHOO than
for anti-CH;CHOO because of the electronic interaction of the
methyl and the carbonyl oxide groups.'®

Without knowledge of the syn-/anti-CH;CHOO branching ratio in
reaction R2 we cannot determine their UV cross-sections directly.
However, Smith et al.®® report the absolute UV cross-section of
1.06:10""7 cm? for CH;CHOO by ion depletion measurements at 308
nm, where only the syn- isomer contributes significantly. Scaling our
UV spectrum to that value, the peak absorption cross-section of syn-
CH,CHOO at 323 nm is 1.2:10""7 cm?, and its initial concentration in
our experiments is 4.2:10" cm?. Photodissociation of CH;CHI,
produces ~6.7-10"" c¢m™ radicals at these conditions, and our
transient spectra reveal prompt formation of ~0.7-10'" ecm™ of 10
(see ESI). Since there are no other major products in reaction R2, we
infer that the initial concentration of anti-CH;CHOO is ~1.8-10"
cm’, or about ~30% of the total CH;CHOO that is produced. This
yield of anti-CH;CHOO is greater than estimated previously.” Anti-
CH;CHOQO is computed to be less stable than the syn- conformer by
~3.5 keal/mol,? so its yield of almost 1/3 might at first seem
surprising. However, the decomposition of the activated CH;CHIO,
complex may form a non-thermal product distribution and generate
more anti-CH;CHOO than would be expected based purely on
thermochemistry. Once formed, the two conformers will not
interconvert because of the large gas-phase barrier to isomerization
(>20 kcal/mol).”

Using our estimate of the initial an#i-CH;CHOO concentration, its
peak cross-section at ~360 nm is 1.2-10"7 cm?, which is very similar
to the peak cross-section of the syn-conformer. Given the greater
width of the anti-CH3;CHOO spectrum, its oscillator strength is
slightly larger than that of syn-CH;CHOO, in agreement with the
calculations of Smith ef al.*° Due to the assumptions involved in our
analysis, we treat our derivation of the anfi-CH;CHOO UV cross-
section as a qualitative guide and expect it to be correct to within a
factor of 2. A convolution of the anti-CH;CHOO UV absorption
cross-section with the solar actinic flux (see ESI) allows an estimate
of the photolytic lifetime of anti-CH;CHOO in the atmosphere,
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similar to the treatment of syn-CH;CHOO by Smith e al.*® At sea
level the lifetime of anti-CH;CHOOQ varies from 3.8 to 6.6 s for solar
zenith angles of 0 - 60°, respectively. This is slightly less than the
lifetime of the syn- conformer due to the better overlap of the red-
shifted anti-CH;CHOO absorption band with the solar flux
spectrum. For both isomers of acetaldehyde oxide, photochemical
destruction is too slow to compete with reactive removal by
atmospheric species such as H,O, SO,, and NO,.

Conclusions

In conclusion, we present the UV absorption spectra of the two
conformers of acetaldehyde oxide, syn- and anti- CH;CHOO.
The spectrum of syn-CH;CHOO agrees well with another
recent spectroscopic study of this species by Smith ez al. Aided
by comparison with their results, we determine the syn-/anti
branching ratio to be approximately 3:1 in a low-pressure bath
of 10 Torr He at 293K. The peak absorption cross-section of
anti-CH3;CHOO is comparable to that of the syn-conformer, but
the band maximum is shifted to lower energy by ~0.4 eV. This
band shift slightly increases the solar photolysis rate of anti-
CH3;CHOO in the atmosphere compared to syn-CH;HCOO,
although the primary removal mechanism for both conformers
is the reaction with other trace atmospheric species.

UV probing of the reaction kinetics of CH;CHOO with SO, and
H,0 shows conformer-dependent behavior, in agreement with
theoretical predictions and prior experiments. Most importantly,
knowledge of the UV absorption spectra of the two conformers
of CH3;CHOO expands our capabilities for direct experimental
measurements of CI reactivity using the simple and widely
available technique of time-resolved UV spectroscopy.
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