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Abstract 12 

Biogenic hydrocarbons are emitted into the Earth’s atmosphere by terrestrial vegetation as 13 

biproducts of photosynthesis. Isoprene is one such hydrocarbon and is the second most abundant 14 

volatile organic compound emitted into the atmosphere (after methane). Reaction with ozone 15 

represents an important atmospheric sink for isoprene removal, forming carbonyl oxides 16 

(Criegee intermediates) with extended conjugation. In this manuscript we argue that the extended 17 

conjugation of these Criegee intermediates enables electronic excitation of these compounds, on 18 

timescales that are competitive with their slow unimolecular decay and bimolecular chemistry. 19 

We show that the complexation of MACR-oxide with water enhances the absorption cross 20 

section of the otherwise dark S1 state, potentially revealing a new avenue for forming lower 21 

volatility compounds via tropospherically relevant photochemistry. 22 
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Introduction 23 

Isoprene is the most abundant biogenic volatile organic compound (BVOC) emitted into the 24 

troposphere (500 Tg per year) by terrestrial vegetation.1 During daytime, the atmospheric 25 

lifetime of isoprene is ca. 1-2 hours, which is limited by reaction with oxidants such as the OH 26 

radical (ca. 80 %) and O3 (ca. 10 %).2 27 

 28 

Figure 1: Ozonolysis reaction of isoprene and the resulting products. 29 

 30 

Following bimolecular interaction, O3 undergoes a thermally allowed [3+2]-cycloaddition 31 

reaction across one of the two double bonds of isoprene, as illustrated in Fig. 1. Three different 32 

CIs, formaldehyde oxide (CH2OO), methyl vinyl ketone oxide (MVK-oxide), and methacrolein 33 

oxide (MACR-oxide), are formed.2–5 MACR-oxide will be the focus of this article. Once formed, 34 

the nascent MACR-oxide is highly internally excited and may undergo unimolecular decay or 35 

collisions with proximal bath gases to become collisionally stabilized. In terminal CIs, such as 36 



CH2OO and MACR-oxide, unimolecular decay is governed by cyclization to form cyclic dioxo-37 

compounds.4,6  38 

As with other alkyl substituted CIs, the unimolecular decay of the lowest energy syn-trans 39 

conformer of MVK-oxide is dominated by intramolecular 1,4-H-atom transfer (1,4-HAT) to form 40 

a stable but internally excited vinyl hydroperoxide (VHP) that rapidly decomposes to form •OH 41 

+ vinoxy radical products.7 Recent studies have also identified a unimolecular cyclization to 42 

forming dioxole products, which is only possible in the anti-trans conformer.7,8 This indicates 43 

that the higher energy conformers may also be formed in experiments and during ozonolysis. 44 

This may be understood by recognizing that the high internal energy of nascent CIs may lead to a 45 

non-Boltzmann distribution of conformers. Unlike CH2OO, in pristine humid conditions, 46 

bimolecular chemistry of MVK-oxide with water is slow, in line with other alkyl substituted 47 

CIs.9 48 

In contrast, the lowest energy conformer of MACR-oxide is anti-trans. Unimolecular decay of 49 

MACR-oxide is comparatively slower as the equivalent 1,4-HAT path to forming a stable VHP is 50 

unavailable. Surprisingly MACR-oxide is stable in humid conditions, implying that its 51 

bimolecular chemistry with water is slow.10 Both MVK-oxide and MACR-oxide contain 52 

extended conjugation when compared to smaller CIs such as CH2OO.11 As the UV-visible 53 

spectra in Fig. 2 show, this extended conjugation manifests in a bathochromic shift in their 54 

electronic absorption and around a 4-fold increase in the absorption cross section (cf. 55 

CH2OO).12–15 56 



 57 

Figure 2: Experimentally measured electronic absorption spectrum reproduced, with permission, 58 
from refs. 14 and 15.  59 

As with CH2OO, the near-UV-visible absorption spectra of MVK-oxide and MACR-oxide are 60 

dominated by strongly absorbing * electronic states.12,13,15–17 Recent Velocity Map Imaging 61 

(VMI) studies have revealed that excitation to the * state leads to oxygen atom products.12,13,18 62 

This can be understood by inspecting Fig. 3, which shows potential energy (PE) profiles of the 63 

lowest nine singlet electronic states of the lowest energy anti-cis conformer of MACR-oxide along 64 

the O-O stretch coordinate (ROO).18 The analogous PE profiles for MVK-oxide are very similar, 65 

with only subtle changes in the vertical excitation and asymptotic energies. The bright * (S2) 66 

state is dissociative with respect to ROO and adiabatically correlates with the O(1D) + MVK/MACR 67 

(S0) products at asymptotic O-O bond distances. A second asymptote, corresponding to the O(3P) 68 

+ MVK/MACR (T1) products, is accessible at excitation energies greater than ca. 3.25 eV. Our 69 

recent collaborative work with the Lester group has revealed that excitation of CH2OO at energies 70 

above the second asymptote limit leads to both O(3P) and O(1D) products.19 Such results are 71 

profound since nascent O(1D) products may react with water vapor to generate OH radicals in the 72 



atmosphere. Additionally, the T1 MVK/MACR products may react with atmospheric O2 to form 73 

lower volatility compounds that may have implications on secondary organic aerosol formation. 74 

 75 

 76 

Figure 3: Adiabatic potential energy profiles of the lowest seven singlet electronic states along 77 
the O-O stretch coordinate of the lowest energy conformer of MACR-oxide. 78 

In this manuscript, we will explore the extent to which solar photolysis contributes to the 79 

atmospheric removal of MACR-oxide and the MACR-oxide-water complex. We show that upon 80 

complexation with water, the resulting MACR-oxide-water complex primarily undergoes O-O 81 

bond fission. Interestingly, we show that the complexation of MACR-oxide with water enhances 82 

the absorption cross section of the otherwise dark S1 state, potentially leading to a new avenue 83 

for forming lower volatility compounds via tropospherically relevant photochemistry. 84 

 85 

Computational Methods 86 

Using Gaussian 16,20,21 the ground state minimum energy geometry of MACR-oxide and its van 87 

der Waals complex with water monomer (MACR-oxide-H2O) and water dimer (MACR-oxide-88 



(H2O)2) was optimized at the m062x/aug-cc-pVTZ level of theory.22 This level of theory has 89 

been previously shown to perform well for determining minimum energy geometries for Criegee 90 

intermediates.23,24 Similarly, the ground state minimum energy geometries of CH2OO and 91 

MACR-oxide, along with their respective pre-reactive complexes with water monomer, hydroxy-92 

hydroperoxide products, and transition states along the CH2OO/MACR-oxide + water monomer 93 

reaction coordinate were calculated at the same level of theory. Single point energies of the 94 

aforementioned optimized molecules were calculated at the CCSD(T)-F12/cc-pVTZ-F12 level of 95 

theory through Molpro 2022. The ground state minimum energy geometries and single point 96 

energies of the various unimolecular decay products of MACR-oxide (aldehyde, dioxirane, and 97 

acid products), both with and without complexation to water monomer, were calculated using the 98 

same aforementioned CCSD(T)-F12/cc-pVTZ-F12//m062x/aug-cc-pVTZ combination of theory. 99 

Using Molpro 2022,25 vertical excitation energies (VEEs) and oscillator strengths were 100 

calculated using complete active space second-order theory (CASPT2)26–28 coupled to Dunning’s 101 

augmented correlation-consistent basis set of triple- quality: aug-cc-pVTZ.29 These CASPT2 102 

computations were based on a state-averaged complete active space self-consistent field 103 

(CASSCF)30,31 reference wavefunction. An active space of ten electrons in eight orbitals 104 

(displayed in the supporting information) was used.  105 

Trajectory surface hopping (TSH) simulations32 were performed using the Newton-X 106 

computational package.33 Initial positions and momenta were sampled using a Wigner 107 

distribution, which was based on the aforementioned ground state minimum energy geometry 108 

calculated at the m062x/aug-cc-pVTZ level of theory. Due to the reliability of this level of 109 

theory, we believe that it proves as an adequate method to sample an accurate representation of 110 

the local of the ground state v=0 level. In the TSH simulations, the nuclear coordinates were 111 



propagated by integrating Newton’s equation using the velocity Verlet method, while the 112 

electronic coordinates were propagated by numerically solving the time-dependent Schrödinger 113 

equation using Butcher’s fifth-order Runge-Kutta method in steps of 0.025 fs.  A total of 100 114 

trajectories were initiated in the S2 state; the energies, gradients and non-adiabatic coupling 115 

matrix elements of the seven lowest singlet states were calculated analytically and “on-the-fly” 116 

using the SS-SR-CASPT2 method in coupled with the aug-cc-pVDZ basis set. SS-SR-CASPT2 117 

enables the computation of energies and analytical gradients at MS-CASPT2 quality, at a 118 

reduced computational cost; it also performs well near electronic state degeneracies.34,35 The SS-119 

SR-CASPT2 calculations were based on a state-averaged complete active space self-consistent 120 

field (CASSCF) method reference wavefunction and the same active space as above. These were 121 

performed via the BAGEL interface to Newton-X. The state hopping probabilities were 122 

evaluated by calculating the non-adiabatic coupling matrix elements from the SS-SR-CASPT2 123 

computations.  124 

Additional CASPT2/aug-cc-pVTZ calculations (using the same active space as above) were 125 

performed in order to compute the relaxed energy profiles along the O-O stretch and out-of-plane 126 

torsional coordinates. These latter calculations were performed using Molpro. 127 

Results and Discussion 128 

 129 

Figure 4: Lowest energy conformer of (a) MACR-oxide, (b) the MACR-oxide-H2O complex, 130 
and (c) the MACR-oxide-(H2O)2 complex. 131 



 132 

Fig. 4 displays the minimum energy geometries for the lowest energy conformers of isolated 133 

MACR-oxide, as well as the van der Waals (vdW) complexes formed with water monomer (Fig. 134 

4(b)) and water dimer (Fig. 4(c)). These geometries have already been characterized in previous 135 

studies but are reintroduced here for orientation.  136 

 137 

 138 

Figure 5: Energy profile associated with the reaction of CH2OO and MACR-oxide with water 139 
monomer calculated at the CCSD(T)-F12/cc-pVTZ-F12//m062x/aug-cc-pVTZ level of theory. 140 

 141 

As noted previously by us and others,13 the lowest energy structure of MACR-oxide is with the 142 

terminal oxygen atom orientated away from the carbon-framework and towards the aldehydic 143 

hydrogen atom. In this conformer, unimolecular decay is unsurprisingly slow as the only 144 

available path is a high barrier cyclization process that forms dioxirane.4 In CH2OO, reaction 145 

with water dimer represents its dominant removal path.36–41 The analogous reaction of the lowest 146 

energy conformer of MACR-oxide with water is surprisingly slow.10 This can be understood by 147 



inspecting Fig. 5, which shows that the calculated minimum energy profiles associated with 148 

MACR-oxide + water reaction includes a higher transition state barrier than the analogous 149 

profiles associated with the CH2OO + water reaction. Given the slow unimolecular and 150 

bimolecular chemistry in pristine environments, we hypothesize that the nascent dispersively 151 

bound MACR-oxide-water monomer/dimer complexes (i.e., structures in Figs. 4(b) and 4(c)) 152 

survive for sufficiently long timescales that they undergo electronic excitation via absorption of 153 

tropospherically relevant solar radiation, on competitive timescales to thermal unimolecular 154 

decay and bimolecular chemistry. 155 

Table 1: Vertical excitation energies (VEE) and oscillator strengths (in paratheses) of the various 156 
CIs studied in the present study, calculated at the CASPT2/aug-cc-pVTZ level of theory.  157 

Criegee intermediate VEE (oscillator strength) / eV 

 

1n*-S0 1*-S0 

CH2OO 2.40 (0.0000) 3.91 (0.1022) 

CH2OO-H2O 2.84 (0.0004) 3.85 (0.0880) 

MACR-oxide 2.14 (0.0000) 3.29 (0.1080) 

MACR-oxide-H2O 2.74 (0.0006) 3.27 (0.1509) 

MACR-oxide-(H2O)2 2.94 (0.0006) 3.34 (0.1520) 

 158 

Table 1 lists vertical excitation energies and oscillator strengths associated with excitation to the 159 

lowest singlet states of CH2OO and MACR-oxide, along with their vdW complexes with water 160 

monomer and water dimer. Alongside this table, Fig. 6 displays orbitals and orbital promotions 161 

that lead to the S1 and S2 electronic state configurations. In both CH2OO and MACR-oxide, as 162 

well as their vdW complexes with water, the near-UV-visible absorption is dominated by 163 



absorption to the S2 state, which as Fig. 6 shows, involves a *   orbital promotion. Since the 164 

participating orbitals have considerable spatial overlap, the associated oscillator strength is high. 165 

In contrast, the S1 state involves a transition between non-bonding and * orbitals, manifesting in 166 

an S1 state configuration of n* character. The spatial overlap between the participating orbitals 167 

is minimal, manifesting in a dark state with low oscillator strength. Interestingly, although the 168 

oscillator strength accompanying the S1 state transition of the CH2OO-H2O and the MACR-169 

oxide-H2O vdW complex is also low, it is ca. 30 times stronger than isolated CH2OO and 170 

MACR-oxide. This may be understood by recognizing the closer energetic proximity of the S1 171 

and S2 state (v. Table 1) in the vdW complexes (cf. isolated CH2OO and MACR-oxide). This 172 

would manifest in greater coupling between the S1 and S2 states, ultimately brightening the 173 

nominally dark S1 state. This is supported by the configuration interaction (CI) coefficients in the 174 

returned CASPT2 calculations, which reveal that the S1 state is primarily *  n character but 175 

with a strong contribution from the *   excitation in the MACR-oxide-H2O complex 176 

(0.04139). The analogous *   CI coefficient for bare MACR-oxide is ca. two-orders of 177 

magnitude smaller (0.00015). The closer energetic proximity is plausibly explained by the large 178 

hypsochromic shift of the S1 state absorption in the vdW complexes relative to isolated Criegee 179 

intermediates. This hypsochromic shift can be understood by recognizing that the terminal 180 

oxygen-centered n-orbital of the Criegee intermediate is stabilized upon hydrogen-bonding with 181 

water. Hydrogen-bonding is initiated by the interaction of this non-bonding lone-pair to the * 182 

orbital localized around the O-H bond of water. The resulting n-* interaction leads to 183 

stabilization of the n-orbital lone pair – thus increasing the n and * orbital energy gap relative to 184 

the isolated Criegee intermediate.  185 



With this said, the effects of molecular symmetry pertaining to the CIs and CI-H2O complexes 186 

discussed above are worthy of consideration. The stronger S1 absorption cross-section of both the 187 

CH2OO-H2O and the MACR-oxide-H2O vdW complex could plausibly be explained by the 188 

lowering of the molecular symmetry upon complexation (cf. bare CI). As S1 excitation requires a 189 

change in the transition moment in the out-of-plane direction, the bare planar CIs of interest 190 

result in a dark S1 state due to symmetry; this planar symmetry is thus broken when 191 

CH2OO/MACR-oxide complex with H2O. However, while molecular symmetry may contribute 192 

to the increased oscillator strength, both isolated CH2OO and MACR-oxide computations were 193 

carried out without symmetry. Thus, there are no formal symmetry restrictions in the CASPT2 194 

calculations performed. Once again drawing our attention to the orbital promotions highlighted 195 

in Fig. 6, it is apparent that there is poor spatial overlap of the orthogogonal orbitals associated 196 

with the S1 state electronic transition (*  n) in both isolated and complexed MACR-oxide. 197 

This leads to neglible and zero oscillator strength in the C1 and Cs symmetry groups,  198 

respectively, in isolated CH2OO/MACR-oxide. As mentioned previously, the n-orbital localized 199 

on the terminal oxygen atom of MACR-oxide acts as the hydrogen bond donor participating in 200 

the *  n transition. The n-orbital donates electron density into the O-H centered * orbital of 201 

water, which promotes hydrogen bonding and ultimately leads to polarization of the nominally 202 

in-plane n-orbital. This polarization can plausibly cause better spatial overalp between the n and 203 

* orbitals, possibly increasing S1  S0 absorption cross section. 204 

The consequence of a stronger S1 state absorption in the MACR-oxide-H2O complex is 205 

significant, since its vertical excitation energy overlaps significantly with the tropospherically 206 

relevant solar irradiance spectrum. As such, the long wavelength edge of the UV-visible 207 

spectrum of MACR-oxide in humid conditions may contain a weak underlying absorption to the 208 



S1 state, photoexcitation to which may be an important sink for vdW complexes. Although 209 

complexation and reaction of CIs with water dimer is more relevant than water monomer, given 210 

the similar vertical excitation energies and oscillator strengths of MACR-oxide-H2O and MACR-211 

oxide-(H2O)2, we will only consider the evolving dynamics of MACR-oxide-H2O, in order to 212 

alleviate the higher computational cost of the MACR-oxide-(H2O)2 complex. 213 

 214 

 Figure 6: Orbitals and orbital promotions associated with excitation to the S1 and S2 215 
states of MACR-oxide (left) and MACR-oxide-water (right). 216 

 217 

We now turn our attention to comparing the excited state dynamics of MACR-oxide and the 218 

MACR-oxide-H2O complex. Fig. 7 displays the normalized populations as a function of time 219 

obtained from the trajectory simulations of MACR-oxide (left) and MACR-oxide-H2O (right) 220 

when initiated on the S2 state. The internal energy distributions of the simulations is displayed in 221 

Figure S2. As evident from Fig. 7, the S2 state in both MACR-oxide and MACR-oxide-H2O 222 

depopulates within ca. 20 fs – which is driven primarily by internal conversion to the S1 state. 223 

Within the next 20 – 40 fs, internal conversion is primarily to the S1 state, with a minor 224 

component undergoing internal conversion to the S0, S3, S4 states. Guided by the PE profiles in 225 



Fig. 3, population transfer into the S3 and S4 states involves internal conversion from S2/S1. This 226 

unusual energy transfer process involves population transfer to higher excited states than is 227 

usually observed in molecular photochemistry. In contrast, the early time population transfer to 228 

the S0 state primarily involves evolution along the S1 state, followed by internal conversion to the 229 

S0 state at ROO > 2.0 Å. 230 

 231 

Figure 7: Time evolution of population between the lowest seven singlet states following 232 
excitation to the S2 state of MACR-oxide (left) and MACR-oxide-H2O (right). 233 

 234 

The most obvious differences between the MACR-oxide and MACR-oxide-H2O trajectories are 235 

observed at t > 30 fs, where the combined population in the S0, S3, and S4 states is ca. 20 % 236 

lower in the MACR-oxide-H2O complex than in bare MACR-oxide. Additionally, the combined 237 

population in the S1 and S2 states is ca. 80% (MACR-oxide-H2O) and 60% (MACR-oxide) at 238 

100 fs. Since the S1 and S2 states adiabatically correlate with the O(1D) + MACR (S0) products 239 

(see PE profiles in Fig. 3), trajectories that remain on these states may either remain as parent S1 240 

or S2 molecules or undergo dissociation/isomerization on a longer timescale. As Fig. 8 shows, 241 



the majority of trajectories undergo dissociation to form O + MACR products, while the rest 242 

remain as parent molecules. In comparing bare MACR-oxide with the MACR-oxide-H2O 243 

complex, the latter shows a greater fraction (around 20%) of trajectories remaining as parent 244 

molecules at 100 fs. Guided by the population analysis in Fig. 7 and the branching fractions in 245 

Fig. 8, it is clear that the 20% higher population in the S1 and S2 states at 100 fs is primarily 246 

attributable to a greater fraction of the photoexcited MACR-oxide-H2O complex remaining as 247 

parent molecules. This is reinforced by Table 2, which lists bond dissociation energies (D0) for 248 

forming O(1D) + CH2O/MACR (S0) and O(3P) + CH2O/MACR (T1) products for bare CH2OO 249 

and MACR-oxide, as well as the MACR-oxide-H2O complex. The latter D0 value was obtained 250 

by taking the zero-point energy corrected energy difference between infinitely separated MACR 251 

+ O + H2O relative to the MACR-oxide-H2O complex.   As outlined above, the S1 and S2 states 252 

adiabatically correlate with the O (1D) + CH2O/MACR (S0) products, but diabatically correlate 253 

with the O (3P) + CH2O/MACR (T1) product limit. The D0 values for forming both products are 254 

higher for the MACR-oxide-H2O complex than MACR-oxide, while the S2 vertical excitation 255 

energy between the two systems remains largely unchanged. As such, the S1 and S2 minima are 256 

expected to be deeper in MACR-oxide-H2O (cf. MACR-oxide) thus trapping more of the 257 

evolving population as parent S1 and S2 excited molecules.  258 

 259 



 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

Figure 8: Fraction of population undergoing O-O bond fission versus remaining as parent 270 
molecules. Trajectories are analyzed at 100 fs. 271 

 272 

 273 

Table 2: Minimum-to-minimum (De) and anharmonic zero-point corrected (D0) bond 274 
dissociation energies of the two product channels are calculated at the CCSD(T)-F12b/cc-pVTZ-275 
F12 level of theory. All energies are in eV. 276 

Criegee intermediate O(1D) + R'R"CO (S0) O(3P) + R'R"CO (T1) 

De D0 De D0 

CH2OO 2.51 2.39 3.58 3.37 

MACR-oxide 2.55 2.45 3.59 3.39 

MACR-oxide-H2O 2.95 2.78 3.99 3.72 

 277 

While MACR-oxide shows some population in the S5 and S6 states, these states are quenched in 278 

the MACR-oxide-H2O complex. Since both states adiabatically correlate with the O (3P) + 279 

CH2O/MACR (T1) asymptotic products, this quenching of population in S5/S6 can be understood 280 

by the higher D0 for forming the O (3P) + CH2O/MACR (T1) products in MACR-oxide-H2O and 281 

thus a steeper gradient for accessing the S5 and S6 states from the vertically excited S2 state. 282 



 283 

Figure 9: Fates of the evolving population following electronic excitation to the S1 state of the 284 
MACR-oxide-H2O complex.  285 

 286 

 287 

Figure 10: PE profiles along the O-O bond stretch and out of plane (OOP) torsional motions of 288 
the C-O-O coordinate. 289 

 290 

Now, we return to discuss the consequences of our earlier observation of a stronger S1 state 291 

absorption in the MACR-oxide-H2O complex (cf. MACR-oxide). Prior studies have used 292 

CASSCF-driven surface hopping to gain insights into the excited state fate of bare MACR-oxide 293 



following excitation to the dark S1 state.42 These latter studies reveal that cyclization to form 294 

dioxirane products is the dominant decay channel following excitation to the S1 state. We have 295 

performed analogous surface hopping studies (but at the CASPT2 level of theory) on the MACR-296 

oxide-H2O complex following photoexcitation to the S1 state. These latter simulations reveal that 297 

(as with bare MACR-oxide) the dominant decay path is cyclization (see Fig. 9). Guided by these 298 

“quick and dirty” simulations, we have calculated the PE profiles along the cyclization and O-O 299 

stretch coordinates (see Fig. 10) at the CASPT2/aug-cc-pVTZ level of theory. As evident from 300 

Fig. 10, motion along the cyclization coordinate is barrierless on the S1 state PE surface but 301 

shows a significant barrier for O-O bond stretch. Conversely, the S2 is bound with respect to 302 

cyclization, but reactive with respect to O-O bond stretch. Fig. 10 therefore serves as an 303 

appropriate summary for the observed trajectory results, which shows that the dominant decay 304 

process following photoexcitation to the S1 and S2 states is cyclization and O-O bond fission, 305 

respectively. 306 

Table 3: Zero-point energy corrected energies of MACR-oxide unimolecular decay products 307 
relative to MACR-oxide/MACR-oxide + H2O parent molecules, calculated at the CCSD(T)-308 
F12/cc-pVTZ-F12//m062x/aug-cc-pVTZ level of theory. All energies are in kcal mol-1. 309 

MACR-oxide Unimolecular 

Decay Products 

Without water 

complexation 

With water complexation 

 

55.89 51.75 

 

55.89 51.71 



 

-21.42 -24.53 

 

-21.42 -24.18 

 

-111.69 -119.96 

 

-106.58 -110.23 

 

-111.69 -115.78 

 

-106.58 -111.03 

 

-106.58 -110.21 

 310 

While the stability of the MACR-oxide-H2O complex has been discussed previously, we now 311 

turn to compare the relative energy of various MACR-oxide unimolecular decomposition 312 



products to their analogous H2O complexes. The unimolecuar lifetime of the most stable MACR-313 

oxide conformer, anti-trans MACR-oxide, is determined by a 1,3-ring-closing mechanism to 314 

form a dioxirane product, as both 1,4-hydrogen shift and 1,5-ring-closing reactions (in anti 315 

conformers) are unavailable.43–45 The dioxirane product may undergo further unimolecular 316 

decay, creating a bisoxy radical intermediate before forming a carboxylic acid product. As 317 

extensively discussed above, unimolecuar decay via adiabatic S1/S2 excitation results in O (1D) + 318 

MACR (S0) products via O-O bond dissociation. Table 3 displays the ground state minimum 319 

energy geometries of the aforementioned products of anti-trans MACR-oxide conformer 320 

alongside their relative energies both with and without H2O complexation. The energies of the 321 

product-H2O complexes are consistently about ~3-4 kcal mol-1 lower than their bare 322 

counterparts, and they vary slightly depending upon the position of the hydrogen-bonded H2O 323 

molecule, either approaching from the terminal hydrogen or the more allylic framework. Thus, 324 

H2O complexation stabilizes MACR-oxide decomposition products, indicating that unimolecuar 325 

decay would occur more readily (cf. bare MACR-oxide). 326 

 327 

Atmospheric Implications and Conclusions  328 

We have undertaken a detailed computational study of the fate of MACR-oxide and its vdW 329 

complex with water. These present studies are motivated by laboratory studies that have shown 330 

that the lowest energy conformer of MACR-oxide is long-lived under humid conditions. The 331 

primary removal processes of atmospherically relevant CIs are unimolecular decay or 332 

bimolecular reaction with water (primarily water dimer), both of which are slow in MACR-333 

oxide. Additionally, the extended conjugation of MACR-oxide leads to a bathochromic shift, as 334 

well as a enhanced absorption cross section, in the experimentally measured absorption profile. 335 



This observation, along with its longer lifetime in humid conditions reinforces our hypothesis 336 

that solar photolysis may be an important sink for MACR-oxide and its vdW complex with water 337 

(MACR-oxide-H2O).  338 

Our results confirm that both MACR-oxide and MACR-oxide-H2O absorb at bathochromic 339 

wavelengths when compared to the simplest CI, formaldehyde oxide (CH2OO). Our results also 340 

indicate that excitation to the bright S2 state is dominated by O-O bond fission within 100 fs, 341 

although a far greater fraction of the initially excited population remains as parent MACR-oxide-342 

H2O complex molecules. It is likely that the remaining population undergoes O-O bond fission at 343 

a later time or may undergo unimolecular cyclization. The latter process is particularly probable 344 

if the parent molecules in the S2 state survive for over 1 ns, which would encourage vibrational 345 

energy relaxation via collisions with inert atmospheric molecules (e.g., N2). The nascent 346 

molecules at the minimum of S2 may then undergo O-O bond fission or cyclization, as shown in 347 

our recent studies on adiabatically excited CH2OO molecules. 19,46–49 348 

Interestingly, the absorption to the S1 state in the MACR-oxide-H2O complex is stronger than the 349 

equivalent electronic state in MACR-oxide. Given the significant overlap between the S1 vertical 350 

excitation energy and the tropospherically relevant solar irradiance, photoexcitation to the S1 351 

state may be competitive at long wavelengths. The fate of the S1 state is cyclization, which 352 

ultimately forms dioxirane products. Guided by earlier studies, the nascent dioxirane is expected 353 

to undergo subsequent unimolecular decay to form organic acids, as well as fragment 354 

products.50–52 355 

While not mentioned previously, it is important to note that the MACR-oxide-H2O complex is 356 

continuously being formed and destroyed, leading to an equilibrium under atmospheric 357 

conditions. If MACRO-oxide-H2O dissociation into MACR-oxide + H2O occurs adequately fast 358 



enough, there could possibly be insufficient time for the complex to absorb solar photon. Thus, 359 

we aim to calculate and compare the solar photolysis lifetimes and survival rates of relevant CI-360 

complexes in future studies. As typical bimolecular rate constants (e.g. reaction with water) are 361 

on the order of milliseconds, we speculate that solar photolysis of these compounds, as well as 362 

their complexes with water, are on a similar or even shorter timescale. While our prior studies 363 

illustrated that CASPT2 can accurately predict the overall absorption peak position of MVK-364 

oxide and MACR-oxide, it significantly underestimates the absorption cross section by a factor 365 

of about 4. With this in mind, if we were to run a simulation of the absorption profile of MACR-366 

oxide-H2O complex with the currently used CASPT2 method, the solar photolysis rate 367 

coefficient would be significantly underestimated, while the photolysis lifetime would be 368 

significantly overestimated. Additionally, since MACR-oxide is longer lived than typical 369 

atmospherically relevant Criegee intermediates, it may also survive to condense on secondary 370 

organic aerosol particles. Our future studies will focus on the excited state dynamics of MACR-371 

oxide at the air-water interface of atmospheric aerosol particles. This would provide better 372 

understanding of how a single water molecule versus interfacial water molecules perturbs the 373 

excited state fate of MACR-oxide. 374 
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