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Abstract 

Criegee intermediates (CIs) are important atmospheric oxidants, formed via the reaction of ozone 

with volatile alkenes emitted into the troposphere. Small CIs (e.g. CH2OO and CH3CHOO) are 

highly reactive and removal via unimolecular decay or bimolecular chemistry dominates their 

atmospheric lifetimes. As the molecular complexity of CIs increases, their electronic absorption 

spectra show a bathochromic shift within the solar spectrum relevant to the troposphere. In these 

cases, solar photolysis may become a competitive contributor to their atmospheric removal.  

In this manuscript we report the conformer-dependent simulated electronic absorption spectra of 

two four-carbon centered CIs, methyl vinyl ketone oxide (MVK-oxide) and methacrolein oxide 

(MACR-oxide). Both MVK-oxide and MACR-oxide contain four low-energy conformers, which 

are convoluted in the experimentally measured spectra. Here we deconvolute each conformer 

and estimate contributions from each of the four conformers to the experimentally measured 

spectra. We also estimate photolysis rates and predict that solar photolysis should be a more 

competitive removal process for MVK-oxide and MACR-oxide (cf. CH2OO and CH3CHOO). 

 

 

 

 

 

 

 



Introduction 

Criegee intermediates (CIs) are important atmospheric molecules that have attracted vast 

attention for at least the last two decades.1–12 Their chemistry is implicated in enhancing the 

oxidizing capacity of the troposphere as they are well-known sources of non-photolytic OH 

radicals.6,13–17 They are also implicated in the formulation of highly oxidized compounds and 

acids which typically condense to form aerosol particles.13,18 

In the atmosphere, CIs are formed via the reaction of volatile alkenes with tropospheric ozone – 

in a process known as ozonolysis.19–24 Ozonolysis accounts for ca. 10 % of the removal of 

tropospheric isoprene, which has a total emission of ca. 500 Tg yr-1 – making it the most 

abundant alkene and second most abundant volatile organic compound emitted into the 

troposphere.25 Once formed, the nascent CI can undergo unimolecular decay or collisional 

relaxation to form stabilized CIs. The stabilized CI may then undergo unimolecular decay, 

bimolecular chemistry26 or UV-excitation.27–37 

Despite the importance of UV-excitation in atmospheric processes, the UV absorption spectra 

and photophysics of CIs have received surprisingly little attention in terms of their photolysis 

rates, molecular dynamics, atmospheric lifetimes, and photochemistries. The electronic 

absorption spectra of CIs with <C4 have attracted some experimental28,30–34,38 and theoretical29,35–

37 attention. All studies highlight that the absorption spectra of CH2OO and CH3CHOO are 

dominated by a strongly absorbing  state.32,33,36,38–42 For such small CIs, UV-excitation may 

provide a sensitive probe for detection of these CIs – but is unlikely to be a dominant 

tropospheric removal process since the UV absorption maxima are outside of the tropospheric 

actinic flux.28,30–34,38  

 



 

Figure 1: Panel (a) displays methyl vinyl ketone oxide and its four conformers in order left to 

right AC, AT, SC, ST. Panel (b) similarly displays methacrolein oxide along with its four 

conformers in order left to right AC, AT, SC, ST. 

 

For larger CIs, UV-excitation may be an important contributor to their tropospheric removal, on 

a competitive timescale with unimolecular decay and bimolecular chemistry. Methyl vinyl 

ketone oxide (MVK-oxide) and methacrolein oxide (MACR-oxide) are two such examples of 

CIs with increased molecular complexity (cf. CH2OO and CH3CHOO) and are formed via the 

ozonolysis of isoprene (displayed in Figure 1). As CIs increase in molecular complexity their 

number of isomeric forms and conformations sharply increase. Previous studies have shown that 

their reactivities are largely structure dependent.10,43–45 Additionally, each conformer may have a 

unique UV absorption spectrum and photochemistry. For example, syn and anti- CH3CHOO 

have widely contrasting electronic absorption maxima.31 The experimental absorption maxima of 

MVK-oxide and MACR-oxide are bathochromic with respect to those of CH2OO and 

CH3CHOO – overlapping well within the solar spectrum.46,47 Solar photolysis may therefore be a 

significant contributor to their atmospheric lifetimes. 

 



Computationally, the electronic absorption spectra of CH2OO and CH3CHOO has previously 

been simulated with elegant techniques that range from molecular dynamics simulations to a full 

quantum mechanical treatment.35,36,48 These methods are however difficult to extend to larger 

and more functionalized CIs. In a recently published article,49 we benchmarked the simulated  

UV absorption spectra of CH2OO and CH3CHOO. In that study, we used the nuclear ensemble 

model to simulate the absorption profiles with a variety of multi- and single- reference electronic 

structure methods. The nuclear ensemble method has also been used to simulate the electronic 

absorption spectra of several atmospherically relevant systems.50–56 The most striking 

observations from our previous work is the simplicity of computing the electronic absorption 

profiles and the high-level computations that are modest enough to be feasibly extended to 

computing analogous UV absorption spectra of larger CIs of increasing molecular complexity. 

Despite its simplicity, our method of computing the UV absorption profiles of CH2OO and 

CH3CHOO were shown to be qualitatively accurate. 

In this manuscript we explore the performance of the nuclear ensemble method, coupled with 

single- and multi-reference electronic structure theory, in simulating the absorption profiles of 

MVK-oxide and MACR-oxide. In so doing we deconvolute the contribution of the various 

conformers to the absorption profile in order to estimate the conformer distributions in the 

experimentally measured electronic absorption spectra. We also estimate the conformer-

dependent rates for solar photolysis.  

 

 

 



Computational Methods 

The computation of the electronic absorption spectra of small CIs, using the nuclear ensemble 

method, was recently reported by us in more detail in ref.49 Here, only a brief account will be 

given. The ground state minimum energy geometry of all four conformers of MVK-oxide and 

MACR-oxide were optimized using the B3LYP/6-311+G(d,p) level of theory. Based on this 

optimized geometry, normal mode wavenumbers were computed at the same level. The phase 

space of the ground state potential energy surface for each conformer was modeled using a 500-

point Wigner distribution based on the normal mode eigenvectors of the ground state global 

minimum using a Newton-X subprogram.57,58 Vertical excitation energies and transition dipole 

moments were computed on each geometry returned from the Wigner distribution, using the 

single state complete active space second-order perturbation theory (CASPT2)59–61 method 

alongside an aug-cc-pVDZ62 basis set assigned to all atoms. These were based on a state-

averaged complete active space self-consistent field (SA-CASSCF) reference wavefunction 

across the lowest seven singlet states. Active spaces of twelve electrons in ten orbitals (12/10), 

ten electrons in eight orbitals (10/8) and eight electrons in six orbitals (8/6) were benchmarked. 

An imaginary level shift of 0.3 EH was used for all CASPT2 computations in order to mitigate 

the involvement of intruder states. The active space used for the CASSCF(12/10)/CASPT(12/10) 

calculations comprised 5 in-plane orbitals (consistiting of two , one O(2p), one * and one 

O(3s) Rydberg orbital) and 5 out-of-plane orbitals (consistiting of three  and two *): these are 

illustrated in figure S4 which displayes the active orbitals for the most stable conformers of 

MVK-oxide and MACR-oxide. 

For comparison, vertical excitation energies and oscillator strengths were also computed using 

Time-Dependent Density Functional Theory (TDDFT) on each geometry returned from the 



Wigner sampling. In these cases, the coulomb-attenuated model Becke-3-parameter-Lee-Yang-

Parr (CAM-B3LYP)63 functional, coupled to the 6-311+G(d,p) basis set was used.64,65 

The excitation energy dependent photoabsorption cross section P(E) was then obtained using 

equation 1, 
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where g is a Lorentzian line shape function given by equation 2, 
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fij is the oscillator strength given by equation 3. 
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and ∆𝐸𝑖𝑗
𝑁 = (𝐸𝑗

𝑁 − 𝐸𝑖
𝑁), me and e are the mass and charge of the electron, respectively, while c is 

the speed of light. The internal sum in equation 1 is expressed over the set of total Wigner 

geometries while the external sum includes transitions from the initial state i (the ground state) to 

final state j (i.e. S1, S2, S3, … , S7 etc.) with respective oscillator strength 𝑓𝑖𝑗
𝑁 as given by 

equation 3.  is a broadening factor, which is arbitrarily set to 0.1 eV for each of the calculated 

absorption profiles reported herein. In this work, the transition dipole moments () were obtained 

from the computation of the CASSCF(12/10)/AVDZ wavefunction. 

The photochemical loss of MVK-oxide and MACR-oxide upon solar irradiation is estimated 

using equation (4),  



𝑘𝑝 = ∫ 𝛷(𝜆)𝑃(𝐸)𝐹(𝜆)𝑑𝜆                                                           (4)

𝜆𝑓
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where 𝑘𝑝 is the solar photolysis rate coefficient, 𝛷(𝜆) is the photodissociation quantum yield 

(assumed to be unity), 𝑃(𝐸) is the photoabsorption cross section given by equation 1, and 𝐹(𝜆) 

is the solar actinic flux. The 𝑘𝑝 is evalutated for each conformer for a range of solar zenith 

angles (0°, 20°, 40°, 60° and 80°) of 𝐹(𝜆) obtained from the National Center for Atmospheric 

Research TUV model.66 The 𝐹(𝜆) at each solar zenith angle considered is fitted by two separate 

8-term polynomials (285 to 447.5 nm and 447.5 to 725 nm) to accurately depict its curvature. An 

example fit to 𝐹(𝜆) is provided in the supporting information (Figure S1).  

All the CASSCF and CASPT2 computations were performed using the Molpro computation 

package67,68 while all (TD)DFT calculations were undertaken in Gaussian 16.69 

 

Results and Discussion 

Electronic absorption spectrum of MVK-oxide 

Figure 1(a) presents the ground state minimum energy geometries of the four lowest energy 

conformers of MVK-oxide. As previously reported, all conformers are with their atoms in a 

common plane.70 The four conformers arise from rotational isomerization around the carbonyl C-

O and alkene C-C bonds and are labelled syn-trans (ST), syn-cis (SC), anti-trans (AT), and anti-

cis (AC). Syn and anti are defined by whether the terminal oxygen atom of the carbonyl-oxide 

moiety is, respectively, orientated towards or away from the methyl group, while cis and trans 

are defined as to whether the terminal carbon atom of the alkene moiety is orientated towards or 



away from the carbonyl-oxide moiety, respectively. Within these four conformers, the stability is 

in the order ST > SC > AT > AC.70   

Figure 2 presents the calculated CASPT2(12/10) electronic absorption profiles of the (a) ST, (b) 

SC, (c) AT and (d) AC conformers of MVK-oxide, as well as (e) the convoluted spectra of all 

four conformers, plotted alongside the experimental absorption spectrum measured by Vansco et 

al.46 under jet-cooled conditions (green spectral profile) and Caravan et al.71 under thermal 

conditions (298 K, blue spectral profile). The spectra of the individual conformers in panels (a) – 

(d) are normalized so that their peak maxima matches that of the experimentally measured 

spectra. In contrast, the cumulative spectrum (in panel (e)) is created by first calculating the 

photoabsorption cross sections of the four individual conformers using equation (1), summing 

the four resulting spectra (assuming an equal population in all four conformers) and then 

normalizing the resulting summed spectrum. The oscillator strengths of the individual 

conformers are therefore maintained in the cumulative spectrum. The sensitivity of the 

cumulative spectrum to the conformer populations is explored later in this manuscript. 

Table 1 lists the calculated photoabsorption cross sections at the peak maximum and the 

photolysis rates of each of the four conformers of MVK-oxide and MACR-oxide. In all 

conformers of both molecules, the photolysis lifetimes are ca. 2 s, which is shorter than the 

experimentally derived photolysis rates for CH2OO and CH3CHOO.31 To the best of our 

knowledge, no experimental study has accurately reported the photoabsorption cross sections of 

MVK-oxide and MACR-oxide.  

Additional CASPT2 spectral profiles, calculated using the 10/8 and 8/6 active spaces are given in 

Figure S2 and S3, respectively, of the supporting information. On average CASPT2(12/10) 

shows the best agreement in both MVK-oxide and MACR-oxide and was computable with a 



reasonable expense. We will therefore use the CASPT2(12/10) spectra in the following narrative. 

CASPT2(12/10) was also found to perform well for simulating the electronic absorption profiles 

of CH2OO and CH3CHOO49 and has also been shown to effectively describe the PE profiles 

along the O-O stretch coordinate of MVK-oxide72 and MACR-oxide.47 No attempt to simulate 

the spectra at larger basis sets or active spaces was attempted, however computation of vertical 

excitation energies (and corresponding oscillator stregths) at the CASPT2(14,11)/AVDZ and 

CASPT2(16,12)/AVDZ level of theories do not show considerable differences cf. 

CASPT2(12/10)/AVDZ (v. table S8). 



 

Figure 2: CASPT2 simulated electronic absorption profiles of the (a) ST, (b) SC, (c) AT and (d) 

AC conformers of MVK-oxide, as well as (e) the convoluted spectra of all four conformers. 

Plotted alongside are the experimental absorption spectra measured by Vansco et al. (green 

spectral profile)46 and Caravan et al. (blue spectral profile)71 

 

 

 

 

 



Table 1: Absolute calculated photoabsorption cross sections of the four conformers of MVK-

oxide and MACR-oxide at the peak maximum. Alongside are the photolysis rate constants. 

Criegee Intermediate  / 10-17 cm2 Photolysis Rate Constant / s-1 

MVK-oxide Conformers 

syn-cis 1.04 0.57 

syn-trans 1.30 0.44 

anti-cis 0.96 0.38 

anti-trans 1.03 0.77 

MACR-oxide conformers 

syn-cis 0.59 0.22 

syn-trans 0.75 0.44 

anti-cis 0.63 0.55 

anti-trans 1.19 0.73 

 

The experimental electronic absorption spectra measured under jet-cooled (~10 K), and 

thermalized (298 K) conditions show broad spectral profiles, ranging from 490 nm > phot > 300 

nm, with maxima centered at ca. 390 nm and 370 nm, respectively. Previous studies46 show that 

this absorption band is attributable to a strongly absorbing * state, formed via a *   orbital 

promotion, wherein the participating orbitals are centered on the carbonyl-oxide moiety. This is 

reinforced by our computations of the orbital promotions of the various electronic states in 

Figure S4 of the supporting information.  

The populations of the four conformers of MVK-oxide likely do not follow a room temperature 

Boltzmann distribution in the measurements obtained under jet-cooled conditions, even though 

the conformers have varying stabilities as MVK-oxide is prepared in a non-statistical manner 

prior to chamber delivery. Therefore, it may be entirely possible that all conformers, including 

the least stable AC-conformer may be present. Indeed, the evidence of the presence of anti 

conformers was observed in recent experiments,70,71 although the relative populations of the 

various syn and anti conformers could not be determined. We will discuss the involvement of the 

various conformers later in the text. 



The conformer-convoluted simulated absorption spectrum (Figure 2(e)) calculated using 

CASPT2(12/10), as well as the other two active spaces (given in the supporting information), 

shows a red shift in its absorption maxima when compared to the experimentally returned spectra 

and covers a broader wavelength range. Given this observation, we will first compare the 

absorption profiles of the individual conformers in the discussion of the performance of the three 

active spaces. We will however return to the implications of the disagreement of the convoluted 

spectra to that of the experimentally measured spectra.  

As Figure 2 shows, the most stable ST conformer shows the best agreement with the 

experimentally measured spectra. In contrast, the AT conformer shows the poorest agreement 

with the experimentally measured spectra. The cumulative spectrum, wherein we assume equal 

contributions of all four conformers, is in gross disagreement with experiment when comparing 

the peak maximum and the width of the spectra profile – which may imply an unequal 

contribution from the four conformers. Given these details and that our previous studies on the 

simplest Criegee intermediate (CH2OO) have shown good agreement at the CASPT2(12/10) 

level of theory,49 we have analyzed the conformer-dependent intensity distributions of the four 

conformers of MVK-oxide by scaling the conformer intensities based on their respective 

Boltzmann populations at various temperatures. The large temperature range explored in this 

study (0 – 3000 K) was chosen primarily by considering the methodology used for the synthesis 

of the Criegee intermediates in laboratory studies and consequently the acquisition of their 

electronic spectra. The synthesis methodology  is expected to lead to the formation of Criegee 

Intermediates with high internal energies (which exceed the barrier for interconversion between 

various conformers). Thus, when the Criegee intermediates are thermilized, the relative 

populations into different conformers may differ considerably from those expected on the basis 



of Boltzmann distribution at 298 K. Figure 3 presents the conformer-dependent summed spectra 

of all four-conformers. The Boltzmann populations of the conformers at a given temperature are 

given in Table 2 – based on their relative minimum energies as calculated by Barber et al.70 The 

spectra in Figure 3 are prepared by scaling the absolute energy-dependent photoabsorption cross 

sections (calculated from equation 1) associated with the individual conformers by their 

Boltzmann populations at the chosen temperature, but the Wigner distributions are not broadened 

by the assumed temperature. Therefore, Figure 3 simply illustrates the sensitivity of the 

calculated cumulative absorption spectrum to the mix of conformers. This is legitimate for 

comparison to the spectrum obtained under jet-cooled conditions since we are assuming that the 

conformer distributions at a given temperature represent the distributions before the molecules 

are introduced into the interaction volume of the experiment. This is a fair assumption since the 

calculated barriers to interconversion between the individual conformers are higher than the 

internal energy distribution imparted by the assumed temperature.70 As such the Boltzmann 

populations at a given temperature are conformationally locked and then cooled upon supersonic 

expansion.  

As expected, Table 1 confirms that the ST conformer has the dominant contribution at low 

temperatures. At 3000 K, all four conformers are present with (an almost) equal contribution. As 

shown in Figure 3, the absorption spectral profile at low temperatures is in better agreement with 

experiment than at high temperatures. Guided by this spectrum, we speculate that, despite the 

MVK-oxide being prepared with high internal energy, the jet-cooled experimental electronic 

absorption spectrum (Figure 2, green spectral profile) is built upon starting conformer 

distributions that are close to a thermal Boltzmann distribution, wherein ST is the dominant 

conformer, and the three other conformers make minor contributions. This is a plausible 



conclusion if the rotational barriers to interconversion between the conformers are above the 

internal energy distribution of each MVK-oxide conformer. We recognize however that a few 

considerations need to be made. Firstly, the calculated Boltzmann populations in Table 2 

represent crude estimates, which may not reflect the actual conformer distributions under the set 

experimental conditions. In other words, population of higher energy conformers and 

consequently their contribution to the overall electronic spectrum may be higher than that 

predicted based on the Boltzmann analysis described above. In addition, our conclusion is based 

on assuming that the CASPT2(12/10) simulated spectra give the best agreement with 

experiment, which is reasonable given our previous work that shows that CASPT2(12/10) gives 

the best agreement with the experimentally measured absorption spectra of CH2OO and 

CH3CHOO.49  

Nevertheless, we conclude that the ST conformer contributes the most to the electronic 

absorption profiles which is consistent with experimentally measured time-resolved absorption 

spectra of MVK-oxide obtained under thermal conditions (Figure 2, blue spectral profile).71,73 

The transient absorption time trace for MVK-oxide obtained at 298 K exhibits a slow decay that 

is consistent with the predicted rate coefficient for unimolecular decay of the syn- conformers of 

MVK-oxide, suggesting that syn-MVK-oxide is the dominant spectral carrier. The room 

temperature spectrum of MVK-oxide is therefore in good agreement with the simulated 

electronic absorption profile of syn-trans-MVK-oxide, which is expected to be the most 

populated conformer at 298 K (Table 2).  



 

Figure 3: Summed absorption profiles of all four conformers as a function of temperature. 

 

Table 2: Boltzmann populations of the four conformers of MVK-oxide at various temperatures. 

The calculated relative energies are 0 (ST), 1.76 (SC), 2.57 (AT) and 3.05 (AC) kcal/mol.70 

Temperature / K AC ST AT SC 

100 0.00 1.00 0.00 0.00 

250 0.00 0.96 0.01 0.03 

500 0.04 0.77 0.06 0.13 

750 0.08 0.62 0.11 0.19 

1000 0.11 0.53 0.14 0.22 

1250 0.14 0.47 0.17 0.23 

1500 0.15 0.43 0.18 0.24 

1750 0.17 0.40 0.19 0.24 

2000 0.18 0.38 0.20 0.24 

2250 0.18 0.36 0.21 0.25 

2500 0.19 0.35 0.21 0.25 

2750 0.20 0.34 0.21 0.25 

3000 0.20 0.33 0.22 0.25 

 



 

Figure 4: TDDFT simulated electronic absorption profiles of the (a) ST, (b) SC, (c) AT and (d) 

AC conformers of MVK-oxide, as well as (e) the convoluted spectra of all four conformers. 

Plotted alongside are the experimental absorption spectra measured by Vansco et al. (green 

spectral profile)46 and Caravan et al. (blue spectral profile)71 

 



For completion we have also simulated the electronic absorption spectrum of MVK-oxide using 

TD-DFT (TD-CAM-B3LYP/6-311+G(d,p)). The individual spectra of the conformers (panels (a) 

– (d)) and the cumulative spectrum are created in the same way as described above for the 

CASPT2 spectra of MVK-oxide.  

In this and our previous study on CH2OO and CH3CHOO, we discovered that TD-CAM-

B3LYP/6-311+G(d,p) systematically overestimates the peak position of the absorption profile. In 

that study we derived an energy shift factor (0.69 eV) so that the TDDFT simulated electronic 

absorption spectrum for CH2OO matched the experimentally measured spectrum.49 Applying this 

same shift factor to CH3CHOO showed exceptional agreement between the shifted TDDFT and 

measured spectra for CH3CHOO. Here, we use the same energy shift factor derived for CH2OO 

to shift the simulated TDDFT spectrum for MVK-oxide; the returned spectra are given in Figure 

4 while the unshifted raw spectra are displayed Figure S6. The shifted TDDFT (TD-CAM-

B3LYP/6-311+G(d,p)) spectra are in excellent agreement with the CASPT2 spectra when 

comparing the peak position, profile topology and spectral width. This observation is reassuring 

and a confirmation that the original energy shift factor derived from the simplest CI, CH2OO, 

may be systematically used to larger and more complex CIs wherein CASPT2 becomes 

computationally restrictive. 

Electronic absorption spectrum of MACR-oxide 

Figure 1(b) depicts the ground state minimum energy geometry of the four lowest-energy 

conformers of MACR-oxide. Syn and anti are distinguishable by whether the terminal oxygen 

atom of the carbonyl-oxide moiety is orientated, respectively, towards or away from the terminal 

carbon atom of the alkene moiety. Cis and trans describe the relative orientation of the alkene 

moiety and whether it is orientated towards or away from the carbonyl-oxide moiety, 



respectively. The relative stabilities of the four conformers of MACR-oxide are as follows: AT > 

SC > ST > AC.47  

Figure 4 displays the CASPT2(12/10) calculated electronic absorption profiles of the (a) ST, (b) 

SC, (c) AT and (d) AC conformers of MACR-oxide alongside the cumulative simulated 

spectrum (e). The experimental electronic absorption spectra, measured by Vansco et al. under 

jet-cooled conditions (green spectral profile)47 and Lin et al. under thermal conditions (298 K, 

blue spectral profile)74 is plotted alongside each simulated spectrum. The additional 

CASPT2(10/8) and CASPT2(8/6) calculated electronic absorption profiles can be found in 

supporting information (Figures S1 and S2). Again, the peak maxima associated with the 

individual conformers (panels (a) – (d)) are normalized to match that of the experimentally 

measured spectra. The cumulative spectrum is created in the same way as described above for 

the CASPT2 spectra of MVK-oxide. 

 



 

Figure 5: CASPT2 simulated electronic absorption profiles of the (a) ST, (b) SC, (c) AT and (d) 

AC conformers of MACR-oxide, as well as (e) the convoluted spectra of all four conformers. 

The experimental electronic absorption spectra, measured by Vansco et al. (green spectral 

profile)47 and Lin et al. (blue spectral profile),74 are plotted alongside each simulated spectrum 

 

 



The experimental electronic absorption spectra measured by Vansco et al. and Lin et al. range 

from 500 nm to ca. 350 nm with a peak maximum of ca. 390 nm. Previous literature on the UV 

absorption profile of  MACR-oxide show that this absorption band is formed via electronic 

excitation to a strongly absorbing * state, formed via a *   orbital promotion, wherein the 

participating orbitals are both localized on the carbonyl-oxide functional group. As with MVK-

oxide, we note that the four conformers of MACR-oxide have varying stabilities. Therefore, for 

the experiments conducted under jet-cooled conditions the population into the various conformer 

minima are again not expected to follow a thermal Boltzmann distribution as the MACR-oxide is 

expected to form in a non-equilibrium distribution of conformers prior to supersonic expansion. 

As with MVK-oxide, the cumulative simulated electronic absorption spectrum of all four-

conformers of MACR-oxide (displayed in Figure 4(e)) – assuming equal conformer populations 

– shows a red shift when compared to the experimentally measured spectra. Since the peak 

maxima are predominantly * in character, the peak positions are clear consequences of the 

differences in the  and * orbital stabilities of each conformer. In this case, ST and AT show 

the best agreement with the experimentally measured spectra and both have the highest 

absorption cross sections at the peak maximum – as shown in Table 1. AC and SC show the 

poorest agreement with experiment but also exhibit the lowest photoabsorption cross sections. 

The cumulative absorption spectrum in Figure 4(e), which captures the effects of the 

photoabsorption cross sections (but assumes an equal conformer distribution) is broader than the 

experimentally determined absorption spectra. Notwithstanding, the peak position agrees better 

with the experiment than the equivalent peak position in MVK-oxide. 

 



 

Figure 6: Summed absorption profiles of all four conformers of MACR-oxide as a function of 

temperature. 

 

 

Table 3: Boltzmann populations of the four conformers of MACR-oxide at various temperatures. 

The calculated relative energies are 2.5 (ST), 0.91 (SC), 0 (AT) and 3.18 (AC) kcal/mol.47 

Temperature / K AC ST AT SC 

100 0.00 0.00 0.99 0.01 

250 0.00 0.01 0.86 0.14 

500 0.03 0.05 0.66 0.26 

750 0.06 0.10 0.54 0.29 

1000 0.10 0.13 0.47 0.30 

1250 0.12 0.16 0.43 0.30 

1500 0.14 0.17 0.40 0.29 

1750 0.15 0.18 0.38 0.29 

2000 0.16 0.19 0.36 0.29 

2250 0.17 0.20 0.35 0.28 

2500 0.18 0.20 0.34 0.28 

2750 0.18 0.21 0.33 0.28 

3000 0.19 0.21 0.32 0.28 

 

Given the aforementioned, we have computed the conformer-dependent intensity distributions of 

the four conformers of MACR-oxide by scaling the photoabsorption cross section profiles of 

each conformer based on their respective Boltzmann populations at various temperatures. Figure 



6 displays the returned cumulative spectrum of all four-conformers at various Boltzmann 

temperatures. These spectra are calculated in the same way as those derived for MVK-oxide. The 

Boltzmann populations of the conformers at a given temperature are given in Table 3, based on 

minimum energy calculations by Vansco et al.47 With no surprise, Table 3 confirms that the AT 

conformer has the dominant contribution at low temperatures. At 3000 K, all four conformers are 

present with almost equal Boltzmann populations compared to their relative stabilities. Since all 

conformers show almost equivalent peak maxima, it is not possible to unambiguously imply 

conformer contributions as was done in MVK-oxide. Despite this, the overall shape and 

amplitude of this conformer-dependent spectra are noteworthy. As a reminder, the stabilities of 

the conformers are ordered: AT > SC > ST > AC, whilst Table 1 shows that the photoabsorption 

cross sections are ordered: AT >> AC~ST > SC. As Table 3 implies the AT conformer will 

dominate at all temperatures and thus the profile is relatively insensitive to the temperature – 

with some narrowing of the profile upon decreasing temperature that matches the profile of the 

AT conformer in Figure 4(c). Notably, the absolute amplitude falls upon increasing temperature 

since the AT conformer contribution decreases. The increasing contribution of the SC conformer 

at higher temperatures is revealed by the increase in the predicted absorbance at  ~330 nm 

(Figure 6, black arrows). The increased contributions of both the AC and ST conformers upon 

increasing temperature are revealed by the (relative) persistence of absorption at >500 nm. 

Similar to that observed for MVK-oxide, the transient absorption time trace for MACR-

oxide obtained under thermal conditions (298 K) exhibits a slow decay (ca. 3 ms)74 that is 

significantly longer than the predicted unimolecular decomposition rate of the syn conformers of 

MACR-oxide (< 0.4 ms).75 Therefore, the thermal spectrum is attributed to anti-MACR-oxide, 



and consistent with the simulated electronic absorption profile of anti-trans-MACR-oxide in this 

work, which is expected to be the most populated conformer at 298 K (Table 3).  

 

 

Figure 7: TDDFT simulated electronic absorption profiles of the (a) ST, (b) SC, (c) AT and (d) 

AC conformers of MACR-oxide, as well as (e) the convoluted spectra of all four conformers. 



The experimental electronic absorption spectra, measured by Vansco et al. (green spectral 

profile)47 and Lin et al. (blue spectral profile),74 are plotted alongside each simulated spectrum. 

 

Again, for completion we have also simulated the electronic absorption spectrum of MACR-

oxide using TD-DFT (TD-CAM-B3LYP/aug-cc-pVDZ) using the energy shift factor (0.69 eV) 

derived for CH2OO (as described above).49 We apply this same energy shift factor derived for 

CH2OO to shift the simulated TDDFT spectra of MACR-oxide; the returned spectra are given in 

Figure 4 while the unshifted raw spectra are displaced Figure S6. The shifted TDDFT spectra are 

in excellent agreement with the CASPT2 spectra and, again, reassures us that the original energy 

shift factor derived from the simplest CI may be used to larger and more complex CIs wherein 

CASPT2 becomes computationally restrictive. 

Conclusions 

In this manuscript we sought to model the conformer specific electronic absorption spectra of two 

classes of large CI, MVK-oxide and MACR-oxide. Conformer contributions are varied by 

changing the temperature within the Boltzmann relation, wherein temperature is merely a 

population varying parameter and not an implied temperature at which the spectra are measured.  

Using this approach, we have shown that in MVK-oxide, assuming an equal contribution of 

conformers leads to a significant mismatch between the simulated and experimentally measured 

spectra. By judiciously varying the conformer populations, we are able to qualitatively imply 

relative contributions of the various conformers to the experimentally measured absorption spectra 

wherein the most stable ST conformer was shown to have the greatest contribution to the 

absorption profile.  



The conformer contribution to the electronic absorption spectrum of MACR-oxide was less clear 

cut, owing to the smaller differences in the peak absorption wavelengths between the four 

conformers. In this case however, differences in the absolute photoabsorption cross sections of the 

individual conformers lead to marked and obvious changes in the peak intensity upon variation of 

the conformer distribution. A future experimental measurement of the peak photoabsorption cross 

section of MACR-oxide would allow for determination of the conformer distribution reported 

herein. Such a value is however hitherto unreported, to the best of our knowledge. Estimated 

photolysis rates for all four conformers of both MVK-oxide and MACR-oxide are faster than the 

experimentally measured values for CH2OO and CH3CHOO, implying that solar photolysis may 

become a competitive removal path for MVK-oxide and MACR-oxide. Specifically, the solar 

photolysis rates calculated for the most stable conformers of MVK-oxide (syn-trans, 0.44 s-1) and 

MACR-oxide (anti-trans, 0.73 s-1) are 3-5 times faster than those calculated for formaldehyde-

oxide (CH2OO, 0.16 s-1) and acetaldehyde-oxide (CH3CHOO, 0.14 s-1). The increased photolysis 

rates for MVK-oxide and MACR-oxide is due to the bathochromic shift in their absorption spectra 

to a region of the solar spectrum that has better overlap with the actinic flux. As such, the larger 

photolysis rates for MVK-oxide and MACR-oxide compared to CH2OO suggests solar photolysis 

plays a more prominent role in the atmospheric removal of the four-carbon unsaturated Criegee 

intermediates from isoprene ozonolysis. However, comparison with other decay pathways 

available to the Criegee intermediates should be taken into account. Thermalized Criegee 

intermediates have several potential removal pathways in the atmosphere including bimolecular 

reaction with water vapor, organic acids and SO2, as well as unimolecular decomposition. The 

primary removal pathway for CH2OO is expected to be reaction with water dimer. However, it has 

been recently demonstrated that MVK-oxide and MACR-oxide react with water vapor on 



significantly longer timescale cf. CH2OO due to a combination of steric hindrance and disruption 

of their extended conjugation upon reaction. Therefore, other loss pathways can compete for the 

removal of MVK-oxide and MACR-oxide in the atmosphere. By evaluating the effective loss rates 

of syn-MVK-oxide and anti-MACR-oxide under tropospheric conditions predicted for the 

Amazon region (e.g. bimolecular reaction with water vapor, SO2, formic acid and acetic acid, and 

unimolecular decomposition),2, 4-8 we estimate that solar photolysis plays a minor, but non-

negligible role in the removal of syn-MVK-oxide and anti-MACR-oxide (~1%). 

Although the nuclear ensemble method contains shortcomings, as noted by us49 and others76–78 

before, it is a simple method that allows for a swift qualitative description of the electronic 

absorption profile of a given system. As we have shown in this contribution and before49, the 

choice of the electronic structure method is a key factor that needs to be considered carefully, both 

in the computation of the electronic absorption spectrum at hand, and its feasibility of extension 

to larger systems. Moving forward we hope to extend the current systems to CIs of further 

increased molecular complexity – particularly those formed by the ozonolysis of endocyclic 

alkenes such as -pinene and -caryophyllene. For such CIs, we are particularly looking forward 

to using the recently developed machine learning nuclear ensemble method.79 
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