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ABSTRACT: Atmospheric formic acid (FA) and acetic acid (AA)
mixing ratios are often underestimated in atmospheric models,
particularly over areas with high biogenic influence. We
investigated the aqueous hydroxyl radical (OH) oxidation of 2-
methyltetrol, one of the largest components of secondary organic
aerosols (SOAs) that are produced from the oxidation of isoprene,
and compare its chemistry to the non-methylated C4 polyol
analogue, erythritol. We studied the kinetics and reaction products
of the aqueous 2-methyltetrol (2-MT) + OH and erythritol (E) +
OH reactions using 1H and 13C nuclear magnetic resonance
spectroscopy and high-performance liquid chromatography
coupled with high-resolution mass spectrometry. We found that
the aqueous oxidation of aliphatic alcohols, such as E and 2-MT, are strong sources of small acids. Nearly all 2-MT is converted to
FA, AA, and carbon dioxide (CO2) under atmospherically relevant OH exposures. Suppression of volatile acid partitioning into the
gas phase increased the observed yields of volatile products in solution by up to 80%, as quantified by experiments with low
headspace. The influence of solution pH on the yields of FA and AA (or their carboxylates) was also investigated in the range of pH
2−9 for the 2-MT + OH reaction. Solution pH strongly influenced the concentrations of FA and AA via their gas−aqueous
partitioning, gross production yields, and radical-induced decarboxylation reactions. The data are adequately reproduced with a
kinetic model; however, different reaction mechanisms are needed for the low and high pH chemistries. Fewer stable reaction
intermediates were observed for 2-MT compared to E and at high pH compared to low pH, providing insight into the
decomposition pathways of 2-MT. On the basis of the substantial production yields and partitioning of FA and AA in the aqueous
photooxidation of 2-methyltetrol, aqueous aging of isoprene-derived SOA may contribute to FA and AA emissions to the
atmosphere that are currently missing from models.
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■ INTRODUCTION

Formic acid (HCOOH) and acetic acid (CH3COOH) are the
most abundant gas-phase organic acids in the atmosphere.
These small organic acids exert considerable control over
atmospheric chemistry and climate by altering aerosol acidity,
cloudwater acidity, and cloud condensation nuclei activity of
aerosols.1−4 However, their global sources are not well-
understood. Recent satellite observations, surface exchange
flux measurements, and modeling consistently show a
“missing” source of these acids, particularly over regions of
heavy biogenic influence.5−12 The known gas-phase chemistry
of dominant biogenic volatile organic compounds (VOCs),
such as isoprene,13 cannot explain the higher than expected
fluxes of formic and acetic acids. Several explanations for the
discrepancy between measurements and models have been
suggested, including an unconstrained soil source,10 a direct
biogenic source that exceeds prior expectations,5,9,10 and as yet
unknown secondary chemistry.9,14,15 This work explores a
secondary source from the aqueous oxidation of a key

secondary organic aerosol (SOA) constituent from the
ubiquitous and abundant non-methane hydrocarbon isoprene
(C5H8).
A particularly important SOA constituent from isoprene is

formed from the ring opening of the C5 epoxydiols (IEPOX),
15

which are the predominant products16 of the low-NO
photooxidation of isoprene in the gas phase. Hydrolysis of
IEPOX produces diastereomeric 2-methyltetrol.17−19 High
mass loadings of 2-methyltetrol have been observed globally
in aerosol particles, including the Amazon (up to 65 ng/m3),20

European boreal forests (up to 33 ng/m3),21 Beijing, China
(14−17 ng/m3),22 the Midwest United States (up to 75 ng/
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m3),23 and the Southeastern United States (up to 216 ng/
m3).24−26 2-Methyltetrol can be observed as the single most
abundant regional SOA constituent from measurements and
modeling.27−29 Two recent global modeling studies suggest
that this IEPOX hydrolysis pathway accounts for 33−37% of
all SOA from isoprene or up to 45−48 Tg/year of 2-
methyltetrol (20−21 Tg of C/year) produced worldwide.30,31

These studies also showed that current SOA formation
mechanisms tend to overestimate isoprene-derived SOA,
which has been suggested is due to an underestimate of
chemical losses of SOA constituents, such as condensed-phase
oxidation of 2-methyltetrol or other SOA compounds.32

2-Methyltetrol in atmospheric aerosol particles will undergo
aqueous oxidation in the aerosol liquid water or in the
substantially larger volume of liquid water when the aerosols
grow to fog and cloud droplets. Taking the liquid water
content to be 5 μg/m3 in ambient aerosols,33 0.01 g/m3 in fog/
haze,34 and 0.2 g/m3 in cloud droplets,35 upper limit
concentrations of 2-methyltetrol in atmospheric water in the
Southeast U.S. can be roughly estimated to be 7 μM in a cloud
droplet, 0.1 mM in a fog droplet, and up to 300 mM in a
hydrated aerosol particle (assuming no particle phase
separations and based on an loading of ∼200 ng/m3).24−26

With OH concentrations estimated in the range from 10−14 to
10−12 M in these atmospheric aqueous systems,36 there is
substantial chemistry (e.g., rates on the order of 0.01−100
μM/s) that can occur to form small organic acids as well as
other products.
However, the true yields of formic and acetic acids from the

aqueous oxidation of 2-methyltetrol (or a proxy polyol) remain
elusive in the literature.13 The oxidation of polyols in both the
bulk aqueous phase and on sub-micrometer aerosols has been
studied previously;37 however, organic acid yields were not
measured. Aqueous-phase oxidation, in particular, has received
considerable attention in recent years.38−43 Such bulk-phase
studies have demonstrated that aqueous-phase oxidation, when
it occurs, can lead to the rapid formation of highly oxidized
organic species,44−47 among other reactions. Presumably,
fragmentation chemistry48 also occurs, of which the extent
has not been quantified but may be highly relevant to formic
and acetic acid yields that have not been accounted for in
atmospheric models.
Here, we report our bulk-phase investigations into the

aqueous hydroxyl radical photooxidation of 2-methyltetrol of
isoprene at different pH as a potential source of formic and
acetic acids, and compare its chemistry to erythritol, the non-
methylated chemical analogue, to gain insights into the
chemical mechanism of oxidation. Bulk chemistry of polyols
is more relevant to large-curvature droplets compared to sub-
micrometer aerosols. It is highly challenging to conduct
quantitative yield experiments of 2-methyltetrol oxidation on
suspended aerosols given the substantial gas/water partitioning
under different environmental conditions. Care should be
taken to extrapolate results outside the conditions of the
experiments. Results on the oxidation of less volatile polyols
and related compounds in the liquid water of suspended sub-
micrometer aerosol particles are forthcoming from our group.

■ METHODS
Erythritol was purchased from Fisher Scientific. D2O (99.8
atom % D), CDCl3 (99.8 atom % D), acetonitrile (MeCN,
≥99%), cyclohexane (≥99%), 2,4-dinitrophenyl hydrazine
(DNPH, 97%) and 50 wt % hydrogen peroxide (H2O2) in

water were obtained from Sigma-Aldrich. DNPH was
recrystallized prior to use. All other purchased chemicals
were used without further purification. Ultrapure H2O was
obtained from a Milli-Q purification system (18 MΩ, Millipore
Sigma). 2-Methyltetrol standards were synthesized according
to the literature,49 via the hydrolysis of δ-IEPOX, and
confirmed by 1H nuclear magnetic resonance (NMR) at an
estimated purity of >95%. Photochemical reactions were
performed in a photochemical enclosure equipped with an
ultraviolet B (UV-B) broadband fluorescent light with peak
wavelength emissions at 310 nm (emission photon flux shown
in Figure S1 of the Supporting Information), using H2O2 as the
OH source. Experiments were performed at a pH range of 2−9
for 2-methyltetrol and at pH ∼ 4 for erythritol (unadjusted).
The majority of the data presented are at pH 2−4, where the
organic acids were observed with NMR spectroscopy as the
neutral species. Across the pH range of 2−4, no differences in
yields were observed, within uncertainty, in the same chemical
system. Both high-performance liquid chromatography−high-
resolution mass spectrometry (HPLC−HRMS) and NMR
were used to quantify the parent polyol and select stable
reaction products. Overlapping quantifications of polyols by
HPLC−HRMS and NMR were performed to ascertain
consistency of the data. Results from both methods showed
excellent agreement (Figure S2 of the Supporting Information)
below 2 h of reaction time for erythritol + OH. Small signals of
other polyols arose during the reaction at longer time scales in
the NMR analysis; thus, data from HPLC−HRMS were used
for yields from erythritol. The 2-methyltetrol reaction had few
interferences throughout the reaction period.
HPLC−HRMS was used to analyze polyol concentrations

and stable reaction products that have a carbonyl moiety. The
carbonyls were converted to hydrazone adducts with 2,4-
dinitrophenylhydrazine (DNPH) using a procedure adapted
from Zweiner et al.50 This reaction will also derivatize organic
acids but with a much lower efficiency; thus, HPLC−HRMS
was not used for organic acid quantification in this work.
Derivatization was performed by adding 200 mg of recrystal-
lized DNPH to a 15 mL solution containing HCl (∼12 M,
Merck), ultrapure water, and MeCN in the ratio of 2:5:1 (v/v/
v). A total of 200 μL of the reaction solution was then mixed
with 1 mL of the DNPH solution at room temperature. For the
product analysis by HPLC−HRMS, 1 mM polyol was mixed
with 10 mM H2O2 in a 3.5 mL capped quartz cuvette. The
solutions were exposed to the UV lamp for the desired reaction
durations, and aliquots were removed every 15 min for 2 h and
reacted with the DNPH solution overnight.
HPLC−HRMS used an Agilent 1100 HPLC coupled to a

linear trap quadrupole (LTQ) Orbitrap mass spectrometer
(Thermo Corp., Waltham, MA, U.S.A.) operating at a mass
resolving power of 60 000 m/Δm at m/z 400. Separation of
polyols was performed isocratically on a Shodex Asahipak
NH2P-40 2D column (2 × 150 mm, 4 μm, 100 Å) at a flow
rate of 0.3 mL/min, column temperature of 40 °C, and eluent
mixture of 90:10 MeCN and water with 0.05% ammonium
formate. Separation of DNPH adducts was performed with an
Agilent Poroshell EC-C18 column (2.1 × 100 mm, 2.7 μm,
120 Å) using a gradient elution method previously reported
elsewhere.51

NMR analyses (1H and 13C) were used to quantify formic
acid, acetic acid, glycolic acid, and the parent polyol. NMR was
also used to qualitatively identify functional groups of stable
reaction intermediates. As a result of the lower sensitivity of
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NMR analysis, 75−150 mM polyol was mixed with 1−1.5 M
H2O2 to increase the analytical signal. Reactions for NMR
analyses were performed by directly irradiating the sample
within a 5 mm quartz NMR tube rated for 500 MHz. 1H and
13C NMR data were collected on a 400 MHz Bruker
instrument (400 MHz Bruker Avance III HD Nanobay
spectrometer) using an autosampler and analyzed using
TOPSPIN. Water suppression was run using the standard
WATERSUP parameters.
Cyclohexane was used as an internal standard for two NMR

experiment setups: (A) the cyclohexane internal standard in
CDCl3 was loaded into a glass capillary, flame-sealed, and
dropped into a NMR tube containing the reaction mixture, and
(B) cyclohexane in CDCl3 was introduced into the NMR tube,
and instead, the reaction mixture was loaded into the glass
capillary and flame-sealed. The experimental setup in B probes
the reaction when little to no headspace is available (in the
sealed capillary) for gas/aqueous partitioning of formic and
acetic acids, which enables quantification of the total yield for
the volatile acids. The setup in A captures only the aqueous
concentration of acids. B undergoes a slower reaction through
the glass capillary compared to the quartz exterior of the NMR
tube (60% lower steady-state concentration of the OH radical).
Thus, all reactions have been normalized to their OH exposure
(steady state [OH] × reaction time) for this set of
experiments.

■ RESULTS AND DISCUSSION
Reaction Kinetics and Yields of Small Acids. The decay

kinetics of erythritol (E) and 2-methyltetrol (2-MT) as well as
formation of product compounds were monitored via 1H and
13C NMR. 1H NMR shows the proton environment on every
molecule that is present in the solution, although protons on
OH groups are often weak or missing as a result of their rapid
exchange with D2O. As such, multiple signals are observed and
remain unidentified, especially as these peaks overlap with
other signals. In both the erythritol (E + OH) reaction (Figure
1) and 2-methytetrol (2-MT + OH) reaction (Figure 2),

several peaks are distinct and easily identifiable based on
previously reported data for C1−C3 oxidation products;52−54

these include formic acid, acetic acid, and glycolic acid, and the
signals for hydrated formaldehyde dimer, as shown in Table S1
of the Supporting Information. Formic acid is easily
quantifiable without interference at 8.2 ppm. Acetic and
glycolic acids are also quantifiable, but with slightly higher
uncertainty as their peaks overlap with contributions from
other minor, structurally similar, species. Formaldehyde is

hydrated and, thus, is significantly harder to accurately quantify
as the peak strongly overlaps with the tail of the residual water
signal, making an accurate peak area analysis difficult.
The steady-state OH concentrations used in the experiments

are relevant to the atmospheric aqueous phase at approx-
imately (8−10) × 10−14 M, estimated using the second-order
OH kinetic coefficients of erythritol (1.9 × 109 M−1 s−1)36 and
2-methyltetrol (1.1 × 109 M−1 s−1).55 Figure 3 shows the OH
oxidation experiment of 2-methyltetrol at solution pH 2, where
the precursor is reacted away and small acids are formed over
the course of ∼24 h.

The absolute molar yields, defined as 100% × (moles of
product formed)/(moles of reacted polyol), of formic acid
(FA, ∼78%) and acetic acid (AA, ∼53%) at 18 h exceed the
moles of 2-methyltetrol reacted because the precursor has 5
carbons and the products have 1−2 carbons. Thus, we define
the per carbon molar yield as

percent molar yield per carbon

100%
mole product formed

mole reactant lost

C

C
product

reactant
= × ×

#
#

i
k
jjj

y
{
zzz

i
k
jjjjj

y
{
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Figure 1. 1H NMR spectra at five different time points for the
erythritol + OH reaction.

Figure 2. 1H NMR spectra at five different time points for the 2-
methyltetrol + OH reaction. Note that, at 8 h, the peak of cyclohexane
shifted with respect to the acids.

Figure 3. Absolute concentrations of precursor 2-methyltetrol and
product acids during the course of OH oxidation, as quantified by 1H
NMR. Error bars represent 1 − σ deviations from repeated
experiments.
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The molar yield per carbon defined above has a maximum of
100%. Thus, the molar yields of FA and AA translate to ∼15
and ∼21% at 18 h, respectively. The yields of these product
acids are not constant because the further oxidation of C2−C5
stable intermediate products will produce FA and AA, even
when the precursor is all reacted away. In addition, the further
oxidation of FA and AA or their dissociated forms in solution
will affect yields. Gross production yields are discussed in the
Kinetic Modeling section.
The per carbon yields of products in the E + OH and 2-MT

+ OH reactions (Figure 4) show that the evolution of small

acids is different between the two experiments. Glycolic acid
(GA, C2H4O3) is an important stable intermediate species in
both reactions. GA appears as a first-generation product and is
both produced and reacted away quickly over the course of the
experiments. In the E + OH reaction (Figure 4A), GA is
formed first and FA does not reach the yields of GA until
several hours later. AA is not expected as a product in the E +
OH reaction because erythritol does not have a methyl group.
In the 2-MT + OH reaction (Figure 4B), FA and AA form
simultaneously with GA and continually rise over the duration
of the reaction.
In addition, FA and AA together in solution can only

account for ∼35% of carbon of 2-MT after all 2-MT is reacted
away at 22 h of reaction. Some of the “missing” yields that are
not observed as FA, AA, and other products shown in Figure 4
can be reconciled as CO2. Figure 5 (blue) shows that the only
peaks observed in the 13C NMR spectra from the 2-MT + OH
reaction at time zero belong to 2-MT, CDCl3, and the
cyclohexane internal standard, as expected. After 18 h of
photooxidation (Figure 5, magenta), peaks at 176 and 20 ppm
are observed, which correspond to AA, and a peak at 165 ppm
is observed, which corresponds to FA. The only other product

peak observed is at 124 ppm, which corresponds to CO2. The
yield of CO2 is somewhat uncertain, and integrations between
the two acetic acid peaks is not 1:1, as expected, which
highlights the difficulty in using this method for quantification.
However, given that the integrations between the formic acid,
cyclohexane, and CH3 peak give a very similar ratio to those
observed in 1H NMR, observed CO2 can be estimated to
account for another ∼10−15% of the carbon yield as a lower
limit. This minimum estimate does not account for the
partitioning of CO2 into the gas phase.

Effect of Volatile Partitioning. A portion of the carbon
yield that is not observed as FA, AA, or CO2 in solution will
have partitioned to the gas phase via effective Henry’s law
partitioning, a process that is pH-dependent for all three
products. We attempted to quantify the total balance of mass
by limiting the partitioning process in the little to no headspace
experiment, wherein the reaction is run in a sealed capillary
instead of an open NMR tube. Figure 6 shows that limiting the
headspace partitioning for FA, AA, and GA consistently

Figure 4. Molar yields per carbon of the oxidation products of (A)
erythritol and (B) 2-methyltetrol.

Figure 5. 13C NMR of the 2-methyltetrol + OH reaction at 0 and 18
h reaction time. Asterisks denote peaks that belong to the 2-
methyltetrol reactant.

Figure 6. Carbon yields for select products in the erythritol (E) + OH
experiment and 2-methyltetrol (2-MT) + OH experiment when
performed in an open NMR tube and inside a sealed capillary to
remove headspace to limit the partitioning of volatiles. The sealed
capillary does not remove 100% of the headspace, and one experiment
may have more headspace than another. Solid lines are included to
guide the eye.
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enhances the carbon yield. The yield enhancement is 15−18%
in the 2-MT + OH experiment and 60−80% in the E + OH
experiment. The discrepancy between the E and 2-MT
experiments is not due to the reaction itself but likely due to
the challenges of obtaining consistent results in the sealed
capillary experiments. The E + OH reaction sample had less
headspace than the 2-MT + OH sample. The heat-sealing
process was performed by hand; it is highly challenging to
remove all headspace or standardize the amount of headspace
in different capillaries. We do not believe that the different
results are due to pH. The 2-MT capillary experiment (pH ∼
2) was slightly more acidic than the E + OH experiment (pH
∼ 4); however, the yields of FA and AA from the 2-MT
oxidation at any given time point did not change in the range
of pH 2−4 (Figure 7). Multiple attempts were needed to
balance the internal standard concentrations (in the outer
NMR tube) with the reaction signals, which limited our ability
to obtain data from every capillary that was generated. In
addition, we were not able to estimate the enhancement in
CO2 yields in the absence of partitioning given the much lower
sensitivity of the 13C technique. We believe the E + OH
experiment (panels A and B of Figure 6) produced a more
reliable result; however, we constrain the total product yields
to upper bounds (yield in solution + 80%) and lower bounds
(yield in solution + 15%) as supported by the entirety of the
data. CO2 was assumed to act similarly to small acids in terms
of Henry’s partitioning, an assumption that may not be correct.
Table 1 shows that FA, AA, and CO2 can be estimated to

account for approximately 60−100% of carbon from 2-MT
oxidation when extrapolated to a reaction time of infinity using
a rise to maximum exponential fit for FA and AA and when
using data taken at 18 h for CO2. The upper limit estimate
offers a rough carbon closure for the reaction, although we

expect CO, formaldehyde, and possibly other compounds to
also be products of the reactions at longer time scales. Even
with the uncertainty in obtaining total carbon closures, it is
clear from the data that the three products shown in Table 1
account for the majority (∼ 60%), if not the entirety, of molar
carbon lost from 2-MT when oxidized with OH.

Effect of Solution pH for 2-Methyltetrol + OH.
Solution pH was adjusted at time zero using small amounts
of aqueous NaOH because the unadjusted 2-MT solution
derived from using the synthesized standard is at pH 2.
Solution pH decreases over the course of a 24 h experiment as
a result of the production of the organic acids from the parent
polyol. NMR is able to differentiate between the neutral (HA)
and deprotonated (A−) forms of the carboxylic acids based on
their chemical shifts, lending insight into the acid dissociation
equilibria during the experiment. The chemical shifts56 are 8.2
ppm for FA and 2.2 ppm for AA at pH 2. This transitions to
8.4 ppm for formate and 1.9 ppm for acetate above pH 5. We
opted to not use buffer solutions to alleviate this pH shift
because this would introduce potentially reactive species into

Figure 7. Effect of solution pH on the observed yields of formic and acetic acids in solution from the 2-methyltetrol + OH experiment after 30 min
of reaction time. At basic pH, the organic acids were observed as their carboxylates. pH was measured directly after the 1H NMR spectrum was
obtained. Lines shown are Boltzmann fits of the data.

Table 1. Carbon Yields of Products in the 2-Methyltetrol +
OH Reaction

2-MT + OH
reaction

% yield (C) in
solution % yield (C) in solution and gas

oxidation product
extrapolated to

t = ∞
lower limit
estimate

upper limit
estimate

formic acid 15 17 27
acetic acid 24 28 43
carbon dioxide 10−15 (at 18 h) 12 27
total 49−54 56 97
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the system and may alter the decay and production of observed
species.
Because the solution pH decreases during the course of the

experiments as a result of the conversion of polyol to organic
acids, we performed experiments at a fixed reaction time (30
min) and determined the pH with a calibrated electrochemical
probe directly after the NMR yield measurements for formic/
formate and acetic/acetate. The effect of solution pH on the
solution-phase yields of FA and AA (or their carboxylates) is a
complex interplay between gas−aqueous partitioning and
alterations of the oxidation chemistry. Figure 7 shows that
the aqueous carbon yields observed for the relevant products at
the 30 min mark highly depend upon pH. The solution pH
determines whether FA, AA, or their carboxylate forms exist in
solution. The observed behavior is consistent with the fact that
the anions are not volatile, and thus, all of their yield would be
observed in solution compared to the acids. The pKa values of
the acids are denoted on the figure, which do not match the
inflection point of the yield graph. However, this may be
expected because standard pKa values are generally measured
in pure water and pKa values will increase in solution when
other organic constituents are present.57

However, the observed relationship shown in Figure 7
cannot be explained entirely by partitioning. The headspace
experiments suggests that up to perhaps a 2-fold increase in
yield throughout the experiment can be expected when gas−
aqueous partitioning is suppressed, whereas the yield increase
as a result of pH (between the acid and carboxylate species) is,
remarkably, a factor of 8 different. Thus, at basic pH, FA/AA
(that dissociate into formate/acetate) are likely formed at
much higher yields in the reaction at the 30 min mark
compared to the same reaction at acidic pH. This is
corroborated by modeling (see the Kinetic Modeling section).
We rule out slower loss processes for carboxylates because
those anions actually have a faster reaction rate coefficient with
OH (chemical loss) compared to their protonated counter-
parts and do not partition to the gas phase (physical loss).58

Figure 8 shows that, at low levels of OH exposure, a drastic
increase in the yields of formate/acetate (C and D) present in
solution is observed in comparison to their conjugate acids (A
and B), which is consistent with the data in Figure 7 for the
reaction at the 30 min mark. However, after the initial rise in
yields that may be dominated by formation pathways from 2-
MT, formate begins a sharp decrease until it has all been
consumed entirely. Acetate also sees a decrease but at a
significantly slower trend. The reactions responsible for the
loss of formate and acetate at higher OH exposure are likely
decarboxylations induced by radical chemistry. We rule out
thermal decarboxylations because the temperatures required
(e.g., >300 °C)59 are much higher than the present
experiments. The reaction of OH + HCOO− → H2O +
CO2

− is fast (k ∼ 3.4 × 109 M−1 s−1) compared to the OH +
HCOOH reaction (k ∼ 1 × 108 M−1 s−1). The OH +
CH3COO

− reaction (k ∼ 7 × 107 M−1 s−1) is also faster than
the OH + CH3COOH reaction (k ∼ 1 × 107 M−1 s−1) but
much slower than the same reaction for formate.58 All of these
reactions will eventually produce CO2 in aqueous solution.
The rate constants are consistent with the yield relationships of
formic acid, acetic acid, formate, and acetate in Figure 8 and
further suggest that the lower formic acid yield (∼15% C at
long OH exposures) compared to acetic acid (∼22% C at long
OH exposures) at pH < 5 in the 2-MT + OH reaction is not
entirely due to a lower formation rate of FA compared to AA

but, in addition, a faster loss rate of FA + OH compared to AA
+ OH.

Identification of Stable Intermediate Species. Even-
tually all polyol carbons will be converted to FA, AA, and CO2
(and possibly also CO and formaldehyde); however, smaller
signals of stable reaction intermediates can be observed at
earlier times in the reaction that may help elucidate chemical
mechanisms. These signals of reaction intermediates are
observed by magnifying the 1H and 13C NMR spectra to
highlight various functional groups as well as via trapping any
carbonyl product as hydrazones to be analyzed in HPLC−
HRMS. A notable difference between E + OH and 2-MT +
OH appears to be the relative lack of larger reaction products
for 2-MT. This observation is consistent across NMR and
HPLC−HRMS data, despite a 100-fold difference in precursor
concentrations between the two techniques. The difference is
also consistent across the pH range of 2−4.
Magnifications of the 1H NMR spectra show that the

reaction of E + OH at 15 min (Figure 9, blue) produces
compounds that have geminal diol protons around 5 ppm
(which may be hydrated aldehydes). Correspondingly, low
aldehydic proton signals (HCO) between 8 and 10 ppm
accompany the diol signals. Other peaks in the 5−6 ppm
region may indicate cyclization, hydration, or oligomerization
of these aldehydes.60 Protons that are adjacent to alkyl groups
[HC(R)(R′)−OH] can be observed at 3−4 ppm. It is clear
that many of these peaks do not belong to the precursor,
although it is difficult to disentangle in a mixture of polyols and
their products in this region. β-hydroxy carbonyls or acid
protons can be attributable to shifts between 4 and 4.8 ppm.
Two singlets stand out distinctively at 4.54 and 4.57 ppm, and
although the identity of these is unknown, their chemical shift
roughly matches those observed for RCOCHOH for tartaric
acid.61 Tartaric acid can be produced by oxidizing the two end
−CH2OH groups in erythritol to −COOH groups. The 2-MT
+ OH (Figure 9, magenta) reaction produce these similar
functional groups but at much lower abundance. Even though
the reaction of 2-MT + OH is slower, it forms FA faster than E

Figure 8. Aqueous carbon yields of formic and acetic acids
(experiments at pH 2) and their carboxylates (experiments at pH
9) from the 2-methyltetrol + OH reaction as a function of the OH
exposure time. The concentrations observed in solution represent the
ratio of sources and sinks of these acids/carboxylates. The dashed
lines are to guide the eye.
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+ OH, which suggests that instead of forming the larger stable
intermediate compounds, 2-MT oxidation produces FA, AA,
and CO2 more promptly.
Likewise, 13C NMR (Figure 10) shows a multitude of stable

intermediates in the reaction of E + OH (blue) and a relative

lack of stable intermediates in the 2-MT + OH reaction
(magenta). Note that erythritol only has two types of carbons
as a result of symmetry, whereas 2-methyltetrol has five distinct
carbon environments; thus, the signal integration for 2-MT is
more spread out across the different carbons, but their initial
concentration is the same. Figure 10 shows the two reaction
mixtures of E + OH and 2-MT + OH on the same scale as
normalized by the cyclohexane internal standard. From these
spectra, we can ascertain the identity of a few additional
species, of which some were not previously identifiable from
the 1H NMR. In the E + OH reaction, the peak at 211 pm
corresponds to CO of ketones and coupled with the CH2
peak at 65 ppm highlights the presence of dihydroxyacetone.
At 175 ppm, there are at least two peaks. Within this region, we

observe carboxylic acid groups; thus, these are likely glycolic
acid and some structurally related C3 or C4 carboxylic acid
species. In the C−OH region between 55 and 80 ppm, next to
CH (71 ppm) and CH2 (62 ppm) of erythritol, there exist at
least 9 CH and 12 CH2 peaks corresponding to a multitude of
intermediate species, of which all contain CH−OH.
An expansion of the 60−100 ppm region that is present in

Figure 10 is shown in Figure S3 of the Supporting Information,
highlighting the most interesting peaks around 90−105 ppm
that each contain a C(OH)2 or C(OH)(OOH) group. The
most upfield peak at 92 ppm corresponds to the hydrolyzed
formaldehyde dimer. The identities of the remaining peaks are
uncertain, but it is clear that the peaks around 99−100 ppm are
CH groups and are also likely generated from the hydration of
C3−C4 aldehydes. The two peaks around 102 ppm are
quaternary carbons but are more downfield than potential
hydrated ketone (which will be less favored than hydrated
aldehydes). The hydrated dihydroxyacetone peak occurs at 95
ppm, and hydrated mesoxalic acid occurs around 96 ppm.
Thus, an alternative assignment for these peaks at ∼100 ppm is
a carbon attached to a OH and OOH group because it has
been reported that, for R3C(OOH) compounds, the hydro-
peroxide signal is between 8 and 12 ppm more downfield than
its equivalent alcohol.62 Few 13C NMR spectra for C(OH)-
(OOH) compounds have been reported; one study on the
photooxidation of pyruvate observed a signal at 102 ppm for
hydroperoxide.63 Hydroxy-hydroperoxides are well-known
intermediates in OH-initiated reactions of hydrocarbons in
the presence of oxygen;64 therefore, these assignments are
consistent with our expectations of the OH chemistry if
parallels can be drawn to the gas phase. Hydroxy-hydro-
peroxide moieties are also assigned to some highly oxidized
intermediates observed in the HPLC−HRMS spectra. Thus,
we conclude that there are at least two stable compounds in
solution that possess (OH)CR2(OOH) groups at 102.4 and
102.7 ppm. However, we cannot rule out the potential for the
existence of (OH)CHR(OOH) groups for some or all of the
four peaks at 98−99 ppm. The same reaction setup with 2-MT
did not gain any further mechanistic insight because no other
peaks were observed above the detection limit in the 13C NMR
spectra, even after 2.5 h of irradiation.
In agreement with NMR, the HPLC−HRMS data for

reactions performed at 1 mM precursor concentrations also
show that the 2-MT + OH reaction does not abundantly form
the larger stable intermediates in the reaction chain on the way
to smaller volatile products. Figure 11A shows that the E + OH
reaction abundantly produces a C4 first-generation trihydroxy
carbonyl (observed at m/z 299.06 as its DNPH adduct); this
signal is the largest signal observed in HPLC−HRMS for the
reaction at shorter time scales. In comparison, the 2-MT + OH
reaction produces the equivalent C5 first-generation trihydroxy
carbonyl (Figure 11B, observed at m/z 313.08 as its DNPH
adduct) at roughly one-tenth of the yield of the analogue in the
E + OH reaction. Although only one isomer structure is shown
in Figure 11 for simplicity, two isomers of the erythritol C4
trihydroxycarbonyl can be observed to be peak-resolved but
not baseline-resolved. The larger chromatographic peak in
Figure 11A can be assigned to the ketone produced from the
OH abstraction at the secondary carbon as opposed to the
aldehyde produced from the OH abstraction at the primary
carbon. The relative abundances are as expected on the basis of
the thermodynamic favorability of the resulting alkyl radicals.65

All reaction products observed as DNPH adducts in HPLC−

Figure 9. Magnification of the 3−6 ppm region in the 1H NMR
spectra for 2-MT + OH (magenta) and E + OH (blue) experiments
after 15 min of reaction time, performed with water suppression and t
= 0 subtraction, showing stable intermediate products. Asterisks
denote hydrogens belonging to the parent polyols.

Figure 10. 13C NMR spectra for 2-MT + OH (magenta) and E + OH
(blue) experiments after 30 min of reaction time. Asterisks denote
carbons belonging to the parent polyols.
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HRMS are listed in Table S2 of the Supporting Information (E
+ OH) and Table S3 of the Supporting Information (2-MT +
OH).

Reaction Mechanism. It is well-understood that OH will
abstract hydrogen from molecules with a saturated CH bond,
including polyols. For erythritol and 2-methyltetrol, this
process will mainly produce α-hydroxyalkyl (R) radicals in
the secondary position (Scheme 1), at approximately a 4:1
preference over the primary position and with negligible
abstraction of the OH hydrogen.66 Most of the aqueous
oxidation of polyols has been studied in the presence of metal
catalysts as a result of the industrial applications of this
reaction.67,68 Very limited information is available in the
literature regarding the fates of the α-hydroxyalkyl radicals in
the chemical regime most relevant to atmospheric aqueous
phases. In the gas phase, α-hydroxyalkyl radicals readily lose
HO2 (from reaction with O2) to form the carbonyl.69 It is not
clear if HO2 loss from the alkyl radical will occur in the
aqueous phase given the high intermolecular interactions in
solution. As a result of a lack of information on this reaction in
the aqueous literature, we do not discuss it further, although
we cannot rule out the reaction based on our data. In
concentrated aqueous solutions, α-hydroxyalkyl radicals may
dimerize to a vicinal diol or disproportionate to an alcohol and

Figure 11. HPLC−HRMS single ion chromatograms showing the
abundance of the first-generation carbonyl products (observed as
DNPH adducts) of the (A) erythritol + OH reaction and (B) 2-
methyltetrol + OH reaction at roughly the 60 min mark.

Scheme 1. Proposed Reaction Mechanism of OH + (A) Erythritol and (B) 2-Methyltetrol, Showing the Dominant H
Abstraction Pathway from the Secondary Carbona

aSelect first-generation oxidation products, as observed by NMR and HPLC−HRMS, are shown in blue. The volatile organic acids that are the
focus of discussion in the text are shown in boxes.
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a carbonyl.70 They may further reduce organics by transferring
hydrogen, becoming a carbonyl.71,72

The addition of O2 to R to form the α-hydroxyperoxy (RO2)
radical has been documented in aqueous solution.73 On the
basis of our observations of α-hydroxyhydroperoxides
(ROOH; Figure 8), we suggest that RO2 chemistry has a
prominent role in the aqueous chemical system studied in this
work. The α-hydroxyperoxy radicals may intramolecularly lose
HO2, via a cyclic intermediate,74 to form the carbonyl in less
concentrated aqueous solutions but is always in competition
with bimolecular reactions involving other RO2 or RH that will
be important for more concentrated solutions (e.g., on organic
compounds dissolved in particle liquid water). For some α-
hydroxyperoxy radicals, such as the α-hydroxyperoxy radical
formed in the C1 position of glucose or the •OOHC(OH)2
radical, the rate of HO2 elimination is unusually fast,75 which
will outcompete bimolecular reactions. The experiments of
Bothe and co-workers highlighted various substituent effects α
to the RO2 carbon and the strong influence by the solvent
environment.75 Both the expected RCOH(OO•)CH2OH
radicals from erythritol and 2-methyltetrol will be secondary;
thus, there should be not much difference in their HO2 loss
rates from substitution effects at the α carbon alone. However,
the nature of the R group in the RCOH (OO•)CH2OH
radicals is different, wherein the R group is a tertiary carbon for
2-methyltetrol and secondary for erythritol. Whether the
degree of substitution of carbon β to the hydroxyperoxy group
will affect the HO2 loss from these specific RO2 is still an open
question. Experiments with the many carbon centers of glucose
show that the β carbon environment may have significant
effects;76 however, it is not straightforward to extrapolate from
a cyclic compound to an aliphatic compound. Scheme 1 shows
the proposed reaction mechanism for E + OH and 2-MT +
OH. To explain the relatively high yields of the first-generation
trihydroxycarbonyl of erythritol (C4H8O4; Figure 11A) and the
relatively low yields of the same first-generation product from
2-methyltetrol (C5H10O4; Figure 11B), we hypothesize that
the HO2 elimination from the α-hydroxyperoxy radical of
erythritol occurs much faster than the analogous reaction for 2-
methyltetrol (pathway i in panels A and B of Scheme 1), such
that the α-hydroxyperoxy (RO2) loss fate for 2-methyltetrol
through bimolecular chemistry is highly competitive.
If the α-hydroxyperoxy radical is allowed to react

bimolecularly, it can be reduced to a substituted alkoxy radical
(RO) by collisions with other RO2 or RH. In the gas phase, it
is understood that RO will lose HO2 upon collisions with O2 if
α carbon is attached to hydrogen [RHC(R′)−O•], producing a
carbonyl.77,78 Again, it is not clear if the same reaction can be
expected in the aqueous phase, although there likely exist a
multitude of ways for the primary hydroxyalkoxy radical to lose
H in solution to form the stable organic acid (pathway ii in
Scheme 1A). However, the hydroxyalkoxy radical for 2-
methyltetrol is not attached to H, so that β-scission is the
primary fate of that particular hydroxyalkoxy radical (pathway
ii in Scheme 1B), propagating an alkyl radical with an organic
acid co-product. The cleavage reaction will favor larger alkyl
radical decomposition products,79 preferentially forming the
C3 hydroxyalkyl radical and glycolic acid (GA) instead of the
C1 alkyl radical and 2-methylglyceric acid. The C3 hydroxyalkyl
radical will form RO2, and then RO and cleave to AA and FA.
We expected the C3 RO2 to lose HO2 to form hydroxyacetone
fairly prominently;80 however, we did not observe high
hydroxyacetone signals in the HRMS, and it is not clear why.

Thus, in the E + OH system, the major initial products of
the reaction will be GA and the C4 trihydroxycarbonyl,
primarily through the HO2/H loss pathways. In contrast, for
the 2-MT + OH system, the RO cleavage pathway can form
GA, FA, and AA in the initial generations. Indeed, Figure 4
shows that GA, FA, and AA form more promptly in the 2-MT
+ OH reaction and at approximately the same rate in the
earlier time scales of the experiment. At longer time scales, the
loss reactions of GA dominate over its production. Glycolic
acid will oxidize to oxalic acid, CO2, and formic acid (Scheme
S1 of the Supporting Information). Oxalic acid will exist as
HCO4

− in the solutions under study, because the pH range we
examined is above 2 and the first pKa of oxalic acid is 1.2.
HCO4

− will likely form two CO2 molecules or CO2 and
formate in solution with radiation-produced radicals.81 The C4
trihydroxycarbonyl of erythritol will also oxidize to produce FA
and other products following the same chemistry shown in
Scheme 1. Thus, the yields of FA continue to rise in the E +
OH reaction (Figure 4A) as its concentration accumulates
from several generations of reaction. Because the 2-MT
reaction is hypothesized to form FA and AA in a few
generations of oxidation, the yields of FA and AA build quickly
but start to level out as their losses compete with formation
when 2-MT is all removed from the solution.

Kinetic Modeling. We used a simple kinetic model
(Mechanism S1 of the Supporting Information) to fit the
reaction data to provide gross production yields that account
for the multi-generational production and photochemical loss
of FA and AA (or their carboxylates) during the course of the
reaction (Figure 12). In addition to measured concentrations,

the known OH-initiated kinetic coefficients55,58 of 2-MT, FA,
AA, formate, and acetate served as constraints. The model only
required 1−2 effective stable intermediates of 2-MT to be
considered to satisfactorily reproduce observations. All yields
and, in some cases, kinetic coefficients of unknown
intermediates are treated as tunable parameters, i.e., degrees
of freedom. Thus, these modeling results may represent only
one, out of likely multiple, possible solution to this set of
coupled differential equations. In addition, the model does not
consider gas−aqueous partitioning at pH 2, and a correction

Figure 12. Model fits to concentration data for aqueous photo-
chemistry experiments performed at (A−C) pH 2 and (D−F) pH 9.
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needs to be applied as in Table 1. Partitioning corrections are
not needed at pH 9 because the carboxylates are non-volatile.
Despite caveats, the modeling exercise yielded a number of

valuable insights. First, the production of FA and AA from 2-
MT in the first generation is much larger at pH 9 (1.3 and
0.45, respectively) than at pH 2 (0.1 and 0.05, respectively),
even though the rate of oxidation of 2-MT by OH can be
modeled with the same kinetic coefficient. Second, fewer stable
intermediate species are required to sufficiently fit the data in
the higher pH experiments. This result is well-supported by the
NMR data (Figure S4 of the Supporting Information), where
the signals of reaction intermediates observable at pH 2
disappear at pH 9.
Although solution pH is not expected nor observed to alter

the initial H abstraction by OH in a way that changes the
lifetime of 2-MT in solution (panels A and D of Figure 12), pH
may severely impact the resulting RO2 chemistry. For example,
solution pH shifts the acid−base equilibrium for the dissolved
HO2 radical (pKa of 4.8),

82 a bimolecular reaction partner for
RO2 radicals. HO2 will be the main species in solution at pH 2,
while its conjugate base, the superoxide anion radical (O2

• −),
will be predominantly favored at pH 9. Thus, RO2 chain
termination pathways, such as RO2 + HO2 → ROOH, to make
large stable intermediates will be suppressed at higher pH,
allowing other RO2 fates to dominate, such as reduction of
RO2 to RO. Scheme 1b shows that, once RO is formed from 2-
MT, it quickly decomposes to glycolic acid, FA, and AA in high
yields. The equilibrium shift of HO2 alone can explain why
only one reaction intermediate and high first-generation yields
of FA and AA result from modeling the reaction at pH 9
compared to pH 2, although it may not be the only
explanation.
According to Scheme 1b, the singular reaction intermediate

at pH 9 will be glycolic acid (pKa of 3.8), which will be present
as glycolate in solution. Glycolate reacts with OH (Scheme S1
of the Supporting Information) to generate FA that then
becomes formate. The exceptionally simple chemistry at pH 9
can be modeled by two known reactions while tuning the
product yields to best fit the data. Thus, the results are well-
constrained.83

k

2 MT OH 1.3formate 0.45acetate 1glycolate

( 1.14 10 M s )1
9 1 1

‐ + → + +

= × − −
(1)

k

glycolate OH 1formate 1CO

( 8.6 10 M s )
2

2
8 1 1

+ → +

= × − −
(2)

At pH 2, the mechanism is more complex after the decay of 2-
MT (Mechanism S1 of the Supporting Information), with a
minimum of two effective intermediates that require rate
coefficients to be tuned in addition to all yields; thus, the
uncertainty for modeling the pH 2 data is much higher. In
addition, the model reactions at pH 2 cannot be easily mapped
to physical reactions. The total gross production yield for the
volatile acids from all generations can be roughly estimated as
∼2 for formate and ∼0.5 for acetate at pH 9. At pH 2, the
gross production yield is 2−3 for FA and 1.5−2 for AA after
applying the partitioning correction range shown in Table 1.
These gross production yields are high and account for the
majority of carbons in 2-MT within uncertainty.
Atmospheric Relevance and Conclusions. We demon-

strated that the aqueous hydroxyl-radical-initiated oxidation of

2-methyltetrol produces mainly formic acid, acetic acid, and
CO2 at nearly quantitative yields. The photochemical loss of 2-
MT is significant but not yet considered in many atmospheric
models. As recent updates to global models have tended to
overestimate total isoprene SOA, the consideration of this sink
for 2-MT may be helpful for models to more accurately
reproduce observations.30−32 The observed concentrations of
FA and AA in solution will be affected by pH, which affects
their gas−aqueous partitioning, gross production yields via
controlling the fate of RO2 radicals derived from 2-MT, and
radical-induced oxidation. At strongly or mildly acidic pH,
which is most relevant to atmospheric water phases,
partitioning to the gas phase will be a major fate of the small
acids, which may contribute to the “missing” formic and acetic
acid emission fluxes in biogenic areas. The additional methyl
group of 2-methyltetrol drastically changes the chemistry of the
oxidation reaction compared to erythritol, such that the
formation of volatile acids is more prompt, even though the
kinetics of the polyol decay occurs more slowly. RO2 and RO
reactions appear to be highly important in the aqueous phase,
and the RO2 fate is sensitive to solution pH, suggesting a need
to study the fate of these radicals in water to supplement
knowledge gaps in the literature. Further work is needed to
quantify the yields of small acids, in both the aerosol and gas
phase, from suitable SOA constituents in bulk solutions and on
suspended particles to gain a better chemical understanding of
small acid formation in atmospheric aqueous phases.
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