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ABSTRACT: 1,2-Dihydroxy isoprene (1,2-DHI), a product of isoprene oxidation from
multiple chemical pathways, is produced in the atmosphere in large quantities; however, its
chemical fate has not been comprehensively studied. Here, we perform chamber experiments
to investigate its gas-phase reactions. We find that the reactions of 1,2-DHI with OH radicals
and ozone are rapid (kOH = 8.0 (±1.3) × 10−11 cm3 molecule−1 s−1; kO3 = 7.2 (±1.1) × 10−18

cm3 molecule−1 s−1). Reaction with OH, which dominates 1,2-DHI loss, leads primarily to
fragmentation and radical recycling; major products under both high- and low-NO conditions
include hydroxyacetone, glycolaldehyde, and 2,3-dihydroxy-2-methyl-propanal (DHMP).
Radical-terminating hydroperoxide formation from the peroxy radical (RO2) reaction with HO2 and organonitrate formation
from RO2 + NO are not observed in the gas phase, possibly due to low volatility; constraints for their branching ratios are instead
derived by mass balance. We also measure secondary organic aerosol mass yields from 1,2-DHI (0−23%) and show that oxidation in
the presence of aqueous particles leads to formic and acetic acid production. Finally, we incorporate results into GEOS-Chem, a
global chemical transport model, to compute the global production (25.3 Tg a−1) and gas-phase loss (20.2 Tg a−1) of 1,2-DHI and
show that its oxidation provides non-negligible contributions to the atmospheric budgets of hydroxyacetone, glycolaldehyde,
hydroxymethyl hydroperoxide, formic acid, and DHMP.

KEYWORDS: isoprene, VOC, oxidation, photochemistry, SOA, biogenic

■ INTRODUCTION

Isoprene (2-methyl-1,3-butadiene), a hydrocarbon emitted to
the atmosphere predominantly by broad-leaved plants, reacts
rapidly in the gas phase with the hydroxyl radical (OH). Its
complex subsequent chemistry, recently reviewed by Wenn-
berg et al.,1 has important local and global repercussions on
ozone pollution2,3 and secondary organic aerosol (SOA)
formation,4,5 as well as the tropospheric HOx (OH + HO2)
and NOx (NO + NO2) budgets.

6,7 The immense magnitude of
global isoprene emissionsat ∼500 Tg a−1, it is comparable to
emissions of methane8underscores the importance of
understanding even minor channels and intermediates in its
oxidation mechanism.
One such compound is 1,2-dihydroxyisoprene (1,2-DHI; 2-

methyl-3-butene-1,2-diol). The widespread observation of
isoprene-derived 2-methyltetrols (2-MT) in ambient organic
aerosol led to early interest in 1,2-DHI as a potential SOA
precursor since it was assumed to be a necessary intermediate
in the oxidative mechanism from isoprene to 2-MT.9−21

However, chamber experiments found low yields both of 1,2-
DHI from isoprene and of 2-MT from 1,2-DHI.21−24 The
discovery of isoprene epoxydiols (IEPOX) as a product of gas-
phase isoprene oxidation,25 and subsequent observation of
efficient SOA formation from IEPOX uptake to aqueous
aerosol,26,27 provided evidence of an alternative pathway to 2-
MT formation. More recently, there is renewed interest in DHI
based on its production from other channels within the
isoprene photochemical cascade.

Figure 1 summarizes the atmospheric pathways of 1,2-DHI
production from isoprene. In the gas phase, its dominant
source is the reaction of the isoprene 1-hydroxy-2-peroxy
radical (1,2-ISOPOO·, the most abundant peroxy radical
isomer from isoprene’s oxidation by OH1) with other organic
peroxy radicals (RO2). The branching ratio to alcohol
formation in this reaction is uncertain but likely low28 and is
only available in the reaction of 1,2-ISOPOO· with radicals that
have the peroxy group attached to a primary or secondary
carbon. Overall, this makes 1,2-DHI formation in the gas phase
a minor but non-negligible fate of isoprene photooxidation
(1.2% yield globally,7 assuming a 50% branching ratio from
1,2-ISOPOO· + CH3O2

29 and a 12.5% branching ratio from
1,2-ISOPOO· + other primary and secondary RO2

30).
Two new pathways to 1,2-DHI formation, both mediated by

aqueous particles, have recently been documented. First, 1-
hydroxy-2-hydroperoxy isoprene (1,2-ISOPOOH), an abun-
dant first-generation product of isoprene oxidation in low-NOx
conditions, can partition into cloud or aerosol droplets and
react with HSO3

−, forming SO4
2− and 1,2-DHI.31,32 Second, 1-

hydroxy-2-nitrooxy isoprene (1,2-IHN), a minor product of
the 1,2-ISOPOO· + NO reaction, rapidly hydrolyzes in cloud
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and aerosol particles to produce 1,2-DHI and inorganic
nitrate.33 In both cases, the diol is sufficiently volatile to
partition back to the gas phase, where it can undergo further
oxidative chemistry. Both the ISOPOOH + HSO3

− and 1,2-
IHN hydrolysis pathways are much more efficient for the 1,2
isomers of each precursor than the corresponding 3,4 isomers.
Furthermore, the 1,2 isomers are more abundantly produced
than the 3,4 in the gas phase; as a result, atmospheric
formation of 3,4-DHI is estimated to be an order of magnitude
smaller than 1,2-DHI. Together with the gas-phase formation,
these new pathways lead to a global 1,2-DHI yield of 3.2%
from isoprene31−33 or a total annual production (25.3 Tg a−1)
similar to the combined global emissions of C6−C9 aromatic
hydrocarbons (22.4 Tg a−1).34

These newly identified 1,2-DHI sources, the magnitude of
its global production, and the detail with which the isoprene
oxidation mechanism can now be represented in models,7,35 all
indicate a need to determine the atmospheric fate of 1,2-DHI.
Previous chamber experiments targeting 1,2-DHI did not
investigate its gas-phase oxidation products or rates.21−24 Here,
we perform environmental chamber experiments on synthetic
1,2-DHI to investigate its gas-phase chemistry and SOA
production under a range of atmospheric conditions, including
OH- and ozone-initiated oxidation and the isolation of various
peroxy radical fates. Using data from these experiments to
constrain a kinetic model, we estimate reaction rates and
product yields. Finally, we implement these parameters in a
global chemical transport model to investigate the influence of
these new reaction pathways on tropospheric chemical
outcomes.

■ MATERIALS AND METHODS

Materials. Hydrogen peroxide (H2O2, 50 wt % in H2O),
ammonium sulfate ((NH4)2SO4, ≥99%), propene gas (≥99%),
and cyclohexane (≥99%) were procured from Sigma Aldrich,
and a nitric oxide (NO, 200 ppm ±1% in N2) primary standard
was from Praxair. Methyl nitrite (CH3ONO) was synthesized
following the procedures of Taylor et al.36 from the reaction of
methanol (≥99.8%, Sigma Aldrich) and NaNO2 (≥99%, Sigma
Aldrich) in the presence of sulfuric acid (40%, Sigma Aldrich).
1,2-DHI was prepared from hydrolysis of 2-methyl-2-vinyl-
oxirane (95%, Sigma Aldrich) as described by Wang et al.24

and Ruppert and Becker.22 Its identity and purity were
confirmed by 1H NMR (Figure S1).

Chamber Experiments. Experiments were performed in a
10 m3 environmental chamber made of fluorinated ethylene
propylene (Teflon-FEP, DuPont) housed in a climate-
controlled enclosure with UV-reflective interior siding and 72
individual 40 W broadband blacklights centered at 350 nm
(Sylvania). The chamber was operated in batch mode and
flushed with purified dried air (100 L min−1) for at least 12 h
between experiments. Experiments were performed at ambient
pressure (∼755 Torr), with the chamber temperature held at
22 ± 1 °C unless otherwise noted.
Initial conditions for chamber experiments are listed in

Table 1. For each experiment, humidity and temperature were
first adjusted to the desired values; experiments 6 and 12 were
performed with the chamber heated to 35 °C. Reactants were
then introduced to the chamber as described below followed
by pulses of purified dried air and 1 h of static equilibration to
ensure that the chamber was well-mixed. For ozonolysis
experiments (8, 9, 13, and 14), this mixing period preceded the
injection of ozone, which marked the start of the experiment;

Figure 1. Mechanism for the formation of 2-methylbut-3-ene-1,2-diol (1,2-DHI) in the atmosphere. Annual global carbon fluxes through each
pathway (TgC a−1), shown in brown, are calculated from a GEOS-Chem simulation (see text).

Table 1. Initial Conditions for Experiments Performed in This Worka

expt. type
1,2-DHI
(ppb)

H2O2
(ppm)

O3
(ppb)

NO
(ppb)

CH3ONO
(ppb)

propene
(ppb)

cyclohexane
(ppm)

RH
(%)

T
(°C)

seed area
(μm2/cm3)

seed mass
(μg/m3)

1 OH rate 58 2.5 360 <5 22
2 OH rate 23 66 360 <5 22
3 OH rate 61 2020 5100 <5 22
4 Ox. (OH, NO) 48 2.5 194 <5 22
5 Ox. (OH, HO2) 54 2.5 <5 22
6 Ox. (OH, H-shift) 102 40 <5 35
7 Ox. (OH, RO2) 403 2.5 <5 22
8 Ox. (O3, dry) 144 720 50 <5 22
9 Ox. (O3, wet) 166 980 50 48 22
10 SOA (OH, NO) 123 2.5 561 50 22 9700 370
11 SOA (OH, HHO2) 116 3.5 51 22 5280 250
12 SOA (OH, H-shift) 100 40 48 35 5940 260
13 Ox. (O3, dry) 143 775 <5 22 7330 340
14 Ox. (O3, wet) 104 650 56 22 7220 320

aSee Table S1 for additional details and modeled reactant concentrations.
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for all other experiments, the UV lights were turned on after
equilibration to initialize photochemistry.
1,2-DHI and H2O2 were separately introduced to the

chamber by placing the desired volume into a small glass bulb
and gently heating the bulb to 40 °C with a water bath while
flowing ultra zero air (Airgas) at 4 L min−1 through the bulb
into the chamber. Methyl nitrite and propene were added to
the chamber by filling an evacuated, shrouded 500 mL glass
bulb to the required pressure, backfilling the balance with UHP
N2 (Airgas), and similarly flowing the bulb’s contents into the
chamber with ultra zero air. For experiments 10−14, seed
particles were introduced to the chamber by atomizing a
solution of 0.06 M (NH4)2SO4 with UHP N2 (Airgas) at 35 psi
through a 210Po neutralizer and a heated wet-walled denuder to
ensure an even charge distribution and particle deliquescence
in humid experiments. Ozone was injected into the chamber
by flowing O2 (Matheson Gas) through an ozone generator
(A2Ozone, Inc.) directly into the chamber.
Control experiments identical to experiments 8−14 but

without 1,2-DHI were also performed. Diameter-dependent
rates of particle wall loss from seeded controls were used to
correct particle observations in the experiments with 1,2-DHI
as described by Schwantes et al.37 Small increases in the
concentrations of formic and acetic acids, presumably from
reactions of organics deposited on walls, were observed in
some controls. The background organic acid formation in
controls was subtracted from the observed rates in the
corresponding experiments with 1,2-DHI on a per-experiment
basis. Background rates of formic acid production from the
controls for experiments 11 and 12 were used to correct the
observed yields in experiments 7 and 6, respectively. Additional
control experiments quantifying any vapor wall loss or
photolysis of 1,2-DHI, i.e., identical to experiment 5 but
without lights or without H2O2, showed no measurable loss of
1,2-DHI within uncertainty under both dry (<5% RH) and
humid (50% RH) conditions.
Instrumentation. Temperature and humidity in the

environmental chamber were continuously monitored with a
Vaisala membrane probe. Gases and particles were measured
throughout experiments with a suite of instruments connected
to the chamber with short (4′−10′) lengths of 1/4″-diameter
Teflon (for gases) or stainless steel and conductive (for
particles) tubing. Ozone concentrations were monitored with a
photometric Thermo Scientific Model 49i O3 analyzer and
nitrogen oxide concentrations with a chemiluminescence
Thermo Scientific Model 42i NO-NO2-NOx analyzer. A gas
chromatograph (Agilent 6890N with a CP 7354 PoraBOND Q
column) with a flame ionization detector was used to quantify
propene and any potential methyl vinyl ketone (MVK) from
1,2-DHI oxidation, although none was detected above the
detection limit of 5 ppb. Particle size and number
concentrations between 15 and 670 nm were measured with
a scanning mobility particle sizer, consisting of an electrostatic
classifier (TSI model 3080) coupled to a condensation particle
counter (TSI model 3772), operating at an aerosol flow rate of
0.3 L min−1. Particle volume growth during experiments was
converted to mass assuming an SOA density of 1.2 g cm−3.38

Mixing ratios of 1,2-DHI and its gas-phase oxidation
products were quantified with a custom-built chemical
ionization mass spectrometer (CIMS) with a triple-quadrupole
mass analyzer (Varian 1200), using CF3O

− as the reagent ion.
Similar instruments have been described in detail previ-
ously,39,40 including humidity-dependent sensitivity calibra-

tions.27 Here, we measured humidity-dependent sensitivities
for hydroxyacetone, glycolaldehyde, formic acid, and acetic
acid and used previously published ratios to these sensitivities
for other analytes.41−44 For all such analytes, measured
sensitivities matched those estimated from the target
compound’s dipole moment and polarizability as described
previously.44−46 CF3O

− interacts with polar analytes (A, with
molar mass M) either through clustering (resulting in [A·
CF3O]

−, detected at m/z M+85) or through fluoride transfer
(resulting in [A·F]−, detected at m/z M+19), the latter of
which is more common for acids. The CIMS alternated
between a scanning MS mode (m/z 50−250) and a tandem
MS mode (MS/MS), in which collision-induced dissociation
with argon gas can cause fragmentation of ions to distinguish
isobars (e.g., acetic acid and glycolaldehyde) and potentially
indicate functional groups. The flow from the chamber to the
CIMS inlet was 2 L min−1, and the CIMS inlet flow tube was
coated with a hydrophobic Fluoropel coating (Cytonix) to
minimize vapor losses prior to detection.

Kinetic Modeling and Product Yield Estimations. We
used a simple kinetic model (Mech. S1) to simulate the gas-
phase chemistry of 1,2-DHI and its products in each
experiment. The mechanism was run on Matlab (MathWorks,
Inc.) and used reaction parameters for inorganic and C1
species from the 2019 JPL Chemical Kinetics and Photo-
chemical Data Evaluation.47 For larger organic products of 1,2-
DHI oxidation, we used rates and branching ratios from the
Caltech Isoprene Mechanism.1 For the reactions of 1,2-DHI
and its first-generation peroxy radical intermediates, we
adjusted rates and branching ratios to fit the experimental
data as described below. Simulations were initialized with the
species and environmental conditions listed in Table 1. The
model did not include gas−particle interactions and was used
only in comparisons with unseeded experiments to confirm
that rates and product yields matched gas-phase experimental
data.
To quantify the formation yields of observed products, we

have to account for their own losses to reactions with OH.
Since their OH reaction rates are known,43,48,49 this can be
accomplished by estimating the OH in the chamber from the
rate of diol loss and using that to correct the observed product
mixing ratios. We then performed an error-weighted regression
between the diol loss and corrected product formation to
estimate the product yield and its uncertainty.50 Alternatively,
corrections for the loss of products to reactions with OH can
be minimized and even ignored when examining only the early
stages of diol oxidation, when the diol concentration is much
higher than the product concentrations; therefore, the
production rate of products is much greater (we used a cutoff
of 2× greater) than their loss rates. The error-weighted
regression analysis provided similar results to the initial yield
analysis, within uncertainty, for all the products investigated
here except (in some experiments) hydroxymethyl hydro-
peroxide (HMHP) and 2,3-dihydroxy-2-methyl-propanal
(DHMP), which were lost faster than can be explained by
their OH oxidation rates. This implies that other sinks,
presumably including photolysis (for HMHP) and wall losses,
are significant for these compounds. In these cases, we used
only the initial yields.

Global Modeling. Atmospheric simulations of 1,2-DHI
chemistry were performed with GEOS-Chem (http://geos-
chem.org), a global chemical transport model driven by the
Modern-Era Retrospective analysis for Research and Applica-
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tions (MERRA-2) assimilated meteorological observations
from the NASA Global Modeling and Assimilation Office
(GMAO). We used model version 12.8 (DOI: 10.5281/
zenodo.3860693), which incorporates a detailed isoprene
oxidation mechanism.7 We further updated the mechanism
with the 1,2-IHN hydrolysis and ISOPOOH + HSO3

− sources
of 1,2-DHI as described by Vasquez et al.33 and Dovrou et al.31

Isoprene emissions were calculated from the MEGAN v2.1
inventory8 and scaled uniformly to 535 Tg a−1; all other
emissions used the standard HEMCO configuration.51

Simulations were run at a 2° × 2.5° horizontal resolution
with 47 vertical layers for the year 2016, following a year of
model spin-up, and all results reported below are annual totals.

■ RESULTS AND DISCUSSION
Reaction Kinetics. Results from experiments 1−3 were

used to quantify the rate of reaction between 1,2-DHI and OH
(kOH+1,2‑DHI). Because OH was not directly measured, propene
was used as a reference compound for kinetic determinations.
The second-order rate coefficient of 1,2-DHI photooxidation
(kOH+1,2‑DHI) was inferred from the observed relative decay
rates of propene compared to 1,2-DHI, as shown in Figure 2.

For each experiment, we calculate a linear regression between
the natural log of the fraction of propene remaining and the
natural log of the fraction of 1,2-DHI remaining in the

chamber, incorporating error in both dimensions.50 The
resulting slope gives the ratio of the two reaction rates with
OH. Using a rate constant kOH+propene of 2.68 × 10−11 cm3

molecule−1 s−1 at 295 K for propene,52 we calculate kOH+1,2‑DHI
to be 8.0 (±1.3) × 10−11 cm3 molecule−1 s−1 as the error-
weighted mean across the three experiments. The standard
deviation incorporates measurement and regression uncertain-
ties as well as uncertainty in kOH+propene, estimated to be 15%.52

This fast rate implies a short gas-phase lifetime against OH
oxidation of 3.5 h at [OH] = 1 × 106 molecules cm−3 and 295
K. Our measured rate is identical, within uncertainty, to that of
1,2-ISOPOOH, for which kOH+1,2‑ISOPOOH is 7.5 (±1.2) × 10−11

cm3 molecule−1 s−1,53 as expected from the two compounds’
close structural similarity.
Because ozone mixing ratios could be directly measured in

the chamber, the ozonolysis rate constant (kO3+1,2‑DHI) was
determined without propene in experiments 8 and 9.
Cyclohexane was used as an OH scavenger to ensure that
ozonolysis was the only appreciable 1,2-DHI loss pathway. The
ozonolysis rate constant (kO3+1,2‑DHI) was then determined by
adjusting its value in the kinetic model to provide the best
possible model-measurement fit. Our measured ozonolysis rate
constant of 7.2 (±1.1) × 10−18 cm3 molecule−1 s−1 at 295 K is
in the range of other terminal gas-phase alkenes, as expected
(e.g., 9.9 × 10−18 cm3 molecule−1 s−1 for propene and 4.9 ×
10−18 cm3 molecule−1 s−1 for MVK at 295 K).48

Gas-Phase Products. Calculated product molar yields
from gas-phase product formation experiments are shown in
Table 2. Under all conditions, DHMP production (21−49%)
is a major reactive channel. DHMP was first observed as a gas-
phase oxidation product from IEPOX,41 and its own reaction
with OH was described by Bates et al.43 While the DHMP +
OH reaction can form a low-yielding product isobaric with 1,2-
DHI that could interfere with measurements, our own kinetic
modeling and MS/MS fragmentation patterns (Figure S2)
indicate that this does not cause appreciable bias during the
experiments performed here. As a C4 compound, DHMP is
coproduced with a C1 compound presumed to be form-
aldehyde (not observable by our instruments). The other
dominant products in OH-initiated experiments were the C2
compound glycolaldehyde and the C3 compound hydroxyace-
tone, which were always produced in roughly identical yields
(19−69%); their structures and yields imply that they are from
the same product channel in the OH-oxidation of 1,2-DHI. In
ozonolysis experiments, major products include DHMP,
hydroxyacetone, HMHP, formic acid, and an unknown
compound observed at m/z 169 in the CF3O

− CIMS
(presumed to be C4H6O6; see below). Small yields of formic
acid were also observed in OH-initiated experiments targeting
H-shift and RO2 + RO2 chemistry (experiments 6 and 7).

Figure 2. Fractional losses of propene and 2-methylbut-3-ene-1,2-diol
(1,2-DHI) in experiments 1−3. Slopes are calculated by error-
weighted regression,50 and kOH+(1,2)‑DHI (bottom right) assume a
kOH+propene of 2.68 × 10−11 cm3 molecule−1 s−1.52 Calculated standard
deviations incorporate measurement and regression uncertainties but
do not include uncertainty in kOH+propene.

Table 2. Measured Product Yields from Experiments 4−9a

experiment product yields (%, molar)

no. oxidation pathway C4H8O3 (DHMP) hydroxyacetone glycolaldehyde HMHP formic Acid m/z 169

4 OH, NO 32 ± 2 69 ± 5 66 ± 4
5 OH, HO2 21 ± 2 38 ± 9 40 ± 7
6 OH, H-shift 48 ± 5 20 ± 3 19 ± 2 14 ± 11
7 OH, RO2 28 ± 5 42 ± 8 44 ± 9 11 ± 4
8 O3 (dry) 49 ± 3 15 ± 3 29 ± 2 13 ± 1 8.8 ± 0.3
9 O3 (wet) 46 ± 3 14 ± 3 34 ± 2 46 ± 11 8.9 ± 0.3

aReported standard deviations include only uncertainties in regression analysis, not in CIMS calibrations.
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Figure 3 shows the loss of 1,2-DHI and formation of key
products in experiments 4−9, the results from which were used
to estimate product yields from each oxidative pathway of 1,2-
DHI and to constrain the branching ratios in the kinetic model
accordingly. To convert from observed product to branching
ratios for each chemical pathway, we use the kinetic model
described above. We initialize the model with estimated
branching ratios from structure−activity relationships (SAR)
developed by Wennberg et al.1 for organonitrate formation
from RO2 + NO, hydroperoxide formation from RO2 + HO2,
and fragmentation pathways of alkoxy radicals. We use
estimated intramolecular isomerization rates based on the H-
shift type (hydroxy or α-hydroxy) and distance as described by
Möller et al.54 This initial model, the mechanism for which is
shown in Figure S3, includes formation routes for all the
observed products from OH-initiated experiments but does

not adequately reproduce the yields of those products; as
described below, it tends to overestimate radical-terminating
hydroperoxide and organonitrate formation from the reactions
of RO2 with HO2 and NO, respectively, and to underestimate
fragmentation product channels, especially the formation of
hydroxyacetone and glycolaldehyde. Thus, we adjust branching
ratios and H-shift rates using observed yields in Table 2 until
all the data can be satisfactorily fit by the kinetic model, as
shown in Figure 3 and described in greater detail below.
Figure 4 shows the resulting branching ratios in the final

mechanism from the kinetic model, which is reproduced fully
in the Supporting Information. For the OH-initiated oxidation
of 1,2-DHI, we observe no production of 2-hydroxy-2-
methylbut-3-en-1-al, predicted to account for 3% of the OH
reactivity via abstraction of an α-hydroxy hydrogen, nor do we
observe any MVK from hydroxyl abstraction.53 High observed

Figure 3.Measured (points) and modeled (lines) mixing ratios of the precursor and reaction products in the OH- and ozone-initiated oxidation of
2-methylbut-3-ene-1,2-diol (1,2-DHI) in experiments 4−9, under various oxidation conditions described above each panel. 1,2-DHI mixing ratios
are shown on the left axes, while those of products are shown on the right; scales differ between panels.

Figure 4. Proposed mechanism for the OH- and O3-initiated oxidation of 2-methylbut-3-ene-1,2-diol (1,2-DHI) in the gas phase. Branching ratios
from the best-fit kinetic model are shown in red. Species in blue are measured by CIMS in this work. Species in gray are not observed, though the
CIMS is sensitive to them, and are assumed to partition to the chamber walls or particles; uncertainty bounds for their branching ratios are shown
in parentheses.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c04177
Environ. Sci. Technol. 2021, 55, 14294−14304

14298

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04177/suppl_file/es1c04177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04177/suppl_file/es1c04177_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04177?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c04177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


yields of hydroxyacetone and glycolaldehyde from experiment
4 necessitate either an increase in the isomer branching ratio
for the major (secondary) RO2 radical formation from 75 to
84% or an increase in the fraction of secondary alkoxy radicals
fragmenting to C2/C3 products (vs C4/C1) from 80 to 90%.
We opt for the former because an analogous reaction of 1,2-
ISOPOOH with OH also produces secondary peroxy radicals
at a much higher fraction (95%) than predicted by SAR,1 such
that an 84% branching ratio of the 1,2-DHI + OH reaction to
the secondary RO2 will be in good agreement, but note that
our results do not rule out the latter possibility.
The most notable deviation from SAR predictions in the

final mechanism is the decreased branching ratios for radical-
terminating pathways from RO2 + NO and RO2 + HO2.
Despite predicted yields of 17−19%, we observe no organo-
nitrate formation in experiment 4 and instead observe enough
DHMP, hydroxyacetone, and glycolaldehyde to account for
100% of the reacted 1,2-DHI. Wennberg et al.1 noted, in
developing the SAR used here for organonitrate branching
ratios, that nearby oxygen-containing functional groups tend to
diminish organonitrate yields and that the combined effects of
these substituents remained highly uncertain for polyfunction-
alized compounds. A recent SAR developed by Jenkin et al.55

proposed even stronger suppression of organonitrate formation
from oxygen-containing functional groups, based on substantial
experimental evidence,56−68 which would revise our initial
estimate down from 17−19% to 9−10%. We hypothesize,
consistent with Wennberg et al.1 and Jenkin et al.,55 that the
cumulative effect of the three hydroxyl groups on the peroxy
radical from 1,2-DHI is to substantially suppress organonitrate
formation, and we use the best fit organonitrate branching ratio
of 0% in our kinetic model, although the true range of yields
may be between 0 and 19%.
Similarly, we observe no C5 trihydroxy-hydroperoxide, which

is presumed to be the dominant product from RO2 + HO2, in
experiment 5. As with RO2 + NO, it has previously been shown
that the presence of additional functional groups tends to
increase the branching ratio of the radical-propagating channel
in RO2 + HO2 reactions, particularly for carbonyl-containing
compounds.44,69−71 It is possible that the abundant function-
alization of the peroxy radical from 1,2-DHI similarly
suppresses hydroperoxide formation. Because the observed
DHMP, hydroxyacetone, and glycolaldehyde are able to
account for 60% of reacted 1,2-DHI in experiment 5, we
revise the RO2 + HO2 hydroperoxide yield down to 40% from
the SAR-predicted 75−85% to match our observed yields. We
apply this reduction uniformly to both RO2 isomers; the two
may differ slightly, but the uniform branching ratios are best
able to fit our observed ratio of DHMP to the C2/C3
compounds.
Both the C5 trihydroxy-nitrate and C5 trihydroxy-hydro-

peroxide may be formed during NO-dominated and HO2-
dominated experiments, respectively, but be unobserved due to
losses to walls, aerosol, and the CIMS inlet. Indeed, previous
studies have observed similar C5 tetrafunctionalized com-
pounds from the oxidation of isoprene derivatives using
instruments designed to measure lower-volatility compounds
than the CF3O

− CIMS used here.72,73 Both the C5 trihydroxy-
nitrate and C5 trihydroxy-hydroperoxide have sufficiently low
volatility to undergo substantial surface losses, with saturation
vapor pressures of 18.24 and 1.44 μg m−3, respectively, as
estimated by the EVAPORATION model.74 Furthermore, St.
Clair et al.53 used a similar CF3O

− CIMS to the instrument

used here and did not observe the C5 dihydroxy-dihydroper-
oxide that Krechmer et al.72 and Liu et al.73 measured, though
all three investigated the ISOPOOH + OH reaction under low-
NO conditions. For this reason, we cannot rule out the C5
products’ formation. We estimate their branching ratios from
the carbon balance of the unseeded experiments, from which
0% may be assignable to the trihydroxy-nitrate and 40% to the
trihydroxy-hydroperoxide. Based on the uncertainties in the
CIMS calibrations of 1,2-DHI and its other products, the C5
trihydroxy-nitrate branching ratio from the NO pathway could
still be as high as the 17−19% predicted by SAR, and the C5
trihydroxy-hydroperoxide branching ratio could be as low as
15% or as high as 65%. Thus, we can assign the following range
of yields within experimental uncertainty: 0−19% for the
trihydroxy-nitrate and 15−65% for the trihydroxy-hydro-
peroxide.
Experiment 6 was designed to emphasize the importance of

H-shift reactions.75,76 CH3ONO was used as an OH precursor
with only 15% of the environmental chamber lights to
minimize reactive radical concentrations, while the temper-
ature was increased to 35 °C, which should increase H-shift
rates by factors of 2−5.54,75 Low levels of both HO2 (<65 ppt)
and NO (<300 ppt) in these experiments provide longer RO2
lifetimes, during which H-shifts may occur. Peroxy radicals
from 1,2-DHI have a number of possible H-shift routes, shown
in full detail in Figures S4 and S5. The route expected to
dominate for both isomers involves the shift of the α-hydroxy
hydrogen, which would produce either a C5 dihydroxy-
hydroperoxy-aldehyde (C5H10O5) or a C4 hydroxy-hydro-
peroxy-aldehyde (C4H8O4) upon reaction with O2. However,
neither of these products are observed. It is possible, similarly
to the hydroperoxide from RO2 + HO2, that these compounds
indeed form but are rapidly lost to surfaces; the small observed
formic acid yield may derive from reactions on these surfaces.
However, the observed DHMP and C2/C3 products are
inconsistent with the presence of a dominant H-shift pathway
to unique products, even at elevated temperatures. Instead, an
elevated DHMP to hydroxyacetone ratio (and, equivalently,
DHMP to glycolaldehyde) relative to the ratio observed in
other OH-initiated experiments suggests an H-shift channel to
form DHMP, which could arise from a (1,5)-H-shift of a
hydroxyl hydrogen or a (1,4)-H-shift of an α-hydroxy
hydrogen. We find that the observations are best explained
with an isomerization rate of 0.1 s−1 at T = 308 K (assumed to
have a temperature dependence of e(−5000/T) for the kinetic
model) and a DHMP yield of 50%, with the remainder
assumed to make an unobserved product that partitions to
walls or particles.
While the reactions of RO2 with other peroxy radicals are

not shown in Figure 4, we include this pathway in the kinetic
model, and experiment 7 was designed to maximize its
contribution. However, the rates and branching ratios of these
reactions are not well-constrained (and can differ between
isomers), and the modeled fraction of RO2 reacting via RO2 +
RO2 in experiment 7 is highly sensitive to the chosen rate.28

Observed yields are consistent with a bulk rate of kRO2+RO2 = 5
× 10−13 cm3 molecule−1 s−1 and a branching ratio to 2RO + O2
of 100%. We do not observe any evidence of an appreciable
pathway to produce ROH + R(−H)O, which should be
detectable by the CF3O

− CIMS, nor do we observe any dimers,
though these would presumably be lost rapidly to surfaces.
Observed product yields from the alkoxy radical fragmentation
relative to those in experiment 5 are not consistent with a
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faster RO2 + RO2 rate, unless the increased rate is balanced by
a decreased 2RO + O2 branching ratio, presumably balanced
by unobserved production of ROH + R(−H)O or dimers.
Finally, experiments 8 and 9 investigated 1,2-DHI

ozonolysis. HMHP yields in both wet and dry conditions are
consistent with a 55% branching ratio to form the C1 stabilized
Criegee intermediate (sCI), based on the balance of
subsequent reactions between the C1 CI and both H2O and
(H2O)2,

42 which is similar to comparable terminal alkenes
(e.g., 58% for isoprene1). The expected coproduct of DHMP is
observed to form with a 48% yield. The other reaction route,
to form the C4 CI, has a number of available pathways,
including unimolecular isomerizations and decompositions.
We measure a 14−15% yield of HAC, presumably from this
decomposition, as well as an unknown compound observed at
m/z 169. Assuming a sensitivity equivalent to that of 1,2-DHI,
the yield of this compound is 9% under either wet or dry
conditions. MS/MS fragmentation (Figure S6) indicates that
the observed mass is from a fluoride transfer in the CF3O

−

CIMS, suggesting that the compound has a molar mass of 150
(the most likely formula corresponds to C4H6O6) and may be
an acid.
Aerosol Formation. While no particle formation was

observed in experiments 4−9, the lack of carbon closure from
gaseous compounds in most of the experiments suggested that
some products were lost to surfaces, which might instead be
taken up by particles in the ambient atmosphere. Experiments
10−14 were therefore performed with added deliquesced
ammonium sulfate seed aerosol, such that the particle growth
could be measured to quantify the contributions of these
additional pathways and the SOA yields under various reactive
conditions. High seed surface areas (>5000 μm2 cm−3) and
moderate relative humidity (∼50%) were used to ensure that
semivolatile and water-soluble compounds would partition to

particles. High seed surface areas are necessary to ensure that
partitioning of semivolatile gas-phase compounds to particles
dominates over partitioning to chamber walls, as it has been
shown that an insufficient seed surface area in chamber
experiments will underestimate SOA yields.37,77,78 Although
the particle-phase compounds were not chemically speciated as
part of this work, reasonable assumptions can be made about
their chemical composition. Assuming C5H11NO6 as an
average molecular formula for SOA from high-NO chemistry,
and C5H12O5 otherwise, enables an estimate of the particle
carbon content, from which we can determine whether these
experiments achieve carbon closure.
Figure 5 shows the carbon balance in seeded experiments

10−14. In all cases, the observed gas-phase species and particle
mass come within 16% of achieving the carbon balance (9% for
OH experiments). The missing carbon mass could be due to
uncertainties in CIMS sensitivity, compounds that were not
detected (such as HCHO), or higher-than-expected product
sinks. We see accelerated loss of HMHP and DHMP in the
humid seeded experiments, suggesting that they react on or
partition into aqueous particles, possibly contributing to
particle mass or yields of volatile products that may not be
accounted for in the carbon balance closures. HMHP is known
to hydrolyze quickly on surfaces,79 and DHMP may behave
similarly to other aldehydes such as glyoxal that reactively
uptakes onto wet ammonium sulfate particles.80,81 SOA mass
yields, also shown in Figure 5, range between 0 and 23.2%
under various experimental conditions. The mass yields
presented here likely differ from what may form in the
atmosphere since the ambient seed area and composition
(water, organics, inorganics, and metals) will differ from those
used in the seeded experiments herein, and semivolatile
products may deposit or be oxidized before partitioning to the
aerosol phase. Further study is necessary to determine the

Figure 5. Stacked measured mixing ratios of all observed species in seeded experiments (nos. 10−14). Mixing ratios are expressed in ppbC such
that the total would theoretically remain constant across the experiment (assuming that all products are measured). To convert from particle mass
to ppbC, SOA is assumed to have the formula C5H11NO6 in experiment 10 and C5H12O5 in all other experiments. “Others” include small (<2%)
yields of some C5 compounds measured by CIMS, along with the presumed (unmeasured) CH2O coproduct of DHMP (C4H8O3). Stack order is
consistent between panels.
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chemistry of these SOA formation pathways and whether they
are kinetically limited or based on equilibrium partitioning.
Although the seeded experiments achieve mass balance

within measurement uncertainties, the observed particle mass
is too small to fully account for the compounds such as the C5
trihydroxy-hydroperoxide from RO2 + HO2 chemistry that we
expect to contribute to secondary aerosol formation. Instead,
as Figure 5 shows, we also observe enhanced yields of gas-
phase formic and acetic acids in the presence of particles,
which make up much of the previously unaccounted-for mass.
We hypothesize that this is due to particle-phase or
heterogeneous oxidation of some 1,2-DHI products, including
the C5 trihydroxy-hydroperoxide, in seeded experiments due to
partitioning of H2O2. Another isoprene derivative, 2-methyl-
tetrol, has recently been shown to react rapidly with OH in the
aqueous phase to produce large yields of formic and acetic
acids, which can subsequently revolatilize and be observed in
the gas phase.82 The more rapid loss of DHMP observed in
seeded experiments suggests that it may also take part in this
particle-mediated reactive pathway. Future work isolating the
aqueous reactivity of 1,2-DHI products will be needed to
quantify these reaction rates and products.
Atmospheric Implications. To investigate the effects of

1,2-DHI chemistry on the global atmosphere, we implement
the reaction rates and product yields measured here into a
modified version of GEOS-Chem. As described above, we
augment the GEOS-Chem isoprene mechanism with the
additional 1,2-IHN hydrolysis and 1,2-ISOPOOH + HSO3

−

sources of 1,2-DHI from Vasquez et al.33 and Dovrou et al.31

We then add the gas-phase reactions of 1,2-DHI and its peroxy
radicals as constrained by our chamber experiments. A list of
the added reactions is provided in the Supporting Information.
Deposition parameters for 1,2-DHI in GEOS-Chem are set
equal to those of ISOPOOH, but the reactivity factor for dry
deposition is reduced by a factor of three, based on lower
observed deposition velocities for alcohols and hydroxycar-
bonyls relative to hydroperoxides.83

As shown in Figure 1, we find that 25.3 Tg a−1 of 1,2-DHI is
produced from the atmospheric oxidation of isoprene: 37%
from the gas-phase reactions of isoprene-derived peroxy
radicals with other organic peroxy radicals, 6% from 1,2-
ISOPOOH + HSO3

−, and 57% from 1,2-IHN hydrolysis. The
overall production is geographically diverse because the
dominant sourcesRO2 + RO2 and 1,2-IHN hydrolysis
occur under low-NO and high-NO conditions, respectively.
However, these production numbers remain somewhat
uncertain, especially from the RO2 + RO2 pathway, as the
rates and branching ratios are poorly constrained.1 Within
plausible uncertainty ranges, the RO2 + RO2 pathway could
produce between 2 and 18 Tg a−1 of 1,2-DHI globally. While
1,2-IHN yields and hydrolysis rates are better constrained,
their implementation in GEOS-Chem is imperfect. In
particular, we ignore particle-phase chemistry of 1,2-DHI,
which may provide an additional loss process prior to
revolatilization and reaction in the gas phase, and instead
assume that equilibrium partitioning between the gas phase
and the unreactive particle phase is achieved instantaneously.
As a result, GEOS-Chem may overestimate the flux of carbon
through the gas-phase reactive pathways of 1,2-DHI. Further
experimental constraints on RO2 + RO2 chemistry and on
aqueous reaction pathways would help alleviate these
uncertainties.

Globally, we find that 90% of 1,2-DHI reacts in the gas
phase, with the remainder undergoing depositional losses. Of
this fraction, 90% reacts with OH and 10% with ozone. These
reactions, and the subsequent oxidation of DHMP formed
from 1,2-DHI, produce 12.7 Tg a−1 of hydroxyacetone (13% of
the global total from all pathways), 11.4 Tg a−1 of DHMP
(44%), 5.9 Tg a−1 of glycolaldehyde (10%), 1.6 Tg a−1 of
formic acid (3.1%), 0.4 Tg a−1 of HMHP (2%), 4.0 Tg a−1 of
formaldehyde (0.3%), and 11.8 Tg a−1 of the C5 trihydroxy-
hydroperoxide. Because we do not account for the particle-
mediated production of formic and acetic acids observed in
experiments 10−14, we likely underestimate the source of
these compounds, which are chronically underestimated in
GEOS-Chem and other models,84−86 from 1,2-DHI. We also
do not account for SOA formation from 1,2-DHI or its
products in GEOS-Chem, but based on the experimental yields
from each RO2 pathway and the fraction of 1,2-DHI-derived
RO2 reacting by each pathway in GEOS-Chem, we calculate a
global SOA source of 1.5 TgC a−1 from 1,2-DHI based on the
results of this chamber study, which would increase the
isoprene-derived SOA source in the model by 2.5%;7 however,
condensation and deposition sinks of semivolatile gases in the
atmosphere will differ from our laboratory conditions, and
further study is necessary to constrain this pathway under
ambient conditions.
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