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Abstract

A model is developed to describe trace gas uptake and reaction with applications to aerosols and
microdroplets. Gas uptake by the liquid is formulated as a coupled equilibria that links gas, surface
and bulk regions of the droplet or solution. Previously, this framework was used in explicit
stochastic reaction-diffusion simulations to predict the reactive uptake kinetics of ozone with
droplets containing aqueous aconitic acid, maleic acid and sodium nitrite. Using prior data and
simulation results, a new equation for the uptake coefficient is derived, which accounts for both
surface and bulk reactions. Lambert  functions are used to obtain closed form solutions to the
integrated rate laws for the multiphase kinetics; similar to previous expressions that describe
Michaelis—Menten enzyme kinetics. Together these equations couple interface and bulk processes
over a wide range of conditions and do not require many of the limiting assumptions needed to

apply resistor model formulations to explain trace gas uptake and reaction.

Correspondence to krwilson@lbl.gov and megan.willis@colostate.edu




1. Introduction

Multiphase and heterogeneous processes play significant roles within the complex network
of gas phase chemical reactions that control the composition of our atmosphere.'** Reactions in
and on cloud droplets and aerosols shuttle molecules between phases, acting both as reactive
sources and sinks for atmospheric trace gases. Unlike purely gas phase reactions, multiphase
reaction rates are often difficult to predict, in large part because of the substantial uncertainty in
understanding how key non-reactive elementary steps govern the transfer and reaction of a gas
molecule across an interface into the droplet or aerosol interior. These non-reactive steps, which
include trace gas adsorption/desorption, solvation/desolvation and diffusion introduce complex

coupling and feedbacks that are absent for reactions occurring in a single phase.

The reactive uptake coefficient (y) or reaction probability is the fraction of gas-surface
collisions that yield a reaction. y is perhaps the closest analog to a bimolecular rate constant in a
homogeneous phase. However, despite the relative ease with which modern aerosol techniques are
used to determine reaction probabilities, there remains a substantial challenge in connecting y with
a bimolecular reaction rate coefficient of a single elementary step. This challenge arises because y
is an aggregate of many kinetic steps, leading to cases where the observed uptake coefficient and
decay kinetics depend in complex ways on the gas, interface and condensed phase environment of
the aerosol or droplet.’> This complexity requires the development and application of models to
interpret y, with the goal of linking the physical properties of the aerosol or droplet with its

multiphase reactivity.

There are a large number of published models and frameworks (see review by Kolb et al.,?
and references therein) to describe gas uptake and reaction by aerosols and droplets. These models

share the same basic elements required for connecting gas phase diffusion, interface



adsorption/desorption with solvation and diffusion in the bulk liquid.®* However, many of these
models differ in their starting assumptions and the subsequent approximations needed to achieve
tractable solutions. Danckwerts” ® derived equations for the coupling of diffusion and solubility,
which serves as a basis for many subsequent approaches. Schwartz,” and later Shi and Seinfeld, '
identified characteristic timescales for limiting cases where aqueous phase uptake by droplets is
limited by either kinetics or mass transport. Hanson et al.!! used a similar approach to describe
stratospheric heterogeneous chemistry. Kinetic resistance models have been developed and refined
by many authors.> >?* These formalisms, which often use steady state approximations, represent
uptake as a set of decoupled and normalized fluxes expressed as resistances, which can be added
in series or in parallel in analogy to electrical circuits. Resistor models provide simple expressions
for estimating uptake coefficients and in some cases the associated decay kinetics of the trace gas
or solute. Analysis of experimental data by resistor models often requires assuming where the
reaction occurs (surface vs. bulk), which as we will show in this work, is often not straightforward.
Despite their widespread use, resistor model limiting cases may not accurately account for realistic

multiphase reactions measured in the laboratory or that occur in the atmosphere.

To go beyond resistor-type models with simplified closed form expressions for limiting
cases, a number of frameworks'”>2>2® have been implemented in kinetic simulations to account for
more complex multiphase chemistry. Smith et al.?’ examined the uptake and reaction of O3 with

oleic acid, comparing the resistor model with results obtained by numerically solving the coupled

29-36

partial differential equations for diffusion and reaction. Kinetic multilayer models employ a

flux-based representation, numerically solving the coupled differential equations for mass

transport and chemical reactions. Many multilayer models require a comprehensive set of variables

37, 38

for each molecule and so are often employed in inverse modeling studies of large data sets,



where they can resolve the fine details of surface and bulk processes as well as the formation of
chemical gradients. Kinetic descriptions of multiphase chemistry, implemented in stochastic
reaction-diffusion simulations by Houle,** Wilson*® and coworkers,” 26 41-4¢ have been used to
describe multiphase transformations using a set of elementary kinetic and diffusion steps, with the
goal of obtaining physically realistic, albeit simple, descriptions of reactive uptake. Despite the
success of simulations in describing complex multiphase phenomena, there is a need for simple
closed form expressions that go beyond limiting cases and account for the coupling of surface and

bulk processes needed to accurately predict trace gas uptake and reaction.

Here we derive a new set of equations for predicting reactive uptake and multiphase
kinetics. The framework on which these derivations are based was recently implemented*’ in a
stochastic reaction-diffusion simulation to explain the multiphase reaction rate of O3 with aqueous
droplets containing trans-aconitic acid,*” maleic acid*® and nitrite.** The framework expresses the

15,19, 24, 50

Henry’s law constant as a product of two equilibria and explicitly includes diffusion and

the coupling of surface and bulk processes, which are neglected in resistor-type models.

This paper is organized as follows. In Section 2, we summarize the model framework and
its assumptions, with a brief summary of how it was implemented in previous reaction-diffusion
simulations.*’ In Section 3, prior simulation and experimental results are analyzed to derive an
expression for y and the associated closed-form kinetic equations, which include both surface and
bulk reactions. We further test these equations by comparing predictions to previously published
experimental results and extend them to the dilute conditions relevant for the atmosphere. In

Section 4, we summarize the key expressions from our derivations and discuss their implications.



2. Methods

Model Framework: The kinetic steps shown in Fig. 1 are used to describe the uptake and
reaction of trace gas X(g) with solute Y. These steps, which are described in detail below, were

previously implemented*®’ in explicit stochastic reaction-diffusion simulations to predict the

Gas X(9) X(g) Trace Gas
A A
S
ch " [1] [2]
ads(X) | Kaes(x)
X(ads) +  Y(ads) I
gb _ 1795 1ysb &
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[71 [8]
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liquid X(b) X(b) T Y(b) | Solute

Figure 1: Model framework to describe the multiphase reaction of trace gas X (blue) with solute Y (red).
The overall gas-to-bulk (gb) Henry’s law constant is the product of two equilibria connecting gas (g),
adsorbed (ads) and bulk (b) phase species. Each equilibrium is shown with its forward and backward
elementary steps and rate constants. The green boxes show how the presence of a chemical reaction
couples the equilibria of X and Y. 9 is the thickness of the interface.

multiphase ozonolysis (X = O3(g) of trans-aconitic acid, maleic acid and nitrite in aqueous
droplets. The kinetic steps shown in Fig. 1 are situated in a simplified model of a droplet or aerosol
in order to represent two kinetically distinct regions: the gas-liquid interface and the interface
between the bulk liquid and its surface. This is done in the simulations*’ using two compartments
to represent the interface and underlying bulk liquid. In this model, the surface of the droplet is

represented by a finite volume with an interfacial thickness, §, as shown in Fig. 1. Diffusion in



the plane parallel of the interface is neglected and the interfacial volume is assumed to be well-
mixed. The interfacial volume is assumed to support volumetric concentrations of X and Y. The
bulk region of the droplet is represented by a larger volume whose dimensions replicate a droplet
of radius, r. This framework does not resolve the formation of chemical gradients that might
emerge in either the interfacial or bulk volumes, but instead considers [X] and [Y] in each region
as average quantities. For the derivations presented below, the same view of the interface and bulk
regions of the droplet is used, which although simplistic in molecular terms, appears to be realistic
enough to correctly predict*’ the experimentally measured kinetics and reactive uptake coefficients

observed during multiphase ozonolysis.

As shown in Fig. 1, the Henry’s Law constant links the concentration of X(g) with its liquid

phase concentration (i.e. [X()]). Unlike other approaches that begin by connecting gas and liquid
phase diffusional fluxes, the overall Henry’s law constant (chb) for the trace gas, X, is
formulated as a product of two coupled equilibria, similar to expressions reported by Hanson, '3
Remorov and George.!” For simplicity we use the dimensionless form of the Henry’s Law
constant, chb, which is the ratio of aqueous and gas phase concentrations (i.e., cc).’! prb (M/atm)

is a commonly used form of the Henry’s Law solubility and is related to the dimensionless form

by, H? =R-T- prb, where R is the ideal gas constant and T, temperature.

Thermodynamically, the Henry’s law constant depends upon the difference in solvation

free energy (AGsol) between molecule X in the gas phase (g) and in the bulk (b) liquid.

b —AGso
HE = exp () Eq. (1)



AGsol(gb) 1s negative for highly soluble gases and positive for those of low solubility. In reality,

ngcb is a product of two equilibrium constants that describe the partitioning of X from the gas to

the surface (gs) and the surface to the bulk (sb) as shown in Fig. 1,
b
HZ =HZ - HZ Eq. (2)

The magnitudes of HY and H5? depend upon the difference in solvation energy for X in its gaseous

state relative to its surface-adsorbed (ads) or bulk solvated states,

_AGSO S

HY® = exp (%) Eq. 3)
_AGSO S

HE? = exp (—un) Eq. (4)

Unlike H, fcb , the solvation energies required to compute H2. and H5? independently are not readily

measurable quantities. Instead, AGgg(gs) and AGge(spy can be obtained in Molecular Dynamics
(MD) simulations from the potential of mean force for transferring a molecule across an interface
into the liquid.”>>* Although, AGg,;4p) can either be negative or positive, simulations of the water
surface for a range of different gases nearly always predict that AGg(gs) is negative.>>® This
implies that aqueous interfaces are likely enriched in X relative to the gas phase even for species
such as N2 and O2.°2 Modeling studies that predate the wide spread use of MD simulation typically
assume [X(g)] = [Xds)].> ° For O3, the solvation free energy difference is quite dramatic, with

52-54, 57

simulations indicating that O3 is ~10 times enriched at the interface relative to the gas phase

and ~300 times enriched at the interface relative to the bulk liquid.

HJ? can be expressed kinetically using the rate constants for the forward adsorption and

backward desorption elementary steps (Fig. 1),%’



X k T
H&gcs _ [X(ads)] _ kaasen c.>o(X) Eq. (5)
[X(g)] kdes(X) 6
where,
kads=i-A-E-0 Eq. (52)

A is surface area, C is the mean speed of X(g) and o is the sticking probability per adsorption site,
with the assumption that each X(g may occupy a single site to become Xdas). HZP can be similarly
expressed using the rate constants for the forward solvation and backward desolvation elementary

steps illustrated in Fig. 1,

sb _ Xwml _ ksowx)d
HCC -

= Eq. (6
[X(ads)]  Kdesotv(x)Too(x) q- (6)

I (x) 18 the maximum surface concentration (molec. cm?) of X and § is the interfacial thickness.
We assume an interfacial thickness of 1 nm, which is consistent with the estimated solvation
energy profile for trace gas adsorption in MD simulations.’*>* § is used to compute volumetric

surface concentrations. For example, at saturation the maximum surface concentration of [X(ads)]
T ] . . o . .
would be > molec.cm™. Table S1 summarizes the thermodynamic and kinetic relationships

described by Egs. (1-6).

As shown in Fig. 1 and Eq. (5), HS. is controlled by adsorption of X(g) to the surface (Kads,
step [1]) and its desorption from the interface back into the vapor (kdes, step [2]). As described in
Willis and Wilson,*’ the elementary adsorption step [1] includes a sticking coefficient (c), which
is shown explicitly in Eq. (52). o describes the fraction of incoming gas phase molecules that
adsorb to the interface and is more uncertain than other terms in kads, such as the collision frequency
and mean velocity of X().*” We note that ¢ is different from the mass accommodation coefficient

(o) employed in other studies, which is a ratio of rate constants from two independent elementary

kinetic steps (e.g. % , steps [2] and [3]).!4
des



HEY depends upon the solvation kinetics (ksolv, step [3]) of X(ads) into the bulk liquid and a
desolvation step (kdesolv, step [4]), which brings Xb) to the interface. The kinetic steps of solvation
and desolvation account for the enthalpic and entropic factors, beyond diffusion to/from the
interface that occur when a solute (i.e., X or Y) transitions from the fully solvated liquid
environment to the partially solvated, asymmetric environment of the interface. The critical cluster
nucleation model®® predicts a substantial barrier for solvation. In contrast, classical MD

simulations>® 3%-63

indicate a negligible solvation barrier in most cases, suggesting that entropic
factors may be important. Recently, Galib and Limmer,** employed molecular simulations and
reactive force fields to provide deeper insight into the molecular factors that govern the uptake and
reaction at a liquid surface. However, to our knowledge, there remains substantial uncertainty as

to the correct molecular description of trace gas uptake and reaction (MD,>% 60263 critical cluster

nucleation,® capillary wave®).

Once solvated Xp) is free to diffuse (step [7], Fig. 1) throughout the bulk liquid. For
simplicity, surface diffusion is neglected. Elementary steps [1]-[4] are described and implemented

in kinetic simulations?® 40> 47

using a Langmuir framework, in which X adsorbs and X
desolvates to specific sites at the interface, similar to the approach adopted by Remorov and

Bardwell.®’

Y is either a species dissolved in the liquid or the solvent itself (in the case of a purely
organic aerosol that reacts with X). The partitioning of Y between the bulk and interface is
governed by an equilibrium constant (Kqu). Here we assume that Y is non-volatile and does not
evaporate from solution. For cases where Y is volatile an additional equilibrium is needed and
formulated in an analogous way as is described above for X. Using a modified Langmuir

framework®® [Y (ads)] is,



Y, ] = Foo(y) K& 1Y )]
(ads) 1) 1+ Kgq'[Y(b)]

Eq. (7)
where,

kdesolv(}’)
Koy = === Egq. (8)

ksolv(Y)

oo (y) is the maximum surface concentration of Y (in molec. cm™). Here, as done previously,*

[Y(ds)] 1s expressed as a volumetric concentration using 9. Kqu is governed by two opposing

elementary steps and is the ratio of rate constants for desolvation (step [6]) and solvation (step [5])

as is shown in Eq. (8) and schematically in Fig. 1.
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The X + Y reaction occurs both in the bulk liquid and within the interfacial volume. The

1.0 TIRe= = — — _ _ A
0.8 -
i (0] OH
go 7 HO
< 0.6 X
? 1 © Data ©
< 04 — Simulation 0 OH

1 --- Buk, Eq. (22a)
0.2 4 — - Surface, Eq. (35)
1 —— Surface + Bulk, Eq. (36)

[MAY/[MA],

0 5000 10000 15000 20000

[NO,/[NO, ],

IIIII|IIIIIIIII|IIII|IIII|IIII|

0 200 400 600
Time (seconds)

Figure 2 Normalized solute concentration vs. reaction time for: (A) aconitic acid, (B) maleic acid and (C)
nitrite. The aconitic experimental conditions, from Willis and Wilson, are: r =9.23 um, [AA]o=3.2 M, RH
= 89.7% and [O3y)] =58.4 ppm. Maleic acid experimental conditions (Dennis-Smither ef al.) are: r = 4.59
um, [MAJo= 7.4 M, RH = 63% and [O3()] = 38 ppm. The nitrite experimental conditions, from Hunt ez al.,
are: r=5.75 um, [NOy o= 0.2 M, RH = 86% and [O3)] = 12 ppm. Simulations are from Willis and Wilson.
Bulk, surface and total (surface + bulk) kinetics are predicted using Eq. (22a), Eq. (35) and Eq. (36),
respectively.
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rate coefficient for the reaction in the bulk is k» . At the interface, the reaction is assumed to
occur by a Langmuir-Hinshelwood type mechanism, where the reaction occurs between adsorbed
species (i.e. X(ads)+ Y (ads)) With a rate coefficient of ks . As illustrated in Fig. 1 with green boxes,
the reaction between X and Y dynamically couples three equilibria (HS., H5?, Keyq) as reactants
are consumed and these three equilibria are forced to respond accordingly. This coupling, in

conjunction with diffusion, produce complex feedbacks because the kinetic steps that comprise

these equilibria have characteristic response times to the perturbation of a chemical reaction.

Using literature validated O3 solvation energies, rate coefficients, Langmuir and diffusion
constants, our prior simulations*’ were able to correctly predict the multiphase reaction kinetics of
ozone with aqueous droplets containing trans-aconitic acid (AA), maleic acid*® (MA) and nitrite*
(NO2) solutes. A comparison of the simulation results with experimental observations are shown
in Fig. 2. Key rate coefficients for O3 that were used in the simulations are shown in Table S2. A
full description of the simulation methods, reaction schemes, rate and diffusion coefficients and
the comparison of the simulation results to the complete experimental data sets for AA (5 multi-
droplet experiments), MA (6 single droplets), and NOz" (9 single droplets) can be found in Willis

and Wilson.*’

3. Results

Here, we build on this previous work*’ by deriving new set of equations for the reactive
uptake coefficient as well as closed form expressions for predicting the kinetics of trace gas uptake
and reaction. These equations are derived below and summarized in Table 1. A list of symbols and
notation can be found in Appendix B. These expressions, which utilize the equilibrium, rate and
diffusion constants shown in Fig. 1, are derived within the framework outlined above and replicate

the multiphase kinetics observed in both the explicit simulations and experiments as seen in Fig.

12



2. These equations appear to be widely applicable to reactions occurring at aqueous surfaces,

droplets and aerosols under most conditions, but as detailed below there are limitations, especially

for very fast surface reactions. We test these equations by comparing to an expanded data set,

which includes previously published ozonolysis studies of aqueous droplets containing ascorbic

acid® and fumarate.”®

Table 1: Summary of key equations that describe reactive uptake and reaction of gas phase molecule X with
solute Y in a droplet or aerosol. Included are the Sections where the full derivation can be found and the final
equation numbers. See Appendix B for a list of notation and symbols. Code for computing multiphase kinetics

using Lambert W functions is available at https://github.com/krwilson-Ibl/Wilson-Group-LBNL.git

Description Uptake Coefficient Eq.# Derivedin
4.7y . .H9b Section
Uptake coefficient for T = r [_(b)] . Kb ron * Kiransport - Hee 18 313
abulk reaction 3.c kb rxn [Y(b)] + Ktransport o
Uptak fficient f gs I Y Section
ptake coefficient for . LHIS. =
a surface reaction o = 4-r [E,(b)] . ks ran Hf; 5 Keq . (73 - (r3— 5)3> 30a 3.2.1
3¢ 1+ Keq : [y(b)] r
Total uptake rY Section
coefficient that 4-r- [Y(b)] ks yxn Héis s Kgq ==&y Ky yxn * Keransport * Hc’? 30 3.2.1
includes surface and Yeotal =Vs + ¥V = —37 = ° 1+ K-y, ’ r3 W PR 7 k -
bulk reactions ¢ + eq’ [ (b)] rxn[ (b)] + transport
Description Multiphase Kinetics Eq.# Derivedin
- o [Xw] = KeransporeHee (X ()] Section
inetic expression for DI
P O™ ke [V + Keranspore 23a 3.1.3
Kinetic expression for . § Kp_ran*[Y (1)) Kb _ran*[Y(p)] b Section
Yo, that includes ol Y, = et {— 2. exp | — © — Ky HE - [X(g] - €
i that includes only ko) = T W Tramor P Torangare -~ Koo e Kio)] 220 343
Kinetic expression for il s e r3—(r-26)>3 Section
Y that includes only Yo =—-W{KY- Yo -exp<Ky' Yoyl — ks, - Ho - [X, '—'KY'(i -t
‘Qrivem rerens [ )]t(‘) Ky, a0 [¥ )]0 fa [¥ )]O % @ X 5 e r3 85 3.2.1
Kinetic expression for 1 ry r3—(@r-26)° Section
i Y, =—WI{KY -|Y, . KX -y, -k HY X)) = KL [——————])t
I&nr)f;f:;t;’:]cc:“s;i [ (b)]t(ﬁb) KZ, { ool (b)]t(l)) exp( oo [ (b)][(b) seen " Het " X)) 5 fea 73 36 3.2.1

reactions

For the ozonolysis of AA and MA, event analysis in the stochastic kinetic simulations

revealed’ that the reaction occurs mainly within the bulk liquid of the aerosol, in contrast with

nitrite where the reaction is dominated by events at the surface. In Section 3.1, we first consider

the case where ozonolysis only occurs in the bulk liquid, followed by Section 3.2 where derivations

are expanded to incorporate surface reactions.
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3.1. Bulk Reaction

3.1.1 Approach for a bulk-dominated reaction. Neglecting surface reactions, the volume-averaged

decay of Y (a solute in the droplet) is related to the reactive uptake coefficient (y) by,!* 2°
ol bwler e Ea.(
at 4y brxn (b) (b) q- (9)

where ¢ is the mean speed of X(g), r is the droplet radius and ks _rxn is the bimolecular rate coefficient
for the X + Y reaction. To compute y and solve Eq. (9) for the time dependence of Y requires
deeper insight into the factors that control [X)]. The following derivation and discussion is made
more concrete by using an example reaction taken from our prior work*’ on the ozonolysis of

trans-aconitic acid, where X =03 and Y = AA.

13
103 12 -3
1 [O3as)l =2.5x 10 molec. cm
o 107 =
= 3 ® —@—
&) ]
N -
9 i
8 11
% 10 E
£ 3
Cc>° 10 ® Simulation
= 10 =
. — Eq. (14)
9 _|
10 I 1 IIIIIIII I IIIIIIII 1 IIIIIIII 1 IIIlIIII I IIIIIIII 1 IIIIIIII
10° 10" 10° 107 10" 10° 10"

[AA]o (M)

Figure 3: Simulated [Os)] vs. [AA]o at early reaction times (< 6 ms). Predictions from Eq.
(14). Simulations and predictions are for a droplet ro = 9.1 um. The dashed line shows the
expected Henry’s Law concentration of ozone in the droplet given a [Osgs] = 2.5 x 10'? molec.
cm™ (100 ppb). Details of the simulations can be found in Willis and Wilson.
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A characteristic feature of the O3 + AA reaction,*’ is the depletion of bulk ozone inside the
droplet relative to its Henry’s Law steady state concentration in the absence of a reaction (i.e.,
ngcb *[O3¢g]). This is shown in Fig. 3 where the simulated [Os3()] at early reaction times is plotted
vs. initial AA concentration ([AA]o) in the droplet. When [AA]o is dilute (< 10~ M), [O3)] resides
at or near its Henry’s law value. At larger [AA]o, [O3)] increasingly deviates from its Henry’s
Law value and becomes ~100X depleted at [AA]o=3 M. A quantitative description of O3 depletion
is essential for using Eq. (9) to reliably predict the decay kinetics of AA as well as to compute y

for this system.

The [AAlo, where [O3p)] becomes depleted relative to Hcﬂb “[03¢y], 1s~3 x 102 M (30
mM) and corresponds to a pseudo first order chemical loss rate (i.e., kb rn'[AA]o) for O3 of 253 s
!. kv _rn for AA can be found in Table S3 with accompanying references. When [AA]o is > 30 mM
the reaction consumes O3 more rapidly than it can be replenished in the droplet. In other words,
kb rxn'[AA]o> Keransport, Where Kuansport reflects the combined timescales for liquid phase diffusion

and the kinetic transfer of O3 into the droplet, as will be shown below.

The characteristic timescale for gas phase diffusion’ of O3 to the droplet is much shorter
than liquid phase diffusion, since the diffusion constant for O3 in air at 1 atm (Dx) ~0.12 cm?/s)
is ~10,000 larger than for O3 in liquid water (Dx@)~1.76 x 10 cm?/s). The timescale for gas phase
diffusion of Os is also much faster than the kinetic steps (steps [1]-[4], Fig. 1) involved in
transferring gas phase O3 across the interface and into the bulk region of the droplet. Therefore,
for the systems considered here, gas phase diffusion never limits the rate at which Os is replenished

inside the droplet and is therefore neglected.

15



3.1.2 Definition of kiransporr. To define how kuansport scales with droplet size, a series of
stochastic kinetic simulations without reaction were conducted and are shown in Fig. 4. To obtain
the timescales for [O3w)] to reach its Henry’s law value, simulations are run without reaction using
the same parameters for O3 reported in Willis and Wilson*’ and shown in Table S2. As discussed
above we neglect gas phase diffusion. Simulations are initialized with ozone only in the gas phase.
The simulation output, which consists of the kinetic rise of [O3w)] vs. time is then fit toa 1 —
e ~Keransportt fynction to obtain kwansporr. For all sizes, the time dependence of [O3w)] is well-

represented by an exponential function as illustrated in Fig. SI.

10° 4
‘|O7 E| rgcs
E kgas—surface """""""""""""
10° 5
E ------------------------------- ksurface—bulk -------
=
10" 75 2+ Dyp)
o 3 & kdiffusion= L—Z
) i
§ 10' 3
L
3 —
ies — Eq. (A)
102 3 Simulations
3 ® [Og] =58.6 ppm
] O [Ogg)l = 5.86 ppm
10" 3
10°
I""I T |||||||""| T |||||||""| T |||||||""| T ||||||]
0.01 0.1 1 10 100

Radius (microns)

Figure 4: kiyanspors vs. particle radius. Points are obtained from exponential fits to simulation
results shown in Fig. S1. Error bars represent fitting errors of the simulation results. Lines
show limiting cases where kuanspor: 18 governed by diffusion and the kinetic steps of O3
desorption and solvation. Also shown is a line computed using Eq. (A4).

16



For droplet sizes larger than 1 um, the values obtained for kzanspors in Fig. 4 are consistent

with the characteristic timescale, or rate, for liquid phase diffusion (i.e. Awansport = Kaiffision)

computed using the Einstein-Smoluchowski equation,’!: 72

— _ 2 Dxw) r
kdiffusion - le%’fusion T where L = 3 Eq (10)

where L is distance and Dxp) the diffusion constant for O3 in liquid water (see Table S3). In prior

simulations,*’ L = g , which yielded an average timescale for liquid phase diffusion of O3 into a

9.1 um radius droplet of 2.6 ms. This corresponds to a rate coefficient for liquid phase diffusion
of O3 of 382 s7! (i.e., kuifusion = Tdifiusion”). This value is on the order of the reactive loss rate of O3
at [AA]o ~3 x 102 M (253 s7) and is consistent with the onset of [O3w)] depletion observed in
Figure 3. In other words, the deviation of [O3w)] from its Henry’s law value observed in Fig. 3
begins only when the chemical loss of O3 occurs more rapidly than it can be replenished in the

droplet by liquid phase diffusion. °

However, as shown in Fig. 4 for droplet sizes smaller than 1 um, kwanspors increasingly
deviates from a transport rate governed solely by the liquid phase diffusion of O3 (i.e., kransport <
kaigrusion). 'This can be explained by the increasing importance of timescales associated with the
kinetic steps of adsorption/desorption and solvation/desolvation of O3 at the interface (steps [1]-
[4] in Fig 1). This occurs primarily in submicron droplets, where because of their small size, liquid
phase diffusion becomes comparably fast, since kaigision Scales inversely with 12 (see Eq. (10)).
Unlike kaigusion, the kinetic timescales for adsorption/desorption and solvation/desolvation, at the
length scales considered here, do not depend upon particle size. As shown by Alvarez et al.,” the
characteristic kinetic timescale for surface-to-bulk (sb, ksurface-buik) transfer of Osads)y within a

Langmuir framework is,

17



- b
Tsulrface—bulk = ksurface—bulk = kgesoww - H&gc ) [03(g)] + ksow Eq. (11)

while the characteristic kinetic timescale for adsorption/desorption of ozone to and from the gas

to the surface (gs, kgas-surface) 18,

Tg_(%s—surface = kgas—surface = kads ) [03(9)] + kdes Eq- (12)

Using values for kads, kdes, ksonv and kaeson from Willis and Wilson *7 (Table S2), ksurface-buik=
4.6 x 10° s and kygs—syrface= 54 x 10° 5. These rate constants (plotted as horizontal lines in
Fig. 4) only weakly depend on [O3(g)] since ksor and kaes are both much larger than the kge501,
chb . [03(9)] and kg4, 0 - [03(g)] terms in Egs. (11) and (12), respectively. In Appendix A, a
general expression for kiansport 1s derived (and shown in Fig. 4) that includes contributions from
both liquid phase diffusion and the kinetic steps shown in Eq. (11) and (12). For droplets sizes

larger than a r =1 pum, which is the focus of this paper, kuansport = kaiffusion. Using kiransport, we

formulate a general expression to describe the relationship between O3 reaction and transport.

3.1.3 Derivation for a Bulk Reaction. At very early reaction times when [AAwm)|t= [AAw)]o,

(03]

[O3)] is at quasi-steady state*’ (i.e., "

= 0).

@ = ktransport ’ Hcsg ' [03(ads)] _kb_rxn ! [03(b)] ! [AA(b)]O - ktransport ! [03(b)] =0 Eq~ (13)

kiransport in Eq. (13) accounts for the transfer of O3 into and out of the interior of the particle, whose

rate depends also on [O3(ds)], [O3)] and Do3p). Rearranging Eq. (13) and solving for [O3)] yields,

b
|05,| = Keranspore Hoe {02(9) Eq. (14)
) kb_rxn'[AA(b)]o"' ktransport

with the following substitutions,
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[03aas)|= He? * [03)] Eq. (15)
HE = HE - HEY Eq. (16)

We plot Eq. (14). as a function of [AAw]o in Fig. 3. The close correspondence of the explicit
simulation results with Eq. (14) confirm that O3 depletion in the droplet at early reaction times is
quantitatively explained by the competition between reaction and diffusion of O3 in the liquid.
Although Eq. (14) is derived to explain [O3()] at early reaction times where [AAwm)|t= [AAw)]o, we
expect that the relationship articulated in Eq. (14) is general and holds throughout the course of

the reaction provided that [AAw]t is known. Thus, we do not explicitly assume that @ =0

over the course of the reaction.

Substituting the expression for [O3w)] from Eq. (14) into Eq. (9) yields,

d[AA(b)] — 3[03(9)]'6]’ _ . ktransport'H‘cgcb'[03(g)] .
dt B 4r B kb_rxn kb_rxn'[AA(b)]‘l' ktransport [AA(b)] Eq (17)

which is solved for ys,

b
_ 4"T'kb_rxn'[AA(b)] . [ ktranport'H&gc ]

Vb = e Eq. (18)

kb_rxn'[AA(b)] + Ktransport '

By substituting the expression for y» in Eq. (18) into Eq. (9) the time dependence of [AA(b)]t,

assuming only bulk reactions is,

—d A4 k ranspor
[dt(b)] — _Hib . [03(9)] . kb_rxn . [AA(b)] . [ t port ] Eq. (19)

kb_rxn'[AA(b)] + ktransport

which we integrate,

J.[AA(b)]t (kp_ran’[AAw) |+ Keransport)-d[AAw)
[

| _ ot b
AA(b)]O [AA(b)] = fo _H&gc ’ [03(g)] ' kb_rxn ’ ktransport -dt Eq. (20)
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to produce the following expression,

kb rxn'[AAp)]

kp rxn'|AA
£ + ln[AA(b)]t = —b7 xn [ (b)]

0+ ln[AA(b)]O - Hégcb . [03(9)] ' kb_rxn 't Eq (21)

ktranport ktransport

Eq. (21) is of the type x + In (x) =y, which can be solved for x using a Lambert W function (W {x}).
The Lambert W function,”* 7> sometimes known as the omega function, has been used extensively
for obtaining closed formed solutions needed for evaluating Michaelis-Menten enzyme kinetics,
dynamics in continuous flow tank reactors, Lindemann-Christiansen-Hinshelwood unimolecular
dissociation kinetics, pharmacokinetics, H-indices, epidemic dynamics, etc.”s®! Solving Eq. (21)

yields,

ktranspor kb_”m'[AA(b)] kb_rxn'[AA(b)]
[AA(b)] = W{ b exp (—0 - kb_rxn ) H‘gcb ’ [03(9)] 't )} Eq. (22)

t(b) kb_rxn k transport k transport

For the specific case of the AA + O3 reaction. The second subscript (b) on the LHS of Eq. (22)

denotes that the time dependence of AA ;) in this expression is governed entirely by a bulk reaction.
This additional subscript is used to distinguish this expression from those derived in Section 3.2

where the bulk and/or surface reaction contribute to [44,)] ; denoted as [A4 )] and [AA )]

t(s+b) t(s)’

A more generalized solution is,

Keranspor kb ran’[Y )] kb _rsen[Y ()]
Vil = S22 w § 2 exp S Jey e HE - [Xp) ¢ )] Ea.220)

kb_rxn ktransport ktransport

The Lambert W function is easily computed (code available at https://github.com/krwilson-

1bl/Wilson-Group-LBNL.git) using built-in algorithms in Mathematica® (i.e ProductLog

function), MATLAB (W function) and Python (lambertw function). There are several published

analytical approximations to the Lambert W functions that could also be used.®* ® The time
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dependence of [O3(v)]t can then be obtained by replacing [AAw)Jo in Eq. (14) with [AA(”)]t(b) from

Eq. (22),

k HIP [0
[03 , ] — transport fcc [ 3(g)] Eq (23)
® 1 kb_rxn'[AA(b)]t(b)+ ktransport

or more generally,

Ktranspor 'Hcgcb' X
X1, transport Hee 1X(g) Eq. (23a)

kb_rxn'[y(b)] t(b) + ktransport

3.1.4 Validation of the Derivation for a Bulk Reaction. Using Egs. (18), (22) and (23), v, [AA(b)]t(b)

and [O3) ]t can now be computed from a small number of physical quantities (i.e., [O3g)], Do),

ngcb, and k» ). Importantly, these equations link the bimolecular rate coefficients (kb rxn)
measured under dilute conditions in beaker-scale experiments to the reaction rate observed in

microdroplets and submicron aerosols.
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We use Eq. (22a) to predict the decay kinetics of AA and MA shown in Figs. 2A and B.
Rate coefficients are shown in Table S3. Eq. (22a) is nearly indistinguishable from the explicit
simulations*’ and replicates the experimentally measured decay kinetics of both MA*® and AA.*
This is not the case for NO2", where the bulk predictions are too slow to accurately account for the
measured and simulated multiphase kinetics (Fig. 2C). This is because surface reactions are
significant as we have demonstrated with explicit simulations*’ and consider further in Section

3.2

As an additional check, we compare the time dependence of [Osw)] in the explicit
simulations*” with Eq. (23) for the experimental conditions of the AA droplet shown in Fig. 2A.

As shown in Fig. 5, Eq. (23) predicts [O3@)] as a function of reaction time and replicates the explicit
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Figure 5: [O3@,)] vs. reaction time for an AA droplet. Experimental conditions (see Willis and
Wilson): r=9.1 um, [AA]o=3.2 M, RH = 89.7% and [O3(»)] =1.4 x 10" molec. cm™ (58.4 ppm).
Explicit simulations from Willis and Wilson are compared with predictions from Eq. (23).
Stochastic fluctuations are observed in the simulated [O3p)]i.. Dashed line indicates the Henry’s
law value for [O3w,)].
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simulations with some deviations near the end of the reaction as ozone approaches its Henry’s law

value.

We further compare the expression for y» in Eq. (18) with results from the explicit
simulations for a fixed droplet size and variable [AA]o (r = 9.1 um droplet with [O3(gas)] = 100
ppb). The simulated*” kinetic decays of [AA] were used to compute an uptake coefficient using

the following expression,

(i),

Ysimulati _\dat J
simulation — =
3:¢'[03(g)]

Eq. (24)

The decay of [AA] vs. reaction time from the explicit simulations is nearly linear with time (i.e.,

zero order in [AA]) so we use the slope of the decay (i.e., % ) to compute Ysimulation. This

comparison is shown in Fig. 6 along with expressions for y from the resistor model.'* Under dilute

[AA]o conditions where reaction is much slower than transport, Eq. (18) reduces to,

Fopg 9P
- 4r-Hg,

3:C

l

Vb brxn’ [AA(b)] Eq. (25)
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Figure 6: Reactive uptake coefficient (yy) vs. [AA]o. Uptake coefficient from simulations compared
with predictions from Eq. (18) and the resistor model (see Egs. (25) and (26)). Simulations and
predictions are for a droplet ro = 9.1 pm and [Osgs] = 2.5 x 10> molec. cm™ (100 ppb). Details of
the simulations can be found in Willis and Wilson.

gb
ktranport'Hcc

since, Kp yxn * [AA(D)]O K Keransport » 50 that ~ chb. This is the same

kb_rxn'[AA(b)]0+ Keransport
expression as resistor limiting case #3 in Worsnop et al.'* and case #1a in Smith e al.?® Eq. (25)
describes the case where reaction is slow relative to Os transport (i.e., liquid phase diffusion) so
that [O3@)] throughout the reaction is sustained at its Henry’s Law concentration (i.e., the dilute or

“phase-mixed” limit described by Schwartz’).

At higher [AA]o the magnitude of the uptake coefficient is smaller than is predicted by Eq.

(25), since the overall reaction rate is now transport controlled, which for super-micron AA
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droplets is mainly limited by the liquid phase diffusion of Os3. Notably, as shown in Fig. 6, the

predictions of Eq. (18) for [AA]o> 0.1 M differ significantly from resistor model predictions (Eq.

(26)) formulated to account for uptake under diffusion limitations, !> 14.20.85

gb

Yresistor = “I% ) \/DX(b) ) kb_rxn ) [Y(b)] ' [COth ( : ) - lrﬂ] Eq. (26)

lrxn r

where,

Dby
kb_rxn' [Y(b)]

lrxn -

Eq. (26a)

Dx) 1s the diffusion constant of X (i.e., O3) in water and /. is the reacto-diffusive length. The
coth term in Eq. (26) accounts for the radial gradient of [O3w)] in the droplet. Although, Eq. (26)
has been used in many prior studies to explain experimental uptake measurements under diffusion-
controlled conditions, this expression does not account for the observations presented here (e.g.,
Fig. 6) and in Ref*’ This is because to derive Eq. (26) requires assuming?® that the [O3w)] is in

03]

steady state (i.e., = (), which is not consistent with the time evolution of [O3w)] shown in

Fig. 5. Instead, Eq. (18), which does not make this steady state assumption but instead represents
any gradients in [O3)] by a single average quantity, faithfully captures the full evolution of the
reactive uptake coefficient over a broad range of concentrations. Eq. (18) connects, in a single

expression, reaction-limited and diffusion-limited regimes.
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vb in Eq. (18) is a non-monotonic function of r, as shown in Fig. 7A. Also included in Fig.

7A for comparison are experimentally determined uptake coefficients for O3 + AA measured by

Willis and Wilson.*” The non-monotonic behavior arises from the size dependent interplay of

transport (i.e., liquid phase diffusion) and reaction, with droplet radius appearing in two locations
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Figure 7: (A) Reactive uptake coefficient (yy) vs. droplet radius for [AA]p = 3.2 M.
Experimental data points from Willis and Wilson are shown for comparison. Resistor
model predictions are also shown (see Eqgs. (25) and (26)). (B) The two terms in Eq. (18)
that lead to the non-monotonic behavior of y, with radius shown in (A).

in Eq. (18). The first term, plotted on the left axis of Fig. 7B, leads to an increase in y» with r due

to the increase in gas phase collision frequency (and therefore reaction rate) as particle size
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increases. The second term (right axis of Fig. 7B) is a sigmoidal function of r scaling as 1/r* due
to the kuanspore term, which for larger droplets is equivalent to kaifusion (Eq. (10)). For small sizes,
ktransport >> ki _rxn [ AA]o so Eq. (18) reduces to Eq. (25) and y» is expected to increase with r and is
only limited by the ozonolysis reaction rate. As r continues to increase, the timescales for transport
slow and approach those of the reaction so that the supply of O3 to the droplet becomes limiting.
This in turn slows the multiphase reaction rate, since average liquid phase diffusion times increase
with the square of distance (i.e., radius). It is this size dependent shift in transport timescales
relative to the reaction rates that controls the average [O3)] available in the droplet, and leads to
the non-monotonic behavior of y» shown in Fig. 7A. The shape and absolute magnitude of yb vs. r
depends upon ks and the solute concentration in the droplet. Also shown in Fig. 7 are resistor
model predictions for Worsnop et al.'* limiting case #3 (equivalent to expression shown in Eq.
(25)). There is agreement between this particular case and Eq. (18) for r < 0.1 pm. This is the
region where the transport of O3 into the particle is fast compared to the reaction so that [O3w)] is
maintained at its Henry’s Law solubility. However, as r increases the resistor model expression,
that includes diffusive limitations (Eq. (26)), increasingly deviates from both the predictions of
Eq. (18) and the experimental observations. As discussed above, this difference likely originates

from the steady state assumption®® used to derive Eq. (26).

The AA and MA experiments*”*® described above were conducted over a limited range of
droplet sizes, so we are unable to experimentally validate the predicted non-monotonic behavior
of yv in Eq. (18) and shown in Fig. 7, or to further analyze the differences observed between the
resistor model predictions in Eq. (26) and Eq. (18). As such, Eq. (18) makes predictions that require
future experimental validation. New measurements would be particularly important for sizes of

around 1 micron. Unfortunately, this is a challenging range for experiments to access, since it lies
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awkwardly between aerosol flow tube techniques for submicron particles and levitated droplet
experiments that typically access r > 5 um droplets. Nevertheless, predictions from Eq. (18)
provide a seamless way of connecting multiphase reaction rates measured in super-micron droplets
with those in submicron aerosols, while providing a means to link rate coefficients measured under

dilute concentrations with concentrated aerosol and droplet conditions.

3.2 Surface Reactions.

3.2.1 Derivation for Surface Reactions. The equations developed above only consider bulk
reactions. Eq. (9) is expanded to include the contribution of surface reactions to the volume-

averaged decay of Y,

dy 3(X() )TV ota g
[d(tb)] == (yl.: Mot = _ks_rxn ' [X(ads)] ’ [Y(ads)] ' ( : ) - kb_rxn ’ [X(b)] ’ [Y(b)] ’ ( L )

Viotal Viotal

Eq. (27)

The concentration of Y in the droplet is now controlled by reactive loss at both the interface and
in the bulk. Viotl, Vs and Vb are the total, surface and bulk volumes, respectively. These volume
terms account for the contributions of the surface and bulk reaction to the total consumption of Y

in the droplet. For the droplets sizes considered here Vb >> Vs, s0 Viotal = Vb.

4]

~1 Eq. (2
Vtotal q ( 8)

For a sphere,

Eq (29)
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where 0 is the interface thickness. ks »» and k» »n are the surface and bulk rate coefficients,
respectively. These quantities need not be the same. For comparison to the datasets presented here

we assume for simplicity, ks rn = kb_rn.

Eq. (27) can be solved and a simple closed form expression for ytotal can be obtained for the
case where both [Xads] and [Yads] are not depleted relative to their equilibrium values by the
chemical reaction at the interface. As shown by Willis and Wilson*’ this is the case for ozonolysis
of aconitic acid, maleic acid and nitrite. For these cases, [Yadas] from Eq. (7) and [Xds)] = HE: -[X(g)]
are substituted into Eq. (27). Both [Y(ads)] and [Xads] can be depleted when they are replenished at
the interface more slowly than they are consumed by the reaction. This case will be considered in
a forthcoming publication®® where substantial depletion of both interfacial iodide and O3(ads) occur
during multiphase ozonolysis. Substituting [Y ads)], [X(ads)], [Xb)], Eq. (29) and Eq. (28) into Eq.
(27) and simplifying yields an expression for the total reactive uptake (ytwtal) that now explicitly

includes surface (ys) and bulk contributions (yb, see Eq. (18)),

Y
41[Y )] ks r IS L kY, r3—(r-6)3 Kb_rxn'Ktranspor 'Hcgcb
Veotal = Vs + ¥ = (b) ([s xn'Hee 5 eq_( ) 4 | K transport Eq. (30)

3:C 1+ Kgq'[Y(b)] r3 ern[y(b)]‘l' ktransport

where the surface contribution is,

gs s Y
_ 4.r.[y(b)] . ks_rxn'Hcc'T'Keq . (T3—(T—5)3) E (303)
s 3¢ 1+ K [Y ) rs N

Unlike b, ys does not have a size dependence due to the approximate cancelation of r in the first
term (RHS Eq. (30a)) with the final Vs/Vy term. This is consistent, for example, with OH surface

reactions on organic aerosols, which find that y is independent of size.?> ¥’
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To derive a closed form expression for the time dependence of Y we start with the

following expression,

Kg’q-[Y(b)]t (T3—(T—6)3

dlvw] _ _ s
T = —ks_rxn [X(ads)] [? 1+ Kgq[y(b)]t 3 ) - [Y(b)]t(b) Eq (31)

where previously we derived an expression for [Y(b)]t(b) in Eq. (22) in Section 3.1.3. Although the

first term on the RHS of Eq. (31) depends upon [Y )] in order to compute [Y (ads)], the contribution
of the surface reaction (Y (ads) + X(ads)) 1s mathematically decoupled from the reaction occurring in

the bulk droplet (i.e. Y + Xw)). This allows us to separately integrate the surface portion of Eq.

(31),

[Y(b)] (1+ Kg;, '[Y ]) t Fgo 3_(r-6)3
f[Y(b)]ot [Y?b)](b) “d[Yo] = Jy —ks [Xaas] -5 Keq - (—r :3 ) -dt  Eq.(32)

which yields,

4 ri-(r-8)°
K [Y], + In ([Y(b)]t) =K+ [V, + I ([Y(b)]o) — ks [X(aas)] F? Ky (T) 't
Eq. (33)

For the ozonolysis reactions considered here, [X(ds)] is not depleted*’ due to the much slower speed
of the surface reaction relative to ozone adsorption/desorption kinetics from the interface so that

over the course of the reaction,

[Xaas)] = HE - [X(o)] Eq. (34)

As discussed above, Eq. (34) may not be applicable for very fast reactions at the interface that
deplete [Xas)] (i-e., [X(aas)] < Has - [X(g])- This case (i.e., O3ds) depletion) will be considered in

some detail in a forthcoming publication®® on the mechanism of I + O3 reaction in droplets.
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Eq. (33) is solved using the Lambert W function,

N Zo 7”3—(7‘— )3
[Y(b)]t(s) = ,%vq W{qu (Y], - exp (Kgq [Yyly = Koren  HE - [Xg)] % “Keg - (r—sg) : f)}
Eq. (35)

Eq. (35) describes the case where [Y,)] only changes through reactions occurring at the surface,
which is denoted using a () subscript (i.e., [Y(b)]t(s))' One can separately compute cases where the

reaction occurs only at the surface (s) or in the bulk (b) or the fully coupled (s+b) case where the

reaction occurs in both locations. For the fully coupled case, [Y()] is computed by replacing

t(s+b)

[Y(b)]o in Eq. (35) with [Y()]  from Eq. (22a),

t(b)

N 4 T3_(T_ )3
[Y(b)]t(s+b) = Kigq ) W{Kgq ) [Y(b)]t(b) " exp (KZQ ) [Y(b)]t(b) - kS_TXTl ' H?C ) [X(g)] ) F? ) Kgq ! ( 3 ° ) ’ t)}

Eq. (36)

Thus, by comparing [Yg,], . [Ynl,,, and [Yw],,,,, one can isolate the kinetic contributions of

surface and bulk reactions from the total observed decay of [¥)].-

3.2.2 Validation of Derivation for Fully Coupled Reaction. In Fig. 2 we compare the equations
derived above with explicit simulations and experimental observations for the reaction of AA, MA,
and NO2™ with ozone. We compare the fully coupled (surface + bulk reaction, Eq. (36)) predictions
with those assuming the reaction either occurs entirely in the bulk (Eq. (22a) or at the interface
(Eq. 35). The fully coupled prediction replicates the AA and MA data as well as the explicit
simulations showing that surface reactions are minor, with the majority reaction occurring in the
interior of the droplet. The surface-only predictions are a factor of 10-20 times too slow compared

to the AA and MA experiments; this is not the case, however, for nitrite. The fully coupled
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predictions replicate the [NO27] vs. reaction time observed in experiments by Hunt et al.* as well
as in the explicit simulations. Although surface reactions dominate for NO2", the contribution of
the bulk reaction is non-negligible (Fig. 2C), which is illustrated below by computing the surface

and bulk contributions to the total uptake coefficient.

For nitrite, at the beginning of the reaction (i.e. [NO2]t = [NO27o), event analysis from the
explicit simulations reported in Willis and Wilson,*” show that ~83% of the reactions occur at the
interface. We use Eq. (30) to compute the overall uptake coefficient (ytotal) for the reaction, which
is 3.04 x 10, Using Eq. (30a), the surface contribution to the total uptake coefficient is ys = 2.55
x 107, whereas from the bulk reaction, yo = 4.88 x 10%. Thus, the surface fraction of the total
uptake (Ysurface/ Ytotal) 1S 83.9%; in good agreement with the simulation event analysis. In contrast,
the surface (i.e., ys/ytotal) contributes only 4.3% for MA and 11.6% for AA in these slower reacting

and more-weakly surface-active systems.*’
3.3 Further Model Validation: Ozonolysis of Fumarate and Ascorbic Acid Droplets

We now use these equations to predict the ozonolysis kinetics of fumerate’ (FA) and
ascorbic acid® (AscA), previously reported in the literature, for which we have not performed
explicit kinetic simulations. Predicting the multiphase kinetics of FA and AscA requires knowing
the following quantities: k» rwn, I'w, and Keq in addition to the experimental conditions ([O3(g)],

droplet size and initial solute concentration). Here we assume that ks rn = ks ran.
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1.7 for the ozonolysis of a

Shown in Fig. 8 are kinetic measurements reported by King et a
droplet containing FA (r =4-5 um, [FA]o=0.086 M, pH = 10, [O3(g)] = 1 ppm). Hoigne and Bader®®
reported a lower limit for O3 + FA rate coefficient at pH 8 of ks rx» > 1 x 10° L mol! s”. Here we
use kb »n =3 x 10° L mol™ s7!. It is likely that FA has a value of I'» that is similar to MA, as shown
in Table S3. To our knowledge, Keq for fumarate at pH = 10 has not be measured and is therefore
an adjusted parameter in Eq. (36). Using values of r = 4.5 pm, and Keq= 5.6 x 10?! cm® molec.”!
(ksotv=90 81, kdesotv="5.0 x 10"* cm® molec.™ s'!) yields a reasonable representation of the fumarate

measurements reported by King et al.”

in Fig. 8. The value of kdesorv 1s larger than used for MA,
which was previously obtained using the relationships reported by Bleys and Joos.®’ This
difference likely reflects differences in surface partitioning kinetics of neutral acids and their

dianions. Nevertheless, given the experimental uncertainty, the predictions of Eq. (36) appear to

capture the correct timescale and overall shape of the kinetic decay reported in King et al.”®

1.0—; s O Data
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0.8 3 \ AR — Surface, Eq. (35)
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Figure 8: Normalized [FA] vs. reaction time. Data is from King ef al. for r = 4.5 pm,
[FA]o= 0.086 M, [O3()] = 1 ppm, and pH = 10. Bulk, surface and total (surface + bulk)
kinetics are predicted using Egs. (22a), (35) and (36), respectively. The kinetic decay of
FA was quantified by King ef al., using Raman spectroscopy.
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Importantly, the Lambert W function in Eq. (36) captures the observed exponential-like kinetics
of FA (i.e, first order in [FA]) and the more linear decay for diffusion limited bulk reactions that
are zero order in AA and MA (Fig. 2). As can be seen in Fig. 8, the ozonolysis reactions occur
mainly at the surface, although the contribution from the bulk reaction is significant. At [FA]t =
[FAJo, ys/yotal is 73%, where Yiotat= 2.3 x 107, ys = 1.7 x 10~ and y» = 6.1 x 10,

Chang and coworkers,* reported an extensive study of the ozonolysis of ascorbic acid in
aqueous microdroplets, using laser tweezers and Raman spectroscopy to quantify the multiphase
kinetics. Shown in Table S4 are a set of 18 droplets measurements and the associated experimental
conditions. This data set was collected at a pH 1.7-1.9 with ionic strengths between 0.5-1.5 M
(NaCl). For the prediction we use the ozonolysis rate coefficient for ascorbic acid measured by

Giamalva et al.*° in bulk solutions (kb = (6.9 £2.3) x 10° L mol ™! s"' at pH =2). This is reasonably
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consistent with the value reported by Kanofsky and Sima®' (ks »» = 5.6 x 10° L mol! s7!). We
assume that [~ is the same as for MA and FA, as described above. We assume kson = 90 s™' and
kdesor = 2.5 x 1072° cm? molec.”! s7! to yield a value of Keq= 2.8 x 10?2 cm® molec.™ These values
are similar to those used by Willis and Wilson*’ for aconitic acid (a highly soluble tri-carboxylic

acid), and are consistent with our intuition that ascorbic acid should be weakly surface active.
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Figure 9: Normalized [AscA] vs. reaction time. The experimental data for the 6 droplet
experiments (A-F) is from Chang et al. The reaction kinetics are monitored using Raman
spectroscopy. The experimental conditions can be found in Table S4 and correspond to (A) expt.
#1, (B) expt. #2, (C) expt. #3, (D) expt. #4, (E) expt. #5 and (F) expt. #6. Additional data for this
system is show in Figs. S2 and S3. Bulk, surface and total (surface + bulk) kinetics are predicted
using Egs. (22a), (35) and (36), respectively.
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Shown in Figs. 9, S2 and S3 are the predictions of Eq. (36) compared with the experimental
measurements reported by Chang and coworkers.* Although, NaCl was added to the droplets, we
have not corrected our Henry’s Law constant for ionic strength, since we lack sufficient
information for how the presence of ions alters the individual elements of the equilibria (i.e. HS>
and HEY) that comprise HZ, .

The agreement between our predictions and measurements is reasonable (Fig. (9)),
especially at high experimental [O3(g)]. For other droplets (see Figs. S2 and S3) the predictions
deviate somewhat from observations, especially for some of the measurements conducted at [O3(g)]
= ~1-2 ppmv, where the reaction timescales are much longer (> 2000 seconds). The origin of this
discrepancy is unclear but may arise from neglecting ionic strength effects on the rate coefficient
and Henry’s Law constant, or the presence of additional loss channels for ascorbic acid in the
experiments, such as evaporation. Overall, the predictions suggest that for this system, the reaction
occurs mainly at the surface (> 80%) with more minor contributions from reaction in the bulk
droplet. To illustrate, ys/yiotal for droplet A is 89%, where Yiotar= 7.2 X 107, ys = 6.4 x 10 and yb =

8.1x 10

Using five previous data sets*’#% %% 70 (AA, MA, nitrite, FA, and AscA) we have validated
the model description presented here by showing that it can make reasonable predictions of the
multiphase kinetics and uptake coefficients under both diffusion and kinetically controlled
conditions, using a single common framework. The model naturally accounts for the varying
contributions of surface and bulk reactions enabling their relative contribution to be quantified.
Below we extend the model framework to show how experiments conducted at relatively high
[O3(g)] and [solute] can be translated to a range of atmospheric conditions (i.e. cloud droplets and

aerosols).
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3.4 Extension to Atmospheric Cloud Droplet and Aerosol Conditions

Here, we examine how the kinetic information obtained under laboratory conditions relate
to those commonly found in the atmosphere by considering two contrasting cases: nitrite and MA.
Shown in Fig. 10 are model predictions of y over a broad range of droplet sizes and solute
concentrations. The ozone reaction with MA is slow and occurs mainly in the bulk of the droplet,
whereas the nitrite reaction is 200X faster with a large surface contribution. Shown in Fig 10A are
predicted uptake coefficients for nitrite as a function of its concentration for an r = 5.98 um droplet.
At higher concentrations (0.1-1 M) the uptake coefficient is dominated by surface reactions. At
micromolar concentrations, typical of fog and cloud droplets,’” there is a shift from a surface-
dominated to a bulk reaction mechanism. This is due to the decreasing quantity of NO2" at the
interface, which depends, through the Langmuir equation, on [NO2)]. Below 10~ M the uptake

coefficient approaches the limiting case where the droplet reactivity is well described by Eq. (25)
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(“dilute-limit’ resistor case),'* indicating that the reactive loss of O3 is slower than its transport into
the droplet. This is consistent with extrapolations to atmospheric conditions reported by Hunt et
al.®® As evident in Fig. 10A, there is a cross over region where ys = yo indicating that surface and
bulk reactions contribute equally to the total reactive uptake. For nitrite this occurs ~0.02 M and
is easily computed using Eq. (30). This is a useful reference point to identify when resistor limiting
cases can be reliably used, or to predict when surface reactions in droplets might play a large role

or can be safely neglected. For more strongly surface-active molecules (e.g., Cio diacids®), that

undergo fast reactions with atmospheric trace gases, this cross over region extends into very dilute
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Figure 10: Predicted uptake coefficient vs. [solute]o for (A) NO,™ (r=15.98 pm) and (B) maleic acid
(r=4 pum). Predicted uptake coefficient vs. droplet radius for (C) NO, and (D) maleic acid. Shown
as dashed lines are predictions from ‘dilute-limit’ resistor model Eq. (25). Predicted uptake
coefficients are shown with contributions from the bulk and surface reactions.
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concentrations (Fig. S5), suggesting that surface reactions will dominate even under cloud water

conditions.

The same set of predictions are made for maleic acid as shown in Fig. 10B and D. Unlike
nitrite, MA is weakly surface active and reacts more slowing with Os. The total uptake for the
concentrations shown in Fig. 10 is controlled mainly by bulk reactions. At [MA] < 0.3 M the
uptake coefficient is well described by Eq. (25) (‘dilute-limit’ resistor case)!', indicating that the
reactive loss of O3 is slower than its transport into the droplet. At [MA] > 0.3 M, we observe the
onset of transport limitations, as O3 is consumed faster than it can be re-supplied by diffusion. This
is the bulk depletion region where [O3wm)] < H;qcb . [03(9)]. Importantly, this transport limited
regime is commonly analyzed using Eq. (26) (‘diffusion-limited’ resistor limiting case)'.
Although widely used, this resistor limiting case does not appear to make accurate predictions,
likely because it assumes [O3)] is in steady state throughout the course of the reaction and does
not account for the kinetic coupling of trace gas adsorption/desorption and solvation/desolvation
with diffusion. Such coupling appears to be important*’ to describe multiphase chemistry in this

transport limited regime.

Shown in Fig. 10C and 10D is the predicted size dependence of y at a single solute
concentration. For [NO2wv)] = 0.2 M, the surface reaction dominates and, as expected is
independent of droplet size. The bulk contribution however, which does depend upon r, is non-
negligible leading to a predicted size dependence of yiotal that is non-monotonic and peaks around
~700 nm. As described above, future experiments are needed to validate this prediction. For MA
(Fig. 10D) the size dependence is dominated by yb with a maximum ~1.7 um. Atr> 1.7 um, uptake
decreases with size as transport timescales lengthen relative to reaction so that the overall reaction
rate is controlled by the depleted [O3w)] in the droplet. Below 1.7 um transport of O3 into the
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droplet is fast relative to its chemical loss such that [O3w)] = ngcb : [03(9)], yielding an uptake

dependence on size that is consistent with Eq. (25) (‘dilute-limit’ resistor case).

These two examples nicely illustrate that reactive uptake is an emergent phenomenon,
which depends in complex ways on droplet size and reactant concentrations. For example, despite
a common bimolecular rate coefficient for ozonolysis, laboratory experiments may be governed
by surface reactions but then shift under atmospheric conditions towards a transformation
governed entirely by aqueous phase chemistry occurring inside the droplet. Given that there are a
broad range of particle sizes and solute concentrations (dilute cloud droplets vs. supersaturated
aerosols) found in our atmosphere, the equations presented here appear to be able to accurately

predict the multiphase kinetics occurring under these vastly different conditions.
4. Discussion and Conclusions

Here we present a new kinetic framework to explain trace gas uptake and reaction. We
validate predictions from this framework against five independent literature data sets. Our
framework describes the Henry’s Law constant as a product of two coupled equilibria linking trace
gas adsorption/desorption at the interface with its solvation/desolvation in the bulk liquid. We
describe solute (Y) partitioning to the surface with a third equilibrium and a Langmuir constant.
The X+Y reaction, occurring at the interface, in the bulk, or in both locations, perturb these three
coupled equilibria in complex ways, producing feedbacks and behavior that depend upon solute
concentration and droplet size. Notably, we find that the behavior of these multiphase systems may

not always be captured accurately using resistor models.

We derive new expressions to predict reactive uptake coefficients; explicitly accounting

for surface (Eq. 30a) and bulk reactions (Eq. 18), as summarized in Table 1. These equations can
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be used for predictions over a wide range of aerosol or droplet sizes and solute concentrations,
from transport-limited reactive uptake in the bulk to surface-dominated reactions. These
expressions are particularly useful to predict how the multiphase kinetics, measured under
laboratory conditions, can be reliably extrapolated to predict reaction rates in the atmosphere.
While this framework was validated against experiment, there are some predictions and
assumptions that require further experimental testing, such as the non-monotonic size dependence
of y for transport limited bulk reactions. Another assumption that requires testing is the
approximation that the overall multiphase transformation can be accurately described using only
two kinetically active regions (gas/surface and surface/bulk), which neglects the formation of

subsurface chemical gradients that extend into the droplet or aerosol interior.

A set of equations are derived (summarized in Table 1) to describe the multiphase kinetics
of X and Y. These expression are obtained by solving the integrated rate laws using Lambert W

functions. Application of these expressions requires only a small number of quantities (e.g.

chb, HE  kyon, Keyq, o, Dy(py) for X and Y to be known. These quantities can be obtained in MD

simulations or simply measured using other experimental techniques.

The solute decay kinetics across five different experimental systems are well replicated
using these Lambert functions (Table 1). The properties of these equations (and Lambert W
functions in general) naturally yield a variety of functional forms for the kinetics (e.g. zero order
vs. first order in [solute]) as has been previously observed in studies of enzyme-substrate binding
kinetics.”® 8%-8! Here, these different functional forms reflect changes in the multiphase reaction
mechanism: surface vs. bulk dominated reactions, or kinetic vs. diffusion limited reactive uptake.
Significant insight can therefore be gained by simply examining the decay kinetics. For example,
surface dominated reactions yield “exponential-like” kinetics (e.g. first order) as shown for nitrite,
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ascorbic acid and fumarate. The decay kinetics for transport limited bulk reactions (e.g., MA and
AA) are zero order and appear linear in time. Under dilute solute conditions, dominated by bulk
reactions, the decay kinetics shift from linear to exponential. In many previous studies, the
functional form of the decay kinetics, interpreted under diffusion limited conditions (i.e. by
applying Eq. (26)), often yield a linear decay vs. time when plotted as the square-root of the
normalized solute concentration. This kind of data analysis is often used to extract a bulk
bimolecular rate coefficient for a reaction. Given the clear limitations of Eq. (26), as discussed
above, it appears that such a kinetic analysis, while simple, does not include key kinetic steps

needed to accurately describe the multiphase transformation under diffusion-limited conditions.

While the equations we derive account for a broad range of reaction conditions, they do
not account for extremely fast reactions where [Xds)] is depleted at the interface such that
[X (ads)] <HZ- [X (g)]. They also do not account for the case where the surface reaction consumes
Y ads) at rates faster than can be maintained through partitioning from the bulk. For ozonolysis,
unlike OH reactions, these cases appear somewhat rare, with one notable exception. The reaction
of ozone with aqueous iodide is ~1000x faster than the fastest reaction considered here and requires
accounting for both trace gas and solute depletion at the interface, which will be addressed in a

forthcoming publication.3¢

One central element of our model framework is the difference in solvation energy between
gas phase and adsorbed X, which is needed to compute HZ. . This information is readily available
from MD simulations and has been used by a number of authors.>> **-> While there are many MD
studies of pure water interfaces, there are comparably fewer studies examining how interface
hydration energies of trace gases change in the presence of ions or other solutes. While it is well

documented that H, fcb decreases with ionic strength, it is less clear how ionic strength might impact
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solvation of a trace gas at an interface. To the extent that higher ionic strengths “salt out” trace
gases, this could produce further enrichment of X at the interface, thus enhancing the importance
of surface reactions. Lastly, fewer studies of interface solvation energies in organic solvents exist,
which would be needed to apply these equations to understand multiphase transformations in

purely organic aerosols.

The equations we present are derived from a model that explicitly accounts for the coupling
of surface and bulk elementary steps and therefore avoids many of the assumptions inherent in
resistor formulations of reactive uptake. These equations don’t require making a priori
assumptions about where the reaction occurs and/or under what limiting conditions. The
framework provides a simple, yet physically realistic, way of connecting rate coefficients
measured under dilute conditions in lab-scale reactors with the multiphase chemistry occurring in

nanometer-sized aerosol and microdroplets present in our atmosphere.
Appendix A: Derivation of kuansport

In the surfactant literature®® it is common to identify a critical radius or length-scale to
determine the mode of mass transfer of solutes to a liquid interface (i.e., kinetic vs. diffusive). Here

we borrow this concept and identify a pair of critical radii, 7, and 7. The critical radii, shown
in Fig. 4, denote locations where the liquid phase diffusion rate of O3 intersects with the rates for
gas-surface (Eq. (12)) and surface-bulk (Eq. (11)) transfer. At r,, kdigusion = ksurface-buik (Eq. (11)),
whereas at 1y, Kaifusion = Keas-surface (Eq. (12)). For O3, 13, is 263 nm and 75 is 76nm. For r >>
7507 T4 transport of O3 into the droplet is controlled by liquid phase diffusion. As r approaches
T5pOT Ty transport is more complex, exhibiting both kinetic and diffusive contributions. Although

mass transport has been studied extensively using the concept of a single critical radius for the
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bulk-to-surface transport of surfactants in droplets and bubbles,”® to our knowledge a solution to

the dual critical radius problem has not been reported.

Without such a solution, we use approximate expressions to account for the size dependent
behavior of kwansport oObserved in Fig. 4. This corresponds to a pair of equations to describe transport

that includes the relative diffusive and kinetic contributions,

. L
CR € ) Eq. (A1)

ktrans_SB kdiffusion ksurface—bulk

. o
L R, GR7 Eq. (A2)

ktrans_GS kdiffusion kgas—surface

where,

R=—7—" Eq. (A3)

THrg+rs
R is a weighting function. When r is large compared to the critical radii, R — 1 and 1-R— 0, so

that Kdigiusion dominates kiansporr. At =14, or 1, the kinetic and diffusive contributions to kiransport

are equal. As shown in Fig. 4, an average of kerans s and kirans Gs,

_ ktrans_SB+ktrans_GS
ktransport - 2 Eq (A4)

approximates kransport OVer the broad range of sizes observed in the simulations. For large droplets
(r > 1 micron) transport occurs mainly by liquid phase diffusion, while at smaller sizes (r < 500
nm) the transfer of O3 into the droplet is increasingly limited by the kinetics of desorption and

solvation; kinetic steps that occur on the gas and liquid sides of the interface.

Appendix B: Symbols and Notation

g Subscript denoting gas

b Subscript denoting bulk

s Subscript denoting surface
c Mean speed of X (cm/s)
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K,

Dx vy

kaas

kb _rxn
kaescx
kaesotw(x)
kaif rusion
kgas—surface
ks rxn
ksowx
ksurface—buik
ktransport

ktrans_GS

k trans_SB

Trace gas

Solute in droplet

Dimensionless Henry’s Law constant linking gas and bulk
concentrations

Dimensionless Henry’s Law constant linking gas and interface
concentrations.

Dimensionless Henry’s Law constant linking surface and bulk
concentrations.

Langmuir Equilibrium Constant (cm?® molec.™)

Diffusion constant (cm?s™!)

Adsorption rate coefficient (cm? molec.! s!)

Bulk reaction rate coefficient (cm?® molec.” s)
Desorption rate coefficient (s™!)

Desolvation rate coefficient (cm® molec.™ s™)

Liquid phase diffusion rate coefficient (s™)

Characteristic rate coefficient for gas-surface equilibration
Bulk reaction rate coefficient (cm?® molec.™ s)

Solvation rate coefficient (s™)

Characteristic rate coefficient for surface-bulk equilibration (s™!)

Rate coefficient for mass transfer (s!)

Rate coefficient for mass transfer that includes gas-surface kinetics

and liquid phase diffusion (s™)

Rate coefficient for mass transfer that includes surface-bulk
kinetics and liquid phase diffusion (s™)

Maximum surface concentration (molec. cm™)
Interface thickness (cm)

Reacto-diffusive length (cm)

Uptake coefficient

Radius (cm)
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R Weighting function

Tys Gas-surface critical radius (cm)

Tsh Surface-bulk critical radius (cm)

Tgas—surface Characteristic timescale for gas-surface equilibration (s)
Tsurface—bulk Characteristic timescale for surface-bulk equilibration (s)
/4 Volume (cm?)

W{x} Lambert W function

Supplementary Material:

Tables S1-S3: Thermodynamic and kinetic relationships for the Henry’s Law constant.
Kinetic quantities that include rate coefficients, equilibrium constants and diffusion
coefficients.

Table S4: Data table for ascorbic acid ozonolysis experiment.
Figures S1-S4: Additional simulations and experimental data.
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Table S1: Thermodynamic and kinetic relationships for the Henry’s Law constant of trace gas
X. Also shown are the values for X = O3

Quantity Thermodynamic Kinetic Expression For O,
Expression in water
b X)) b _ axpy (ZA%501a0) b Kaaseo  Ksowx 027"
ch = chs - HSP = = HZ, exp( P ) Hcgc _ ka s( )_k solv(X)
(X)) des(X) "desolv(X)
g = Lass)] HY = exp (M) s = Kadsoo Toon 8.9
“ X « RT “ Kaesen) 'O
Hsb = [Xw)] HS? = exp (_AGsol(sb)> Hsb — Ksowx) = 6 0.03>¢
“ [Xaas] “ RT “ Kaesow " Teo()

2 From Ref. 3

5 From Refs. 4

CF°°

> is the maximum surface concentration in molec. cm™, where I, the maximum surface

excess (molec. cm?) and § is surface thickness (i.e., 1 nm). For O3, I',= 18.5 A2 per molecule
from Ref’
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Table S2: Table of elementary steps and rate coefficients that describe the uptake and solvation of O;

from Willis and Wilson.
No. Elementary Step Rate Coefficient Values Units Notes
1 O3(g) + site > Oz(aas) koas = = Ao Depends upon droplet cm’ molec™! s e
ads = 4 size
2 03(ad5) - 03(.9) + site kaes 5.4 x 10° s! be
3 O3(aasy = O3y + site ksoww 4.6 x 105 5! be
4 O3(py + site = O3(qas) kgesow 2.8 x 10715 cm’ molec! s7! be

* A= surface area, ¢ = mean speed (cm/s), and ¢ = sticking coefficient per site, with the
assumption that there is 1 site (i.e. C=C) per molecule. For O;, ¢ = 360 m/s at 294 K.

b See Ref, ¢

¢ The absolute values of kads, kdes, ksoiv, and kdesorv depend upon the assumed value of . This is
because of the kinetic relationship that the ratios of these rate constants must assume in order to

yield the correct values of H

b HZ and HE? as shown in Table S1. The values in the Table

assume ¢ = 10, but as discussed in Ref. ® prior simulations are insensitive to ¢ > 10,
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Table S3: Quantities used to compute the uptake coefficient and multiphase kinetics of AA, MA, nitrite,
FA and AscA. Further details for AA, MA, and nitrite can be found in Willis and Wilson.®

Quantity Description Value units
D *Liquid Phase Diffusion Coefficient, Os 1.76 x 10~° cm?-s71
Kyxn_aa ®Ozonolysis rate coefficient for aconitic acid 1.4 x 10~ ¢m3 - molec.” 1571
Koxn ma ®Ozonolysis rate coefficient for maleic acid 2.3 x 1078 ¢m3 - molec.”1s™1
Kyxn nitrite ¢ Ozonolysis rate coefficient for nitrite 56 x 107 cm3-molec.”1s71
kyxn ra 40zonolysis rate coefficient for Fumarate 5.0 x 1071 ¢cm3 - molec.”ts™1
Krxn asca  “Ozonolysis rate coefficient for Ascorbic Acid 1.1 x 1075 cm® - molec.”* s7*
Ke“zA fLangmuir Constant for Aconitic Acid 1.3 x 10722 cm3 - molec.™t
Ko fLangmuir Constant for Maleic Acid 5.6 X 10722 cm3 - molec.™?
Ke"; &3 £ Langmuir Constant for Nitrite 5.0 x 10721 cm?® - molec.™t
K fé“ Langmuir Constant for Fumarate 5.6 x 10721 cm? - molec.™?
K&seA Langmuir Constant for Ascorbic Acid 2.8 x 10722 cm3 - molec.™t
Too vy “Maximum surface concentration of aconitic, ~ 1.54 x 102! molec - cm.”3
5 maleic acid, ascorbic acid and fumarate
Too(nitrite) "Maximum surface concentration of nitrite 1.35 x 102! molec - cm.”3
)
5 Interface thickness 1.0 x 1077 cm
aRef.’
®Ref. ?
Ref.’
dRef. 10
¢ Ref.!!
TRef. 2
¢Refs. 612
hRefs. 13
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Table S4: Experimental conditions used by Chang et al.' to measure ozone reactions in aqueous ascorbic
acid droplets as shown in Figs. 9, S2 and S3. *Ozone concentrations are slightly modified from the original
publication' after raw data was reanalyzed and provided to us by the corresponding author.

Expt. # Radius (pm) [Os] (ppm) [AscA]o pH Ionic Strength (M)

2 2.95 97 3.29 1.8 0.99

4 3.00 17.3" 1.63 1.9 0.5

6 2.45 17.5 2.77 1.8 0.85

8 2.48 4.06" 3.79 1.8 1.16

10 2.78 5.51 3.43 1.8 1.06

12 2.10 2.39 1.96 1.9 0.59

14 2.19 2.17 5.23 1.7 1.58

16 2.36 1.67 3.64 1.8 1.12

19 2.08 1.81 3.38 1.8 1.03
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Figure S1: [Osw,)] equilibration times for: (A) r=0.1, (B) r=0.5, (C) r=5.0 and (D) r =30 pum
droplets. Simulations are initialized with only Os in the gas phase. The simulations results are
fitto a 1 — e *eranspore'® function to obtain kyangpor. Stochastic fluctuations are observed in the
simulations. See main text for details.
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Figure S2: Normalized [AscA] vs. reaction time. The experimental data for the 6 droplet
experiments (G-L) is from Chang et al.! The reaction kinetics are monitored using Raman
spectroscopy. The experimental conditions can be found in Table S4 and correspond to (G)
expt. #7, (H) expt. #8, (1) expt. #9, (J) expt. #10, (K) expt. #11 and (L) expt. #12. Bulk, surface
and total (surface + bulk) kinetics are predicted using Egs. (22a), (35) and (36), respectively.
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Figure S3: Normalized [AscA] vs. reaction time. The experimental data for the 6 droplet
experiments (M-R) is from Chang et al.! The reaction kinetics are monitored using Raman
spectroscopy. The experimental conditions can be found in Table S4 and correspond to (M)
expt. #13, (N) expt. #14, (O) expt. #15, (P) expt. #16, (Q) expt. #17 and (R) expt. #19. Bulk,
surface and total (surface + bulk) kinetics are predicted using Egs. (22a), (35) and (36),
respectively.
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Figure S4: Uptake coefficient vs. [Y]o. This graph shows the expected behavior for a hypothetical
surface active Cio compound that rapidly reacts with O; (i.e. same rate coefficient as AscA). The

predictions were made using kp, v, = 1.14 x 10" cm® molec.” s, r = 4 um, F%O = 1.5 x 10*" molec. cm’

3

and Keq=4.2 x 10" cm® molec.” Keq obtained from Ref. 2
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