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Abstract

Isoprene is the most abundant non-methane hydrocarbon emitted into the Earth’s atmosphere.  Ozonolysis 
is an important atmospheric sink for isoprene, which generates reactive carbonyl oxide species 
(R1R2C=O+O−) known as Criegee intermediates.  This study focuses on characterizing the catalyzed 
isomerization and adduct formation pathways for the reaction between formic acid and methyl vinyl 
ketone oxide (MVK-oxide), a four-carbon unsaturated Criegee intermediate generated from isoprene 
ozonolysis. Syn-MVK-oxide undergoes intramolecular 1,4 H-atom transfer to form a substituted vinyl 
hydroperoxide intermediate, 2-hydroperoxybuta-1,3-diene (HPBD), which subsequently decomposes to 
hydroxyl and vinoxylic radical products.  Here, we report direct observation of HPBD generated by 
formic acid catalyzed isomerization of MVK-oxide under thermal conditions (298 K, 10 Torr) using 
multiplexed photoionization mass spectrometry.  The acid catalyzed isomerization of MVK-oxide 
proceeds by a double hydrogen-bonded interaction followed by a concerted H-atom transfer via 
submerged barriers to produce HPBD and regenerate formic acid.  The analogous isomerization pathway 
catalyzed with deuterated formic acid (D2-formic acid) enables migration of a D atom to yield partially 
deuterated HPBD (DPBD), which is identified by its distinct mass (m/z 87) and photoionization 
threshold.  In addition, bimolecular reaction of MVK-oxide with D2-formic acid forms a functionalized 
hydroperoxide adduct, which is the dominant product channel, and is compared to a previous bimolecular 
reaction study with normal formic acid.  Complementary high-level theoretical calculations are performed 
to further investigate the reaction pathways and kinetics.

* Corresponding author email: caravarl@anl.gov
**Corresponding author email: milester@sas.upenn.edu
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I. Introduction

Criegee intermediates are reactive carbonyl oxide (R1R2C=O+O−) species generated from alkene 

ozonolysis.  The reactions of Criegee intermediates formed from isoprene ozonolysis (ca. 10% of isoprene 

loss) are of particular interest due to the large amount of isoprene emitted into the atmosphere (ca. 600 Tg 

year-1) from biogenic sources.1  An important unimolecular decomposition pathway of Criegee 

intermediates with an alkyl group adjacent to the carbonyl oxide group is isomerization to a vinyl 

hydroperoxide (VHP) intermediate.  This VHP is generated with sufficient internal excitation to decay to 

hydroxyl (OH) and vinoxy radical products.2-6  While the products from the unimolecular decomposition 

of Criegee intermediates via the VHP intermediate have been detected,2-12 validating the decomposition 

mechanism, studies reporting the direct detection of the VHP intermediate have been extremely limited.13, 

14  The products from the decomposition of the VHP intermediate have substantial atmospheric impact.  

The OH radical is the predominant tropospheric oxidant and initiates the atmospheric processing of a 

broad range of pollutants.15  Vinoxy radicals primarily exist as carbon-centered radicals16-20 that undergo 

rapid reaction with O2 to form peroxy radicals.19-23  Peroxy radicals can undergo a subsequent H-atom 

transfer and further reaction with O2 to form low volatility, highly oxygenated molecules.24-28  These 

autoxidation mechanisms have been implicated in the tropospheric formation of secondary organic 

aerosols.29-33

There are numerous examples in the literature in which the kinetics and branching fractions of gas-

phase bimolecular reactions are shown to be influenced by the presence of additional species, for 

example, the water catalyzed reactions of aldehydes with OH and bimolecular reactions of Criegee 

intermediates.34-41  In addition, molecular catalysis has been shown to be operative in the isomerization of 

Criegee intermediates to VHPs with catalysts such as water, organic acids and alcohols.14, 42-46  In this 

study, we investigate the formic acid catalyzed isomerization of methyl vinyl ketone oxide 

((CH2=CH)(CH3)COO, MVK-oxide), the more abundant four-carbon unsaturated Criegee intermediate 

produced from isoprene ozonolysis.47  From this pathway, the substituted VHP intermediate, 2-
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hydroperoxybuta-1,3-diene (HPBD), formed upon a double H-atom transfer and isomerization of MVK-

oxide, is directly detected for the first time. 

Calculations have revealed that MVK-oxide has four conformational forms with similar ground state 

energies (within ca. 3 kcal mol-1), which are separated into two groups based on the orientation of the 

terminal oxygen with respect to the methyl group (syn and anti) and the orientation of the vinyl group 

with respect to the C=O group (cis and trans).6  At 298 K the cis and trans configurations rapidly 

interconvert by rotation about the C-C bond, whereas interconversion between syn and anti configurations 

is restricted due to large barriers (ca. 30 kcal mol-1).46, 48, 49  Syn and anti conformers of MVK-oxide have 

very different unimolecular and bimolecular reactivity and are therefore treated as distinct chemical 

species.6, 49  Previous experimental and theoretical studies have shown that syn-MVK-oxide undergoes 

slow unimolecular decay (calculated to be 33 s-1 at 298 K, 1 atm) via a 1,4 H-atom transfer mechanism to 

form HPBD, as shown in Scheme 1.6  Unimolecular decay requires surmounting (or tunneling through) 

the relatively high barrier (TS1, 18.0 kcal mol-1) associated with 1,4-H-atom transfer from the methyl 

group to the terminal O-atom of the unsaturated, four-carbon Criegee intermediate.  HPBD is generated 

with significant internal excitation, which results in rapid homolytic cleavage of the O-O bond to form 

OH and 2-oxibuta-1,3-diene (OBD) radical products.  OBD and OH may also follow a roaming 

mechanism to form 1-hydroxybut-3-en-2-one.6

Scheme 1. Unimolecular decay mechanism of syn-MVK-oxide to 2-oxibuta-1,3,-diene (OBD) and 
OH radical products.

By contrast, anti-MVK-oxide is predicted to decay very rapidly (2140 s-1 at 298 K, 1 atm) even when 

thermalized.  Decay occurs via an electrocyclic ring closure mechanism to generate a 5-membered cyclic 

peroxide known as dioxole that undergoes further unimolecular decay to oxygenated hydrocarbon radical 

products.6, 48, 49  Experimental evidence of the dioxole unimolecular decay pathway has recently been 
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reported.50  Although unimolecular decay via a H-atom transfer mechanism has also been considered for 

anti conformers of MVK-oxide, generating 3-hydroperoxybuta-1,2-diene (HPBD-2),48 this involves 

transfer of a vinyl H-atom and has a substantially higher barrier than that for formation of dioxole.  As a 

result, the vinyl H-atom transfer pathway is not expected to be an important unimolecular decay process 

for anti-MVK-oxide.

It is anticipated that unimolecular decay via the dioxole mechanism will be the dominant fate of anti-

MVK-oxide in the troposphere, whereas the slower unimolecular decay of syn-MVK-oxide suggests that 

its bimolecular reactions with key atmospheric species may also be important.  This has been 

substantiated by direct kinetic measurements of syn-MVK-oxide with water vapor, formic acid, and SO2 

recorded via transient absorption spectroscopy using the strong * transition of MVK-oxide.46, 51

In accord with theoretical predictions, reaction of syn-MVK-oxide with water vapor is found to be 

remarkably slow (≤ 4  10-17 cm3 s-1 and ≤ 3  10-14 cm3 s-1 at 298 K, for water monomer and dimer, 

respectively),46, 49, 52 such that reaction with water is not a significant tropospheric sink of syn-MVK-

oxide.  By contrast, reaction with other key atmospheric species, including formic acid and SO2, is found 

to be rapid (3.0  10-10 cm3 s-1 and 3.9  10-11 cm3 s-1 at 298 K, respectively), comparable with 

observations for smaller Criegee intermediates.  Global modeling reveals the reaction of syn-MVK-oxide 

with formic acid is a potentially important sink of formic acid.46  Mass spectrometric product 

investigations together with high level theory demonstrate a reaction pathway leading to the formation of 

a functionalized hydroperoxide adduct (2-hydroperoxybut-3-en-2-yl formate, HPBF) via the 1,4-insertion 

of the Criegee intermediate into formic acid (Scheme 2), consistent with mechanisms observed in the 

reactions of smaller Criegee intermediates with organic acids.53-60 

Scheme 2. Mechanism for the 1,4-insertion of MVK-oxide into formic acid.
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For MVK-oxide (and other Criegee intermediates with an -C(sp3)–H    a   tom with respect to the 

carbonyl oxide group), an additional mechanism has been proposed for reaction with formic acid: 

catalyzed isomerization via a double H-atom transfer mechanism that forms a substituted VHP 

intermediate (Scheme 3).42 Such functionalized hydroperoxide products have been postulated as potential 

precursors for the formation of secondary organic aerosols in the troposphere.57 

Scheme 3. Proposed mechanism for the formic acid catalyzed isomerization of syn-MVK-oxide to 
HPBD.

Prior experiments investigating the reaction of MVK-oxide with formic acid using photoionization 

mass spectrometry by Caravan et al.46 demonstrated that the 1,4-insertion mechanism is operative.  

However, the acid-catalyzed mechanism producing HPBD is difficult to verify using this technique; 

HPBD is an isomer of MVK-oxide (and other potential products with m/z 86) and both are predicted to 

have similar photoionization thresholds.6, 61  Previously, Lester and coworkers demonstrated that reaction 

of deuterated organic acids (RC(O)OD) with syn-alkyl-substituted Criegee intermediates, specifically syn-

CH3CHOO, (CH3)2COO, and CH3CH2CHOO, results in formation of partially deuterated vinyl 

hydroperoxide species that are distinguishable by mass from the Criegee intermediates.14  Here, we utilize 

a similar approach with deuterated formic acid (D2-formic acid) to reveal the acid-catalyzed isomerization 

of MVK-oxide (m/z 86) to partially deuterated HPBD (2-deuteroperoxy butadiene, DPBD) products (m/z 

87).  Moreover, we show that the observed threshold for photoionization of DPBD agrees with high level 

adiabatic ionization energy calculations,6 thereby providing spectroscopic identification of the vinyl 

hydroperoxide product (HPBD) from the acid-catalyzed reaction.  Finally, we provide a comprehensive 

theoretical examination of possible reaction pathways for syn- and anti-conformers of MVK-oxide with 

formic acid.
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II. Experimental

Experiments are carried out using the Sandia Multiplexed Photoionization Mass Spectrometer 

(MPIMS) apparatus interfaced with the tunable VUV radiation of the Chemical Dynamics Beamline 

(9.0.2) of the Advanced Light Source (Lawrence Berkeley National Laboratory).62  MVK-oxide is 

generated in the laboratory by the reaction of photolytically generated iodoalkenyl radicals with O2 as 

described previously.6, 46, 51  Specifically, vapor of the (Z/E)-1,3-diiodobut-2-ene precursor is entrained in 

a He flow using a pressure and temperature controlled glass bubbler (100 torr, 298 K) and mixed with O2 

(~6.4 × 1016 cm-3) and deuterated formic acid (D2-formic acid, 95% in D2O, Fisher Scientific, 6.4 × 1012 

cm-3) using calibrated mass flow controllers.  The gas mixture is flowed through a halocarbon wax-coated 

quartz reactor tube (10 torr, 298 K), and photolyzed along the length of the tube with the 248 nm output 

of a KrF excimer laser (100 mJ/pulse at the laser exit, ~20 mJ/pulse through the reactor).  The total gas 

flow rate through the reactor is set such that the gas-mixture is replenished between laser pulses. The gas 

mixture is continuously sampled through an orifice in the reactor tube and the resultant free jet expansion 

is skimmed and intercepted with tunable VUV radiation.  The generated ions are pulse extracted and 

detected using an orthogonally accelerated time-of-flight mass spectrometer.  Products resulting from the 

MVK-oxide + D2-formic acid reaction are investigated either by fixed ionization energy (10.5 eV) to 

obtain mass spectra or by scanning the photoionization energy to generate photoionization efficiency 

(PIE) curves (8.5-10.5 eV, 50 meV steps).  Analogous experiments are conducted for the reaction of 

MVK-oxide with H2-formic acid (3.2 × 1012 cm-3 to 1.9 × 1013 cm-3, 99% Fisher Scientific) for 

comparison (see Supplementary Information (SI) Sec. I).  The amount of H/D exchange of D2-formic acid 

(m/z 48) that forms D1-formic acid (m/z 47) is investigated under the experimental conditions by fixed 

ionization energy (11.5 eV) in the absence of 248 nm photolysis, and the potential impact of H/D 

exchange is considered in Sec. IV and SI. 

III. Results

The multiple reaction pathways between MVK-oxide and formic acid were investigated using D2-

formic acid via MPIMS at 298 K and 10 torr.  Both the substituted VHP product from the D2-acid 

Page 6 of 24Physical Chemistry Chemical Physics



7

catalyzed isomerization of MVK-oxide and HPBF adduct from the 1,4-insertion pathway are observed.  

As explained below, only syn-MVK-oxide conformers are expected to generate appreciable DPBD via the 

acid catalyzed pathway depicted in Scheme 4, which is distinguishable by mass from MVK-oxide.  Both 

syn and anti conformers of MVK-oxide are expected to react rapidly with D2-formic acid (ca. 3  10-10 

cm3 s-1)46 via the 1,4-insertion mechanism to form a partially deuterated HPBF adduct (Scheme 5).  For 

anti conformers of MVK-oxide, the bimolecular reaction with formic acid (ca. 1900 s-1 under the present 

experimental conditions) must also compete with its rapid unimolecular decay (2140 s-1).

Scheme 4. D2-formic acid catalyzed isomerization of syn-MVK-oxide to DPBD.

Scheme 5. Formation of the partially deuterated 1,4-insertion product from reaction between syn-MVK-
oxide and D2-formic acid.  Photoionization with VUV radiation results in the appearance of two fragment 
ions (m/z 88 and 100).

Representative mass spectra obtained from the reaction of MVK-oxide with H2-formic acid (top 

panel, Ref. 46) and D2-formic acid (bottom panel) are shown in Figure 1.  The 1,4-insertion product 

generated from the MVK-oxide + formic acid reaction undergoes fragmentation upon 10.5 eV 

photoionization to generate fragment ions at m/z 87 (-HCO2) and m/z 99 (-HO2).46  For the MVK-oxide + 

D2-formic acid reaction, deuterated analogs of the fragment ions from the 1,4-insertion product are 

observed (m/z 88 and 100) consistent with –DCO2 and –DO2 loss, respectively (Scheme 5), in accord 

Page 7 of 24 Physical Chemistry Chemical Physics



8

with Caravan et al.46  Gaussian fits to the m/z 88 and 100 mass peaks yield exact masses of 88.053 ± 

0.002 and 100.053 ± 0.002, respectively, confirming the chemical composition of expected fragment ions 

from the 1,4-insertion product (C4H6O2D 88.052, and C5H6O2D 100.052, respectively). 

Figure 1. Comparison of fragment ions observed in mass spectra following reaction of MVK-oxide with 
H2-formic acid (top panel) and D2-formic acid (bottom panel) using MPIMS with 10.5 eV photoionization 
(6.4  1012 cm-3 formic acid).  For H2-formic acid (top panel), mass channels m/z 87 and 99 are attributed 
to –HCO2 and –HO2 fragment ions from the 1,4-insertion HPBF adduct, respectively.  For D2-formic acid 
(bottom panel), partially deuterated analogs of the fragment ions from the 1,4-insertion product are 
observed at m/z 88 and 100, consistent with –DCO2 and –DO2 loss, respectively.  Data in top panel is 
reproduced from Caravan et al., Proc. Natl. Acad. Sci., 2020, 117, 9733-9740 (Ref. 46).  

The DPBD product of the D2-formic acid catalyzed isomerization of MVK-oxide is computed to have 

a much lower adiabatic ionization energy of 8.7 eV6 compared to the computed appearance energies for 

the –H/DO2 and –H/DCO2 fragment ions (ca. 9.8 eV and 10.0 eV) from the adduct channel.46 In order to 

identify the DPBD product, a mass spectrum is obtained by integration of the photoionization signal in 
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the 8.5-9.8 eV energy range (MPIMS, 50 meV steps) as shown in Figure 2.  This energy range avoids 

detection of fragment ions at m/z 88 and 100 from the partially deuterated HPBF adduct (shown in Figure 

1) because they are generated at higher ionization energies. The observed m/z 87 mass peak in Figure 2 is 

consistent with the formation of DPBD from the D2-formic acid catalyzed isomerization of MVK-oxide 

(Scheme 4).  A Gaussian fit to the m/z 87 mass peak yields an exact mass of 87.043 ± 0.003, in agreement 

with the chemical composition of DPBD (C4H5O2D 87.045). Additional support for the acid-catalyzed 

reaction mechanism from syn-MVK-oxide to HPBD is provided in SI (Sec. 1, Figure S1), where a growth 

in the photoionization signal on the m/z 86 mass channel is observed at long kinetic times with increasing 

H2-formic acid concentration.

Figure 2.  Mass spectrum of the DPBD (8.7 eV adiabatic ionization energy) product from the acid-
catalyzed reaction of MVK-oxide with D2-formic acid (6.4  1012 cm-3) observed by photoionization in 
the 8.5-9.8 eV energy range (MPIMS, 50 meV steps).  Fragment ions from the partially deuterated HPBF 
adduct product channel (shown in Figure 1) are not detected due to their higher appearance energies 
(~9.8-10 eV).46 

Figure 3 shows the PIE curve of m/z 87 (open circles) integrated over the full kinetic time window (0-

80 ms) for each VUV photon energy (8.5-10.5 eV, 50 meV steps), which reveals low and high energy 

components suggestive of multiple species contributing to the photoionization signal.  The onset of the 

photoionization spectrum agrees very well with the adiabatic ionization energy computed for HPBD (8.7 

eV)6 as shown by the arrow in Figure 3.  At higher energies (≥ 10.3 eV), an additional contribution to the 

PIE curve emerges. The origin of this signal is discussed in Sec. IV. 
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Figure 3.  Photoionization efficiency curve of m/z 87 obtained by integration over the full kinetic time 
window (0-80 ms) using a D2-formic acid concentration of 6.4  1012 cm-3.  The onset of photoionization 
signal agrees well with the adiabatic ionization energy of 8.7 eV (black arrow) computed for HPBD.6 An 
additional contribution is observed at higher energies (≥ 10.3 eV) that is likely due to an isomer of HPBD.  

High level ab initio calculations investigating the formic acid catalyzed isomerization of syn-

MVK-oxide are carried out at the CCSD(T)-F12/CBS(TZ-F12,QZ-F12)//B2PLYP-D3/cc-pVTZ level of 

theory (CCSD(T)-F12/CBS). A crude estimate of the CCSDT(Q) correction for higher order excitations 

in the coupled cluster expansion is also incorporated. Our prior theoretical calculations to characterize the 

unimolecular decomposition of MVK-oxide (Scheme 1)6 and the reaction of MVK-oxide with formic acid 

via the 1,4-insertion mechanism,46 were performed at slightly different levels of theory and so those 

energies are redetermined here to enable a proper direct comparison of the reaction pathways (Figure 4).  

The formic acid catalyzed isomerization pathway has been investigated previously at the CCSD(T)/aug-

cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory and is compared with the present results in Sec. S2 of 

SI.42  
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Figure 4.  Reaction coordinate plot showing the unimolecular decay of syn-trans-MVK-oxide (black),6 
formic acid catalyzed isomerization of syn-MVK-oxide (blue), and HPBF adduct formation from the 1,4-
insertion reaction of syn-MVK-oxide with formic acid (green) at the CCSD(T)-F12/CBS level of theory 
with an estimate of the CCSDT(Q) correction.  The adduct formation pathway is reproduced from 
Caravan et al., Proc. Natl. Acad. Sci., 2020, 117, 9733-9740 (Ref. 46).

The current calculations indicate that both the acid catalyzed isomerization (blue) and 1,4-insertion 

(green) pathways begin with barrierless formation of a 7-membered cyclic pre-reactive complex (MVK-

oxide…FA) that is submerged (-14.3 kcal mol-1) relative to reactants.  Rapid interconversion between cis 

and trans conformational forms of MVK-oxide within the pre-reactive complex structure is expected due 

to its low torsional barrier with a submerged TS (TSint,cat, Figure S2).  Acid catalyzed isomerization then 

proceeds via a 9-membered cyclic TS (TS2, blue) with an energy below the reactant asymptote (-4.1 kcal 

mol-1).  The intermolecular interactions at the TS facilitate a concerted movement of H atoms, in which a 

methyl H-atom of syn-MVK-oxide shifts to the carbonyl O-atom of formic acid, while the carboxylic H-

atom of formic acid transfers to the terminal O-atom of MVK-oxide.  A hydrogen bonded complex 

(HPBD…FA, -21.2 kcal mol-1) is formed in the exit channel before completing the catalytic reaction with 

separation of the HPBD and formic acid products (-11.7 kcal mol-1).  
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HPBF adduct formation is found to be the minimum energy reaction pathway for both syn (Figure 4) 

and anti (Figure S3) conformers of MVK-oxide.  The TS associated with HPBF adduct formation from 

syn-MVK-oxide with formic acid is highly submerged (TS3, -12.7 kcal mol-1) with a similar structure and 

energy as the pre-reactive complex; an analogous TS is found for anti-MVK-oxide.  This facilitates rapid 

formation of the HPBF adduct and is predicted to be a significant reaction pathway for syn and anti-

MVK-oxide.46  In Sec. IV, we utilize master equation modeling to evaluate the product branching for the 

primary channels, acid-catalyzed reaction and adduct formation, in the MVK-oxide + formic acid 

reaction.

Several additional pathways for reaction of MVK-oxide with formic acid have been investigated 

theoretically. These pathways are illustrated in Scheme 6 with corresponding stationary point energies 

relative to syn-trans-MVK-oxide. Additional information about the electronic structure calculations, 

energetics, and reaction coordinates are provided in the SI (Sec. S2, Tables S1-S6 and Figures S3-S9).  

The additional pathways include the acid catalyzed isomerization of anti-MVK-oxide (Figures S3-S5), 

HPBF adduct formation via a 1,2-insertion mechanism (Figure S6), secondary ozonide (SOZ) formation 

(Figure S7), and spectator catalysis of syn-MVK-oxide (Figure S8).  
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Scheme 6.  Pathways for the reaction of MVK-oxide with formic acid examined theoretically with 
stationary point energies and transition state barriers given in kcal mol-1.

The acid catalyzed isomerization of anti-MVK-oxide can lead to formation of dioxole, HPBD, and 

HPBD-2 products (Figures S3-S5).  The favorable interaction between anti-MVK-oxide and formic acid 

significantly reduces the TS barrier to dioxole formation from 12.4 kcal mol-1 (uncatalyzed) to nearly 

thermoneutral (1.0 kcal mol-1; acid catalyzed) relative to reactants (Figure S4).  A similar low TS barrier 

is found for the acid catalyzed isomerization of anti-MVK-oxide to HPBD (-1.0 kcal mol-1) relative to 

reactants (Figure S3). The reactive flux through these acid-catalyzed pathways is predicted to be small 

compared to rapid thermal unimolecular decay of anti-MVK-oxide to dioxole (2140 s-1) and the far more 

favorable bimolecular reaction with acid leading to HPBF adduct formation (ca. 1900 s-1 under the 

present experimental conditions).  Finally, the formic acid catalyzed isomerization of anti-MVK-oxide to 

HPBD-2 (Figure S5) is unfavorable due to a higher TS barrier for vinyl H-atom transfer (3.8 kcal mol-1) 
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relative to reactants.  Additional pathways via 1,2-insertion to the HPBF adduct (Figure S6) and 

cycloaddition to the SOZ (Figure S7) are similarly unfavorable for MVK-oxide due to their relatively 

higher barriers (1.4 kcal mol-1 and 6.2 kcal mol-1, respectively).

IV.  Discussion

Two mechanisms are relevant for the reaction of syn-MVK-oxide with formic acid:  acid catalyzed 

isomerization to yield a vinyl hydroperoxide (HPBD, m/z 86) and HPBF adduct formation arising from 

1,4 insertion of the Criegee intermediate into formic acid.  For anti-conformers of MVK-oxide, only 

HPBF adduct formation is predicted to be significant due to the higher barriers associated with its acid 

catalyzed isomerization process.  Deuterated formic acid is utilized in this work to reveal the acid 

catalyzed isomerization process for syn-MVK-oxide.  The DPBD (m/z 87) product arising from the D2-

formic acid catalyzed reaction is observed using MPIMS (above 8.7 eV); the experimental threshold 

energy for ionization is consistent with the theoretical adiabatic ionization energy for H/DPBD.6  This 

provides experimental validation of the acid catalyzed mechanism originally proposed by Thompson and 

coworkers.42  In addition, this confirms that syn-conformers of MVK-oxide are generated and observed 

under the present thermal conditions.6, 46  The product branching for the primary channels in the syn-

MVK-oxide + formic acid reaction, acid-catalyzed reaction and adduct formation, are examined with 

master equation modeling (Figures S10 and S11). Finally, this observation extends earlier studies of the 

acid catalyzed reaction for simple alkyl-substituted Criegee intermediates.14 

Appearance of fragment ions on the m/z 88 (-DCO2) and m/z 100 (-DO2) channels is consistent with 

the formation of the HPBF adduct arising from the 1,4-insertion reaction of MVK-oxide with D2-formic 

acid.  Analogous fragment ions, m/z 87 (-HCO2) and m/z 99 (-HO2), are observed for the reaction with 

formic acid.46  The PIE curves associated with the -H/DO2 fragment ion are indistinguishable from one 

another (Figure S12) and both are in excellent agreement with the theoretically predicted onset for 

ionization (9.82 eV).46  Thus, products from both the acid catalyzed and 1,4-insertion pathways for syn-

MVK-oxide with formic acid are identified in the current work.  Prior studies have identified the adducts 
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formed from the 1,4-insertion reaction of simple Criegee intermediates (CH2OO and CH3CHOO) with 

formic acid using MPIMS55 and microwave spectroscopy.58-60

Previously, the (uncatalyzed) unimolecular decay of syn-MVK-oxide has been investigated under jet-

cooled, collision-free conditions using infrared (IR) action spectroscopy.6, 63  IR activation of syn-MVK-

oxide with two quanta of CH stretch provides sufficient energy to surmount the transition state barrier for 

1,4 H-atom transfer and generate HPBD (Scheme 1, Figure 4).  The HPBD is formed with sufficient 

internal excitation to rapidly dissociate to OH and OBD radical products.  Under thermal conditions of 

298 K and 1 atm, the (uncatalyzed) unimolecular decay of syn-MVK-oxide follows the same reaction 

pathway, albeit more slowly (33 s-1).6, 46  An analogous (uncatalyzed) unimolecular decay process has 

been observed for d3-syn-MVK-oxide to OD products.63 In contrast, the acid catalyzed isomerization of 

syn-MVK-oxide under thermal conditions will form HPBD, but it is unlikely to have sufficient energy to 

dissociate to OH + OBD products.  The reaction follows a submerged pathway that does not require 

internal excitation of reactants and releases products at energies significantly below the dissociation limit.  

In addition, the formic acid leaving group will accept and carry away excess energy following generation 

of HPBD.  The same would occur for reaction with D2-formic acid, yielding DPBD, which again would 

be unlikely to dissociate to OD + OBD products.  HPBD is similar to other functionalized hydroperoxide 

compounds generated from Criegee intermediate chemistry and may undergo further reactions in the 

atmosphere that lead to secondary organic aerosol formation,46, 55, 57 or may eventually release OH + OBD 

radical products through thermal activation.64-67

H/D Exchange

An increase in the PIE curve at higher energies (≥ 10.3 eV) is apparent in Figure 3 and suggests that 

more than one species contributes to the photoionization signal at m/z 87.  The narrowness of the m/z 87 

peak in the mass spectrum recorded at 10.5 eV (Figure S13) indicates that the interfering species has the 

same chemical composition as DPBD (C4H5O2D 87.045) and is therefore an isomer.  A plausible 

explanation originates from reaction of MVK-oxide with partially deuterated formic acid (D1-formic acid, 
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see SI).  Although the D2-formic acid from the vendor had high isotopic purity (95%), we found evidence 

of H/D exchange following introduction of D2-formic acid into the flow cell (Scheme S1, Figures S13-

S15, Table S7).  Even with the complication arising from H/D exchange, formation of DPBD from the 

acid catalyzed isomerization of MVK-oxide + D2-formic acid is clearly evident from the 8.7 eV onset of 

the m/z 87 PIE curve and absence of fragment ions from dissociative ionization of the HPBF adduct at 

photoionization energies from 8.5 to 9.8 eV. 

Additional electronic structure calculations and master equation modeling were carried out to assess 

the possible role of H/D exchange between HPBD and D2-formic acid under our experimental conditions.  

As shown in Figure S9, the barrier for isotopic exchange is significant and the associated rate constants 

indicate that isotopic exchange would be negligible.  

Product Branching

The product branching to DPBD can be estimated by comparing the integrated photoionization 

signals (10.5 eV) of the acid catalyzed and adduct formation pathways.  We assume the photoionization 

cross sections of the products are equal.  In addition, it assumes that all products and fragment ions have 

been identified.  Integration of the m/z 88 and 100 mass channels yields the photoionization signal 

associated with adduct formation from the MVK-oxide + D2-formic acid reaction.  Integration of the m/z 

87 mass channel provides an estimate of the DPBD signal from the acid catalyzed reaction.  Corrections 

are then made to account for contributions to the m/z 87 mass channel due to fragment ions from MVK-

oxide + DC(O)OH adducts as detailed in SI.  

The product branching analysis shows that HPBF adduct formation is the dominant product channel 

(ca. 94%), while DPBD is a minor product (ca. 6%) assuming equal populations of syn and anti-MVK-

oxide under the present experimental conditions.  If only syn-MVK-oxide is present (e.g. because of rapid 

unimolecular decay of anti-MVK-oxide), HPBF adduct formation will still be the dominant product 

channel (97%) compared to the acid catalyzed pathway (3%).  

Thermal rate constants for the reaction of MVK-oxide with formic acid are also predicted from ab 

initio transition state theory-based master equation calculations, which are detailed in the SI.  We focus on 
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the resultant product branching for syn-conformers of MVK-oxide between the acid-catalyzed pathway to 

HPBD with release of formic acid and the addition pathway that forms the HPBF adduct.  For the 

experimental (T, P) conditions of 298 K and 10 torr He, the theoretical product branching ratio for the 

acid-catalyzed pathway is estimated to be ca. 0.3%.  The product branching ratio is predicted to be 

strongly dependent on pressure and temperature (SI Sec. S2, Figures S10 and S11), since increased 

pressure and lower temperature favor stabilization of the HPBF adduct.  

Notably, our calculations also indicate that the product branching ratio differs considerably for syn-cis 

and syn-trans conformers.  Although the syn-cis conformer is less stable than syn-trans MVK-oxide (1.8 

kcal mol-1), their pre-reactive complexes with formic acid will rapidly equilibrate (Figure S2).  As a 

result, the reaction of formic acid with syn-cis MVK-oxide will have an effectively lower submerged TS2 

barrier than that for syn-trans MVK-oxide, resulting in enhanced acid-catalyzed reaction and reduced 

stabilization of the HPBF adduct (Figures S10 and S11).  For anti-conformers of MVK-oxide, the acid-

catalyzed reaction is predicted to be negligibly slow due to the higher barrier (TS2) for this pathway 

(Figure S3), and thus the HPBF adduct will be the dominant product channel.  The barriers for other 

pathways (depicted in Scheme 6, Table S1) are too high for those channels to contribute significantly to 

the 298 K reaction.

While both experiment and theory predict that the adduct formation channel will dominate, master-

equation modeling predicts a smaller contribution from the acid-catalyzed channel than experiment.  

Many possible uncertainties in the theoretical predictions are considered in the SI.  On the experimental 

side, the assumption of equivalent photoionization cross sections for the products detected may be an over 

simplification.  Deviations in photoionization cross sections among related species have been predicted 

theoretically,68 but are not available for the products detected in this study.

Comparison of MVK-oxide and CH2OO reactions with formic acid

In addition to the primary 1,4-insertion pathway for HPBF adduct formation for syn-trans-MVK-

oxide with formic acid considered thus far, we have characterized the 1,2-insertion pathway for HPBF 

adduct formation and a cycloaddition pathway to secondary ozonide formation theoretically (Figures S7 
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and S8).  The analogous reactions have been investigated for the simplest Criegee intermediate (CH2OO) 

with formic acid by Vereecken at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory.56  

For syn-trans-MVK-oxide + formic acid, the 1,4-insertion mechanism is predicted to be substantially 

more favorable than 1,2-insertion because of the higher TS barrier (-12.7 and 1.4 kcal mol-1, respectively), 

as found previously for the reaction of CH2OO with formic acid.  However, the HPBF adduct formed 

from the syn-MVK-oxide + formic acid reaction is much less stable than its CH2OO analog (-27.4 kcal 

mol-1 vs -44.4 kcal mol-1, respectively, Tables S3 and S4) due to disruption of the resonance stabilization 

present in MVK-oxide.46 

SOZ generation from the cycloaddition reaction of syn-MVK-oxide with formic acid further 

demonstrates the impact of resonance stabilization of MVK-oxide on its reactivity.  The pre-reactive 

complex formed between syn-trans-MVK-oxide and formic acid is more strongly bound than its CH2OO 

analog (-14.3 vs -6.0 kcal mol-1, respectively, Table S5), likely due to stronger dispersion forces in the 

MVK-oxide pre-reactive complex. However, disruption of the resonance stability of MVK-oxide at the 

transition state results in a much higher barrier for SOZ formation than found for CH2OO (6.2 vs -1.7 kcal 

mol-1, respectively).  Moreover, the SOZ formed from the reaction of syn-trans-MVK-oxide with formic 

acid is much less stable than its CH2OO analog (-26.7 vs. -40.2 kcal mol-1, respectively, Table S5).  

Overall, HPBF adduct formation from the 1,4-insertion mechanism is the primary reaction pathway for 

both syn- and anti-conformers of MVK-oxide with formic acid; formic acid catalyzed isomerization 

provides an alternate but less favorable pathway for syn-MVK-oxide. 

Conclusion

High level ab initio calculations predict two active mechanisms for reaction of MVK-oxide with 

formic acid:  (1) bimolecular reaction of formic acid with both syn- and anti-conformers of MVK-oxide 

via a 1,4-insertion mechanism that generates a functionalized hydroperoxide46 and (2) formic acid 

catalyzed isomerization of syn-MVK-oxide via a barrierless double H-atom transfer mechanism to form 

vinyl hydroperoxide (HPBD) with regeneration of formic acid.42  In this study, we demonstrate that 

reaction of deuterated formic acid with MVK-oxide in a flow cell (298 K, 10 Torr) with photoionization 
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(MPIMS) detection enables identification of both the adduct formation and acid catalyzed reaction 

pathways.  Previously, the HPBF adduct was shown to be a primary product of the reaction of MVK-

oxide with formic acid.46  Specifically, dissociative photoionization of the HPBF adduct was observed by 

identification of fragment ions associated with -HCO2 and -HO2 loss processes.  Here, the partially 

deuterated HPBF adduct from reaction of MVK-oxide with D2-formic acid is observed through analogous 

fragment ions (-DCO2 at m/z 88 and -DO2 at m/z 100) associated with dissociative photoionization.  The 

PIE curves for the fragment ions from reaction with D2-formic acid agree with those reported previously 

for reaction with formic acid,46 providing further support for the formation of the partially deuterated 

HPBF adduct in the MVK-oxide + D2-formic acid reaction. 

In addition, the formic acid catalyzed isomerization pathway is revealed using D2-formic acid, which 

is identified for the first time.  D-atom transfer from the acid to syn-MVK-oxide yields a partially 

deuterated vinyl hydroperoxide (DPBD), which is identified through MPIMS by its distinct mass (m/z 87) 

and photoionization threshold.  The analogous pathway with H2-formic acid would appear at the same 

m/z as MVK-oxide, which makes it difficult to observe.  The onset energy at ca. 8.7 eV observed for 

photoionization of the DPBD products (m/z 87) from the acid catalyzed isomerization of syn-MVK-oxide 

is in good accord with a prior high level theoretical calculation of the adiabatic ionization energy of 

HPBD (8.7 eV).6  The product branching is estimated from the magnitude of the ionization signals 

(assuming similar photoionization cross sections).  This indicates that the HPBF adduct is the dominant 

product channel (94%) and the acid catalyzed isomerization to DPBD is a minor channel (6%), assuming 

equal populations of syn and anti-MVK-oxide are generated under the present experimental conditions 

and equal photoionization cross sections.  High-level ab initio calculations indicate HPBF adduct 

formation is strongly favored compared to acid catalyzed isomerization, consistent with the experimental 

results. 
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