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Abstract

A key uncertainty in the heterogeneous oxidation of carboxylic acids by hydroxyl radicals (OH)

in aqueous phase aerosol is how the free radical reaction pathways might be altered by acid-base

chemistry. In particular, if acid-base reactions occur concurrently with acyloxy radical formation

and unimolecular  decomposition  of  alkoxy radicals,  there  is  a  possibility  that  differences  in

reaction pathways impact the partitioning of organic carbon between the gas and aqueous phases.

To examine these questions, a kinetic model is developed for the OH initiated oxidation of citric

acid aerosol at high relative humidity.  The reaction scheme, containing both free radical and

acid-base  elementary  reaction  steps  with  physically  validated  rate  coefficients,  accurately

predicts the experimentally observed molecular composition, particle size, and average elemental

composition of the aerosol upon oxidation. The difference between the two reaction channels

centers on the reactivity of carboxylic acid groups. Free radical reactions mainly add functional

groups to the carbon skeleton of neutral citric acid, because carboxylic acid moieties deactivate

the unimolecular fragmentation of alkoxy radicals. In contrast, the conjugate carboxylate groups

originating from acid-base equilibria activate both acyloxy radical formation and carbon-carbon

bond scission  of  alkoxy  radicals,  leading to  the  formation  of  low molecular  weight,  highly

oxidized products such as oxalic and mesoxalic acid. Subsequent hydration of carbonyl groups in

the oxidized products increases the aerosol hygroscopicity and accelerates the substantial water

uptake and volume growth that accompany oxidation. These results frame the oxidative lifecycle

of atmospheric aerosol:  it is governed by feedbacks between reactions that first  increase the

particle oxidation state, then eventually promote water uptake and acid-base chemistry. When

coupled to free radical reactions, acid-base channels lead to formation of low molecular weight

gas phase reaction products and decreasing particle size.

I. Introduction
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Sub-micron-sized  atmospheric  organic  aerosols  profoundly  influence  Earth’s  climate  by

interacting with  incoming solar  radiation  and serving as  cloud condensation  nuclei,  altering

cloud formation and albedo.1 The extent to which these processes occur is determined by the

size,  chemical  composition,  shape,  and lifetime of  the  aerosol,  making their  characterization

crucial for the predictive accuracy of air quality and climate models. However, describing the

oxidative  evolution (aging)  of  organic  aerosol  is  difficult  due  to  the  extensive  and complex

chemical  reactions  that  occur.  The  oxidation  of  organic  aerosol  is  thought  to  have  a  major

influence on particle composition and size, leading to numerous studies of the heterogeneous

oxidation of organic particles by gas-phase hydroxyl radicals (OH). Laboratory investigations of

model  atmospheric  aerosols2 provide  insight  into  how  the  formation  of  new  oxygenated

functional groups (i.e. functionalization) and C-C bond scission (i.e. fragmentation) reactions

together  alter  particle  composition  and  size.3-7 These  experimental  studies  are  particularly

valuable when coupled with detailed kinetics models since the resulting predictive description

connects key elementary reaction steps to changes in the physical properties of the aerosol.

When an organic aerosol becomes very heavily oxidized, significant concentrations of carboxylic

acid groups build up on the particle surface.8 As a result, initially hydrophobic aerosol develops

hydrophilic character. Under humid conditions, water will accumulate on a hydrophilic surface

over time, transforming the reaction environment from a purely organic matrix into an aqueous

solution. This is a very late phase of chemical ageing of a chemical reduced aerosol, and gaining

an understanding of the factors that control reactivity in this regime and what role may be played

by carboxylic acid moieties are the primary goals of this work. 
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There have been a number of important  studies of the aqueous phase chemistry of oxidized

aerosol constituents that examine reaction rates and mechanisms9-15 as well as the relationship

between  aerosol  phase  state,  heterogeneous  reaction  rate  and  ultimately  cloud  nucleation

activity.16-25   In  general  these  systems  exhibit  substantial  C-C  bond  fragmentation  and

volatilization, in contrast to what is generally observed in the heterogeneous oxidation of reduced

organics.20, 26  For example, levoglucosan, an anhydrosugar, has been widely studied as a model

for  aqueous biomass  derived aerosol,  undergoes  significant  fragmentation.21-22,  27-29 The same

behavior  is  reported  for  the  heterogeneous  oxidation  of  aqueous  erythritol,  another  highly

oxygenated  model  system.20,  30 In  this  case,  Kessler  et.  al.20 found  evidence  that  hydrogen

abstraction  by  OH from a hydroxyl  group leads  to  α-hydroxy alkoxy radical  formation  and

subsequent decomposition by C-C bond scission. 

The differences in reactivity between heavily and lightly oxidized systems originate from the

presence of oxygen-containing functional groups located on or adjacent to peroxy and alkoxy

radical  intermediates,  whose  chemistry  in  turn  controls  the  extent  of  fragmentation  and

subsequent volatilization.20, 31 For example, for a series of structurally related model dicarboxylic

acid aerosol with a common C4 backbone, the distribution of primary, secondary and tertiary

peroxy and alkoxy radicals, formed after the initial OH radical reaction, was observed to play a

large role in ultimately governing the quantity and identity of smaller molecular weight C-C

bond scission products.16-18  In most of these previous studies experimental observations were

rationalized solely by free radical reaction pathways initiated by OH.  However, we expect that

for the vast majority of highly oxidized ambient organic aerosol (e.g. secondary organic aerosol),

which are hydrophilic in nature, the presence of an aqueous phase will lead to carboxylic acids
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being in equilibrium with their conjugate base. Thus, OH will react with both neutral and ionic

forms.  Acid-base  chemistry  should  occur  simultaneously  with  free  radical  oxidation,  and

constitute an important aging mechanism for particles in the troposphere.

To  our  knowledge  there  have  been  only  a  few  detailed  experimental  investigations32-36 of

heterogeneous OH reactions in systems where free radical and acid-base chemistry can occur

simultaneously.  In this work, we investigate the heterogeneous OH oxidation of aqueous citric

acid  (CA)  aerosol  by  OH.   CA is  a  reasonable  model  for  highly  oxidized  organic  aerosol

(C6H8O7), containing three carboxylic acid functional groups and a single alcohol moiety. CA

should exhibit many of the OH-driven aging pathways that occur in secondary organic aerosol.

Because of its low pKa, CA is expected to react with OH in both neutral and acid-base forms.

We develop a molecular  level  kinetic  description of the  chemistry for this  system using the

generalized oxidation mechanism for triacontane as a foundation.8 The model predictions are

compared to  an  extensive  experimental  dataset  obtained previously by Davies  and Wilson,37

which includes the CA decay kinetics, product mass spectra, elemental ratios, and aerosol size;

all of which evolve with OH exposure. We focus on the dataset obtained at a relative humidity

(RH) of 64.5%, where the aerosol is liquid and well-mixed on the timescale of the OH reaction

frequency.  Since the aerosol is an aqueous solution of CA in equilibrium with its conjugate base,

we have included reactions of OH with ionic species as well as with neutrals. We have performed

simulations for three scenarios to elucidate how key reaction steps control reactivity and physical

properties of the aerosol in aqueous vs. non-aqueous aerosol systems. We find that only those

simulations  that  include  both  acid-base  and  free  radical  pathways  yield  model  predictions

consistent with the global experimental dataset. 
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II. Model Framework 

Complex sets of chemical reactions are traditionally analyzed using sets of coupled ordinary

differential  equations  in  which  continuous  variables  evolve  deterministically.  Although  this

reasonably describes test-tube sized or larger systems,38 as system size decreases to the size of an

aerosol, discreteness and stochasticity can have much greater impacts on system behavior. Under

such  conditions,  molecular  populations  are  better  viewed  as  integer  variables  evolving

stochastically. Kinetiscope,39 the software used here, is based on a stochastic algorithm that

propagates a simulation by randomly selecting among probability-weighted elementary reaction

steps (events).40-41 The rate law for each of elementary step is used to calculate the probabilities,

and establish an absolute time base for direct comparison of simulations to  experiment.  The

method has been shown to be a rigorous solution to the master equation for Markov processes. It

has been extended to simulate kinetics in systems with variable volume42 and is well suited to

cases such as aqueous citric acid aerosol oxidation. Additional information is available on the

software’s  website  and  in  prior  work  on  aerosol  oxidation.31,  43 Reaction  mechanisms  are

constructed inductively, that is, by starting from the simplest description and adding new reaction

steps when the simulation results fail to agree with experiment. Rate coefficients for each step

are  taken  directly  from literature,  calculated  from experimental  data  or  quantum theory,  or

estimated using quantitative structure-activity relationship models. Initial concentrations are used

to replicate experimental conditions. Further discussion of the methodology is presented in the

Supplementary Information (SI), section S1.
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The current model includes a number of elements previously developed8,  31,  43 to describe the

multiphase chemistry of organic aerosols.  These elements (outlined briefly in Sec. IIa), include

the  simulation  geometry,  kinetic  descriptions  of  OH  sticking  and  reaction,  evaporation  of

products as well as the central pathways for peroxy and alkoxy reactions.  Several new elements,

outlined in detail in Sec. IIb-d, have been added to simulate the heterogeneous reaction of CA

aerosol by OH.  They include acid-base reactions and equilibria,  and accurately capture the

changes in aerosol size during oxidation due to dynamic uptake and release of ambient water.

a. OH uptake and reaction, evaporation, and radical reaction pathways 

OH uptake. As described in previous studies, the reaction rate of OH at the surface of the aerosol

is controlled by two separate elementary steps.8, 31, 43  First the OH absorbs to a surface site from

the gas phase, then it reacts with CA or its products.  The absorption step is described by a

pseudo  first  order  rate  coefficient  (kad in  Table  1).  kad depends  on  three  factors:  the  OH

concentration  in  the  gas  phase,  the  gas-surface  collision  frequency,  and  the  OH  sticking

probability.  While  two of  these  are  known quantities,  the  sticking probability  is  usually  not

known and for this is systems is expected to be rather complex since the aerosol surface has

substantial water coverage in addition to organic reactants and products.37 Accordingly, a value

of 0.052 s-1 is determined for kad by adjusting it until the calculated citric acid concentration vs

time curve is in quantitative agreement with experiment.8, 43  The collision frequency of OH, kcoll,

at a density of 7.5 x 1010 molec/cm3 with the 10-14 cm2 surface area of the reaction compartment

(Section IId) is calculated to be 12.4 s-1. Since kads = kcoll, this gives a value of 4.2 x 10-3 for ,

the sticking coefficient. This is in the range estimated for  in simulations of OH reacting with

squalane (10-4) 43 and triacontane (5 x 10-5, calculated from the reported rate coefficient).8 Since
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the sticking coefficient for water to water surfaces is 1,44 and OH to water is in the same range,45

the low value suggests that the outer surface of the aerosol has a strongly organic character

despite  the significant amount of water  present. All  other  coefficients in  the  mechanism are

derived from experiment and theory. 

Evaporation. The simulated aerosol volume dynamically evolves both by the formation of higher

density reaction products that bind water formed by OH reactions or accrete waters of solvation

from  the  ambient,  and  by  the  evaporation  of  high  volatility  small  molecule  products  and

eventually their water shells. Loss of water is assumed to be instantaneous following desorption

of products from the aerosol surface. Products containing 2 carbons, such as oxalic acid, have

much higher vapor pressure than those with 3 carbons and greater,46 and are assumed to be the

only ones that undergo significant evaporation. Their vapor pressures are set to be 1 x 10 -4 Pa, a

value typical for small dicarboxylic acids at room temperature.46 The evaporation rate coefficent

computed from this vapor pressure and the simulation geometry, as described in Wiegel et al, 8, 31

is 0.35 s-1.

Radical  reaction pathways. Because the possible reactions are relatively few, the elementary

steps used to describe the heterogeneous reaction of CA with OH are written explicitly (i.e.

involving  individual  molecules)  rather  than  using  the  lumped  reaction  scheme  based  on

functional group chemistry introduced previously to model the multi-generational oxidation of

alkanes.8,  31  As shown in Table S1 in the SI,  the full  range of possible reaction products is

considered and includes C6 functionalization products as well as C2-C5 species formed via C-C
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bond scission reactions.  These product species are formed via the generic elementary reaction

steps, shown in Figure 1, that have been used in previous studies.4-5, 8, 31, 43, 47-48 

Briefly, OH can abstract a hydrogen atom from a –CH2 or –OH moiety located on CA or its

reaction  products  (generically  represented  as  RH in  Figure  1).   The  rate  coefficient  for  H-

abstraction from these sites are taken from the literature and shown in Table 1.  The resulting H-

abstraction reaction at the –CH2 group produces an alkyl radical (R), which is rapidly converted

(in the presence of O2) into a peroxy radical (RO2).  RO2 is the central intermediate that controls

much of the oxidative transformation of CA and its subsequent products.  For instance, RO2 +

RO2 reactions produce either stable products with new alcohol and carbonyl functionalities or

alkoxy  radicals  (RO).  Previous  work31 has  shown  that  the  aerosol  oxidation  chemistry  is

consistent with 90% of the secondary RO2 + RO2 reactions yielding stable products (i.e. carbonyl

and alcohol), and the remaining 10% forming alkoxy radicals and O2.  H abstraction from the –

OH group directly forms an alkoxy (RO) radical or, in the case of an -OH group on a carboxylic

acid, an acyloxy radical. Unimolecular decomposition of alkoxy and acyloxy radicals as well as

intermolecular  H-abstraction  by  RO  are  included  in  the  model.   As  shown  in  Figure  1,

hydroperoxide (ROOH) products are formed by the RO2 + HO2 reaction.  

In  following sections,  we describe extensions to  the  oxidation mechanism. They include the

implementation of the new acid-base reaction steps, the calculation of their rate constants, and a

description of how these acid-base equilibria are coupled to the free radical reaction scheme

described above.  This is followed by a description of how water is included in the simulation to

order to properly account for the hygroscopic growth of the aerosol during oxidation.

8

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

15

16



b. Acid-Base chemistry 

The  aqueous  environment  requires  the  inclusion  of  acid-base  chemistry  in  modeling  the

oxidative evolution of the aerosol. While free radical chemistry in hydrophobic organic aerosol is

well-constrained by known reaction pathways and rate  coefficients,  little  work has explicitly

focused on how free radical chemistry is modified in aqueous organic aerosol where acid-base

chemistry occurs simultaneously. CA has a pKa1 of 3.13, and dissociates in water to produce

hydronium and citrate, the conjugate base of CA. This relatively acidic environment leads to

further deprotonation of the numerous triacid and diacid products (see Table S1) formed from

CA oxidation. Thus, we expect the formation of radical anions as the system is oxidized, and are

interested in how the reactivity of these radical anions differs from their neutral counterparts (e.g.

citrate vs citric acid). In particular, we focus on the unimolecular fragmentation rates of anionic

alkoxy radicals compared to their neutral analogs. Because several key rate coefficients have not

been measured, we used ab initio calculations of the reaction barriers to estimate them.

Using Gaussian09,49 the ground state energy of the radical is obtained by optimization of all its

conformers using the SMD/IEF-PCM solvent model for water and the M06-2x functional and the

6-31G(d,p)  basis  set.  The  solvent  model  was  shown  by  Marenich  et.  al.50 to  reduce  mean

unsigned errors in the solvation energies of both neutral and charged species while the functional

was shown by Walker et.  al.51 to  be a superior choice compared to  B3LYP in systems with

dispersion and ionic hydrogen-bonding interactions. Vibrational frequencies of the ground state

are computed at the same level of theory to ensure the optimized structure corresponds to a local

minimum.  For  the  transition  state  calculation,  the  Berny  option  with  a  calculation  of  force

constants is used. The length of the fragmenting C-C bond is set to the value obtained by a

9

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

17

18



relaxed potential energy surface scan for a local maximum in total molecular energy. The barrier

height for dissociation, Eb , is taken as the difference between the ground and transition state

energies.  Rate coefficients for β C-C bond scission of substituted alkoxy radicals are estimated

using the following structure-activity relationship model developed by Vereecken and Peeters,52

T

298 K
¿
¿

kdiss (T )=L × ATST (298 K ) ×¿

 (Eq. 1)

where L  is the number of identical bond scissions and ATST (298 K )  is the pre-exponential

factor at 298 K  based on Transition State Theory. Further details are presented in section S5

of the SI. 

As observed in previous work31, 52-53 and further confirmed by this set of calculations, the barrier

height for β-scission of an alkoxy radical is found to be lowered when a ketone or hydroxyl

functional group is located on an adjacent carbon atom as shown in Scheme 1. The reduction in

barrier height is significant, such that unimolecular decomposition of activated RO is the primary

sink for alkoxy radicals rather than, for example, hydrogen abstraction (i.e. RO + RH).

 As shown in Scheme 1c, the barrier height for the already-activated alkoxy radical is reduced

even further when the adjacent carboxyl group is deprotonated. Indeed, ·COOH  is reported

to be a fleeting radical while the 
−¿

·COO
¿  radical anion has been observed to form in aqueous
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solutions due to stabilization by the solvent.54-57 However, activation of the carboxylate group is

not limited to those pathways that form
−¿

·COO
¿ . As shown in Scheme 2, formation of a larger

radical anion is still more favorable than its neutral form. The difference in fragmentation rate

coefficients  calculated  using  these  barriers  confirms  the  necessity  of  including  acid-base

chemistry in the model to capture the low energy reaction pathways.

c. Inclusion of rapidly maintained equilibria. 

Explicit  simulations  of  rapidly  maintained acid-base  equilibria  using  stochastic  methods  are

exceedingly slow.39, 58-59 This is because reaction steps at equilibrium have a high probability of

being selected relative to the other reaction steps, and the simulation’s timescale barely advances.

Thus, explicit inclusion of equilibrium steps for the deprotonation and protonation of carboxyl

groups in CA is impractical,  and they are included implicitly,  as described below. Extensive

checks were made to verify that this approximation does not change the simulation results; they

are presented in section S3 of the SI. 

The deprotonation of CA to form citrate and its subsequent reaction with OH can be described by

the following steps, where R1 and R2 are added together, and explicit treatment of water and

hydronium formation becomes implicit: 

+¿ , Keq

−¿+H 3 O
¿

CA+H2 O↔CA
¿

(R1)
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−¿+ H 2O ,k2

−¿+·OH →·CA
¿

CA
¿

                                        (R2)

_____________________________________________________

+¿ , k3

−¿+H 3 O
¿

CA+·OH →·CA
¿

                                         (R3)

The  forward  rate  of  reaction  ( R 3 )  

CA
¿

−¿
¿¿
¿

,  where  

CA
¿

−¿
H
¿
+¿
¿
¿
¿
¿

 .  This  yields  the  rate  constant

H
¿
+¿
¿
¿

k3=K eq k2

[H 2 O ]
¿

 . In explicit model runs performed to test this approximation, 

CA−¿
¿

[CA ]
¿

 has

a  nearly  constant  ratio  (section  S3  in  the  SI).  This  justifies  the  assumption  that  a  strict

equilibrium between  water  and hydronium is  maintained,  i.e.  pH is  constant.  By  using  the
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average value of 

H
¿
+¿

¿3 O
¿

¿
¿

[ H2O ]
¿

 from the explicit model, k3  is easily computed and is shown in

Table 1. Thus, 
−¿
CA

¿  is no longer explicitly included in the mechanism, since its concentration

is embedded in the rate constant k3  which is proportional to the CA acid-base, Keq. We extend

this method of modeling protonation and deprotonation to all other acid products in the system

by using their respective Ka values (Table S1 in the SI), making simulation runtimes much more

practical. 

Some reaction products observed in the experiment contain new carbonyl functionalities.  As a

result, hydration reactions of these species (R=O ↔ R(OH)2) are included in the simulations. The

equilibrium constants  Kh for  these  products,  described below,  are  computed  using  structure

activity relationships in Ref  60 and listed in Table S1 in the SI. In the simulation, hydration is

assumed to be instantaneous for species with Kh  > 100. Otherwise, using the treatment for acid-

base chemistry described above, Kh is combined with the OH abstraction reaction coefficient for

the alcohol form (Table 1) to generate an effective rate coefficient.

d. Treatment of water and aerosol volume.  

As will be discussed further below, the experimentally observed CA aerosol volume increases by

~50% during  the  initial  stages  of  the  reaction.  In  the  simulations,  the  volume is  calculated
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dynamically using the instantaneous amounts and densities of all species present (Table S1 in the

SI). This allows concentrations and reaction rates to be continuously corrected as the volume

changes. 

The substantial volume increase is much larger than can be rationalized solely by the formation

of  oxidation  products.   Previous  studies  report  a  variety  of  approaches  to  estimate  the

hygroscopicity of oxidized aerosol, the simplest of which uses O/C as the primary predictor. 61-62

Suda et. al.63 examined the influence of the location and number of functional groups on organic

aerosol hygroscopicity, and concluded that hydroxylation is a key pathway by which aerosols

become more  hygroscopic.  In  view of  the  literature,  the  likeliest  explanation  for  the  initial

increase  in  volume is  uptake  of  ambient  water,  promoted by formation  of  new hygroscopic

species  during  oxidation.   After  the  initial  period  of  growth,  the  subsequent  volume  loss

originates from the desorption of volatile organic compounds and their waters of solvation when

fragmentation becomes kinetically significant. 

In  the  model  described  here,  the  rates  of  adsorption,  absorption  and  desorption  of  water

molecules are assumed to be very fast relative to the chemical reaction rate, and therefore are not

treated explicitly. Instead, each species in the simulation is assumed always to have a number of

water molecules solvating it, contributing to its effective density. Because few data are available

for  the  size  of  stable  water  solvation  shells  for  species  involved in  the  oxidation  reactions,

estimates are made based on the literature value of 6-7 waters per CA molecule, computed for

neutral species from room temperature solubility data.64 The average number of waters, 6.5, are

apportioned among the functionalities as 2 waters per –COOH moiety, and 0.5 waters per alcohol
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or carbonyl moeity. If a species can deprotonate to form hydronium, the hydronium is modeled

as having 3 additional water molecules.65  We assume that the formation of two adjacent alcohol

groups via the hydration of carbonyls results in the addition of 0.5 waters to the solvation shell.

Because the model does not explicitly contain ionic species their waters are included indirectly.

The percent CA dissociation obtained from explicit model simulations is used as a weighting

factor to calculate the average number of water molecules associated with each acidic species.

The total number of waters estimated using these criteria for each species is shown in Table S1 in

the SI. The partial volume of water is added to the molar volume of the organic to estimate the

density of each organic+water group. These values are also listed in Table S1.

 

In  addition to  changes of volume and concentrations in the particle,  and thus reaction rates,

changes in the surface to volume ratio of the aerosol impact the relative importance of surface

and bulk chemical reactions. Because the aqueous aerosol has low viscosity, it is represented

using  a  single  instantaneously  mixed  compartment  rather  than  multiple  diffusion-coupled

compartments, which has been shown to be valid for reactions in well-mixed aerosol.31, 43 This is

computationally efficient but poses challenges for proper weighting of surface to volume kinetics

when there are large  volume changes.  Bulk reactions occur throughout the volume,  but  OH

adsorption only takes place at the surface. To ensure that this balance is correctly represented in

the simulations, the single compartment is treated as a slim 1 nm x 1 nm x R/3 nm cuboid in the

aerosol, where the outer surface of the aerosol is represented as a fixed 1 nm2 square and R is the

instantaneous radius of the spherical aerosol that is being simulated. This is implemented by

assuming that the number of surface sites (1 site per initial surface CA molecule within 1 nm of

the  surface,  calculated  from  the  density  of  CA in  solution),  available  for  adsorption  and

desorption as the reaction proceeds, is constant. Consequently, the dimension of R/3 is equal to
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the ratio of the instantaneous volume to the fixed surface area. This representation maintains the

correct scaling between compartment volume and area of the spherical aerosol modeled in the

experiment, and thus the correct weighting of surface and bulk chemical processes.

e. Photolysis of hydroperoxides

There are reaction pathways in the model that produce hydroperoxides (ROOH).  As such we

consider that possibility that if these species are formed that they could be photolyzed by the 254

nm light source used in the experiment to generate OH.  We assume that the photon flux incident

on particle phase ROOH is the same as that for ozone in the flow tube reactor (value in Table 1).

The photolysis of ozone can be described as: 

(¿1
∆)

(¿1
D)+O2¿

O3 k p ,hν
→

O ¿
                                        (R4)

where  we determine  value  of  k p  that  best  replicates  the  experimental  [OH].  A value  of

k p=0.5 s
−1

 produces an average [OH] which matches experiment. From this value, we can

estimate the rate coefficient for ROOH photolysis by scaling  k p by ratio of ROOH and O3

cross sections (σ) at 254 nm and 293.15K,

ROOH
→

RO·+ ·OH , k photolysis=
k p∗σ ROOH

σ ozone
                   (R5)

σ ROOH  is  estimated  by  averaging  values  for  small  hydroperoxides  CH3 OOH  and

HOCH 2OO  (see Table 1).66 
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III. Results 

The  simulation  results  are  compared  with  previous  measurements  reported  in  Davies  and

Wilson.37 As detailed below, the experimental measurements include: (a) the reactive decay of

CA, (b) average aerosol elemental composition, product mass spectra and formation kinetics, (c)

particle volume as a function of OH exposure.  A successful model will generate predictions that

are within the experimental errors for this entire suite of measurements. Three model scenarios

are considered and compared with experiment in order to explore separately the effects of free

radical and acid-base chemistry, and to assess the importance of fragment evaporation on the

physiochemical evolution of the aerosol. As summarized in Table 2, Scenario 1 includes free

radical  chemistry  only  without  evaporation;  Scenario  2  includes  free  radical  and  acid  base

chemistry  without  evaporation  and  Scenario  3,  the  most  complete  simulation,  includes  free

radical + acid base chemistry and evaporation of C2 reaction products.  

a.  Citric Acid Decay as a Function of OH Exposure 

The normalized decay of CA as a function of OH exposure is plotted for the experiment and the

three model scenarios in Figure 2. All three scenarios accurately predict,  within experimental

error,  most  of  the  exponential  decay  of  CA  observed  in  the  experiment.  The  first  few

experimental points at low exposure are the exception: they deviate from a purely exponential

function. The reason for this is unclear,  and is not predicted by any of the model scenarios.

Phenomenological CA disappearance rate constants (kobs) are extracted from exponential fits to

the experiment and simulations. As shown in Table 3 the range is relatively small, but Scenario 3

is in closest agreement with observations.    
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b.  Average Aerosol Elemental Composition and Product Mass Spectra

The average aerosol elemental composition observed during the reaction is shown in Figure 3.

This  representation,  known as  a  van  Krevelen  diagram,  shows the  relationship  between  the

hydrogen-to-carbon  (H/C)  and oxygen-to-carbon  (O/C)  ratios.  Before  reaction  the  elemental

composition of CA is H/C = 1.33 and O/C = 1.16. Both the H/C and O/C change substantially

during the experiment yielding a final average elemental composition of H/C = 1.1 and O/C =

1.4 at [OH]t = 4.4 x 1012 molec. cm-3 s. All three scenarios predict similar van Krevelen trends

and all are within the overall experimental error of the experiment.  

Despite similarities in average aerosol composition, significant differences among the scenario

predictions appear when they are compared to the experimentally observed population of major

reaction products detected via aerosol mass spectrometry.37 The ionization source used in the

experiments is Direct Analysis in Real Time (DART), which produces negatively charged M-H -

ions.  For example, neutral CA (C6H8O7) molecules appear in the negative ion mass spectrum at

m/z = 191.02 (C6H7O7
-).  The experimental data are not corrected for ionization cross section

differences. Data are shown in Figures 4 and 5.  

It is clear from Figure 4 that only Scenario 3 predicts all 5 major products observed aerosol mass

spectra. There is also good agreement between Scenario 3 and the experimental mass spectrum

recorded at lower OH exposures (OH exposure = 2.2 x 1012 molec. cm-3 s) as shown in Figure S5

in the SI, indicating that this scenario replicates all of the major reaction products observed over

the course of the reaction. Scenarios 1 and 2 fail to capture the dominant product peak observed

at m/z = 116.98, which is assigned to mesoxalic acid. Furthermore, Scenario 2 predicts little if
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any m/z = 207.01, assigned to the C6H8O8 functionalization product (i.e. CA + an alcohol group).

Scenario 1 produces only small quantities of the product at m/z = 133.01, assigned to the C4

fragmentation product malic acid (C4H6O5). 

The experimental mesoxalic acid (m/z = 116.98) formation kinetics are compared to predictions

by  the  model  scenarios  in  Figure  6.   It  is  clear  that  while  all  the  scenarios  produce  some

mesoxalic acid, since there are multiple pathways for its formation, Scenarios 1 and 2 produce

mesoxalic acid either too quickly or slowly relative to the experiment.  Only Scenario 3 correctly

predicts the experimentally observed mesoxalic acid formation as a function of OH exposure.  

c. Aerosol volume

The measured change in aerosol volume vs. OH exposure is shown in Figure 7.  At the start of

oxidation the aerosol grows by ~50% from the initial unreacted aerosol.  As noted above, the

magnitude of this volume increase cannot be explained solely from a change in density as CA is

consumed and the reaction products observed in the experimental mass spectrum form (Figure

4).  Rather it is more likely that much of the observed growth is due to an increase in the aerosol

hygroscopicity (water uptake).  The measured aerosol volume reaches a maximum around an OH

exposure of ~ 2 x 1012 molec. cm-3 s after which it decreases towards the end of the reaction, with

a final volume ~25% larger than the unreacted CA aerosol. It is clear from the experiment that

there is a complex interplay between the formation and evaporation of reaction products and

water uptake. 
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Figure 7 compares experiment  with predictions from Scenario 1 (radical  only chemistry,  no

evaporation)  and Scenario  2 (radical  + acid-base  chemistry,  no evaporation) and Scenario 3

(radical + acid-base chemistry, with evaporation).  Scenario 1 under-predicts the magnitude of

the change in aerosol volume with OH exposure,  while Scenario 2 greatly overestimates the

change in aerosol volume.  Neither Scenario 1 or 2 includes product evaporation, and thus as

expected cannot capture the decrease in volume at larger OH exposures. In contrast, Scenario 3

produces the correct shape, within experimental uncertainty, as well as the absolute magnitude of

the aerosol volume over the entire range of OH exposures used in the experiment.

IV. Discussion

It is clear from Figures 2, 3, 4, 6, and 7 that the Scenario 3 predictions, involving simultaneous

free radical and acid-base OH oxidation channels with fragmentation and volatilization, correctly

describe  the  observed  trends  in  volume,  composition  and  reactivity  as  a  function  of  OH

exposure.  Comparison  of  the  Scenario  predictions  reveals  that  OH-abstraction  initiates  free

radical reactions that functionalize the carbon skeleton,  while OH reactions with carboxylate

groups arising from acid-base chemistry activate carbon-carbon bond scission in alkoxy radicals,

leading to the formation of low molecular weight, highly oxidized products such as malic and

mesoxalic acid. The extensive fragmentation predicted by Scenarios 2 and 3 is consistent with

the  results  of  previous  studies  of  oxidation  of  highly  oxidized  aerosol  as  discussed  in  the

Introduction,  suggesting  that  carboxylate  formation  is  a  key  species  that  drives  aerosol

volatilization. As more highly oxidized products are formed, they accrete water, which causes the

substantial initial volume growth observed to accompany oxidation. The decrease in volume, at

larger OH exposures, originates from the formation and subsequent evaporation of volatile C 2

reaction products along with their waters of solvation into the gas phase, which is held at 62.5%
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RH. These  results  highlight  the  significant  role  of  water  in  controlling not  only changes  in

physical  properties  but  also  the  mechanisms  of  oxidation  and  fragmentation  of  aerosol

components in the atmosphere.

The  importance  of  including  coupled  acid-base/free  radical  reaction  pathways  is  primarily

revealed by predictions of aerosol composition, since there are no clear features in the CA decay

kinetics or the average O/C and H/C to indicate that more than free radical chemistry is occurring

(i.e. all scenario predictions compare favorably with experiment within the error).   Rather,  a

primary  signature  of  acid-base  chemistry  is  found  in  the  formation  of  a  specific  product:

mesoxalic acid (m/z = 116.98), which is the most abundant product in CA oxidation. The specific

reaction channel controlling the formation of this C3 diacid is the rate at which acyloxy radicals

form from carboxyl groups. This can occur via two distinct pathways: (1) the H atom abstraction

from a carboxylic acid group by OH and (2) the OH charge transfer reaction at a carboxylate

group. Figure 8 compares the rate coefficients for these channels,  67-68 showing that  k for the

charge  transfer  pathway  is  80  times  larger.  This  explains  the  simulation  predictions  using

Scenario  1,  which  lacks  acid/base  chemistry.  In  Scenario  1,  the  acyloxy  radical  formation

channel, and hence fragmentation, is less important because it is slower than other competing

hydrogen  abstraction  reactions  (e.g.  H  atom abstraction  from a  –CH2 group).   The  lack  of

carboxylate species in Scenario 1 eliminates the additional carboxylic acid formation pathways

shown in Figure 9. These pathways, which involve fragmentation and decrease carboxylic acid

carbons numbers by 1, account for over 90% of the total malonic acid (C3H4O4) production in the

model.  As shown in Figure 10,  malonic acid is a critical precursor for mesoxalic acid.   OH

radical abstraction from malonic acid followed by O2 addition forms a peroxy radical which can
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then react with RO2 or HO2  to yield mesoxalic acid. The simulations suggest that the RO2 and

HO2 pathways to form mesoxalic acid are equally important.

The decarboxylation pathway (Figure 9), is operative only in those Scenarios that include acid

-base chemistry (Scenarios 2 and 3) and is the major source of C3 products generated by CO2

elimination from C4 species. This is clearly seen in the carbon number plot in Figure 11, where

Scenario 1 produces mainly C4 products and only very small quantities of C3 reaction products,

unlike  Scenarios  2  and  3  (which  include  carboxylate  pathways)  and  the  experimental

observations.  

As seen in Figure 11, another notable difference between Scenario 1 and Scenarios 2 and 3 is the

production  rate  of  C5 products,  which  are  observed  in  the  experiments.  This  result  can  be

explained by the relative barrier heights for alkoxy radical decomposition.  As shown in Figure

12, H atom abstraction by OH from the alcohol group of CA forms an alkoxy radical adjacent to

a carboxyl functionality. The subsequent unimolecular fragmentation rate of the alkoxy radical

anion in  aqueous solution  is  many orders  of  magnitude faster  than  that  of  its  neutral  form,

particularly if a carboxylate forms during the C-C bond rupture. Accordingly, the resulting C5

product,  β-ketoglutaric  acid (C5H6O5),  which is observed experimentally  is only produced in

Scenarios 2 and 3 (Figure 11) via reaction pathways involving the conjugate base of CA.  When

acid-base chemistry is absent (i.e. Scenario 1) this particular fragmentation pathway is of minor

importance because it is slow relative to other possible alkoxy radical reactions. Interestingly, the

differences in product distributions due to the presence or absence of acid-base chemistry have a

negligible impact on the predicted van Krevelen diagrams. This suggests that average aerosol
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elemental composition, not surprisingly, is a blunt probe of the underlying elementary reaction

pathways. 

The acyloxy reaction pathway shown in Figure 9 is the direct route to transform mesoxalic acid

into  oxalic  acid.  Oxalic  acid,  the  most  abundant  atmospheric  particulate  organic  diacid,  has

temporally varying concentrations (seasonal and diurnal) that suggest its abundance is controlled

by  secondary  processes.69-72 Indeed,  field  measurements  of  oxalic  acid  support  an  in-cloud

formation mechanism.73-74 In model scenarios 2 and 3, oxalic acid is the most abundant acid in

the system by the end of  the simulation runs.  Thus,  the  activation of  the carboxylate  group

towards acyloxy radical formation and its subsequent reactions as shown in Figures 8 and 9

provide a possible mechanism for oxalic acid formation in the atmosphere. 

The aerosol volumes (Figure 7) predicted in Scenarios 1 and 2 continuously increase over time,

in contrast to Scenario 3 (and the experiment), which exhibit a maximum. This is not surprising

since only Scenario 3 allows for the production of reaction products that partition to the gas

phase resulting in a net decrease of material in the aerosol. In particular, we find that C2 product

evaporation is the most important contributor to the observed decrease in aerosol volume. The

large increase in  aerosol volume at  early OH exposures can be explained by an increase  of

aerosol  hygroscopicity  due  to  the  increase  in  the  total  quantity  of  soluble  molecules  (i.e.

fragmentation products) originating from the extensive C-C bond scission chemistry discussed

above. This initial increase is much steeper for Scenario 2 than 1 and can be explained by the

larger population of C3 and C5 fragmentation products (Figure 11) produced in Scenario 2 via the

carboxylate reactions discussed above. 
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Finally, in all three scenarios, ROOH photolysis is found to be a negligible reaction pathway.  In

the simulations, photolysis occurs on average once for every 20,000 β-scission reactions. Rather,

the main sink for ROOH is C-H attack by OH, as shown in Figure 13, which functionalizes the

carbon  skeleton  with  a  ketone  group.  Subsequent  hydration,  hydrogen  abstraction  from the

hydroxyl  group,  and  fragmentation  yields  oxaloacetic  acid  (C4H4O5),  the  key  C4 product

undergoing the carboxyl-forming pathway in Figure 9. Thus,  ketone production from ROOH

reaction with OH is a major contributor to eventual C3 product formation. This is only possible

when acid-base chemistry activates acyloxy radical formation. 

V.  Conclusion

A detailed,  physically based kinetics model is formulated for the heterogeneous oxidation of

aqueous citric  acid aerosol by OH.  Citric  acid is  a reasonable proxy for understanding the

fundamental  chemical  pathways that  might  be important  for prediction of  secondary organic

aerosol  and late-stage  aging of  primary  aerosol  in  the  troposphere.  We find that  substantial

coupling  of  acid-base  and  free  radical  chemistry  is  needed  to  explain  the  heterogeneous

oxidation of CA by OH, and that carboxylate groups are central to trends in aerosol composition

and size observed as a function of OH exposure. When present in carboxylic acid form only,

reactions with OH lead mainly to functionalization of CA. When neutral CA is equilibrated with

its  conjugate  base,  extensive  fragmentation  occurs  following  H  abstraction.  Larger  carbon

numbered diacids are transformed into smaller diacids through the interplay of acid-base and free

radical  chemistry,  activating  acyloxy  formation  and  driving  subsequent  decarboxylation  and

carboxyl-group formation.  In  addition,  the  carboxylate  group significantly lowers  the  barrier
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height to C-C bond scission in alkoxy radicals. Together, these two effects of acid-base chemistry

are essential to simultaneously predict the kinetic decay of citric acid, changes in aerosol volume,

and the product distribution within the aerosol. The presence of mesoxalic acid as a product is a

key signature of acid-base chemistry in this system; reaction rates and elemental compositions

alone do not provide evidence that this reaction channel is occurring.  The simulation results also

provide insight to how elementary reaction steps controls the evolution of aerosol size during

oxidation.  The  detailed  trend  is  controlled  by  a  subtle  balance  of  chemical  erosion  and

hygroscopic growth.

How does this fit in with what is known about aerosol ageing processes? As shown by Lambe et

al.,75 the  quantity  of  secondary  aerosol  formed by the  reaction  of  OH with  alkanes  evolves

dynamically by functionalization and fragmentation.3  Functionalization dominates early stage

oxidation and leads to substantial aerosol yield.  At higher oxidation levels, the aerosol yield

reaches a maximum, and further reaction reduces the quantity of aerosol by the production of gas

phase  products  (i.e.  fragmentation).  Carboxylic  acids  are  expected  to  be  key  particle  phase

products that contribute substantially to lowering aerosol volatility (i.e. enhancing the quantity of

aerosol)  while   raising  its  oxidation  state  and  hygroscopicity.   Our  results  suggest  a  new

connection between aerosol pH and water that may govern the balance of functionalization and

fragmentation  in  aqueous  secondary  organic  aerosol.   As  the  oxidation  state  of  the  aerosol

increases by the formation of acids, water uptake naturally follows, opening acid-base reaction

channels.  This indicates that carboxylic acids could play a dual role. At early stages, these highly

oxidized species mainly contribute  to  increase  in  aerosol  mass  and water  uptake.  When the
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character of the aerosol becomes aqueous, acid-base equilibria lead to an increase in carboxylate-

mediated chemistry which largely consists of C-C bond scission reactions (i.e. chemical erosion).

Here we have considered only a single relative humidity (RH = 64.5%) where the aerosol is a

well-mixed aqueous solution on the timescale of the OH reaction frequency.  We expect more

complex  behavior  to  appear  as  the  RH  is  lowered  and  the  aerosol  and  its  subsequent

transformations are governed increasingly by nanoscale interfacial gradients produced by slow

diffusional timescales in the particle.8, 37 For these cases we might expect much more complex

feedbacks  to  emerge  between  aerosol  viscosity  and  hygroscopicity  and  the  underlying

elementary free radical and acid-base reaction pathways.

Supporting Information 

Model  construction;  Structures,  pKa,  Kh  and  densities  of  organic  acid  species  used  in

simulations;   Validation  of  implicit  acid-base  modeling  (explicit  acid-base  model  results);

Comparison of scenario 3 mass spectrum with experiment; Sample Gaussian09 results for alkoxy

radical anion ground state and transition state;  Evaluation of sensitivity of the simulation results

for Scenario 3 with faster peroxy-peroxy kinetics
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Table 1: Key Model Parameters and Rate Coefficients 

Paramete
r

Value Description and References

RH 64.5% Relative Humidity

dp 97 nm Diameter of particle

kad 0.052 s-1 Pseudo-first order adsorption rate coefficient of OH

[OH] 7.5 × 1010 molec. cm-3 Average experimental [OH]37

kRO2+O2 2.0 × 105 s-1 Pseudo-first order reaction rate coefficient of RO2 + O2
a

kphotolysis 1.3 × 10-4 s-1 Rate coefficient of ROOH photolysis (see text for

details)

kCA(CH2)+OH 5.1 × 10-14 cm3 molecules-1 s-1 Rate coefficient of H abstraction from -CH2 group in

CA b

kCA(OH)+OH 9.7 × 10-14 cm3 molecules-1 s-1 Rate coefficient of H abstraction from -OH group in

CAb 

kRO2+HO2 3.8 × 10-15 cm3 molecules-1 s-1 Rate coefficient of RO2 + HO2 
c

kROOH+OH 3.7 × 10-12 cm3 molecules-1 s-1 Rate coefficient of ROOH + OHd 

kRO2+RO2 1.6 × 10-15 cm3 molecules-1 s-1 Rate coefficient of RO2 + RO2 
76

kRCOOH+OH 2.3 × 10-15 cm3 molecules-1 s-1 Rate coefficient of RCOOH + OH e, 67

kRCOO-+OH 2.0 × 10-13 cm3 molecules-1 s-1 Rate coefficient of RCOO- + OH68

kHO2+OH 1.7 × 10-11 cm3 molecules-1 s-1 Rate coefficient of HO2 + OH66

kHO2+HO2 1.7 × 10-15 cm3 molecules-1 s-1 Rate coefficient of HO2 + HO2
66

Khydration Structure activity relationships Equilibrium Constant for R=O ↔ R(OH)2
f

a Pseudo first order rate coefficient was computed using the Henry's Law constant77 of 0.0138 and a rate 

coefficient76 for RO2 + O2 of 2.5 x 10-12 cm3 molec-1 s-1

b Computed via structure activity relationships described in Refs. 78-79 Values for all the other species in the

reaction (Table S1 in the SI) are similarly calculated and fall in the range of 10-14 – 10-13 cm3 molecules-1 s-

1.

c  The RO2 + HO2 rate coefficient in the aqueous phase is estimated using the 2-3 times difference in the 

rate coefficient80 from HO2 + HO2 observed in the gas phase.81-82 Peroxy-peroxy rate coefficients in 

solution can span a large range, and the values used here are at the lower end of the range. The sensitivity 

of the results to values set to the high end of the range is discussed in the SI (See section S6, Scenario 4).  

d Rate coefficient used is consistent with values (~ 10-12 cm3 molec-1 s-1) reported in Refs. 80, 83

e  This rate coefficient is that for abstraction of H from the carboxylic acid group in oxalic acid.  

f The equilibrium constants for hydration reactions were calculated from the structure activity 

relationships and are listed in Table S1 in the SI. (see Ref. 60) As described for acid-base chemistry, this 

equilibrium constant was folded into an effective rate constant.
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Table 2: Model Scenarios

Table 3: Decay Constant Comparison: Experimental and simulated reaction rate constant of 

CA. Coefficient of determination values (R2) are calculated for the model scenarios to validate 

the exponential fit. Note that only scenario 3 has a reaction rate constant value within 

experimental error.

Model Scenario kobs ¿cm
3
s
−1

molec
−1

R
2

Experiment (5.27 ±0.28 )× 10
−13

1 4.68 ×10
−13 .99

2 6.08 ×10
−13 .99

3 5.38 ×10
−13 .99

36

Scenario Free Radical Acid-Base Evaporation of C2

Fragments

1 ✔ ✖ ✖

2 ✔ ✔ ✖

3 ✔ ✔ ✔
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Figure 1: Reaction  pathways of  RO2 to  yield functionalized and/or  fragmented products.  A

diagram of the free radical, pathways of RO2 and subsequent acid-base and hydration reactions

used to model the heterogeneous oxidation of aqueous citric acid aerosol by OH radicals. The

left and right branches of the RO2
 reactions generate functionalized organic products. The top and

bottom branches not only promote free radical cycling, but lead to bond cleaving reactions that

produce lower weight, more functionalized reaction products. The RO  fragmentation channel is

significantly activated by an adjacent functional group and/or the deprotonation of a carboxyl

group in the radical, as suggested by ab initio calculations (see text for details).
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Scheme 1

Scheme 2
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Figure 2. Experimental and simulated reactive decay of CA as a function of OH exposure. The

experimental and simulation results were normalized to unreacted [CA]0 prior to heterogeneous

reaction. See Table 1 for simulations parameters and Table 2 for scenario descriptions. 
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Figure 3.  Experimental and simulated Van Krevelen plots (H/C vs.  O/C) of average aerosol

elemental composition. Simulation results fall within experimental error regardless of the model

scenario. Note unreactive CA has H/C = 1.33 and O/C = 1.16.  As the reaction progress the

average H/C of the aerosol decreases and the O/C increases.  
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Figure 4. Experimental and simulated negative ion mass spectra of the major oxidation products

of CA produced at an OH exposure of 4.4x1012 molecules s cm-3.  See Figure 5 for structures of

these reaction products.
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Figure  5:  Molecular  structures,  negative  ion  m/z,  H/C,  O/C and pKa of  the  major  reaction

products observed experimentally by Davies and Wilson.37
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Figure  6:  Experimental  and  simulated  concentration  of  mesoxalic  acid  (m/z  =  116.98)  as

function of OH exposure.  For comparison the experimental and simulated concentration was

normalized to the maximum value. Scenario 3 predictions are within experimental error.
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Figure 7: Experimental and simulated normalized aerosol volume as a function of OH exposure.

The volume is normalized to the unreacted CA aerosol. The rapid growth observed in Scenario 2

is due to lack of evaporation in this scenario. Scenario 1 fails to capture the initial increase in

volume and similar  to  scenario 1,  does not predict the decrease in volume due to a  lack of

evaporation.  Scenario 3 is  the  only model  to  predict  within  experimental  error  the  complex

growth and decay in aerosol volume observed over the course of the reaction.
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Figure  8:  A comparison  in  acyloxy  radical  formation  rate  between  an  α-keto  acid  and  its

conjugate base. The charge transfer reaction of the base (bottom) has a rate coefficient that is

approximately 2 orders of magnitude larger than the hydrogen abstraction reaction on the acid

(top).  The inclusion  of  acid-base  chemistry  substantially  increases acyloxy radical  formation

rates.

45

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

89

90



Figure  9:  Carboxyl  group  formation  accompanied  by  one-carbon  loss  via  acyloxy  radical

formation.  After  decarboxylation  of  the  acyloxy radical,  addition  of  oxygen to  the  resulting

alpha-di-hydroxyalkyl radical and subsequent decomposition yields an acid that differs only by 1

carbon atom from the original reactant. Hydration is an essential part of this pathway, making it

unique to the aqueous-phase. 
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Figure 10: The two reaction pathways that produce mesoxalic acid (m/z = 116.98). In the right

branch, RO2 may also react to yield 2-hydroxymalonic acid (i.e. C3H4O5, tartronic acid). The

ROOH+OH reaction in the left branch regenerates OH further propagating the reaction.
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Figure 11:  Simulated product carbon number (Nc) distributions (at OH exposure = 2.2 x 1012

molec. cm-3 s) for Scenarios 1, 2 and 3. The experimental data are also shown at OH exposure =

2.1 x 1012  molec. cm-3  s, for qualitative comparison to the calculations. Each carbon number is

computed by dividing the sum of all species corresponding to a carbon number by the initial

concentration of CA.  Scenario 1 lacks C5 products, which are only produced when acid-base

chemistry is included in the reaction scheme (i.e. Scenario 2 and 3). 
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Figure 12:  Computed rate coefficients for the unimolecular decomposition of alkoxy radicals

(see text for details). Fragmentation of the radical anion (bottom) is many orders of magnitude

faster than the neutral case (top).
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Figure 13: A significant reaction pathway that converts a ROOH group into a carbonyl with H2O

and OH as coproducts. 
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