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Abstract 8 

Isoprene is the most abundant non-methane volatile organic compound emitted into the 9 

troposphere by terrestrial vegetation. Reaction with ozone represents an important isoprene 10 

removal process from the troposphere and is a well-known source of Criegee intermediates (CIs), 11 

which are reactive carbonyl oxides. Three CIs, formaldehyde oxide (CH2OO), methyl vinyl 12 

ketone oxide (MVK-oxide), and methacrolein oxide (MACR-oxide) are formed during isoprene 13 

ozonolysis. All three CIs contain strongly absorbing ππ* states, electronic excitation to which 14 

leads to dissociation to form aldehyde/ketone + oxygen products. Here, we compare the excited 15 

state chemistry of CH2OO, MVK-oxide and MACR-oxide in order to ascertain how increasing 16 

molecular complexity affects their photodynamics.  17 

In CH2OO, vertical excitation to the S2 state leads to prompt O-O bond fission with a unity 18 

quantum yield. Branching into both the O (1D) + H2CO (S0) and O (3P) + H2CO (T1) product 19 

channels is predicted, with 80% of trajectories dissociating to form the former product pair. 20 

Analogous vertical excitation of the lowest energy conformers of MVK-oxide and MACR-oxide 21 

also undergoes O-O bond fission to form O + MVK/MACR products – albeit with a non-unity 22 

quantum yield. In the latter case, ca. 10% and 20 % of trajectories remain as the parent MVK-23 

oxide and MACR-oxide molecule, respectively. Additionally, at most only 5% of the 24 

dissociating trajectories form O (3P) + MVK/MACR (T1) products, with a greater fraction 25 

forming O (1D) + MVK/MACR (S0) products (cf. CH2OO). This latter observation coupled with 26 

the greater fraction of undissociated trajectories aligns with the bathochromic shift in the 27 

electronic absorption of the MACR-oxide and MVK-oxide (cf. CH2OO). We discuss the 28 
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implications of the results in a broader context, including those that are relevant to the 29 

atmosphere. 30 

 31 

Introduction 32 

Isoprene is the second most abundant volatile organic compound emitted into the troposphere by 33 

terrestrial vegetation. It has an annual emission rate of ca. 500 Tg yr-1 and is particularly 34 

localized over deeply forested areas, such as the Amazon rainforest.(1, 2) 35 

Reaction with the hydroxyl radical or ozone, represents two important sinks for the removal of 36 

isoprene from the troposphere. Reaction with ozone makes up 10% of the removal of isoprene 37 

and proceeds via a cycloaddition reaction of ozone across one of the two double bonds of the 38 

isoprene molecule, forming two distinct primary ozonides as shown in Fig. 1.(1) The resulting 39 

primary ozonide undergoes unimolecular decay to form ketone/aldehyde + carbonyl oxide 40 

products; the latter molecule is known as the Criegee intermediate (henceforth CI).  41 

 42 

 43 



Figure 1: Ozonolysis reaction of isoprene for forming the three distinct CIs – formaldehyde 44 
oxide (CH2OO), methyl vinyl ketone oxide (MVK-oxide) and methacrolein oxide (MACR-45 
oxide). These CIs (displayed in orange) will be the focus on this study. 46 

 47 

As Fig. 1 shows, isoprene ozonolysis proceeds via a [3+2]-cycloaddition of ozone across either 48 

one of two C=C double bonds of isoprene, forming two distinct primary ozonides. The nascent 49 

ozonides undergo unimolecular decay to form three distinct CIs – formaldehyde oxide (CH2OO), 50 

methyl vinyl ketone oxide (MVK-oxide) and methacrolein oxide (MACR-oxide). The electronic 51 

absorption spectra of CH2OO, MVK-oxide and MACR-oxide has attracted vast attention, from 52 

both an experimental(3–15) and computational(16–21) perspective. In all cases, the electronic 53 

absorption spectrum is dominated by a strongly absorbing 1ππ* state, formed via an π* ⟵ π 54 

electron promotion. In CH2OO, the onset of its electronic absorption is at ca. 420 nm, peaking at 55 

ca. 340 nm, and extending to ca. 280 nm.(4, 6, 22) Within this wavelength range, the 56 

tropospherically relevant solar actinic flux is minimal, with an average value of ca. 2 × 1014 57 

photons cm-2 s-1 nm-1.(4) MVK-oxide and MACR-oxide represent an increase in molecular 58 

complexity (cf. CH2OO) and have extended π-conjugation. As such, both molecules show a 59 

bathochromic shift in the electronic absorption profile relative to CH2OO which overlaps with the 60 

higher intensity edge of the tropospherically relevant solar actinic flux.(12, 15, 23) Additionally, 61 

the absolute absorption cross sections of both molecules are measured to be ca. 3-fold larger than 62 

CH2OO.(15, 24) The associated bathochromic shift, coupled with the 3-fold increase in absorption 63 

cross section is expected to result in a higher solar photolysis rate for MVK-oxide and MACR-64 

oxide (cf. CH2OO) – potentially implicating solar photolysis as a tropospheric removal that is 65 

competitive with ground state unimolecular decay and bimolecular chemistry. While the latter two 66 

processes have been experimentally measured and theoretically characterized,(11, 25–29) the 67 

excited state dynamics of MVK-oxide and MACR-oxide has received comparatively little 68 



attention. It should also be noted that the lowest energy conformers of MVK-oxide and MACR-69 

oxide are long-lived under high-humidity conditions,(11, 27) implying that they may survive in 70 

the atmosphere and undergo photoexcitation. 71 

 72 

Figure 2: PE Profiles of the lowest seven electronic states of CH2OO along the O-O stretch 73 
coordinate. This figure is reproduced from reference (30). 74 

 75 

Following electronic excitation, velocity map imaging (VMI) experiments have shown that 76 

CH2OO, MVK-oxide and MACR-oxide undergo O-O bond fission, forming oxygen atom + 77 

carbonyl compound products.(22, 23, 30, 31) Upon excitation at λphot ≤ 350 nm, CH2OO 78 

undergoes photodissociation to form two spin-allowed product channels corresponding to H2CO 79 

(S0) + O (1D) and H2CO (T1) + O (3P) products. Dissociation to form H2CO + O products can be 80 

understood by considering the potential energy (PE) profiles of CH2OO along the O-O stretch 81 

(ROO) coordinate (reproduced in Fig. 2) – wherein the bright S2 (ππ*) state is dissociative with 82 

respect to ROO and adiabatically correlates with the O (1D) + H2CO (S0) products. Our recent MS-83 



CASPT2 surface hopping study on CH2OO following vertical excitation to the S2 (1ππ*) state 84 

showed unity quantum yield for O-O bond fission – forming H2CO (S0) + O (1D) and H2CO (T1) 85 

+ O (3P) products with an 80:20 branching in favor of the former products.(32) As Fig. 2 shows, 86 

formation of the higher energy H2CO (T1) + O (3P) product asymptote requires energies that are 87 

higher than that needed to populate the S2 minimum energy geometry and involves internal 88 

conversion at two conical intersections (labeled Coln1 and CoIn2 in Fig. 2) located at ROO ~ 1.8 Å 89 

and ROO ~ 2.2 Å. These CoIns influence branching into the asymptotes corresponding to H2CO 90 

(S0) + O (1D) and H2CO (T1) + O (3P) products when nuclear motions traverse these regions of 91 

degeneracy. In addition, branching into the two asymptote channels may be influenced by CO 92 

stretch and HCO scissoring nuclear motions of the H2CO fragment that lead to degeneracies at 93 

asymptotic O-O bond distances.(32) 94 

The topologies of the PE profiles along ROO in MVK-oxide and MACR-oxide mirror those of 95 

CH2OO (shown Fig. 2), with the exception that the S3 state in MVK-oxide and MACR-oxide is 96 

bound at the Franck-Condon region.(23, 31) This latter observation is due to a second 1ππ* state 97 

in MVK-oxide and MACR-oxide localized on the C=C moiety. This second 1ππ* state has been 98 

experimentally and theoretically characterized for MVK-oxide and has its onsets of absorption 99 

that is well outside of the tropospherically relevant solar irradiance.(12, 23, 31) Following 100 

electronic excitation to the first 1ππ* state of MVK-oxide and MACR-oxide, VMI experiments 101 

have measured O atom + methyl vinyl ketone (MVK) and O atom + methacrolein (MACR) 102 

products, respectively, indicating that both molecules also undergo O-O bond fission following 103 

electronic excitation to the bright S2 state.(23, 31) 104 



 In this study we have undertaken a comparative computational study aimed at comparing the 105 

dynamics of CH2OO, MVK-oxide and MACR-oxide following excitation to the bright S2 state. 106 

In the latter two molecules, we focus only on the lowest energy conformer. 107 

Results and Discussion 108 

The ground state minimum energy geometries of CH2OO, syn-trans-MVK-oxide and anti-trans-109 

MACR-oxide are displayed in Fig. 3. Syn-trans and anti-trans represent the lowest energy 110 

conformer of MVK-oxide and MACR-oxide, respectively. Although the structures (and 111 

conformer energies) of these molecules are now well-known,(12, 25) their description and 112 

depictions are important for the ensuing description of the dynamics.  113 

 114 

 115 

Figure 3: Ground state minimum energy structures of CH2OO (left), as well as the lowest energy 116 
– syn-trans and anti-trans – conformers of MVK-oxide and MACR-oxide, respectively. 117 
 118 

In all cases, the ground state minimum energy geometry is with the C and O atoms in a common 119 

plane. MVK-oxide and MACR-oxide contain four conformers, distinguishable by rotation about 120 

the C=O and C=C bonds. Here we focus on the lowest energy syn-trans and anti-trans 121 

conformers of MVK-oxide and MACR-oxide, respectively. We note that the ozonolysis process 122 

will prepare the nascent MVK-oxide and MACR-oxide CIs with high internal energy, which may 123 

result in a non-equilibrium distribution of conformers. That said, experimental and 124 

computational studies have shown that their electronic absorption spectra are dominated by the 125 



syn-MVK-oxide and anti-MACR-oxide conformers.(11, 33, 34) Moreover, we do not expect the 126 

photochemistry of the higher energy conformers to differ substantially from that of the lowest 127 

energy conformer. 128 

 129 

Figure 4: Orbitals and orbital promotions associated with the preparation of the S1 and S2 states 130 
of (a) CH2OO, (b) syn-trans-MVK-oxide, and (c) anti-trans-MACR-oxide. 131 
 132 

Table 1: Vertical excitation energies of the various CIs studied in the present study, calculated at 133 
the CASPT2/aug-cc-pVTZ level of theory. Minimum-to-minimum (De) and anharmonic zero-134 
point corrected (D0) bond dissociation energies of the two product channels are calculated at the 135 
CCSD(T)-F12b/cc-pVTZ-F12 level of theory. 136 

Criegee 
intermediate 

Vertical Excitation 
Energy (1ππ*-S0)  

/ eV (nm) 

O(1D) + R'R"CO (S0) 
/ eV 

O(3P) + R'R"CO (T1) 
/ eV 

De D0 De D0 
CH2OO 3.91 (317) 2.51 2.39 3.58 3.37 
MVK-oxide 3.50 (355) 2.74 2.65 3.74 3.56 
MACR-oxide 3.29 (376) 2.55 2.45 3.59 3.39 

 137 

Fig. 4 presents the orbitals and orbital promotions associated with forming the S1 and S2 states of 138 

CH2OO, MVK-oxide and MACR-oxide. Following vertical excitation, the S1 and S2 states in 139 

CH2OO, MVK-oxide, and MACR-oxide are of nπ* and ππ* character, respectively. The former 140 



1nπ* state is formed via an π*  n electron promotion, wherein the participating orbitals show 141 

poor spatial overlap. This manifests in a weak absorption cross section for excitation to the 1nπ* 142 

state. In contrast, the S2 (1ππ*) state is formed via a π*  π electron promotion, wherein the 143 

participating orbitals show appreciable spatial overlap. This manifests in the characteristically 144 

high absorption cross section for excitation to the 1ππ* state. As Table 1 shows, The S2  S0 145 

vertical excitation energies of MVK-oxide and MACR-oxide are bathochromic with respect to 146 

the equivalent electronic transition in CH2OO. This is a manifestation of the extended π-147 

conjugations in MVK-oxide and MACR-oxide (cf. CH2OO). The S2  S0 vertical excitation 148 

energies of MACR-oxide is bathochromic with respect to MVK-oxide, which is in excellent 149 

agreement with the experimentally measured electronic absorption spectrum of MVK-oxide and 150 

MACR-oxide. Upon electronic excitation to the 1ππ* state, experiments conclude that CH2OO, 151 

MVK-oxide and MACR-oxide undergo O-O bond fission. 152 

At selected wavelengths, CH2OO forms both O (1D) + H2CO (S0) and O (3P) + H2CO (T1) 153 

products. As Fig. 2 demonstrates, the former set of products arise via dissociation on the S0, S1, 154 

S2, S3, S4 and S5 states, while the latter products arise via dissociation on the S6 and S7 states – 155 

which requires internal conversion at both CoIn1 and CoIn2. The correlation of these various 156 

states one or the two asymptotes may be understood by considering the electronic configurations 157 

of S0-S6 states at long ROO, which is given in Fig. 5. As Fig. 5 shows, the electronic 158 

configurations of the S0-S4 states at long ROO are distinguishable by five distinct (but degenerate) 159 

arrangements of the 2p electrons that give rise to the 1D electronic term of the departing O atom 160 

– indicating that the S0-S4 states converge to the same O (1D) + H2CO/MVK/MACR (S0) limit. 161 

Similarly, the S5 and S6 states at long ROO are distinguishable by two distinct arrangements of the 162 

2p electrons that return the 3P electronic term of the terminal O atom. In addition, both S5 and S6 163 



states show the H2CO/MVK/MACR counter-fragment in its T1 electronic configuration. As such, 164 

the S5 and S6 states converge to the same O (3P) + H2CO/MVK/MACR (T1) limit. 165 

 166 

In the case of CH2OO, recent trajectory surface hopping studies have shown that the O (1D) + 167 

H2CO (S0) products are favored over the higher energy O (3P) + H2CO (T1) products. As Table 1 168 

shows, the zero-point energy corrected (D0) and non-zero-point energy corrected (De) bond 169 

dissociation energies for forming the O (1D) + H2CO/MVK/MACR (S0) product channel is 170 

energetically accessible following vertical excitation to the S2 state of CH2OO/MVK-171 

oxide/MACR-oxide. In CH2OO, the De and D0 values for forming the O (3P) + H2CO (T1) 172 

products are also below the S2 state vertical excitation energies, indicating that the higher energy 173 

asymptote is also accessible following vertical excitation to the S2 state. In contrast, the D0 and 174 

De values associated with forming the O (3P) + MVK (T1) and O (3P) + MACR (T1) products are 175 

above the predicted S2 vertical excitation energy of MVK-oxide and MACR-oxide, respectively.  176 



 177 

Figure 5: The electronic configurations associated with the seven electronic states of (a) 178 
CH2OO, (b) MVK-oxide and (c) MACR-oxide, at long O-O distances corresponding to the two 179 
asymptotic product channels.  180 



In order to characterize and compare the excited state dynamics of CH2OO, MVK-oxide and 181 

MACR-oxide, we have undertaken MS-CASPT2 trajectory surface hopping (TSH) studies by 182 

vertically projecting the initially prepared trajectories to the S2 state (see methodology section). 183 

Fig. 6 presents the normalized populations in the S0, S1, S2, S3, S4, S5 and S6 states as a function 184 

of time for (a) CH2OO, (b) syn-trans-MVK-oxide, and (c) anti-trans-MACR-oxide. The data 185 

associated with CH2OO are reproduced from reference (30). As Fig. 6(a) shows, the pre-excited 186 

S2 state of CH2OO undergoes depopulation after ca. 10 fs – wherein ca. 80 % of the final 187 

population at 50 fs partitions across the S0-S5 states, while the remaining ca. 20% is distributed 188 

amongst the S5 and S6 state. As Fig. 7(a) shows, the fate of these trajectories following vertical 189 

excitation to the S2 state is O-O bond elongation, thus leading to photodissociation to form O + 190 

H2CO products. This latter observation, coupled with the state populations at 50 fs, implies an 191 

electronic state branching ratio of 80:20 in the O (1D) + H2CO (S0) and O (3P) + H2CO (T1) 192 

products, respectively. 193 

Figs. 6(b) and 6(c) present the variations in the S0-S6 population as a function of time for the 194 

more complex CIs, MVK-oxide and MACR-oxide. As these figures show, the S2 state is 195 

depopulated slower than CH2OO with a substantially smaller fraction of the total population 196 

internally converting to the S5 and S6 states. This latter observation implies that the asymptotic 197 

limit for forming the O (3P) + H2CO (T1) products is less important in the cases of MVK-oxide 198 

and MACR-oxide (cf. CH2OO). To check if a greater population undergoes internal conversion 199 

to the S5 and S6 states at later time, we continued our TSH simulations for MVK-oxide and 200 

MACR-oxide for an additional 50 fs, giving a total propagation time of 100 fs (see Fig S1 of the 201 

supporting information). As Fig. S1 shows, the population in the S5 and S6 states remain constant 202 

beyond 50 fs. 203 



 204 

Figure 6: Populations as a function of time for (a) CH2OO, and the lowest energy conformer of 205 
(b) MVK-oxide and (c) MACR-oxide. 206 



 207 

Figure 7: Fraction of trajectories that undergo O-O bond fission versus remain as parent 208 
molecules following excitation to the S2 state. 209 
 210 



Inspection of trajectories reveals that all S2 vertically excited CH2OO trajectories undergo O-O 211 

bond fission to form O + CH2O products with unity quantum yield. As fig. 7 (a) and (b) shows, 212 

the S2 vertically excited MVK-oxide and MACR-oxide molecules undergo O-O bond fission 213 

with non-unity quantum yields of 89% and 75%, respectively. The remaining quantum yield is 214 

partitioned in undissociated parent molecules in either the S2 or the S1 state (following internal 215 

conversion). This implies that fewer MVK-oxide and MACR-oxide trajectories contain the 216 

required energy to traverse regions beyond the S2 Franck-Condon region and undergo 217 

dissociation to form O + MVK/MACR products (cf. CH2OO). This latter statement is supported 218 

by the vertical excitation energies and bond dissociation energies listed in Table 1, which shows 219 

that the S2 vertical excitation energies of MVK-oxide and MACR-oxide are bathochromic with 220 

respect to that of CH2OO. This observation is due to the extended π-conjugation in MVK-oxide 221 

and MACR-oxide. In addition, while the bond dissociation energies of CH2OO and MACR-222 

oxide are similar, those of MVK-oxide are ca. 0.15 eV higher than CH2OO and MACR-oxide. 223 

This can be understood by recognizing that the lowest energy syn-trans conformer of MVK-224 

oxide is weakly hydrogen-bonded – between the methyl centered H-atom and the terminal 225 

oxygen atom. This weak hydrogen bonding affords additional stabilization for MVK-oxide and 226 

thus a higher bond dissociation energy for form O + MVK products. The stronger bond 227 

dissociation energy for MVK-oxide is however offset by the larger bathochromic shift in the S2 228 

absorption in MACR-oxide. As Table 1 shows, the energy difference between the S2 VEE and 229 

the De (for forming O(1D) + MVK/MACR (S0) products) for MACR-oxide is less exothermic 230 

than that for MVK-oxide – which might support the observation that fewer trajectories dissociate 231 

in the case of MACR-oxide.  232 

 233 



Conclusions 234 

In this article we have undertaken a MS-CASPT2 surface hopping study of the excited state 235 

dynamics of the isoprene derived CIs: CH2OO, MVK-oxide and MACR-oxide, following 236 

vertical excitation to the S2 state. Vertical excitation of CH2OO leads to O-O bond fission with 237 

unity quantum yield, and an 80:20 branching into the H2CO (S0) + O (1D) and H2CO (T1) + O 238 

(3P) product channels. Dissociation to form the analogous two asymptotic products is also 239 

observed in the case of photoexcited MVK-oxide and MACR-oxide – albeit with a non-unity 240 

quantum yield and a greater preference for forming MVK/MACR (S0) + O (1D) products.  241 

The results highlight the variations in the photochemistry of a CI upon increasing molecular 242 

complexity, with the results of potential significance for larger CIs that are derived from carbene 243 

oxidation. Given the bathochromic shift in the electronic absorption, coupled with the increase 244 

absorption cross section, MVK-oxide and MACR-oxide are expected to have an enhanced 245 

photolysis rate compared to smaller CIs.(34) This may have implications on the tropospheric 246 

budget of O(1D), which is dominantly formed from the photodissociation of O3. While we expect 247 

unimolecular decay to play a significant role in limiting the atmospheric lifetimes of MVK-oxide 248 

and MACR-oxide, we also note that the lower energy conformers of both are substantially 249 

longer-lived than CH2OO.(35, 36) Moreover, the fraction of S2 excited MVK-oxide and MACR-250 

oxide that survives and remains as parent molecules may undergo internal conversion to the S1 251 

and S0 states on longer timescales, as well as undergoing intersystem crossing to triplet states; 252 

the latter was deemed to be insignificant in our previous work on CH2OO.(37) 253 

Moving forward, we plan to extend this body of work by comparing the photochemistry of the 254 

present isoprene derived CIs to those derived from α-pinene ozonolysis, as well as those derived 255 

from carbene precursors that are relevant to synthetic chemistry. 256 



 257 

Computational Methodology 258 

The ground state minimum energy geometry of syn-trans-MVK-oxide and anti-trans-MACR-259 

oxide was optimized at the B2PLYP-D3/cc-pVTZ level of theory.(38, 39) This level of theory 260 

has been previously shown to perform well for determining geometries and normal modes 261 

wavenumbers of CIs.(20, 25, 30, 31) Its use also allows for consistency when comparing the 262 

present simulations with prior work.(30, 40) Trajectory surface hopping (TSH) simulations were 263 

performed using the Newton-X computational package.(41, 42) Initial positions and momenta 264 

were sampled using a Wigner distribution; these were based on the B2PLYP-D3/cc-pVTZ 265 

ground state minimum energy geometry and its associated harmonic normal mode wavenumbers. 266 

In the TSH simulations, the nuclear coordinates were propagated by integrating Newton’s 267 

equation using the velocity Verlet method, while the electronic coordinates were propagated by 268 

numerically solving the time-dependent Schrödinger equation using Butcher’s fifth-order Runge-269 

Kutta method in steps of 0.025 fs.(43)  Trajectories were initiated in the S2 state and the energies 270 

and gradients of the seven lowest singlet states were calculated “on-the-fly” using the SS-SR-271 

CASPT2 method in coupled with the cc-pVDZ basis set.(44) SS-SR-CASPT2 enables the 272 

computation of energies and analytical gradients at MS-CASPT2 quality, at a reduced 273 

computational cost; it also performs well near electronic state degeneracies. The SS-SR-CASPT2 274 

calculations were based on a state-averaged complete active space self-consistent field 275 

(CASSCF) method reference wavefunction and an active space comprising 10 electrons in 8 276 

orbitals as depicted in Fig. S2-S4 of the supporting information. These were performed via the 277 

BAGEL interface to Newton-X.(45) The state hopping probabilities were evaluated by 278 

calculating the non-adiabatic coupling matrix elements from the SS-SR-CASPT2 computations. 279 



89 and 93 trajectories were propagated in time with a step size of 0.5 fs for MVK-oxide and 280 

MACR-oxide, respectively.  281 

Additional calculation at the B2PLYP-D3/cc-pVTZ level of theory were carried out on the 282 

H2CO, MVK and MACR counter-fragments formed via O-O bond fission of their starting parent 283 

molecule. Single-point energy calculates were performed on the resulting optimized structure of 284 

the H2CO, MVK and MACR products, as well as the starting CH2OO, MVK-oxide, and MACR-285 

oxide, at the explicitly correlated CCSD(T)-F12b/cc-pVTZ-F12 level of theory. Vertical 286 

excitation energies of the B2PLYP-D3/cc-pVTZ optimized CH2OO, MVK-oxide, and MACR-287 

oxide molecules were calculated at the single-state CASPT2/aug-cc-pVTZ level of theory. The 288 

same 10/8 active space as the trajectory simulations was used in these latter CASPT2 289 

calculations. 290 

The CCSD(T)-F12b and CASPT2 calculations were performed using Molpro,(46, 47) while the 291 

Density Functional Theory computations were carried out using Gaussian 16.(48) 292 
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