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ABSTRACT: The dihydroxycarbonyls 3,4-dihydroxy-2-butanone
(DHBO) and 2,3-dihydroxy-2-methylpropanal (DHMP) formed
from isoprene oxidation products in the atmospheric gas phase
under low-NO conditions can be expected to form aqSOA in the
tropospheric aqueous phase because of their solubility. In the
present study, DHBO and DHMP were investigated concerning
their radical-driven aqueous-phase oxidation reaction kinetics. For
DHBO and DHMP the following rate constants at 298 K are
reported: k(OH + DHBO) = (1.0 ± 0.1) × 109 L mol−1 s−1, k(NO3
+ DHBO) = (2.6 ± 1.6) × 106 L mol−1 s−1, k(SO4

−+ DHBO) =
(2.3 ± 0.2) × 107 L mol−1 s−1, k(OH + DHMP) = (1.2 ± 0.1) ×
109 L mol−1 s−1, k (NO3 + DHMP) = (7.9 ± 0.7) × 106 L mol−1

s−1, k(SO4
− + DHMP) = (3.3 ± 0.2) × 107 L mol−1 s−1, together

with their respective temperature dependences. The product studies of both DHBO and DHMP revealed hydroxydicarbonyls,
short chain carbonyls, and carboxylic acids, such as hydroxyacetone, methylglyoxal, and lactic and pyruvic acid as oxidation
products with single yields up to 25%. The achieved carbon balance was 75% for DHBO and 67% for DHMP. An aqueous-phase
oxidation scheme for both DHBO and DHMP was developed on the basis of the experimental findings to show their potential to
contribute to the aqSOA formation. It can be expected that the main contribution to aqSOA occurs via acid formation while
other short-chain oxidation products are expected to back-partition into the gas phase to undergo further oxidation there.

■ INTRODUCTION

The global annual emissions of biogenic volatile organic
compounds is estimated to be 1007 Tg y−1.1 Among these,
isoprene is the most emitted single compound within with a
source strength of about 594 ± 34 Tg y−1.2 The oxidation
chemistry of isoprene strongly affects the atmosphere’s
oxidation budget3−5 and the formation of organic aerosol
mass.6−23 In regions influenced by anthropogenic activities the
gas-phase oxidation of isoprene (high NO conditions) leads to
the formation of C5 hydroxynitrates (yield approximately
12%),24−26 C5 hydroxycarbonyls (yield approximately
20%),26−29 C4 hydroxycarbonyls (yield approximately
3%),26,28,30,31 methacrolein and methyl vinyl ketone (yield
approximately 30% as sum of methacrolein and methyl vinyl
ketone),26,30,32−34 methylglyoxal (yield approximately
4%),26,28,30,31 glyoxal (yield approximately 2%),26,28,30,31

glycolaldehyde (yield approximately 3%),26,28,30,31 hydroxyace-
tone (yield approximately 3%),26,28,30,31 and formalde-
hyde.30−34 In regions where low NO conditions lead to HOx

(sum of OH and HO2) chemistry dominance, gas-phase
isoprene oxidation leads to the formation of isoprene hydroxy
hydroperoxides (ISOPOOH) (yield approximately 70%),4,10,35

hydroperoxyenals (HPALDs) (yield approximately 5%),36

methylbutenediol (yield smaller than 2%),10 3-methylfuran
(yield up to 3%),36−38 as well as methacrolein and methyl vinyl
ketone (yield approximately 20−25% as sum of methacrolein
and methyl vinyl ketone).36−40 The major product under HOx-
dominated conditions is ISOPOOH with a yield of about 70%,
which can be further oxidized by OH to yield isoprene
epoxydiols (IEPOX) as major second generation oxidation
product.10 Recently, Bates et al. reported an estimated global
annual production of IEPOX of 230 Tg y−1.41 Therefore,
IEPOX represents a strong contributor to secondary organic
aerosol (SOA) investigated in numerous studies of the recent
past.10,13,42−45 Effects associated with IEPOX SOA could
influence climate forcing via the impact on the aerosol optical
properties46 as well as triggering health effects.47 According to
Bates et al., the loss of IEPOX from the gas phase under rural
daytime conditions is attributed to particle uptake (approx-
imately 19%), deposition (approximately 37%), and gas-phase
oxidation (approximately 44%).41 The particle uptake and
subsequent reactions lead to C5 alkenetriols,44 IEPOX

Received: June 15, 2017
Revised: July 26, 2017
Published: July 28, 2017

Article

pubs.acs.org/JPCA

© 2017 American Chemical Society 6460 DOI: 10.1021/acs.jpca.7b05879
J. Phys. Chem. A 2017, 121, 6460−6470

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

89
.2

45
.2

2.
22

2 
on

 F
eb

ru
ar

y 
28

, 2
02

3 
at

 1
1:

24
:0

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCA
http://dx.doi.org/10.1021/acs.jpca.7b05879
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


organosulfates,12,15,48−51 3-methyltetrahydrofuran-3,4-diols,13

2-methanetetrols,52 and dimeric species of IEPOX and
IEPOX organosulfates.12 The considered gas-phase oxidation
leads to the formation of C4 dihydroxycarbonyl compounds, C4
hydroxydicarbonyl compounds, and smaller carbonyl com-
pounds.16,41,53 The studies by Bates et al. have shown that these
C4 dihydroxycarbonyl compounds, 3,4-dihydroxy-2-butanone
(DHBO) and 2,3-dihydroxy-2-methylpropanal (DHMP),
represent 46 ± 15% of the formed oxidation products.41

Both DHBO and DHMP can be expected to be very water-
soluble and hence undergo phase transfer to the tropospheric
aqueous phase (Figure 1), as supposed by their estimated
Henry’s Law constants, Hcp

(DHBO) ≈ 2666 mol L−1 atm−1 and
Hcp

(DHMP) ≈ 1466 mol L−1 atm−1, derived by Estimation
Programs Interface Suite/HenryWin.54,55 The estimated vapor
pressures of the compounds, p0(DHBO)(298 K) = 2.44 × 10−5

atm and p0(DHMP)(298 K) = 1.60 × 10−4 atm,56 also indicate
effective transfer from the gas phase to the aqueous phase.
Therefore, further aqueous-phase oxidation and particularly the
formation of product species may be expected to contribute to
the formation of aqSOA, which is the main motivation for the
present study.
Hence, aqueous-phase kinetics of the radical-driven oxidation

of DHBO and DHMP with OH, NO3, and SO4
− as well as

product studies for the subset of reactions of DHBO and
DHMP with OH in aqueous solution have been performed to
investigate in detail their impact on the formation of aqSOA.
Aqueous-phase oxidation schemes based on the experimentally
obtained results are suggested.

■ EXPERIMENTAL METHODS

Kinetics. Rate constants of the radical-driven oxidation
reactions were obtained using a laser flash photolysis−laser
long path absorption (LFP-LLPA) setup (Figure 2), similar to
setups used in our former studies.57,58 The thermostated
measurement cell (278−318 K) made of nonfluorescing high-
quality silica glass is continuously perfused by a solution
containing the organic compound, the radical precursor and, in
the case of OH kinetics, potassium thiocyanate as the reference
compound.
For OH radical reaction kinetics, the radical precursor

(H2O2, 2 × 10−4 mol L−1) is photolyzed by an excimer laser
(Compex 201, Coherent) flash at 248 nm. The formed OH
radicals cannot be detected directly, due to their absorption
band in the UV overlapping with the organic constituents.
Therefore, the competition kinetics method was applied using
potassium thiocyanate (2 × 10−5 mol L−1) as reference.59

Thiocyanate anions react via the following reactions R-1−R-3)
to dithiocyanate radical anions ((SCN)2

−) detectable at 473
nm:

+ ⇌− −OH SCN SCNOH (R-1)

⇌ +− −SCNOH SCN OH (R-2)

+ ⇌− −SCN SCN (SCN)2 (R-3)

If the solution contains also an organic compound, there will be
a competition between reaction R-1 above and reaction R-4:

+ ⇌OH organic compound products (R-4)

The temperature-dependent reaction rate constant kref of the
initial reaction R-1 has been determined by Chin and Wine59 as

= ± − ± − −

k T

T

ln ( )

(29.614 0.636) (1900 190)/ L mol s
ref

1 1

(1)

The reaction rate constant kR‑4 can be solved from eq 260

= +‐
−

−

−

A

A
k

k
[organic compound]

[SCN ]
1

[(SCN) ]

[(SCN) ]

R 4

ref

2 0

2 X (2)

A continuous-wave laser (cw-laser) (LasNOVA 40, Lasos)
emitting at λ = 473 nm and a photodiode were used to detect
the absorption of (SCN)2

−, denoted by A[(SCN)2
−
]0 and

A[(SCN)2
−
]x where the subscripts x and 0 refer to organics

being present or not. The laser beam passes through the
measurement cell 12 times using a White mirror cell optic61 to
increase the optical path length to 84 cm and subsequently the
sensitivity. The signals were recorded by an oscilloscope

Figure 1. Depiction of the formation and the partitioning of the DHBO and DHMP.

Figure 2. Scheme of the LFP-LLPA setup for kinetic investigations.
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(Classic Delta, Gould Instrument System) and transferred to a
computer for further data processing.
In the case of SO4

− radical kinetics, the same experimental
setup was used. Here, sodium persulfate (Na2S2O8, 2.5 × 10−4

mol L−1) was used as the radical precursor to be directly
photolyzed to SO4

− radicals. The obtained signal−time profiles
were directly converted to absorbance−time profiles, which can
then be kinetically evaluated. The linear regression of the
natural logarithm of absorbance directly gave the first-order
reaction rate constant kfirst. The linear regression of the
measured kfirst dependent on [organic compound] then resulted
in the second-order rate constant.62

In the case of NO3 measurements a He−Ne laser (35-2,
Spindler and Hoyer) emitting at 635 nm was used as analysis
light source and the signal−time profiles were treated as
described above.63

Mechanistic Investigation and Analytical Procedure.
The product studies were performed in a 300 mL temperature-
controlled aqueous-phase photoreactor. The reactor is
equipped with a quartz glass window to irradiate the sample
solution with an arc light source (LSH601, LOT Quantum
Design) equipped with a xenon short arc lamp (450W, LSB541,
LOT Quantum Design). To keep the temperature constant at
298 K, the photoreactor was thermostated. As the hydroxyl
radical source, hydrogen peroxide was photolyzed in the OH-
driven oxidation experiments and not in the hydrogen
peroxide-driven dark experiments. Glass filters (5 mm WG
295 and 5 mm WG305) were applied to absorb light below 290
nm efficiently and mimic the actinic spectrum to avoid any
possible complication by short wavelength photolysis of the
educts or, possibly even more important, of transient products
susceptible to short wavelength photolysis.
In general, the experiments were conducted using concen-

trations of 5 × 10−3 mol L−1 hydrogen peroxide and 1 × 10−4

mol L−1 of the organic compound. The initial pH was 6.0 ± 0.1
and unbuffered yielding lower pH during the experiment time.
The experimental details summarized in Table 1 give an
overview about performed experiments. During the experiment,
samples were taken at intervals of 15 min for 3 h and afterward
at intervals of 30 min.

■ RESULTS AND DISCUSSION
Kinetics. The target compounds DHBO and DHMP were

investigated with regard to the kinetics of their oxidation
reactions by OH, NO3, and SO4

− radicals. To the authors’
knowledge, these aqueous-phase rate constants were not
reported until present. The obtained temperature-dependent
second-order rate constants are summarized in Table 2. Errors
given in this table are statistical (n = 8) with 95% confidence
interval considering Student’s t-factor.
OH Kinetics. Investigations of the kinetics of similar organic

compounds with OH radicals were already the focus of

previous studies. Gligorovski et al. reported a second-order rate
constant (ksecond(298 K)) for hydroxyacetone + OH of (1.2 ±
0.1) × 109 L mol−1 s−1.64 Furthermore, Hesper determined for
the reaction 2-hydroxy-3-butanone a second order rate
constants of (2.9 ± 1.0) × 109 L mol−1 s−1.65 These
compounds are similar to the compounds investigated in this
study because they are all α-hydroxycarbonyls. Accordingly, the
second-order rate constants are found to be in same range (cf.
Table 2). Finally, the second-order reaction rate constants for
DHBO and DHMP show a weak temperature dependence (cf.
Figure 3). The obtained activation energies of EA(DHBO) =
4.2 ± 2.7 kJ mol−1 and EA(DHMP) = 3.2 ± 2.2 kJ mol−1 are
remarkably small.

Table 1. Experimental Details of the Performed Product Studies

exp. no description irradiation [compound]/mol L−1 [H2O2]/mol L−1 T/K exp time/h na

1 dark reaction H2O2 + DHBO 1 × 10−4 5 × 10−3 298 6 1
2 photolysis of DHBO + 1 × 10−4 298 6 1
3 OH-driven oxidation of DHBO + 1 × 10−4 5 × 10−3 298 6 2
4 dark reaction H2O2 + DHMP 1 × 10−4 5 × 10−3 298 6 1
5 photolysis of DHMP + 1 × 10−4 298 6 1
6 OH-driven oxidation of DHMP + 1 × 10−4 5 × 10−3 298 6 2

aNumber of repetitions.

Table 2. Measured Second-Order Rate Constants for DHBO
and DHMP with OH, NO3, and SO4

− Radicals at 298 K

OH NO3 SO4
−

compound
ksecond/

109 L mol−1 s−1
ksecond/

106 L mol−1 s−1
ksecond/

107 L mol−1 s−1

DHBO 1.0 ± 0.1 2.6 ± 1.6 2.3 ± 0.2
DHMP 1.2 ± 0.1 7.9 ± 0.7 3.3 ± 0.2

Figure 3. Arrhenius plot for the radical reactions of DHBO and
DHMP with OH radicals.

Table 3. Applied Parameters for the Calculation of the
Diffusion Constants

compound Vm/cm
3 mol−1 r/Å D/cm2 s−1

DHBO 111.4a 3.53 9.35 × 10−6

DHMP 113.8a 3.55 9.23 × 10−6

OH 26.9b 2.20b 2.19 × 10−5

NO3 46.4b 2.64b 1.58 × 10−5

SO4
− 61.5b 2.90b 1.34 × 10−5

aEstimated after the Joback method.71 bTaken from Schöne et al.66
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Because the obtained second-order rate constants are near
the diffusion limit, we calculated the diffusion constant kD via
the following procedure described in Schöne et al.66 The
Smoluchowski equation (3) defines the diffusion constant kD:

67

π= × × × × + × +k N D D r r4 10 ( ) ( )D
3

A rad or rad or
(3)

Here Drad and Dor represent the diffusion coefficients of the
radical and the organic compound, whereas rrad and ror stand for
the radii of the radical and organic compound and NA is the
Avogadro constant. The required diffusion coefficients are
calculated via a modified Stokes−Einstein relationship:68

η
= × × ×

×
−D

XM T
V

7.4 10
( )8

0.5

m
0.6

(4)

where Vm represents the molar volume at 298 K, T is the
temperature (298 K), η is the viscosity of water (η = 0.89 g
cm−1 s−169), X is the association parameter of water (2.26), and
M is the molar mass of water. The radii of the molecules are
calculated following eq 5:70

π
=r

V
N

3
4

m

A
3

(5)

Table 3 summarizes all applied parameters for the method
described above.
Estimated diffusion rate constants for both compounds are

kD ≈ 1.36 × 1010 L mol−1 s−1. Therefore, the contribution to
the obtained second order rate constants ksecond of the reactions
with OH radicals is 7.3% for DHBO and 8.9% for DHMP and
the reaction rate constants are still dominated by the chemical
activation.

NO3 Kinetics. Compared to reaction rate constants of NO3
with carbonyls (ksecond = 6.9 × 106 to 5.8 × 107 L mol−1 s−1)
reported in the literature,62,66 the reaction rate constants
obtained here are in the same range. Interestingly, the nitrate
radical reactions show the strongest temperature dependence,
compared to the OH and SO4

− reactions (cf. Figure 4 and
Table 3); thus the highest activation energies are 26.4 kJ mol−1

for DHBO + NO3 and 32.0 kJ mol−1 for DHMP + NO3.
The diffusion rate constants at 298 K for the reactions of

NO3 with DHBO and DHMP are approximately 1.17 × 1010 L
mol−1 s−1, 4 orders of magnitude higher than the determined

Figure 4. Arrhenius plot for the radical reactions of DHBO and
DHMP with NO3 radicals.

Figure 5. Arrhenius plot for the radical reactions of DHBO and
DHMP with SO4

− radicals.

Table 4. Obtained Arrhenius Parameters of the Reactions of DHBO and DHMP with OH, NO3 and SO4
− radicals

compound radical A/s−1 a EA/kJ mol−1 b ΔG‡/kJ mol−1 c ΔH‡/kJ mol−1 d ΔS‡/J mol−1 K−1 e

DHBO OH (5.2 ± 0.3) × 109 4.2 ± 2.7 21.8 ± 15.2 1.7 ± 1.1 −67.3 ± 3.3
NO3 (1.1 ± 0.1) × 1011 26.4 ± 6.3 36.3 ± 12.9 23.9 ± 5.7 −41.6 ± 4.8
SO4

− (3.1 ± 0.1) × 109 12.1 ± 1.4 30.9 ± 4.3 9.6 ± 1.1 −71.5 ± 1.8
DHMP OH (4.4 ± 0.2) × 109 3.2 ± 2.2 21.2 ± 15.2 0.7 ± 0.5 −68.7 ± 2.7

NO3 (3.0 ± 0.4) × 1012 32.0 ± 7.9 33.8 ± 12.1 29.5 ± 7.3 −14.3 ± 1.6
SO4

− (2.4 ± 0.2) × 109 10.5 ± 3.8 30.0 ± 12.9 8.0 ± 2.9 −73.8 ± 5.2

aPre-exponential factor. bactivation energy. cGibbs’ free energy of activation. dEnthalpy of activation. eEntropy of activation.

Figure 6. Averaged molar fraction of DHBO (n = 2) during the
oxidation experiments as a function of time.
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rate constants, and accordingly, the rate constants are fully
chemically controlled.
SO4

− Kinetics. The SO4
− kinetics complete the set of

investigated reactions. Both reactions studied show a weak
temperature dependence, as can be seen from Figure 5. These
temperature dependences result in activation energies around
10 kJ mol−1 (cf. Table 4).
The diffusion rate constants at 298 K for the reactions of

SO4
− with DHBO and DHMP are about 1.10 × 1010 L mol−1

s−1, yielding to a contribution less than 0.5% to the determined
rate constants so that chemical control governs these reaction.
Activation Parameters. In general, obtained activation

parameters are similar for reactions with both compounds.
When the three radicals are compared with each other, there is
a trend in the activation energies: EA(OH) is smaller than
EA(SO4

−) than EA(NO3). The pre-exponential factors of the
NO3 reactions are 2 and 3 orders of magnitude higher
compared to those for OH and SO4

−, respectively, correspond-
ing to weak entropy changes in the course of the latter
reactions. Table 4 shows all calculated activation parameters of
the investigated radical reactions of DHBO and DHMP. Errors
given in this table are statistical (n = 5) with 95% confidence
interval considering Student’s t-factor.
DHBO + OH Oxidation Products. In Figure 6 the molar

fraction of DHBO as a function of time is shown. During the
experiment time of 6 h ∼80% of the initial DHBO is degraded
to its oxidation products. The error bars in all following time

profiles are the 1σ standard deviation (n = 2) and the solid line
represents a smoothed trend (LOWESS (locally weighted
scatterplot smoothing), smoothing parameter f = 0.7, 3
iterations).
Runs of a model using Copasi 4.19 (see the Supporting

Information) lead to an OH concentration for these oxidation
experiments of [OH] ≈ 1 × 10−13 mol L−1 (cf. Figure S1),
which should possibly be regarded as an upper limit due to still
missing sink reactions, such as the reaction of formed oxidation
products with OH. The resulting OH concentration is in good
agreement with a recent study on the oxidation of oxy
aromatics at the air−water interface72 and modeled bulk
concentrations.60

The most favored reaction sites with respect to an OH-
initiated oxidation of DHBO are the hydroxy group substituted
C3 and C4 positions, which will lead to the formation of 1-
hydroxy-2,3-butadione (HBDO) and 2-hydroxy-3-oxobutanal
(HOBA). Both of these main pathways reveal a ratio of 1:4.
These findings are consistent with the 1:4 ratio of the rate
constants estimated with the structure−activity relationship by
Monod and Doussin for these pathways, kC4 = 6.0 × 108 L
mol−1 s−1 and kC3 = 1.4 × 108 L mol−1 s−1.72,73 The molar yield
of HOBA obtained for the oxidation experiments is depicted in
Figure 7A as a function of time.
As can be seen from Figure 7A, HOBA is formed with a

maximum yield of ≈12%. Contrasting to this, HBDO is only
formed with a yield of ≈3% (cf. Figure 7B).

Figure 7. Averaged molar yields of HOBA (A), HBDO (B), acetic acid (C), and pyruvic acid (D) (n = 2) during the oxidation experiments of
DHBO as a function of time.
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In line with the prediction from thermochemistry, these two
pathways (Scheme 1) are the most important ones following

H-abstraction. Another main product within these experiments
is acetic acid, which is constantly formed with a maximum yield
of 23% at 6 h (cf. Figure 7C).
The surprisingly high yield of acetic acid can be formed via

the intermediate pyruvic acid (cf. Figure 7D), which is further
reacting with H2O2 via the mechanism in the literature.74,75 The
direct photolysis of pyruvic acid studied by Eugene and
Guzman showed a remarkable low concentration of acetic
acid,76 which leads to the finding that the degradation of the
formed pyruvic acid in the present study is dominated by the
H2O2-driven mechanism under the applied conditions.
Apparently, the degradation of pyruvic acid in our system is

caused neither by OH oxidation nor by direct photolysis but is
linked to it due to the applied H2O2 concentration ([H2O2] = 5
× 10−3 mol L−1), cf. Figure S9. A major fraction of acetic acid
measured results from converted pyruvic acid. Compared to
expected hydrogen peroxide concentration levels of 4 × 10−4

and 6 × 10−5 mol L−1 for aerosol liquid water (ALW) and
cloudwater under remote daytime conditions, respectively, this
applied concentration of hydrogen peroxide is certainly higher
than the calculated values. Therefore, the direct photolysis of
pyruvic acid could become more relevant and the formation of

Scheme 1. Proposed Oxidation Mechanism of DHBO in the Aqueous Phase (Observed Products in Red Boxes)

Figure 8. Averaged molar fraction of DHMP (n = 2) during the
oxidation experiments as a function of time.
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acetic acid via the proposed pathway might be less effective if
the hydrogen peroxide concentration is in an atmospherically
relevant range.
Additionally, hydroxyacetone, methylglyoxal and lactic acid

were determined as intermediates. Although their yields are
smaller than 3% (cf. Figure S2−S4). These species are
intermediates in the reaction pathways down to acetic acid.
Besides the oxidation, there is still the direct photolysis of

DHBO leading to glycolaldehyde, glyoxal, oxalic acid, and
glyoxalic acid, which can also act as precursor for aqSOA
formation.77 But this pathway is negligible due to the
absorption branching ratio of H2O2 (ε300 nm = 0.55 L mol−1

cm−1) versus DHBO (ε300 nm = 3.72 L mol−1 cm−1) of
approximately 120:1.
Overall, the oxidation mechanism of DHBO can be

postulated as shown in Scheme 1. DHBO is predominantly
present as unhydrated ketone (96.9%) following estimated by
the structure−activity relationship of Raventos-Duran et al.78

Therefore, its first generation oxidation products in the
aqueous-phase HBDO and HOBA are formed via H-
abstraction followed by oxygen addition and HO2 elimination
as final step. The following hypothesized stable reaction
products, 2,3-dioxobutanal, 2,3-dioxobutanoic acid, and 2-
hydroxy-3-oxobutanoic acid cannot be observed via the
techniques applied in the present study. Next in the
mechanism, 2-hydroxy-3-oxobutanoic acid decarboxylates after
a cyclic rearrangement mechanism. The formed enol undergoes

a ketol−enediol tautomerism similar to the Lobry de Bruyn−
van Ekenstein transformation79 to explain the observed
hydroxyacetone. The further product lactaldehyde is not
observed; however, the subsequent oxidation product lactic
acid is detected. Lactic acid is again oxidized via H-abstraction
followed by oxygen addition and HO2 elimination to yield
pyruvic acid. Hydroxyacetone being formed can be further
oxidized following a similar mechanism yielding methylglyoxal
as outlined by Schaefer et al.,80 which is then also oxidized to
pyruvic acid. The formed pyruvic acid is a potential precursor
for the formation of oligomers under UV irradiation as outlined
in a recent study.76 However, these types of products were not
in the focus of the present investigation.
Another possible source of methylglyoxal is the oxidation of

2,3-dioxobutanal to 2,3-dioxobutanoic acid followed by a
decarboxylation. After 6 h approximately 75% of the produced
organic mass is explained by this mechanism (cf. Figure S5).

DHMP + OH Oxidation Products. The oxidation
experiments of DHMP are also conducted over 6 h. DHMP
is oxidized down to a molar fraction of 13% during the
experiment as depicted in Figure 8.
The most probable reaction sides for an H-abstraction by

OH radicals are the H atoms at the carbonyl carbon and the
CH2 group estimated by the structure−activity relationship by
Monod and Doussin.72,73 Accordingly, the oxidation will lead to
2-hydroxy-2-methylpropanedial (HMPD), also known as
methylreductone, which is thought to be very instable.81

Figure 9. Averaged molar yield of HMPD (A), hydroxyacetone (B), methylglyoxal (C), and lactic acid (D) (n = 2) during the oxidation experiments
of DHMP as a function of time.
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Therefore, it is only observed in minor yields as it is shown in
Figure 9A.
The second estimated first generation oxidation product is

2,3-hydroxy-2-methylpropanoic acid tentatively identified by
UPLC-HDMS measurements. Here we observed a product
fraction at a retention time of 0.73 min with a mass spectrum
(cf. Figure S6) showing a mass to charge ratio of 119.0349,
which is assigned to the [M − H+] molecule of 2,3-hydroxy-2-
methylpropanoic acid (calculated m/z = 119.0344).
The major products of OH-initiated oxidation were

hydroxyacetone, methylglyoxal, lactic acid, and pyruvic acid.
Hydroxyacetone is formed up to a yield of 16.5% after 4 h and
stays constant due to equal rates of formation and further
oxidation as shown in Figure 9B.
The shape of the shown molar yield time profile leads to the

assumption that hydroxyacetone is a first or second generation
oxidation product of DHMP. Consecutively, methylglyoxal is
formed as discussed in the section DHBO + OH Oxidation
Products as an oxidation product of hydroxyacetone. The
yield−time profile (cf. Figure 9C) supports this hypothesis by
the shown behavior like a subsequent product with a

significantly increasing yield after approximately 1.5 h while
hydroxyacetone is significantly formed after 0.5 h.
Pyruvic acid is only represented by up to 3.3% (cf. Figure S7)

due to its intermediate nature and the fast oxidation caused by
the applied concentration of hydrogen peroxide as discussed
before.
In contrast, lactic acid is a major product with a yield up to

12% in the OH-initiated aqueous-phase oxidation of DHMP
compared to the oxidation of DHBO where it is only formed
with yields up to 3%. As shown in Figure 9D, the yield of lactic
acid seems to stagnate after 3.5 h. This finding leads to the
assumption that the fluxes of the source and sink reactions are
equal in the range of 3.5 h up to 6 h.
In conclusion, the proposed OH-initiated oxidation mecha-

nism of DHMP is depicted in Scheme 2. First generation
oxidation products of the hydrated and unhydrated DHMP
(the hydration equilibrium constant Khyd of DHMP is estimated
to be 9.77 after the structure−activity relationship by Raventos-
Duran et al.78) are 2-hydroxy-2-methylpropanedial (HMPD)
and 2,3-dihydroxy-2-methylpropanoic acid formed via H-
abstraction followed by oxygen addition and HO2 elimination.

Scheme 2. Proposed Oxidation Mechanism of DHMP in the Aqueous Phase (Observed Products in Red Boxes)
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The following multifunctional intermediate product 2-hydroxy-
3-oxopropanoic acid is supposed to be formed via the same
mechanism from both first generation oxidation products but is
not observed in this study. Then, a subsequent decarboxylation
leads to the observed hydroxyacetone and lactaldehyde. Finally,
the oxidation of these products follows the same mechanism as
described in the previous section leading to pyruvic acid and,
for the applied experimental conditions, to acetic acid. The
reaction pathway of pyruvic acid with hydrogen peroxide will be
less important under atmospherically relevant conditions and
the OH-driven oxidation and direct photochemistry of pyruvic
acid might become more relevant depending on atmospheric
aqueous-phase H2O2 concentrations. Overall, 67% of the molar
conversion of this experiment is explainable after 6 h (cf. Figure
S8).

■ CONCLUSION

The present study describes the aqueous-phase reactivity of the
isoprene-derived dihydroxycarbonyl compounds DHBO and
DHMP toward atmospherically relevant oxidants OH, NO3,
and SO4

− radicals. Due to the atmospheric abundance of OH
radicals and the second-order rate constants of the reactions
with OH, the OH-initiated oxidation of these isoprene-derived
dihydroxycarbonyls is the main radical-driven degradation
pathway in the tropospheric aqueous phase. The investigation
of the kinetics reveals that at least the OH reaction rate
constants are fast but reach only fractional diffusion control. As
an extension of the present study, the nonradical-driven
aqueous-phase oxidation of these constituents are not clear at
present and should be investigated.
The performed OH-driven aqueous-phase product studies

show the formation of hydroxydicarbonyls (such as HBDO,
HOBA, and HMPD), smaller carbonyls and dicarbonyls (such
as methylglyoxal and hydroxyacetone), and smaller carboxylic
acids (such as lactic and pyruvic acid). It is interesting to note
that pyruvic acid is efficiently converted to acetic acid when
hydrogen peroxide is present in the aqueous phase.
Methylglyoxal and hydroxyacetone, which are also formed in
the present study, are discussed as SOA and aqSOA precursors.
Therefore, the investigated dihydroxycarbonyls are potential
aqSOA precursors.
Overall, the obtained kinetic results and the observed major

mechanistic pathways leading to the suggested reaction
schemes represent a good basis to describe the aqueous-
phase fate of isoprene-derived compounds more precisely. The
presented findings will be implemented in the Chemical
Aqueous-Phase Radical Mechanism (CAPRAM) to achieve a
more detailed understanding on the atmospheric budget of
compounds of interest.
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