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Abstract

Carbonyl oxides, or Criegee Intermediates, are formed from the gas phase ozonolysis of alkenes
and play a pivotal role in night-time and urban area atmospheric chemistry. Significant
discrepancies exist among measurements of the strong B'A’-X'A’ electronic transition of the
simplest Criegee intermediate, CH,OO in the visible/near-UV. We report room temperature
spectra of the B'A'-X'A' electronic absorption band of CH,OO acquired at higher resolution
using both single-pass broadband absorption and cavity ring-down spectroscopy. The new
absorption spectra confirm the vibrational structure on the red edge of the band that is absent
from ionization depletion measurements. The absolute absorption cross sections over the 362-
470 nm range are in good agreement with those reported by Ting ez al.' Broadband absorption
spectra recorded over the temperature range of 276-357 K were identical within their mutual

uncertainties, confirming that the vibrational structure is not due to hot bands.
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Introduction

Alkene ozonolysis plays a crucial role in the process of tropospheric oxidation and particle
formation. Unsaturated hydrocarbons and ozone are consumed in the production of a stable
carbonyl fragment and a highly internally excited carbonyl oxide, or Criegee intermediate.” The
biradical/zwitterionic Criegee intermediate thermally decomposes to produce OH radicals and is

also highly reactive with SO,.*”

Criegee intermediates have long been thought to be key
intermediates, but direct detection in the gas phase proved elusive until very recently. The first
major breakthrough was the use of VUV radiation to selectively ionize the simplest Criegee
intermediate, CH,OO; but not its more stable isomers;*’ the second was production in the
laboratory not by highly exothermic ozonolysis, but by the near thermoneutral reactions between
iodoalkyl radicals and molecular oxygen. The rate constant for the latter reaction is up to six
orders of magnitude larger than that for alkene ozonolysis,* '’ which readily permits the
production of large number densities of thermally stable Criegee intermediates. In the wake of
these developments, there has been a surge of laboratory studies. The kinetics of the reaction of
CH,O0 with trace atmospheric species have been followed using both direct and indirect
detection. Spectroscopic detection of CH,OO has now been achieved in the IR'' and microwave

12,13

regions, with the latter approach conclusively demonstrating the formation of CH,OO in

ethene ozonolysis,14 and in the visible/near UV."®!>  The methyl-substituted CH;CHOO

16,17,18

biradical has also been detected in the near UV and while it has been found to display

: .. 18,19
conformer-specific reactivity to water vapor and SO,, ™

its reactivity has been much less
thoroughly explored than that of CH,OO. Larger alkyl-substituted CIs appear to have very

similar UV spectra.”
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Our focus is the strong absorption band of CH,OO in the visible and near-UV region that has
been assigned to the B'A’-X'A’ electronic transition. Absorption in this region was first
identified by Beames et al. using an action spectroscopy approach.'> CH,OO was produced by
the reaction between photolytically-generated CHxI and O, in a molecular beam and ionized
using 118 nm VUV laser pulses. Depletion of the m/z=46 ion signal upon introduction of a
second UV laser was monitored at discrete wavelengths over the range ~280—410 nm. An
approximately Gaussian-shaped band was observed with maximum depletion at ~335 nm. The
absolute absorption cross section of ~5x10™'7 cm? at the peak was estimated based on the fluence
of the UV depletion laser. Sheps later used time-resolved cavity-enhanced absorption
spectroscopy (CEAS) to directly measure the absorption spectrum at a resolution of 2 nm,
finding an absolute peak absorption cross section of (3.6+0.9)x10™"7 cm? at ~360 nm. ®* The
absorption band extended as far as ~440 nm and shows a regularly spaced vibrational
progression on the red side that was attributed to long-lived vibrational levels of the B'A’ state.
Most recently, Ting et al. used a 750 mm long transient absorption spectrometer;' absolute
absorption cross sections were determined using a depletion technique.’ The peak cross section
of (1.23+0.18)x10™"7 cm” was found at 340 nm and the same vibronic structure was observed on
the long-wavelength side. These measurements are shown in Figure 1. Qualitatively, the
absorption measurements result in similar spectra, showing distinct vibronic band structure
superimposed on an underlying continuum. Quantitatively, however, the peak absorption cross
sections vary by at least a factor of three. The absence of the band structure seen in absorption
from the depletion measurements indicates that the photodissociation quantum yield in this
region is < 1. Ab initio calculations indicate that the B state should support bound levels, with

electronic predissociation facilitated by a conical intersection with repulsive surfaces at extended
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OO distances.”” These calculations indicate the intersection is located ~3000 cm™" above the B
state minimum, suggesting that the predissociation rate may increase with vibrational excitation
in the OO stretch mode. Hence, lower lying bound levels are expected to have a relatively slow
predissociation rate and we might anticipate resolvable rotational structure in the absorption

spectrum.

In this work, CH,OO was prepared in a reaction flow cell by the reaction between photolytically
generated CH,I and O,. Absolute absorption spectra of the structured region of the B—X
transition of CH,OO at A > 360 nm were measured with improved resolution using pulsed LEDs
as broadband light sources, dispersed in a spectrograph. Additional absolute absorption spectra
of selected low excitation energy vibronic bands of the B—X transition, including the origin, were
measured at high-resolution using pulsed laser cavity ring-down spectroscopy. Despite the
higher resolution of our measurements we find no resolvable rotational structure in any of the
bands, although the variation in the band contours is strongly suggestive of significant

vibrational congestion in the spectrum.

Experimental Methods

Spectra were recorded by conventional single-pass absorption spectroscopy, using broadband
pulsed LEDs as probe light source, and pulsed laser cavity ring-down spectroscopy. In both
experimental arrangements, the photolysis laser beam was aligned to be collinear with the probe

axis and steered through the reaction cell using dichroic mirrors that transmit A > 360 nm.

Absorption spectra of CH,OO were recorded by broadband transient absorption spectroscopy in
a 50 cm long stainless steel flow cell. Measurements were made at 50 Torr total pressure,

comprising 0.01% CH;L,, 7.3% O, and N, balance. All gas flows were regulated by calibrated
5
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mass flow controllers (Alicat) and the pressure monitored by a capacitance manometer (MKS).
The photolysis laser was attenuated to provide approximately 9+1 mJ pulse™' (32+4 mJ cm >
fluence). The wavelength range 362—470 nm was covered by three probe LEDs with emission
profiles nominally centered at 365, 405, and 455 nm. An LED driver (LightSpeed Technologies,
Dragon HPLS-36DD18A) was used to generate short, broadband (duration < 8 ps, ~20 nm
FWHM) light pulses that were initially coupled into a fiber optic and subsequently collimated
using an achromatic doublet. After traversing the reaction cell, the transmitted probe light was
focused onto the entrance slit of a spectrometer (resolution 0.12 nm) equipped with a low-noise,
cooled CCD array camera (Andor SR303i with iDus 420). Spectra were collected at a 2 Hz
repetition rate. Temperature was increased by wrapping flexible silicon rubber heating tape
around the flow cell and insulating with aluminum foil. The flow cell was cooled by wrapping in
an ice bath and insulating with rubber foam. Internal temperature of the reaction vessel was

measured with a thermocouple with an estimated accuracy of £2 K over the measured range.

High-resolution spectra of selected vibronic bands of CH,OO were recorded using pulsed laser
cavity ring-down spectroscopy (CRDS), also using collinear and counter-propagating photolysis-
probe geometry. Spectra were collected at 70 Torr total pressure, 0.03% CH;IL,, 5.4% O, and N,
balance. The photolysis laser was unfocused and attenuated to 1.5+0.1 mJ pulse ' (5.3£0.4 mJ
cm* fluence) in order to avoid damage to the ring-down mirrors. Probe light in the wavelength
range 417-435 nm was obtained from a Nd:YAG pumped dye laser (0.0014 nm bandwidth)
operating with Stilbene 420 and Coumarin 440 dyes (Continuum ND6000 and Surelite I11-10).
The pulse energy was attenuated to < 20 uJ pulse ' and coupled into the optical cavity, which
comprised two highly reflective mirrors (nominal R = 0.99995 at a center wavelength of 440 nm)

separated by 37.5 cm. The transmitted light was detected by a PMT and digitized by a 12-bit,
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500 MHz digital oscilloscope (LeCroy HDO). Individual ring-down waveforms were fit to
single exponential decays in real time. Absorption spectra were recorded by measuring the
change in ring-down time relative to the “empty” ring-down time, 7,(1), as a function of dye

laser wavelength:

@ =5 %)

No evidence of ringing down was observed with only the photolysis beam present. The incident
photolysis beam had no structural influence on 7, (A1) in the empty reaction cell. Further details
and diagnostics of the collinear and counter-propagating photolysis-probe CRDS apparatus are in

the Supplementary Materials.

The empty cavity ring-down time was measured using a photolysis-probe delay of —20 ms, i.e.
the photolysis laser was fired 20 ms affer the probe laser, or 180 ms before the next cycle at the 5
Hz repetition rate. It was verified that the long-lived absorption due to 10 is completely removed
within 180 ms by monitoring IO absorption at the A2H3/2—X2H3/2 (4,0) bandhead as a function of
delay (see Figure S4). Optimal delays for recording (1) were determined in an analogous
fashion and are discussed in detail alongside the results. We recorded ring-down times for all
delays at each probe wavelength before stepping the dye laser, to achieving a “real time”

background subtraction, which is advantageous during potentially lengthy spectral acquisitions.

Theoretical Methods
Even though CH,00 in equilibrium is dominated by a single configuration wavefunction, it
has been shown that potential energy surface around minimum geometry exhibits major

contributions of other electronic configurations and excited states proved to require
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multiconfigurational approach.”* To satisfy this requirement in all calculations we used MRCI
method as implemented in GAMESS.*?® An active space consisting of 12 electrons in 12
orbitals was used. Multi-level parallelism, introduced in our previous work, was used to improve
the scalability of calculations.”” We used Dunning’s cc- pVTZ basis set, which is expected to
give satisfactory results for this system.”® To avoid numerical and convergence issues, state
averaging was used with assumed equal weights for both B'A” and X'A’ states.

The stability of vibrational spectrum calculations based on numerical Hessian was investigated
by calculating numerical Hessians with different atom displacements ranging from 0.05 A to
0.001 A. Tested changes in displacements used did not affect the vibrational frequencies by
more than 0.1 cm ™' suggesting that there is no risk of discontinuities in potential energy surface
in an area relevant for the vibrational analysis. In addition, the convergence of the results in
respect to the active space size was tested. Removing up to two occupied or virtual orbitals from

the active space changed vibrational frequencies by less than 1 cm ™.

Results and Discussion

CH,00 was produced in a stainless steel reaction flow cell by the reaction between CH,I

radicals, generated by pulsed laser photolysis of CHsl at 355 nm, and molecular oxygen:

CH,Ly+hv — CH,I +1 (1)
CH,I + 0, — CH,00 +1 (2a)
CH,I + 0, —» HCHO + 10 (2b)
CH,I + 0, + M — CH,I00 + M (2¢)
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CH,O0 +1— HCHO + 10 3)

Linear absorption measurements are complicated slightly by the formation of 1O radicals via
reactions (2b) and (3).1’18 Well-characterized bands associated with the A’IT;,—X’T15, transition
of IO in the 360—470 nm range overlap the structured red wing of the CH,OO absorption band.
The background subtraction procedure exploits the very different kinetics of CH,OO and 10

formation and loss.

The structured region of the B—X transition of CH,OO recorded using conventional single-pass
absorption spectroscopy is shown in Figure 2. The spectrum has been assembled from sequential
measurements made using three different LEDs to span the 362—468 nm wavelength range, as
shown in Figure 2(a). The spectral resolution of 0.12 nm is improved over previous absorption
measurements which report an instrument resolution of 2 nm. A time delay of ~10 ps between
the photolysis laser and LED probe pulse maximizes the contribution of CH,OO to the spectrum,
although features attributable to bands of the IO A2H3/2—X2H3/2 transition are clearly visible in
Figure 2(b). CH,00 and 10 have very different kinetic behavior. At low pressures, CH,OO + I

9,29

are the major products and are formed directly via reaction (2a).”~ The range of reported rate

constants for reaction (2) overall is 1.37-1.82x107"2 cm® s7'.***%*! The CH,00 population

reaches a maximum at early times and is removed by rapid self-reaction and by reaction (3).”***

The latter reaction is largely, although not exclusively, responsible for the production of 10
which increasingly contributes to the overall absorption spectrum at longer delay times.

Measuring the rate of production of 10 is complicated by contributions from both direct (2b) and

indirect (3) reactions. Existing rate constants span the range 0.0026-3.5% 107" em? 7136

although a recent study’’ reports a phenomenological rate constant of (1.5£0.1)x107"* cm® s™' for

the formation of 1O due to all processes.
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In order to remove the unwanted IO contribution, spectra were recorded independently by tuning
the photolysis-probe delay to 100 ps, by which time CH,OO has been completely consumed
under the experimental conditions of this work. Comparison to previously recorded 10

38,39
spectra™™

confirms the absence of any significant CH,OO absorption at the longer delay. The
early-time IO contribution can be readily removed from the overall absorption spectrum by
scaling and subtracting the pure IO spectrum. The scaling factor can be determined either by
matching the absorbance of features for which there is no overlap (e.g. the IO bands at A > 440
nm) or from the ratio of IO absorbance at 10 ps and 100 ps from our previous study of the
kinetics of the CH,I + O, reaction performed under the same experimental conditions.”” Both
approaches yield consistent results. Absorption depletion caused by ~1% dissociation of the

precursor molecule, CH,I,, was also considered, but would contribute less than <1.5% of the

observed signal over the 362—468 nm range and has therefore been discounted.

The CH,0O0 spectrum shown in Figure 2(c) is in excellent agreement with previous absorption
spectroscopy measurements. '¥ There are seven readily identifiable bands in this wavelength
region; fitting to a sum of Lorentzian functions with an underlying Gaussian centered at 29627
cm ', yields an average separation of 608+39 cm™'. Band centers and widths are listed in Table 1
alongside the peak assignments from Ting ef al. for comparison. The FWHM varies over the
range 140 to 417 cm™'. While the spectrum can be reasonably decomposed using a sum of
Lorentzian functions, closer inspection shows that the shapes of the band contours vary; an
expanded view of the 376-406 nm region is shown in the inset in Figure 2(c). The widths of the
bands are also significantly too broad to be attributed purely to homogeneous line broadening.
While the progression is dominated by a component with frequency ~610 cm™', other modes

must also show significant Franck-Condon activity and lead to significant vibrational congestion

10
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in the spectrum, as suggested originally by Sheps. The weak feature at ~431 nm appears to be
the lowest frequency band; within the signal to noise there is no evidence of any additional
features that can be attributed to CH,OO at longer wavelengths and we tentatively assign this as
the origin band. This region of the spectrum is rather noisy because of the overlap with the A—

X(4,0) band of IO radicals and the subtraction procedure.®

Cavity ring-down spectroscopy provides both higher sensitivity and higher resolution (the dye
laser linewidth is 0.08 cm™ or ~0.0014 nm) than the single-pass broadband absorption technique.
CRD spectra of the weak, lowest energy vibronic bands between 417435 nm were recorded.
These features, corresponding to excitation to levels lying deepest in the B state well, were
thought to be most likely to show resolvable rotational structure. Spectra were recorded at
photolysis-probe delays of 8 and 140 ps. The heavily predissociated A—X(5,0) and (4,0) bands
of IO contribute strongly to the absorption in this spectral region, as shown in Figure 3(a), even
at early times. Spectra collected at the longer delay time of 140 us contain contributions from IO
exclusively. A scaling factor was determined from a transient absorption study under identical
experimental conditions;’’ the ratio of IO absorption at the (3,0) band head at 8 ps and 140 ps
indicates a factor of 0.15+0.1. After subtraction of the IO contribution, two broad and
unstructured features are visible in Figure 3(b). The spectrum is again decomposed as a sum of
two Lorentzian functions. We tentatively assign the band centered at 430.17 nm (23247 cm ™) to
the 03 origin band. The strong band at 419.53 nm (23836 cm ') is 589 cm ™ to the blue of the
origin; it seems likely that the B state vibrational mode responsible for this feature is the one that

dominates the rest of the vibrational progression evident in the spectrum.

The absolute absorption cross section can be determined from an estimate of the peak CH,OO

number density present in cell according to the Beer-Lambert law. Several steps are required to

11
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estimate ncy, oo and these are described in detail in the Supplementary material. Briefly, we
first measure the initial CH,I, number density and estimate the photolysis yield of CH,I from
known laser fluence. The yield of CH,OO via reaction 2(a) has been measured as a function of
pressure by several groups. An additional correction is applied to account for the time-
dependence of the CH,OO number density. Resulting CH,OO number densities for the BBTA
and CRD measurements are (1.4+0.39)x10" cm ™ and (5.1+1.4)x10" cm >, respectively,
resulting in the absolute absorption cross sections shown in Figure 4. The uncertainty in the
number density (~28% ) estimate is easily the largest uncertainty in the absorption cross section
determination. The small region of overlap between the broadband and CRDS experiments,
417-435 nm, shows excellent agreement, despite being measured under different experimental
conditions, suggesting that the estimation method is reliable. Within their mutual uncertainties,
the cross sections determined in this work are in excellent agreement with those of Ting ef al. at
all wavelengths within the 362—480 nm range, and in reasonable agreement with Beames ef al. in
the 374-383 nm range. Potential sources of error in the CH,OO number density may arise from
our calculated photolysis yield based on the photolysis laser fluence, or the branching of reaction
(2a) measured by other groups. It is unlikely that any of these sources of error are significant
enough to bring our measurements into agreement with the cavity-enhanced measurement of

Sheps.

Ab initio calculations using the MRCI method have been used to optimize the geometries and
predict harmonic vibrational frequencies for the X' A’ and B'A’ states of CH,OO. The vertical
excitation energy is calculated to be 3.66 eV, which, based on the reflection principle, would
result in a maximum absorption cross section at 339 nm, in good agreement with experiment.

The adiabatic excitation energy, after including harmonic zero-point energies (corresponding to

12
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the energy of the experimental 09 band) is 2.71 eV or 458 nm, which is slightly further to the red
of the origin band identified in the CRD spectrum. There are however, significant geometry
changes upon electronic excitation, in particular the terminal OO bond extends from 1.336 A to
1.613 A, while £(COO) decreases from 118.5° to 98.9°, and it remains possible that the origin
band is not observed. The vibrational structure is therefore likely to be dominated by
progressions in the OO stretch (v¢) and COO bend (v7). Earlier TD-B3LYP/6-311++G**
calculations by Lee ef al. find similar geometry changes upon excitation; namely, an OO bond

extension of from 1.353 A to 1.623 A and reduction of £(COO) from 119.6° to 90.5°.

Harmonic frequencies for both ground and excited states calculated using MRCI are collected in
Table 2, alongside the earlier TD-DFT results of Lee et al % Progressions based on v and v; are
most likely based on Franck-Condon arguments, although both the MRCI and TD-DFT
calculations predict frequencies that bracket the observed separation of ~620 cm™'. A warning
flag regarding the MRCI calculations, however, is the anomalously large frequencies of v, and
V4, the symmetric CH stretch and a mixed CO stretch/CH, scissors mode. We have been able to
find no obvious technical problems with the MRCI calculations and suggest that these may be
the result of the proximity of the repulsive electronic states. While the TD-DFT calculations
result in frequencies that are apparently more plausible, there is no a priori reason to expect this
method to be more reliable. It is worth noting that in the excited state CO and CH stretching
vibrations are highly coupled and large CH displacements present in CO/CH;, mode for the

excited state can explain extraordinarily high frequency for CO stretching type vibrations like v4.

The anticipated asymmetric top rotational contour for an individual band was simulated using

PGOPHER"'. Rotational constants 4g, By, and Cy determined from microwave spectroscopy' ">

were used for the X' A’ state (77.75, 12.46, 10.72 GHz). Those for the B'A’ state were derived

13
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from the optimized ab initio geometry (47.06, 12.30, 9.75 GHz,). Figure 5 shows simulations
assuming a a-type and b-type transition dipole moments and excited state lifetimes of 0.1 ps, 1 ps
and 10 ps, corresponding to homogeneous broadening of 53 cm ™, 5.3 cm ™' and 0.53 cm ',
respectively. Even with a relatively short excited state lifetime of 10 ps, we expect to be able to
resolve the rotational structure in the CRD spectrum. Simulations assuming no lifetime
broadening but performed at the lower resolution of the spectrometer (0.12 nm) appear very
similar to the 1 ps lifetime-broadened spectra in Figure 5; the oscillations due to the K, sub-
bands would be visible in principle, albeit not within the signal to noise of the absorption
spectrum shown in Figure 2. A short excited state lifetime is needed to completely wash out the
rotational structure, while unphysically short lifetimes would be required to reproduce the ~150
cm' widths of the features observed in the experimental spectrum. Taken in conjunction with
the variations in band contours, it seems likely that some degree of lifetime broadening is
accompanied by significant spectral congestion arising from progressions in several vibrational

modes.

There remains a discrepancy between the absorption spectra measured in this and other work'*
and the depletion measurements,'” which are apparently blind to the vibrational structure at A >
360 nm. An important difference between the two types of measurements is that the latter were
performed in a supersonic expansion and sample a cooled, but likely non-equilibrium, ensemble.
Consequently, it has been suggested that the vibrational structure may be due to hot bands.*
While this seems somewhat implausible given the energy range spanned by the vibrational
structure is many times k7, we investigated the temperature dependence of the absorbance in the
temperature range 276357 K, using otherwise identical experimental conditions. The resulting

spectra are shown in Figure 6. Aside from variations in the absolute absorbance, that can be

14
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attributed to changes in total CH,OO number density, the spectra are identical within their
mutual uncertainties. Assuming a thermal distribution, the population in the first excited levels
of the four lowest frequency modes (see Table 1) increase ~67—182% over the limited
temperature range explored. For example, the fractional population of the lowest lying
vibrational level, v7, increases from 0.048 at 276 K to 0.079 at 357 K. The absence of any
significant change in the wavelength-dependence of the absorption spectrum with temperature
leads to the definitive conclusion that the observed vibrational progression cannot be attributed

to hot bands, but rather to the excitation of bound levels of the B state.

The implication is that the photolysis quantum yield in this wavelength region must be much less
than unity. Sheps suggested that the relatively long-lived states responsible for the structure in
the spectrum might subsequently relax by fluorescence or other non-radiative processes.® Ting et
al. later argued against the existence of long-lived states on the basis that angular anisotropy of
O('D) photofragments indicated sub-ps excited state lifetimes.* However, this argument
apparently neglects the fact that the longest photolysis wavelength used in the ion imaging study
was 360 nm, which is the short wavelength onset of the structured region of the spectrum. To
date, dissociation photoproducts have not been detected following excitation in the structured
region at 1> 360 nm. The B'A’ surface does however appear to support bound states in this
excitation energy range. The electronic structure calculations at the MRCI-F12 level by Dawes
et al.** predict a nonadiabatic well in the B'A’ state of ~ 3000 cm™'. The simulated absorption
spectrum also shows evidence of a weak vibrational progression at low excitation energies, in
broad agreement with the experimental observations, although somewhat less pronounced. In
contrast, Samanta et al. predicted a broad and structureless absorption B—X absorption

spectrum.** It is likely that the DW-CASSCEF is not sufficient to describe the regions of

15
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nonadiabatic curve crossings with local 'A’ states due to restrictions on active space and
necessity for including dynamical electron correlation. Molecular dynamics simulations also
suggest the existence of resonance states that have significant lifetimes and could be responsible
for the vibrational structure. Although the number of calculated trajectories does not allow for
proper statistics, the results indicate that less than 40% of excitation events sampled along the
spectrum are expected to lead to decomposition of the species. The results of these calculations
together with the analysis of multiconfigurational nature of the excited state will be described in

a companion theoretically focused paper.

Here we attempt to rationalize the apparent discrepancy between the depletion and absorption
measurements. Interpretation of the depletion measurement may be complicated by the
dynamics in the B' A’ state following excitation. A short radiative lifetime would return
population to the ground state prior to VUV ionization and reduce the magnitude of the depletion
signal. The radiative lifetime of the B'A’ state can be estimated from the integrated absorption
spectrum.45 Using the measurement of Ting et al., the radiative lifetime is estimated to be ~7 ns,
significantly shorter than the 100 ns timescale of the depletion measurements. If non-radiative
processes are uncompetitive, one may expect fluorescence to be observable after excitation in the
structured region. A ns-scale lifetime would, however, means that the instrument functions (the
spectrometer linear dispersion or dye laser bandwidth) would represent the limiting resolution in
our measurements and rotational structure would be expected in the spectra. Some degree of
lifetime broadening contributes to washing out the rotational structure, but it seems clear that a
non-radiative process other than dissociation must be responsible. Furthermore, the non-
radiative population transfer must transfer population to a state with a lifetime of order ~100 ns

that also can be ionized with comparable efficiency to the ground state.

16
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Intersystem crossing to nearby triplet states is likely to be too slow in the absence of second row
or larger atoms. Internal conversion, on the other hand, could transfer population to either of the
lower-lying singlet states (A'A” or X'A") via the exit channel conical intersections. Radiative
transition between the A'A” state and the ground state is predicted to have much smaller
oscillator strength and hence should have a significantly longer radiative lifetime.** A more
speculative outcome is isomerization to a more stable isomer, such as dioxirane or formic acid.
While the ionization potentials of these species are slightly larger (10.82 eV and 11.33 eV) than
the 10.49 eV photon energy used in the depletion measurements, they would be formed with

several eV of internal excitation and may be ionized readily.

Conclusion

The spectra of the B—X transition of CH,OO between 362—468 nm reported here are in
agreement with those of Sheps and Ting ef al., which were recorded using similar absorption
techniques but at lower resolution. Absolute absorption cross sections determined in this work
agree well with those of Ting et al. The improved resolution of this study reveals no rotational
structure within any of the vibrational bands, even those at the lowest excitation energies. The
absence of the vibrational progression in the VUV depletion measurements of Beames et al.,
coupled with the broad widths of the individual vibrational bands points to significant lifetime
broadening. We suggest that the rapid excited state dynamics evidenced by broad bandwidths

must be attributed to non-dissociative population transfer.

17
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Figure Captions
Figure 1. Previous measurements of the CH,00 B'A'-X'A’ transition. Beames et al. measured
ionization depletion at discrete pump wavelengths, while Sheps and Ting ef al. used cavity-

enhanced and conventional absorption spectroscopy, respectively.

Figure 2. a) LED intensity profiles. b) Broadband absorption spectra collected with photolysis-
probe time delays of 10 us (black, offset vertically) and 100 ps (red, scaled by 0.55). ¢) CH,O0
absorption spectrum after subtraction of the 1O contribution (black). An expanded view of the

376—406 nm region is shown in the inset. Grey shading represents 1o uncertainty.

Figure 3. a) Cavity ring-down spectra recorded with photolysis-probe delays of 8 us delay
(black) and 140 pus (red, scaled by 0.15). b) CH,OO absorption spectrum after subtraction of the

IO contribution. Grey shading represents 16 uncertainty.

Figure 4. Absolute absorption cross sections of the B'A’-X' A’ transition of CH,OO from

broadband transient absorption spectroscopy (black), and cavity ring-down spectroscopy (green).

Previous measurements of the absorption cross sections by Beames et al. (orange), Sheps (red),
and Ting et al. (blue) are shown for comparison. Grey shading represents 16 uncertainty in the

broadband measurement.

Figure 5. PGOPHER simulations of a single vibronic band of the B'A'~X'A’ transition of
CH,00. The spectrum was simulated as a-type (blue) and b-type (red) transitions. The
lineshape assumes a Gaussian component equivalent to the dye laser linewidth (0.08 cm™') and a
Lorentzian component to model homogeneous broadening associated with excited state lifetimes

of 10 ps, 1 ps and 0.1 ps, as indicated.
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Figure 6. Temperature dependence of the CH,OO absorption spectrum over the range 276357

K. Spectra have been offset for clarity. Grey shading represents 16 uncertainty.
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Tables

Table 1. CH,0O0 band centers and widths derived from the broadband transient absorption

spectrum.
, »
ey rhwory FWHM /e’

- 23196(13) 140(40)
23780 23849(9) 266(28)
24430 24469(7) 385(36)
25060 25131(6) 417(39)
25690 25716(8) 317(41)
26270 26313(7) 363(50)
26880 26885(11) 334(67)
27500 27452(25) 188(119)
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Table 2. Harmonic vibrational frequencies calculated using MRCI and TD-DFT.*

X'A’ B'A’

Mode MRCI TD-DFT MRCI TD-DFT Assignment

Vi 3360 3220 3255 3291 a-CH str.

2 3220 3116 4043 3128 s-CH str.

V3 1515 1537 1520 1692 CH,; sc./CO str.
a' 2 1255 1404 2664 1459 CO str./CH; sc.

Vs 1203 1240 1230 1154 CH, rock

Ve 1005 898 953 893 OO str.

V7 561 528 462 441 COO bend

Vg 742 943 1662 1334 CH, wag
a”

Vo 642 669 1440 651 CH, twist
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