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1 Calibrations

1.1 ToF-CIMS Sensitivity

A series of experiments were performed to assess the sensitivity and water dependence of the
ToF-CIMS to the compounds of interest in this study. To calibrate for formic acid, a gravi-
metric standard of commercially available formic acid (Sigma-Aldrich, 98%) was dissolved
in water (1% w/w solution) and volatilized into the chamber by flowing a known amount of
dry air over the sample. An experimentally determined dry calibration factor of 1.9×10−4 ±
20% normalized counts of m/z 65 per pptv formic acid (normalized to the sum of the signals
of 13CF3O

– and H2O·13CF3O
– at m/z 86 and 104, respectively) was then applied to the

formic acid data. The HMHP and formic acid signals both exhibit a significant dependence
on water vapor, resulting in up to 10% variation in the calibration factor over the water
range present during the experiments. The relative water dependence of the instrument sen-
sitivity toward formic acid and HMHP was characterized by filling the chamber with a static
quantity of analyte and connecting a source of water vapor, which mixed with the analyte
in the instrument’s flow tube before reaching the instrument detector. The water vapor flow
was controlled and systematically varied to give a calibration over an RH of 1–15%.

An upper limit to the HMHP sensitivity of the ToF-CIMS was calculated using the
results of the yield experiment. Assuming that formic acid and HCHO are the only products
of HMHP + OH (i.e. ∆HMHP = ∆FA + ∆HCHO), a sensitivity factor of 1.25×10−4 ± 23%
normalized counts of m/z 149 per pptv of HMHP is estimated (Figure S1). This derived
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Figure S1: Calibration of ToF-CIMS signal for HMHP at m/z149. The calibration assumes that
FA and HCHO are the only products from HMHP + OH to give ∆HMHP = ∆FA + ∆HCHO.

sensitivity was corroborated by measuring the HMHP yield from the reaction of ozone with
ethene, which as been previously reported by Hasson et al. [2001b]. In our experiment, the
initial ethene concentration was determined by FTIR, with cross sections obtained from the
PNNL database [Sharpe et al., 2004], and the decay of O3 was monitored (Teledyne 400E)
along with the formation of HMHP (ToF-CIMS). A kinetics model was used to derive the
expected change in ethene over the course of the ozonolysis, while accounting for loss of
ethene to OH chemistry. An OH yield of 0.22 from the ozone–alkene reaction was assumed
based on Fenske et al. [2000]. The results are compared with those reported by Hasson et al.
[2001b] in Table S1.

Table S1: Comparison of calculated HMHP yields from ethene
ozonolysis with those reported by Hasson et al. [2001b]. The change
in HMHP was determined using the calculated ToF-CIMS sensitiv-
ity of 1.25×10−4 normalized counts of m/z 149 per pptv HMHP.

[ethene]0 [O3]0 RH HMHP Yield1 Reported Yield2

660 ppbv 365 ppbv 5.6% 0.29±0.07 0.32±0.09
540 ppbv 360 ppbv 7.0% 0.27±0.06 0.34±0.09
260 ppbv 365 ppbv 4.7% 0.31±0.07 0.29±0.08

1. Yield derived from this study.
2. Reported yields from Hasson et al. [2001b].

Chemical theory was used to estimate the sensitivity of the ToF-CIMS measurement
to bis-HMP. An upper limit to the ToF-CIMS sensitivity to a particular analyte can be
calculated using the specific ion-molecule collision rate, which may be derived using the pa-
rameterization of Su and Chesnavich [1982]. This parameterization relies upon the dipole
moment and polarizability of the analyte, the mass of the ion and analyte, and the tem-
perature to calculate the collision rate. We employ DFT methods to calculate conformer
averaged dipole moments and polarizabilities [Garden et al., 2009] for HMHP, bis-HMP,
and formic acid, as listed in Table S2. These in turn are used to estimate the ratio of the
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Table S2: Average dipole (D) and polarizability (Å3) at 298 K for HMHP
and bis-HMP, calculated using the B3LYP/6-31+G(d) level of DFT.

Species Dipole moment Polarizability Relative collision rate1

HMHP 1.85 4.33 1.59
bis-HMP 1.04 6.77 1

Formic acid 1.4 6.2 –

1. Calculated using the parameterization of Su and Chesnavich [1982].

CF3O
–/molecule collision rates for HMHP to bis-HMP, which is found to be 1.59 (Table

S2).
The CIMS reagent ion, CF3O

– , ionizes analytes by either forming an ion cluster (m/z =
analyte mass + 85) or a fluoride transfer ion (m/z = analyte mass + 19), depending upon
the acidity and fluoride affinity of the target analyte. The signal for bis-HMP on the ToF-
CIMS appears at both the clustering mass (m/z 179) and the transfer mass (m/z 113), with
the transfer comprising 30% of the signal under dry conditions. Similarly, HMHP appears
at both the clustering mass (m/z 149) and the transfer mass (m/z 83) with 25% at the
transfer mass. The fraction of the signal at the transfer mass shows a small dependence
on water, decreasing with increasing water levels. The calibration of bis-HMP using the
relative collision rate above accounts for the appearance of both bis-HMP and HMHP at the
two masses. However, the calibration of HMHP was performed only at mass m/z 149 and
therefore the HMHP mixing ratios presented in this work include only the clustering mass.

1.2 Instrument Interferences

During the experiments, an HMHP (and/or bis-HMP) interference in the HCHO measure-
ment from ISAF was found to occur, likely from conversion on instrument surfaces. A
correction factor of 0.10×[HMHP] was subtracted from all HCHO signals to account for this
interference. This factor was derived by adding HMHP to the chamber (with no photooxida-
tion occurring) and overflowing the ISAF inlet with zero air directly at the instrument. The
HCHO signal was found to have both a prompt decay (∼5 ppbv or 2% relative to HMHP)
and much longer timescale decay (∼15 ppbv or 10% relative to HMHP) as shown between

Figure S2: Timeseries of HCHO mixing ratios indicating potential HMHP interference in ISAF
HCHO measurements. Soon after filling the chamber with HMHP (with no photooxidation), the
chamber was sampled on ISAF at 20.85 UTC. A zeroing of ISAF occurred between 21.40 and 21.49
UTC, indicating a prompt and delayed time response of the HCHO signal.
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21.4 and 21.5 UTC in Figure S2. The HCHO signal on ISAF has a typical decay time con-
stant of 0.19 s [Cazorla et al., 2015], and therefore the observed prompt decay was inferred
to be HCHO (an impurity in the HMHP synthetic mixture). The remaining HCHO seen in
the long decay was therefore believed to result from HMHP (and/or bis-HMP) conversion to
HCHO on instrument surfaces. Note that a more thorough investigation of the conversion
of HMHP to HCHO on ISAF instrument surfaces, as was done for ISOPOOH conversion
to HCHO [St. Clair et al., 2016b], would provide more confidence in the magnitude of the
conversion rate.

2 Product Yields

2.1 Time series for Exp. 4

Figure S3: Timeseries of HMHP oxidation during yields experiment. Shown are the corrected 30
second averaged data.

2.2 OH+Product Correction

The loss of formic acid and HCHO due to their reaction with OH was accounted for in these
experiments by using Eq. VI of Atkinson et al. [1982]. This equation is given by

F =

(
kRH+OH − kX+OH

kRH+OH

){
1− ([RH]t/[RH]0)

([RH]t/[RH]0)kX+OH/kRH+OH − ([RH]t/[RH]0)

}
(S1)

where F is the correction factor for loss due to product oxidation, RH is the initial reactant
(in this case HMHP), and X is the product undergoing oxidation by OH (in this case either
HCHO or formic acid). The rate constant kRH+OH is the HMHP + OH rate constant derived
in this study (7.1 × 10−12 cm3 molecule−1s−1) and kX+OH were taken from Atkinson et al.
[2006].

2.3 Formic acid yields

The formic acid yields presented in Table S3 rely upon the derived upper limit of the HMHP
and bis-HMP ToF-CIMS sensitivities as outlined above.

The reported uncertainty in the formic acid yields for each experiment arises predomi-
nantly from uncertainty in the calibration of the ToF-CIMS data and in the correction due
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Table S3: Yield of formic acid from HMHP oxidation under varying NOx conditions.
The influence of bis-HMP on the formic acid yield is indicated by the fraction of
formic acid production estimated to derive from bis-HMP oxidation. The formic acid
yield from HMHP has been corrected for the bis-HMP interference. Initial mixing
ratios are given in ppbv.

Exp. No. [HMHP]0 [bis-HMP]0 Fraction from bis-HMP Yield from HMHP

1 150 30 0.24 0.36 ± 0.14
2 90 20 0.29 0.40 ± 0.17
3 35 10 0.41 0.28 ± 0.14
4 165 30 0.22 0.47 ± 0.17
5 55 20 0.42 0.50 ± 0.26
6 70 20 0.34 0.62 ± 0.29
7 20 1 0.07 0.39 ± 0.12
8 10 0.1 0.01 0.53 ± 0.16
9 20 2.5 0.18 0.64 ± 0.22

to oxidation of bis-HMP. The gravimetric technique was used to calibrate the ToF-CIMS
for formic acid had an uncertainty of 20%. Because no commercial standard is available
for HMHP, the upper limit to the ToF-CIMS sensitivity to HMHP was calculated and a
calibration factor with a 23% uncertainty was applied to the data.

As outlined above and indicated in Table S3, the bis-HMP correction was a substan-
tial component of the uncertainty in the final formic acid yield. The estimation of formic
acid from bis-HMP assumes that bis-HMP produces 2 equivalents of formic acid with each
oxidation via

HOCH2OOCH2OH + OH −−→ HCOOH + HOCH2O (S2a)

HOCH2O −−→ HCOOH + H (S2b)

In this mechanism, the hydroxy alkoxy radical (HOCH2O) decomposes to H and formic acid
as given in Su et al. [1979], Veyret et al. [1984], Henon et al. [2003], and Francisco and Eisfeld
[2009]. The estimation of formic acid from bis-HMP also relies upon the rate coefficient of
bis-HMP + OH relative to that of HMHP + OH. A relative rate coefficient of 35% was found
using a method similar to that used to determine the HMHP + OH relative rate coefficient
with 1,2-butanediol + OH as described in the main text. Briefly, the natural logarithm of
the bis-HMP mixing ratio (normalized to the initial concentration and wall-loss corrected)
was plotted as a function of the natural logarithm of the normalized (and wall-loss corrected)
HMHP mixing ratios over the course of oxidation. The slope of a linear regression analysis
gives the relative rate coefficient. An uncertainty of up to the total amount of the formic
acid correction was assumed to be the error in the formic acid correction due to bis-HMP
oxidation.

2.4 Kinetic Box Modeling

The kinetic model uses an ordinary differential equation solver with given photochemical
reaction rates and mechanisms to determine reactant and product concentrations over time.
The model is initiated with mixing ratios of HMHP, bis-HMP, CH3ONO (photolytic OH
source), NO, and formic acid, and contains the reactions shown in Figure 4 (main manuscript)
along with the NOx and HOx cycling reactions. The reaction rates are drawn from either
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this study or Burkholder et al. 2015. With the kinetic box model constrained to the formic
acid and formaldehyde data from Exp. 4, the fits of the model predict a branching ratio of
0.55 for pathway (a) and 0.45 for pathway (b) (Figure 4, main manuscript), in agreement
with the experimentally-derived relative yield of HCHO to formic acid from HMHP + OH
oxidation. The model was run using Matlab R2017b.

2.5 Theoretical Chemical Modeling

To further understand the pathways and dynamics of the system, we calculate the reac-
tion rate constants for the unimolecular reactions and estimate the rate constants for the
bimolecular reactions based on literature values. Based on these rate constants, an RRKM
simulation is conducted for pathway (a) (see Figure 4, main manuscript) to assess the NO
dependence of the formaldehyde (HCHO) and formic acid yield.

2.5.1 Rate Constants

For the unimolecular reactions, reaction rate constants from thermalized products (without
excess energy, denoted canonical rate constants) are calculated using the approach described
by Møller et al. [2016]. Briefly, conformers are obtained using the MMFF force field in
Spartan’14, with a neutral charge enforced on the radical atom [Halgren, 1996, Spa]. The
resulting structures are optimized using B3LYP/6-31+G(d) in Gaussian09 [Becke, 1993, Lee
et al., 1988, Hehre et al., 1972, Clark et al., 1983, Frisch et al., 1984, 2009]. All conformers
within 2 kcal/mol in electronic energy of the lowest-energy conformer are further optimized
at the ωB97X-D/aug-cc-pVTZ level [Chai and Head-Gordon, 2008, Dunning, 1989, Kendall
et al., 1992]. For the lowest-energy conformer at this level, an RO-CCSD(T)-F12a/VDZ-
F12//ωB97X-D/aug-cc-pVTZ (abbreviated F12) single-point calculation is conducted in
Molpro2012 [Werner et al., 2012, Watts et al., 1993, Adler et al., 2007, Knizia et al., 2009,
Werner et al., 2011, Peterson et al., 2008]. Rate constants are then calculated using multi-
conformer transition state theory (MC-TST) using the F12 electronic energy with ZPVE at
the ωB97X-D/aug-cc-pVTZ level for the barrier height and ωB97X-D/aug-cc-pVTZ for the
relative energy between conformers and partition functions [Eyring, 1935, Evans and Polanyi,
1935, Vereecken and Peeters, 2003, Møller et al., 2016]. A tunneling coefficient is calculated
using the Eckart approach based on the conformers obtained as the end-points of an IRC
from the lowest-energy transition state [Eckart, 1930]. For the Eckart calculation, the barrier
heights are based on F12 electronic energy with ZPVE at the ωB97X-D/aug-cc-pVTZ level
and the imaginary frequency of the transition state is calculated using ωB97X-D/aug-cc-
pVTZ.

Figure S4 shows the three possible pathways ((a), (b) and (c)) for the oxidation of HMHP
with OH including room temperature reaction rate constants. The calculated unimolecular
rate constants (kcalc) are determined using the MC-TST approach described above. The
bimolecular rate constants are determined from the literature and presented as pseudo-first
order rate constants for comparability.

Abstraction of one of the hydrogens on carbon in pathway (b) leads to the formation of
an unstable hydroxy hydroperoxy alkyl radical, which will spontaneously decompose to form
formic acid and OH [Su et al., 1979, Veyret et al., 1984, Henon et al., 2003, Francisco and
Eisfeld, 2009].

The abstraction of the -OH hydrogen (pathway (c)) leads to a hydroperoxy alkoxy radical
(OCH2OOH) with three different possible reactions. For the hydrogen abstraction by O2,
the generic value for the bimolecular rate constant of 8 × 10−15 cm3 molecule-1 s-1 is used
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Figure S4: Mechanism of HMHP oxidation by OH showing the three different pathways of OH
abstraction ((a),(b) and (c), see Figure 4, main manuscript) including canonical rate constants
for the different reactions. Possible closed shell products are shown in black squares. For the
bimolecular reactions, pseudo-first order rate constants are given for comparability. For reaction
with NO, a bimolecular rate constant of 9× 10−12 cm3 molecule-1 s-1 has been used in combination
with the experimental range of NO concentrations employed (20-530 ppbv). For the reactions with
O2, a bimolecular rate constant of 8 × 10−15 cm3 molecule−1 s−1 has been used and assuming 1
atm of pressure and 20 % O2, this yields a pseudo-first order rate constant of 4.1×104 s−1. See
text for further discussion of the rate constants.

[Devolder, 2003]. Assuming 1 atm and 20% O2, this corresponds to a pseudo-first order rate
constant of 4.1 ×105 s-1. The competing reactions have calculated rate constants of 3.7×106

s-1 (1,4 H-shift) and 4.4× 10−2 s-1 (direct HO2-loss). The dominant reaction for OCH2OOH
(and thereby pathway (c)) is therefore expected to be the 1,4 H-shift forming HOCH2OO,
the initial product in pathway (a), see below. Thus, performic acid is expected to be only a
very minor product of the overall HMHP oxidation by OH.

Pathway (a) represents abstraction of the hydroperoxy hydrogen and leads directly to
the hydroxy peroxy radical (HOCH2OO). This radical has three possible reactions in the
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experiments described here: the unimolecular HO2-loss leading to HCHO, the bimolecular
reaction with NO forming the hydroxy alkoxy radical (HOCH2O) and subsequently formic
acid and finally, a 1,4 H-shift leading to OCH2OOH which has a calculated rate constant of
only 3× 10−7 s-1 and is therefore disregarded.

Our MC-TST calculated reaction rate constant of 440 s-1 for the HO2-loss reaction is
higher than the experimental values ranging from 1.5 to 140 s−1 (Table 3 main manuscript).
The most recent experimental value is 55 s-1 at 297 K [Morajkar et al., 2014]. An earlier
theoretical MC-TST value of 200 s-1 at 300 K [Hermans et al., 2005] also seems to be slightly
higher than the experimental values. For the reaction of the peroxy radical with NO, a
representative bimolecular rate constant of 9 × 10−12 cm3 molecule-1 s-1 at 298 K is used
based on experimental rate constants for comparable systems showing only little difference
across peroxy radicals [Orlando and Tyndall, 2012].

The competition between unimolecular HO2-loss and bimolecular reaction with NO for
the HOCH2OO peroxy radical formed in pathway (a) will depend on the concentration of NO
and the excess energy of the peroxy radical. The experimental NO starting concentrations
range from 20 ppbv to 530 ppbv. This corresponds to pseudo-unimolecular rate constants
of 5 s-1 to 120 s-1 at 1 atm. With a rate constant for the unimolecular HO2-loss in the
range 1.5 - 440 s-1, these canonical rate constants suggest a comparable yield of formic acid
and HCHO from pathway (a) and a significant effect of the NO concentration on the total
product distribution, with higher NO concentrations yielding more formic acid. However,
any excess energy of the peroxy radical will favor the unimolecular HO2-loss to form HCHO,
as no collisions are required for this to occur.

2.5.2 RRKM Modeling of Pathway (a)

To assess the fate of the peroxy radical formed in pathway (a) and thus the dependence on
NO concentration, an RRKM simulation was conducted using the Master Equation Solver
for Multi-Energy well Reactions (MESMER) [Glowacki et al., 2012]. The system modeled is
shown schematically in Figure S5. The simulation is based on the lowest-energy conformers
at the ωB97X-D/aug-cc-pVTZ level. Geometries and vibrational frequencies are calculated
at this level, while the F12 single-point values are used for the electronic energy. Note that
the energy of the alkoxy radical (HOCH2O) has been lowered by 20 kcal/mol to prevent
back-reaction and thus eliminate the need to include further reactions of this. This does not
affect its rate of formation and thus the branching between the two competing reactions. As
shown in Figure S4, this alkoxy radical would react with O2 to form formic acid.

The Lennard-Jones parameters for all species (see Table S4) are taken from the user
manual of MultiWell [Barker et al., 2017b]. For the cases for which the exact compound was
not available, a compound with the same number of non-hydrogen atoms was used. For the
simulations, molecular N2 was used as the bath gas. A grain size of 100 cm-1 was used with
a span of energy grains up to 50kbT above the highest stationary point. A test with a grain
size of 50 cm-1 yields indistinguishable results suggesting that 100 cm-1 is a suitable choice
for this system. The exponential-down collisional transfer model was used with ∆Edown=
225 cm-1, as previously done with N2 as the bath gas [Penner and Forst, 1977, Kurtén et al.,
2015]. All simulations are conducted at atmospheric conditions of 760 Torr and 298.15 K.

For the initial reaction of HMHP with OH, we use our experimentally determined rate
constant of 7.1× 10−12 cm3 molecule-1 s-1. This represents an upper limit, as abstraction of
the hydroperoxy hydrogen is only one of the three options, but this rate does not affect the
product distribution. The aforementioned representative value of 9×10−12 cm3 molecule-1 s-1

for the bimolecular reaction of the peroxy radical with NO is used in the simulation [Orlando

S8



Figure S5: Scheme of pathway (a) which is modeled in MESMER with abbreviated names. The
black squares represent sinks in which the simulation can end. Square brackets with double daggers
denote transition states.

Table S4: Lennard-Jones parameters employed for all compounds. For each compound, its abbre-
viation, the model compound from which the Lennard-Jones parameters are obtained along with
the σ (Å) and ε/kB (K) are given. All values are taken from the user manual of MultiWell [Barker
et al., 2017b].

Compound Abbreviation Model Compound σ ε/kB

N2 (bath gas) N2 N2 3.74 82
Hydroxymethyl hydroperoxide HMHP 1-C4H8 5.28 302
Hydroxyl radical OH H2O 2.71 506
H-abstraction TS HMHP-TS n−C5H12 5.85 327
HMHP peroxy radical HOCH2OO 1-C4H8 5.28 302
HO2-loss TS HOCH2OO-TS 1-C4H8 5.28 302
Formaldehyde HCHO C2H2 4.13 224
Alkoxy radical HOCH2O C3H6 4.78 271
Water H2O H2O 2.71 506
Nitric oxide NO NO 3.49 117

and Tyndall, 2012].
Figure S6 shows the energetics of the system being modeled, as well as the species distri-

bution as a function of time under conditions corresponding to Experiment 4 ([OH]0 = 100
ppbv and [NO]0 = 445 ppbv). The simulation assumes that [OH]0 = [OH source]0. As all
of the OH source does not photolyze at once experimentally, this value is higher than the
experimental value. However, this affects only the rate by which HMHP is lost and not the
product distribution.

The canonical RRKM rate constant for the HO2-loss reaction obtained from the simula-
tion is 620 s-1 at 300 K, in good agreement with the calculated MC-TST value of 440 s-1 at
298.15 K. The main source of the discrepancy is that the MESMER RRKM value is based
on only a single conformer, while the MC-TST value is calculated from all low-energy con-
formers. With a pseudo-unimolecular rate constant of 110 s-1 (corresponding to Exp. 4) for
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Figure S6: Left: Energetics of the system being modelled. All energies are zero-point corrected
energies in kcal/mol relative to the separated reactants, HMHP and OH. Middle: Product yield as
a function of time. The conditions for the simulation corresponds to Exp. 4 ([OH]0 = 100 ppbv
and [NO]0 = 445 ppbv). Right: Product yield as a function of time. NO concentration as in Exp.
4 ([NO]0 = 445 ppbv), but an OH concentration which is 106 times higher than in Exp. 4 to form
the peroxy radical much earlier in the simulation and thus better illustrate the dynamics.

Figure S7: Left: Energetics of the system being modeled. All energies are zero-point corrected
energies in kcal/mol relative to the separated reactants, HMHP and OH. The barrier for HO2-
loss has been increased to yield a canonical rate constant of 55 s-1 to match the experimental
value.Morajkar et al. [2014] Right: Product yield as a function of time. The conditions for the
simulation corresponds to experiment 4 ([OH]0 = 100 ppbv and [NO]0 = 445 ppbv).

the reaction with NO, the canonical rate constants would suggest a significant yield of the
alkoxy radical (HOCH2O), and subsequently formic acid, under these conditions, depending
on the exact rate constant for HO2-loss. However, the simulation shows no formation of
HOCH2O and 100 % yield of HCHO. The calculated energetics of the reaction shows that
the reaction of HMHP + OH is exothermic by about 30 kcal mol−1. This excess energy will
be distributed between the formed products HOCH2OO and H2O. Due to the larger number
of vibrational degrees of freedom, HOCH2OO is expected to possess most of this excess en-
ergy. For the MESMER simulations, HOCH2OO is modeled to possess all the excess energy,
but the effect of this is tested in MultiWell (see below). The fact that all HOCH2OO yields
HCHO despite the canonical rate constants for the two competing pathways being similar,
suggests a significant effect from the excess energy of HOCH2OO.

To further validate this, an RRKM simulation was conducted (Figure S6 right) in which
the OH concentration was increased by a factor of 106 to form the peroxy radical (HOCH2OO)
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much earlier in the simulation and thus allow a more detailed observation of the dynamics.
The simulation shows complete conversion of HMHP to HCHO at time scales much faster
than the canonical rate of 620 s-1 for the rate limiting HO2-loss, which means that none of
the peroxy radical (HOCH2OO) is thermalized under these conditions. This shows that the
excess energy from the abstraction does indeed drive the reaction to formaldehyde (HCHO).

A further test was conducted (Figure S7) in which the barrier for HO2-loss was increased
from 13.8 kcal/mol to 15.2 kcal/mol yielding a canonical rate constant of 55 s-1 in agreement
with the experimental value [Morajkar et al., 2014]. However, the RRKM simulation still
shows complete conversion of HOCH2OO to HCHO.

As the HO2-loss reaction occurs with essentially no peroxy radical being thermally sta-
bilized, the yield of HCHO from pathway (a) is found to be 100 % and independent of NO
concentration well beyond the range employed in the experiments.

2.5.3 Multiwell Modeling

To assess in greater detail the effect of the excess energy possessed by HOCH2OO and the
time scale for the excess energy reaction, a simple simulation was conducted using the Multi-
Well program suite [Barker et al., 2017a, Barker, 2001, 2009]. The simulation uses the same
Lennard-Jones and energy transfer parameters as the MESMER simulation. The barrier for
HO2-loss has been set to 15.125 kcal/mol for the canonical rate to match the experimental
value of 55 s-1 [Morajkar et al., 2014]. The simulation includes only the irreversible HO2-loss
reaction converting HOCH2OO to HCHO. To account for the excess energy possessed by
HOCH2OO from reaction of HMHP with OH, HOCH2OO is initiated with a specific amount
of excess energy (the same results are obtained if it is simulated to have been formed from
HMHP + OH).

Figure S8: Fractional population of HOCH2OO and HCHO as a function of time for the simulation
for which HOCH2OO possesses the full 30.3 kcal/mol of excess energy.

The calculated (CCSD(T)-F12a/VDZ-F12//ωB97X-D/aug-cc-pVTZ) total excess energy
is 30.28 kcal/mol (energy difference between the free HMHP and OH and the free HOCH2OO
and H2O including ZPVE). If all of this excess energy is given to HOCH2OO, the MultiWell
simulation (see Figure S8) clearly shows that none of the HOCH2OO is thermalized and
all has reacted to form HCHO within 1 × 10−10 s. From the data, a rate constant for the
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Figure S9: Fractional population of HOCH2OO thermalized before reacting to form HCHO as a
function of the amount of excess energy given. The maximum of 30.3 kcal/mol corresponds to the
calculated value relative to the free HMHP and OH, i.e. no excess energy assigned to the H2O
leaving fragment. The fractional populations are read after 10-8 s-1, after complete thermalization
but before reaction from the thermalized HOCH2OO.

reaction with excess energy of 5× 1010 s-1 is obtained.
In Figure S9, we show the fraction of HOCH2OO that is thermalized as a function of the

amount of excess energy possessed by HOCH2OO. As the excess energy decreases below 22
kcal/mol, the amount of HOCH2OO that is thermalized (and thus does not react directly to
form HCHO) starts to increase. Around 16 kcal/mol, half of the HOCH2OO reacts to form
HCHO directly and half is thermalized.

3 GEOS-Chem Modeling

To investigate the global importance of HMHP chemistry, we updated and ran the chemical
transport model GEOS-Chem. GEOS-Chem is a three-dimensional model of tropospheric
chemistry driven by assimilated meteorological observations from the NASA Goddard Earth
Observing System (GEOS) [Bey et al., 2001]. The model includes isoprene oxidation chem-
istry [Mao et al., 2013], which has been extensively updated to reflect recent mechanistic
studies [Praske et al., 2015, Bates et al., 2014, St. Clair et al., 2016a, Nguyen et al., 2016,
Bates et al., 2016, Teng et al., 2017]. We have updated the GEOS-Chem mechanism to
include HMHP yields from alkene ozonolysis taken from Neeb et al. [1997], Hasson et al.
[2001b,a], and Nguyen et al. [2016] as well as HMHP loss due to deposition from Nguyen
et al. [2015], photolysis based on Roehl et al. [2007], and oxidation from the results pre-
sented in this study. We have assumed that the HMHP + OH rate coefficient exhibits the
same temperature dependence as the reaction of its homologue, methyl hydroperoxide (MHP,
CH3OOH) with OH (-Ea/R = 200 K) . The simulations reported here were conducted for
the year 2014 on a global 4◦ × 5◦ latitude by longitude grid, following a 1-year model spin
up, and use model version 10-01 with GEOS-FP meteorology.

Results from GEOS-Chem modeling are shown in Figures S10, S11, and S12. The impact
of including HMHP in the model on HCHO mixing ratios in the lowest 1 km of the atmosphere
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Figure S10: Annual average global distribution for 2014 of the percent of HCHO resulting from
HMHP oxidation between 0–1 km above the surface.

Figure S11: Annual average global distribution for 2014 of formic acid mixing ratios resulting from
HMHP oxidation between 0–1 km above the surface.

is shown in Figure S10. The model predicts a total annual production of 1.22 Tg yr−1 of
HCHO from HMHP oxidation, or 0.1% of total global HCHO production. By comparison,
the model predicts a larger effect of HMHP on formic acid mixing ratios, with maximum
of 0.12 ppbv increase in certain regions. The average predicted HMHP mixing ratios from
August 2013 are shown in Figure S12. The GEOS-Chem model shows mixing ratios in
the summertime boundary layer are lower than those observed during the SEAC4RS flight
campaign during August 2013.
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Figure S12: Average global distribution of HMHP during August 2013 for mixing ratios between
0–0.5 km above the surface.
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