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Abstract

Unimolecular decay of the formaldehyde oxide (CH,OO) Criegee intermediate proceeds via a 1,3
ring-closure pathway to dioxirane and subsequent rearrangement and/or dissociation to many products
including hydroxyl (OH) radicals that are detected. Vibrational activation of jet-cooled CH,OO with two
quanta of CH stretch (17-18 kcal mol™) leads to unimolecular decay at an energy significantly below the
transition state barrier of 19.46 + 0.25 kcal mol!, refined utilizing a high-level electronic structure method
HEAT-345(Q)a. The observed unimolecular decay rate of 1.6 + 0.4 x 10° s™! is two orders of magnitude
slower than that predicted by statistical unimolecular reaction theory using several different models for
quantum mechanical tunneling. The nonstatistical behavior originates from excitation of a CH stretch
vibration that is orthogonal to the heavy atom motions along the reaction coordinate and slow

intramolecular vibrational energy redistribution due to the sparse density of states.
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Apart from methane, alkenes are the most abundant volatile organic compounds (VOC) emitted into
the troposphere and originate from various biogenic and anthropogenic sources."-> A major atmospheric
removal pathway for alkenes is their reaction with ozone, a process characterized by Oz addition across
the alkene C=C bond. This reaction forms a primary ozonide (POZ), which promptly dissociates into
carbonyl and zwitterionic carbonyl oxide products, the latter known as a Criegee intermediate. The
unimolecular decay of the initially energized or collisionally thermalized Criegee intermediates leads to
hydroxyl (OH) radicals, as well as other products, and represents a significant non-photolytic source of
this key atmospheric oxidant. Alternatively, the Criegee intermediates can react with various atmospheric
species, including water vapor [H,O and (H,0),], SO,, NO,, and organic acids,’ generating more highly
functionalized species that can lead to secondary organic acrosol (SOA) formation.

Formaldehyde oxide (CH>0O0), the simplest Criegee intermediate, is produced by ozonolysis of
terminal alkenes, including ethylene, isoprene, and B-pinene.*> Extensive laboratory studies of CH,OO
in the past decade have been facilitated by an alternative synthetic route for generating CH,OO via
reaction of CHul radicals with 0,.° Subsequent spectroscopic studies of CHOO have utilized a wide
range of experimental techniques including VUV photoionization® as well as electronic (UV),””?

vibrational (IR),'° and rotational* !

spectroscopies. More limited experimental studies have been
conducted on the slow thermal unimolecular decay of CH,OO.'> 13

This laboratory has utilized IR action spectroscopy with time-resolved UV laser-induced fluorescence
(LIF) detection of the OH radical products to investigate the vibrational spectra and microcanonical
unimolecular decay rates for a wide range of alkyl-substituted Criegee intermediates.'* In these studies,
unimolecular decay of Criegee intermediates proceeds by 1,4 H-atom transfer from a methyl or methylene
group adjacent to the terminal oxygen, forming a vinyl hydroperoxide (VHP) that dissociates via O-O

bond fission to form OH + vinoxy radicals'>-%°

or undergoing a novel OH roaming pathway before
dissociation.?!>?> Recently, an analogous 1,6 H-atom transfer mechanism was shown to efficiently lead to
OH products.?* Other unimolecular decay process for Criegee intermediates include ring closure to form
dioxole, which is a rapid decay pathway for specific conformers of the B-unsaturated Criegee
intermediates derived from isoprene.?* 2

The present study examines the unimolecular decay dynamics of jet-cooled and isolated CH,OO,
again utilizing IR action spectroscopy with time-resolved detection of OH products. Unimolecular decay
of CH,OO0 to OH + HCO radicals can proceed via 1,3 ring-closure or a higher energy 1,3 H-shift
mechanism. The 1,3 ring-closure pathway is predicted to be the dominant channel with a transition state
(TS) barrier of ca. 19-21 kcal mol™! (Table S1), which has been studied theoretically in depth. The 1,3 H-

shift mechanism is expected to be a minor channel due to its significantly higher TS barrier (ca. 31 kcal

mol™!). Figure 1 shows the energy profile for CH,OO unimolecular decay via these two channels. The



1,3 ring-closure mechanism proceeds over a substantial barrier (TS1) to dioxirane (cyc-H>CO,), followed
by O-O ring opening via TS3 to form the methylene bis-oxy radical (¢«OCH,O¢). Methylene bis-oxy can
then proceed via 1,2 H-migration over a low TS4 to form “hot” formic acid [HC(O)OH]*. Under
collision-free conditions, hot formic acid has sufficient internal energy to fragment to H,O + CO (-110.6
kcal mol™), H, + CO, (-121.0 kcal mol ™), or HCO + OH products (-7.4 kcal mol™").?* However, HCO +
OH is predicted to be only a minor channel with low yield under thermal conditions (ca. 2%, 300 K, 1
atm).?® The rate limiting step for unimolecular decay of CH,OO is isomerization to dioxirane via TS1. In
the alternative 1,3 H-shift pathway, CH,OO undergoes dissociation to HCO + OH products through a
significantly higher TS barrier (TS2), 31.8 kcal mol.%
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Figure 1. Energy profile for the unimolecular decay of CH,OO Criegee intermediate to OH + HCO via
1,3 ring-closure (black line) and 1,3 H-shift (gray line) with single point energies calculated at HEAT-
345(Q)a. Experimentally, IR pump excitation prepares isolated and jet-cooled CH>OO in the overtone
CH stretch region (2vch), and the resultant OH products from its unimolecular decay are detected by UV
probe laser-induced fluorescence (LIF) on the OH A-X (1,0) transition.

Thermal unimolecular decay of CH>OO has been explored using various experimental methods under
a range of pressure and temperature conditions. Early alkene ozonolysis studies compared the relative
rate coefficients for thermal unimolecular decay of CH,OO to that for its bimolecular reaction with SO,,°
obtaining upper limits for kui 0f < 9.4 + 1.7 s (293 K, 760 Torr )*” and < 4.2 s (298-303 K, 760 Torr), >
which were qualitatively consistent with an early theoretical prediction of 0.3 s™! at 298 K in the high
pressure limit.?’ A subsequent ethene ozonolysis experiment reported ki 0f 0.19 £ 0.07 s (297 K, 760
Torr), again by benchmarking against the bimolecular reaction with SO,.** An upper limit for CH.OO

unimolecular decay rate of < 11.6 + 8.0 s™' (293 K, 7-30 Torr) was obtained using the alternate synthetic



route involving photolysis of CH,I, and reaction with O to generate CH,00.?! The most recent
experimental studies were conducted at higher temperatures over a range of pressures to obtain the
unimolecular decomposition rates k(7,P) for stabilized CH>OO. Stone et al. measured experimental
decomposition rates for CH,OO over a range of temperatures (450-650 K) and pressures (2—350 Torr),
and obtained a significantly slower unimolecular decay rate of kui (298 K, 760 Torr) = 1.1715 x 107 5!
by extrapolation to atmospheric conditions, which agreed well with the calculated thermal rates using a
TS barrier of 19.5 kcal mol™.!? In addition, Peltola et al. explored the time-dependent unimolecular loss
of CH,OO over a range of temperatures (296-600 K) and pressures (5-400 Torr), in this case utilizing an
alternate precursor CH,IBr to generate CH,OO. This study evaluated kui by extrapolation to atmospheric
conditions using master-equation modeling, yielding a unimolecular decomposition rate in good accord
with the values predicted using a TS barrier of 20.5 kcal mol™."?

In the present study, the IR action spectrum of jet-cooled and isolated CH,OO is obtained in the
overtone CH stretch region (2vcn) region and compared with anharmonic vibrational frequency
calculations obtained using second-order vibrational perturbation theory (VPT2).*? IR excitation in the
2vcn region provides ca. 17-18 kcal mol™! of activation energy, promoting CH>OO to energies below the
theoretically predicted TS barriers for its unimolecular decay. As a result, formation of OH products from
CH,00 proceeds in the tunneling regime, specifically by tunneling associated with the 1,3 ring-closure
step or the significantly higher energy 1,3 H-shift pathway. The experimental kinetic results are
compared with microcanonical statistical rate calculations A(£) using Rice-Ramsperger-Kassel-Marcus
(RRKM) theory.**

In a previous paper, we used the HEAT-345(Q) method to construct a potential energy surface of
(rapid) dissociation of energized CHO0.% 1t is fairly well established that the CCSDT(Q) method
overestimates the quadruples increment to the electron correlation energy of ozone and Criegee
intermediates.>**¢ This issue can be improved by using the fully iterative quadruple Q (or higher order)
electron correlation method. Recent studies show that the (Q)a calculation, which is much cheaper than
the full Q calculation, can provide a comparable accuracy for such a case.’” For this reason, in this work
both HEAT-345Q and HEAT-345(Q)a methods are used. As seen in Table S2, heats of formation for
CH,00 calculated with these two methods surpass that of HEAT-345(Q) and agree very well with a
benchmark ATcT value.*® In addition, the HEAT-345(Q)a calculations also yield an excellent result for
the heat of formation of dioxirane. This finding suggests that HEAT-345(Q)a method is suitable for this
reaction system. Unless stated otherwise, HEAT-345(Q)a results will be used for the following
discussion. The ring-closure of CH,OO to dioxirane is the rate-determining step, which needs to
overcome a barrier of 19.46 kcal mol™!, with a plausible uncertainty of 0.25 kcal mol™!, calculated with the

HEAT-345(Q)a method (see Table S3). To examine possible effects of non-dynamic electron correlation
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(i.e. multireference character), MRCI+Q method was also used here to compute a barrier for the ring-
closure step. The difference between the MRCI+Q and CCSDT(Q), barriers is found to be 0.1 kcal mol™!
(see Table S4), which is (much) smaller than a possible uncertainty of 0.25 kcal mol!. It can be
concluded that the single-reference based coupled-cluster calculations are sufficient.

Harmonic frequencies of CH,OO, dioxirane, and the ring-closing barrier were evaluated using an ab
initio composite scheme (“low recipe”), the precise definition of which is given elsewhere.*® It is similar
in nature to HEAT—based on all-electron CCSD(T) extrapolated to the CBS limit and including a
CCSDT(Q)a correction, a scalar relativistic correction, and the Diagonal Born—Oppenheimer correction
(DBOC). Anharmonic vibrational frequencies are calculated for CH,OO using B2PLYP-D3/cc-pVTZ
and CCSD(T)/ANO1 methods along with second-order vibrational perturbation theory (VPT2) as
implemented in Gaussian16* and CFOUR*! (Figure S1, Table S5). The B2PLYP-D3 results are utilized
for IR transitions and intensities in the 2vcy spectral region.

Microcanonical energy-dependent rates k(E, J=0) are calculated for CH,OO unimolecular decay via
the 1,3 ring-closure and 1,3 H-shift pathways based on statistical RRKM theory and semi-classical
transition state theory (SCTST) using the Master-Equation System Solver (MESS)* as well as
Multiwell.** Given that 2vcy excitation is lower in energy than the theoretical barriers for both pathways
(see Figure 1), the reaction must take place in a classically forbidden regime by tunneling through the
barrier. In this work, three different models, specifically 1D-asymmetric Eckart in MESS,
multidimensional-SCTST in Multiwell, and 1D-WKB, are used to treat quantum-mechanical tunneling
effects in computing k(E).

The search for IR absorption bands of CH,OO is guided by VPT2 (anharmonic) frequency
calculations at the B2PLYP-D3/cc-pVTZ level of theory. Three IR transitions of CH,OO are predicted in
the overtone CH stretch region (2vcn) from 5940 to 6290 cm™! as shown in Figure 2, Figure S1 and Table
S5, including the first overtone transitions associated with an asymmetric and a symmetric methylidene
CH stretch (6273 cm!, 2vy; 5970 cm™, 2v»), and a combination transition involving asymmetric and
symmetric CH stretches (6081 cm™!, vi +v,). The 2v; transition is expected to show the strongest
absorption intensity, while the 2v, and v; + v; transitions are predicted to be ca. 3-fold weaker. The
predicted transitions are broadened (Gaussian distribution with ca. 9 cm™ FWHM) in Figure 2 to reflect
the breadth of the rotational band contour anticipated under jet-cooled conditions (Tt = 10 K, Figure
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Figure 2. (a) Theoretically predicted vibrational transitions for CH,OO in the overtone CH stretch (2vcn)
region at the B2PLYP-D3/cc-pVTZ level of theory. Anharmonic frequencies and intensities derived
using VPT?2 are shown as stick spectra and broadened to reflect the rotational band contour at ca. 10 K.
(b) Experimental IR action spectral features observed for CH>OO in the 2vcy region from 5940 to 6290
cm! with UV LIF detection of OH (v=0) products.

The experiments utilize IR action spectroscopy, which depends on both IR absorption and detection
of OH products, and thus differs from direct IR absorption spectroscopy. In IR action spectroscopy, the
experimentally observed IR spectral features depend on both the intrinsic transition moment strength and
the OH product yield arising from the IR-activated species. The experimental IR action spectrum
resulting from multiple scans (scan speed of 0.025 cm™ s™!) is shown in Figure 2. The strongest feature
observed at 6263.8 cm™ (band origin, blue) with notable rotational band structure (see Figure S2) is
shifted -9 cm™! from the predicted 2v; (overtone of asymmetric CH stretch) transition at 6273 cm™'. Two
weaker features are detected at 5967.7 cm™! (purple), shifted -2 cm™! from the predicted 2v, (overtone of
symmetric CH stretch) transition, and at 6075.9 cm™ (green), shifted -5 cm™ from the prediction for vi +
v, (combination of symmetric and asymmetric CH stretch). The observed IR band origins and relative
intensities are consistent with the theoretical calculations. The relatively weak signals observed for
CH,0O0 by IR action spectroscopy'” can be attributed to a small branching fraction to OH products, in
accord with theoretical predictions under thermal conditions.'* 1> 2 The experimental IR spectral features
were recorded at IR-UV time delays of 500 ns (2vi) and 700 ns (2v2, vi + v»), reflecting their temporal
profiles to OH products upon unimolecular decay of CH,OO.

The temporal profile of the OH products generated upon 2v; excitation of CHOO at 6266 cm™ (peak

of R-branch) consists of an exponential rise and fall as shown in Figure 3. The exponential rise of OH



products arises from unimolecular decay of IR-activated CH,OO. The slower exponential fall is purely
experimental in nature and results from the OH products moving out of the spatial region irradiated by the
UV probe laser, which is relatively unchanged for many Criegee intermediates studied to date.'s: 1% 23 44-46
The experimental decay rate is separately measured from vibrationally excited syn-CH3CHOO at 6081
cm!, which undergoes rapid unimolecular decay to OH radicals (Figure S3, Trise < 5 ns) upon IR
excitation and gives rise to a higher signal-to-noise level compared to CH,OO. This yielded an accurate
determination of the purely experimental fall rate (kpy = 8.2 + 0.2 x 103 s7!, 7751 = 1.2 + 0.03 ps) with + 2c
uncertainty arising from repeated measurements. As described in previous publications,!® 1% 234446 the
experimental OH temporal profile is fit with a biexponential function including the convoluted IR and UV
pulse widths along with the fixed kzu. For CH,OO, 2v; activation at 6266 cm™ results in the appearance
of OH products with a rise rate ke = 1.6 £ 0.4 x 10° 5! (7,4 = 610 £ 150 ns). The + 2¢ uncertainty in ks
arises primarily from uncertainty in the appearance of OH products from CH,OO with a small
contribution from the uncertainty in &z In Figure 3, the experimental IR-induced OH signal is illustrated
as a function of IR-UV time delay (t) with changing colors to visualize the changing contributions of ks
and &z terms to the overall OH temporal profile. As time progresses (t =0 — 1800 ns), a gradient shift in
colors from red to blue represents the increasing contribution of Az to the temporal profile. Beyond t >

1800 ns, gray indicates that the OH temporal profile is dominated by the kg term, contributing over 95%

to the overall signal.
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Figure 3. Temporal profile (circles) of OH products from CH>OO unimolecular decay upon 2v;
activation at 6266 cm’'. The temporal profile is fit with a dual exponential function (black line) with rise
rate (kyise =1.6 £ 0.4 x 10° s!) resulting from unimolecular decay of CHOO with + 2c uncertainty (gray
shade) and fall rate (kw; = 8.2 + 0.2 x 10° s7!) arising from the OH products moving out of the UV probe
volume. The change of color from red to blue to gray represents increasing contribution of the fall-off
term (kzu) to the overall temporal profile.



Additionally, time-dependent OH signals are observed following IR activation of the weaker 2v, and
vi + v, transitions at 5968 and 6076 cm™. However, the resultant IR-induced OH signals are substantially
smaller, precluding a precise determination of the associated unimolecular decay rates, which are
comparable or slower than that observed upon excitation to 2v;.

Statistical RRKM theory is used to compute the energy-dependent unimolecular decay rate k(E) for
CH,00 under isolated jet-cooled conditions (J/=0). Unimolecular decay of CH>OO is assumed to proceed
via 1,3-ring closure to dioxirane, which differs from the H-atom transfer mechanisms investigated
previously for alkyl-substituted Criegee intermediates.'>2° The experimental IR excitation energy at
6266 cm™ (17.9 kcal mol ™) lies below the calculated TS barriers (TS1) ranging from 19.0 to 20.7 kcal
mol™! as summarized in Table S1, indicating that unimolecular decay must proceed exclusively by
quantum mechanical tunneling through the barrier. The imaginary frequency v; at the TS is associated
with a reaction coordinate including changes in the C-O-O bond angle and the H-C-O-O dihedral angle,
both of which involve heavy-atom motions. Energy-dependent rates k(E) are computed for 1,3-ring
closure of CH,OO to dioxirane in MESS, where quantum mechanical tunneling effects are included using
an Eckart model.

Figure 4 shows the calculated microcanonical rates k(E) across the 5800-7200 cm™ (or 16.7-20.6 kcal
mol ') energy range employing two different energy grain sizes for the density of CH,OO reactant states
(Egrain = 1 cm™ and Egrin = 35 cm™, the latter corresponding to 0.1 kcal mol™) with a TS barrier of 19.46 +
0.25 kcal mol! (HEAT-345(Q)a) and v; of 737i cm™ (“low” recipe).>® The calculated k(E) using a finer
Egrin is @ more realistic depiction of the actual kinetic behavior for CH,OO, where k(E) reveals significant
fluctuations due to the sparse state density of CH,OO across the energy range of interest. On the other
hand, using a coarser Egrin Smooths out these fluctuations, thereby representing statistical A(£) values that
are averages across broader energy intervals. Notably, the RRKM &(E) calculations indicate a CH,OO
unimolecular decay rate that is ca. 200 times faster than the experimentally observed OH appearance rate
at 6266 cm™'. Although using a finer Egin reduces this discrepancy, a thorough investigation of the

reasons behind the disagreement between experimental and statistical theoretical results is needed.
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Figure 4. Statistical energy-dependent rates k(E) computed for CH,OO unimolecular decay via 1,3 ring-
closure including quantum mechanical tunneling using MESS (solid lines). The fluctuation in the gray line
(Egrain = 1 cm™) originates from the sparse state density of CH,OO at 5800-7200 cm™, and such fluctuations
are smoothed out in the black line (Egrin = 0.1 kcal mol™). The experimental OH appearance rate following
IR excitation at 6266 cm™ is shown as the blue circle with +26 uncertainty. The vertical dotted line
represents the computed TS barrier height (19.46 kcal mol™!). The gray shaded region indicates rates or
lifetimes limited by the experimental time resolution (ca. 4 ns).

In addition to the Eckart model implemented in MESS, alternative approaches, specifically SCTST in
Multiwell* and 1D-WKB (detailed in SI and Figure S4), are employed to investigate the impact of
different tunneling models on the k(E) rates computed for unimolecular decay of CH,OO via 1,3 ring-
closure. Using a theoretical barrier of 19.46 kcal mol™! from the HEAT-345(Q)a method, the calculated
k(E) rates using these three models agree well (within 20-30%) with one another (Figure S5).

Intramolecular vibrational energy redistribution (IVR) is critically important in the unimolecular
decay of CH>OO as the vibrational modes that promote the 1,3 ring-closure mechanism are not directly
activated by the IR excitation. Specifically, the 1,3 ring-closure process follows an intrinsic reaction path
(IRC) associated with the C-O-O bend (v7) and CH, twist (v9), while the two vibrationally activated
modes are associated with the asymmetric (v1) and symmetric (vz) CH stretches. The alternative higher
energy 1,3 H-shift pathway leading directly from CH,OO to OH products is associated with C-O-O bend
(v7) and CH stretches, the latter of which are excited experimentally. However, the latter pathway
involves a highly strained 4-membered ring structure at the TS that is ca. 12 kcal mol™! higher in energy

than that for ring-closure (19.46 kcal mol™"), which is already significantly higher than the IR excitation

energy range (17-18 kcal mol ™) used in this work. The 1,3 H-shift channel is thus assumed to give
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negligible contribution to the observed IR-induced OH signal.'* 2 Therefore, intramolecular energy flow
from the higher frequency CH stretches to lower frequency modes is required for unimolecular decay of
CH>00O via the 1,3 ring-closure channel.

A tier model is usually used to describe the IVR process, where vibrational energy is transferred from
a specific spectroscopically prepared “bright state” to a set of near-resonant dark states, the doorway
states, through anharmonic coupling. The IVR process will continue from the doorway states to a second
tier with a higher density of states through weaker coupling, and this process will continue to successive
tiers of bath states until the intramolecular relaxation of the initial bright state is complete. The coupling
strength of the bright state to the first tier of states and potentially to higher orders of tiers determine the
IVR lifetime. IVR is expected to be rapid and typically occurs on a picosecond timescale when state
densities exceed about 10 states/cm™.4”-* However, the calculated density of states for CH,OO shown in
Figure S6 predicts ca. 1-2 states/cm™ in the 2vcy stretch region, which is below the threshold for IVR and
could be better characterized as incomplete IVR process.** For vibrationally activated CH,OO with two
quanta of CH stretch, the excited bright state is not coupled to sufficient near-resonant doorway states for
rapid IVR and energy redistribution is restricted by the low density of dark states. Rapid [IVR is a
requirement for statistical unimolecular decay as modeled using RRKM theory.

Figure 4 shows the substantial discrepancy between the experimentally observed unimolecular decay
rate for CH,OO upon 2v; excitation and the RRKM rate predicted for 1,3 ring-closure at this energy (ca.
6260 cm™') with the Eckart tunneling model. Comparing simulated temporal profiles based on the RRKM
rate with various tunneling models, &(E) = 2.6 x 10® s”! using Eckart or SCTST and 2.3 x 10® s using
WKB, with the experimental result, kise = 1.6 x 10° s7!, further illustrates the extent to which the
exponential rise observed experimentally differs from the rate predicted with RRKM theory (Figure S7).
The RRKM rates predicted at slightly lower energies, corresponding to 2v; and v; + v, excitation, are also
much more rapid than observed experimentally. Moreover, the RRKM rate predicted for the 1,3 H-shift
pathway (k(E) = 100 s™' using Eckart tunneling model) is four orders of magnitude slower than the
experimentally observed rate at 6260 cm™ (Figure S8, Table S6), primarily due to its substantially higher
barrier. As aresult, the 1,3 H-shift pathway is a negligible channel in the observed appearance of OH
products.

RRKM theory including tunneling has yielded excellent agreement with experimental results for the
unimolecular decay rates of larger Criegee intermediates via H-atom transfer.'*?* No mode-specific
effects were observed for these larger molecules, which implies that energy from the spectroscopically
activated mode is distributed statistically among near-resonant states. Additionally, the computed
densities of states were significantly above the typical threshold (ca. 10 states/cm™) for complete

population redistribution through IVR under jet-cooled conditions.*”>® TVR occurs on picosecond time
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scale and is significantly faster than the unimolecular decay rates that occur on nanosecond time scales, as
is required for RRKM theory.>* However, in the present study, IVR is incomplete for vibrationally
excited CH>OO in the overtone CH stretch region due to insufficient near-resonant density of states,
which leads to vastly slower IVR. The computed 4(E) using RRKM theory indicates that statistical
unimolecular decay would occur on a few nanosecond time scale and a sub-nanosecond time scale at
higher excitation energies (> 6300 cm™!, Table S6). For CHOO (2vcn), the slow IVR rate creates a
bottleneck to unimolecular decay. This results in non-statistical behavior of CH,OO excited in the 2vcy
region, which deviates substantially from the (tunneling-corrected) RRKM rate predicted in this study.
This is analogous to the conditions that give rise to mode-specific chemistry in other small molecule
systems.>!-3

In summary, the lowest energy pathway for unimolecular decay of the CH,OO Criegee intermediate
proceeds via 1,3 ring-closure to dioxirane and subsequent rearrangement and/or dissociation to many
products including hydroxyl (OH) radicals. Infrared action spectra of jet-cooled and isolated CH,OO
reveal the first overtone asymmetric (2v;) and symmetric (2v2) methylidene CH stretch and combination
(vitvy) transitions, and the time-resolved appearance of OH products with UV LIF detection. High-level
electronic structure calculations utilizing HEAT-345(Q),. refine the transition state barrier at 19.46 + 0.25
kcal mol’!, demonstrating that 2v; excitation (6266 cm™, 17.9 kcal mol™!) occurs significantly below the
barrier in the tunneling regime. The unimolecular decay rate of 1.6 + 0.4 x 10° s™! observed for CH,OO
(2v1) is ca. 200 times slower than predicted by statistical unimolecular RRKM theory using several
different models for tunneling. The nonstatistical behavior is attributed to excitation of a CH stretch
vibration (2v;), which is orthogonal to the heavy atom C-O-O (v7) bend and CH twist (v¢) motions along
the intrinsic reaction coordinate. Moreover, intramolecular vibrational redistribution is expected to be
slow due to the low density of vibrational states (1-2 states per cm™), resulting in nonstatistical

unimolecular decay of CH,OO in the tunneling regime.

Experimental Methods

A diiodomethane (CHal,) precursor is heated to 40 °C, entrained in a 20% Ar/O- gas mixture (30 psi)
and pulsed through a nozzle (1 mm orifice) and an affixed quartz capillary tube (~25 mm length, 1 mm
ID) into a vacuum chamber. The cylindrically focused 355 nm output from a Nd:YAG laser (Continuum
8000, ~4 mJ pulse!, 10 Hz) is used to photolyze the precursor near the tip of the capillary and generate
CH,00, which is collisionally stabilized in the capillary and cooled in the ensuing supersonic expansion.
The spatially-overlapped IR-pump ( ~3 mm diameter, ~25 mJ pulse™!, 2.4 ns Gaussian pulse width, 5 Hz)

and UV-probe ( ~5 mm diameter, ~2 mJ pulse™!, 2.4 ns Gaussian pulse width, 10 Hz) beams intersect the
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stabilized CH,OO approximately 1 cm downstream from the capillary tip in the collision-free region. The
tunable IR radiation is the signal output from an optical parametric oscillator/amplifier (OPO/OPA,
Laservision, 0.9 cm™ bandwidth) pumped by a Nd:YAG laser (1064 nm, Continuum Surelite EX). IR
excitation in the 2vcy region initiates the unimolecular decay of CH>OO to OH products, which are
detected by UV laser-induced fluorescence (LIF). The UV radiation is generated by frequency doubling
the output of a dye laser (Continuum ND6000) pumped by an Nd:YAG laser (532 nm, EKSPLA NL300)
and is fixed on the OH A%X" — X115, (1,0) Qi(3.5) transition. OH fluorescence on the A2X" — X151 (1,1)
transition is collected and detected by a gated photomultiplier tube (PMT). IR-induced OH signal is
obtained by an active background subtraction scheme, which removes the background OH signal (IR-off)
arising from prompt unimolecular decay of internally excited CH,OO within the capillary and are
subsequently cooled in the free jet expansion. IR-UV delay times of 500 to 700 ns are used for IR action
spectra recorded in the 2vey region (5940 — 6290 cm™). The temporal appearance profile of OH products
resulting from IR excitation of CH,OO is recorded by randomly changing the delay time between IR and
UV lasers.

Supporting Information Description
Additional information on stationary points, transition states, vibrational frequencies, spectral simulation,
1D-WKB tunneling, intrinsic reaction coordinate, microcanonical rates, and density of states.
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