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Abstract

Recent work has established that secondary organic aerosol (SOA) can exist as an amorphous
solid, leading to various suggestions that the addition of SOA coatings to existing particles will
decrease the reactivity of those particles towards common atmospheric oxidants. Experimental
evidence suggests that O3 is unable to physically diffuse through an exterior semi-solid or solid
layer thus inhibiting reaction with the core. The extent to which this suppression in reactivity
occurs for OH has not been established, nor has this been demonstrated specifically for SOA.
Here, measurements of the influence of adding a coating of a-pinene+O3; SOA onto squalane
particles on the OH-initiated heterogeneous oxidation rate are reported. The chemical
composition of the oxidized internally-mixed particles was monitored on-line using a vacuum
ultraviolet-aerosol mass spectrometer. Variations in the squalane oxidation rate with particle
composition were quantified by measurement of the effective uptake coefficient, y.s, which is
the loss rate of a species relative to the oxidant-particle collision rate. Instead of decreasing, the
measured s increased continuously as the SOA coating thickness increased, by a factor of ~2
for a SOA coating thickness of 42 nm (corresponding to ca. two thirds of the particle mass).
These results indicate that heterogeneous oxidation of ambient aerosol by OH radicals is not
inhibited by SOA coatings, and further that condensed phase chemical pathways and rates in
organic particles depend importantly on composition.
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Introduction

Atmospheric particulate matter (PM) affects human health,' visibility and climate.* PM is
comprised of both organic and inorganic compounds, with the organic fraction comprising 20-
90% of the submicron particle mass.’ The organic aerosol (OA) fraction is a complex mixture of
hundreds of different species of both primary (directly emitted; POA) and secondary (gas-to-
particle conversion; SOA) origin. SOA is often the dominant fraction of OA.* In addition to the
production of condensable species from gas-phase reactions and subsequent formation of SOA,
both condensed phase and heterogeneous (gas + particle) reactions can modify the chemical
composition and physical properties of ambient OA on varying timescales. Heterogeneous
oxidation reactions typically alter particle hygroscopicity™ ® and can cause particle mass loss,’
thereby affecting particle lifetime® and both direct and indirect radiative effects. Further,
heterogeneous oxidation complicates the use of the individual POA molecules as quantitative
“tracers” for source apportionment.”"' Previous studies using various model POA types (e.g.
squalane,'? dioctyl sebacate, pyrene® or motor oil'*) indicate that heterogeneous oxidation by
OH radicals is efficient, with observed reactive uptake coefficients (i.e. the probability that an

OH-molecule collision results in loss of particle phase species) greater than 0.1.

The complexity of heterogeneous reactions within atmospheric OA is not fully captured in the

study of single component model aerosols,'*"'®

with most multiple-component studies to date
focused on ozone-initiated reactions and with few that consider the influence of SOA
condensation on POA oxidation."” Since SOA and POA will co-exist within the same individual
particles in the atmosphere it is important to characterize how SOA condensation onto POA
influences particle reactivity. The influence of SOA on heterogeneous reactivity of particles is of
particular interest as recent studies have shown that SOA can be an amorphous solid with very
high viscosity, rather than a liquid mixture,” leading to various suggestions that heterogeneous
oxidation rates might be substantially slowed when particles obtain an SOA coating.*' > Indeed,
there is experimental evidence that the reactivity of organic compounds within particles towards

O3 can be reduced after coating by*® or mixing with*" >’

a solid, non-reactive (albeit non-SOA)
species, most likely due to physical exclusion of the O3 from the species of interest. However, it
is not established whether such protection from oxidation occurs for the heterogeneous reactions

of coated particles with another key atmospheric oxidant, the OH radical.
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A key difference between OH and Oj; is that OH radicals react nearly universally with organic
molecules while O3 reacts predominately with species containing double bonds. Thus, direct
reaction of OH radicals with the SOA coating is possible, leading to the generation of condensed
phase radicals. These SOA-derived radicals could subsequently react with molecules that are
buried below the particle surface, in which case the SOA would not serve as a protective coating
and loss of the buried species would be entirely the result of secondary reactions in the
condensed phase. Here, the influence of coating a-pinene + O3 SOA onto squalane (C;oHgz), a
previously well-studied'> POA surrogate, on its heterogeneous reactivity towards OH radicals is
investigated by measuring the effective reactive uptake coefficient, yerrsq, as a function of SOA
coating thickness. The measured vesrsq accounts for loss due to both direct oxidation by OH

radicals and oxidation resulting from organic radical reactions occurring in the condensed phase.

Experimental

Organic Aerosol Generation

The coated aerosol was generated in two steps: (i) nucleation of the squalane seed and (ii)
condensation of SOA formed by the dark ozonolysis of a-pinene onto the squalane seed particles
(Fig. S1). Squalane aerosol was generated via homogeneous nucleation by passing clean, dry N,
gas over liquid squalane heated to ~128 °C to produce a log-normal distribution of particles with
an experiment-specific surface-area weighted median diameter, D, s, between 155 and 200 nm
and a geometric standard deviation, ¢, between 1.25 and 1.4. SOA coating was accomplished by
passing the squalane seed particles through a stainless steel dark reaction tube along with
variable amounts of a-pinene entrained in N,, and variable amounts of O;. As the a-pinene reacts
with O3 (~3 ppmv a-pinene and 9 - 14 ppmv O3), lower volatility products are formed and
condense on the squalane seed, causing the particles to grow. There is some small loss of
squalane during the coating step, most likely as a result of heterogeneous reactions initiated by
OH radicals generated from the O3 + a-pinene reaction (see Supporting Information). Residual
gas-phase hydrocarbons and O; were removed by passing the gas stream through a charcoal
denuder and a denuder filled with Carulite® 200 (Carus) catalyst before entering the OH reaction

flow tube. Total volume concentrations were on the order of 1000 um*/cm’.

Heterogeneous Oxidation
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The particles (either coated or uncoated) are oxidized by OH in the presence of O, in the flow

12 Excess Os from the flow tube is removed

tube reactor described previously in detail (Fig. S2).
in a Carulite® denuder prior to gas or particle-phase measurements. The reacted particle size
distribution was measured with an SMPS (TSI, Inc.) and the particle composition was measured
using a home-built vacuum ultraviolet aerosol mass spectrometer (VUV-AMS).*® For the
experiments reported here, the aerosol was vaporized in vacuo at ~120 °C and photoionized
using 10.5 eV radiation produced by the Chemical Dynamics Beamline (9.0.2) at the Advanced

Light Source. (See Supporting Information for further details.)

Some of the flow exiting the flow tube was filtered and sampled into a gas chromatograph (GC)
equipped with a flame ionization detector (SRI Instruments). The GC was used to measure the
concentration of hexane in the gas stream (added as a tracer), from which the OH exposure

({[0H]); - t) in the flow tube can be determined using a mixed-phase relative rates approach.’’
Determination of Particle Coating Thickness

The SOA coating thickness on the squalane seed particles that characterizes each experiment was
determined from the difference in the median number weighted diameter, D, n, of the particle
distribution measured before and after coating (Fig. 1). The size distribution of the uncoated
particles was monitored throughout an experiment by measuring downstream of the nucleation
oven but prior to the coating system. The size distribution of the coated particles was measured
using a second SMPS located downstream of the reaction flow tube. The characteristic coating
thicknesses ranged from 0-42 nm. The observed growth indicates that there is a distribution of
coating thicknesses in a given experiment, typically with smaller particles having somewhat
thinner coatings than larger particles (Fig. 1). Uncertainties in the characteristic coating thickness
for a given experiment were assessed based on the observed co-variability in coated and
uncoated particle size distributions. Importantly, the presence of a nucleation mode of pure SOA
particles (which was occasionally observed) has no influence on the results because the decay of
squalane is specifically monitored and thus observed decay rates depend only on the squalane-

containing particles.

Although the observations clearly demonstrate that the SOA condensed onto the squalane

particles, we do not have direct evidence that confirms the particles adopted a core-shell
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morphology in which the SOA coated the squalane particles. However, results from a variety of
previous studies suggest that SOA coated on squalane should adopt a core-shell morphology.
SOA is compositionally much more complex than squalane, comprised of multi-functional
oxygenated molecules®” that likely form oligomers® with comparably greater hydrophilicity,**
larger density (psoa ~ 1.2ug m™)*° and, as noted above, likely exists as an amorphous solid.”’
Such differences in composition and physical properties make it likely from a thermodynamic
perspective that the SOA and squalane will not mix, and thus that the SOA forms a layer on the
squalane seed particles as it condenses. Further, depth-profiling measurements of individual
particles for which SOA (from a-pinene + Os3) was condensed onto dioctyl phthalate (a liquid
hydrocarbon like squalane) indicate a core-shell configuration that was stable over many hours.*
In addition, indirect observations of the condensation of a-pinene + Oz SOA on fulvic and adipic
acid core particles suggest that two phases are formed in these more hydrophilic systems as

well.?’

Furthermore, when SOA particles (from the reaction of toluene + OH) were added to a
chamber containing pure squalane particles, no mixing was observed on atmospherically relevant
timescales, in contrast to similar experiments that used isotopically labeled liquid docosane
particles, which indicates that mixing of SOA with squalane is not thermodynamically
favorable.* Thus, the available evidence from the literature strongly suggests that the o-pinene +

O3 SOA condenses onto the squalane seed particles forming mixed particles with a core-shell

morphology.
Experimental Determination of Squalane Loss Rates

The experimentally accessible parameter is the decrease in squalane relative to the unreacted
particles as a function of OH exposure. The observed decay is characterized by the effective
reaction rate coefficient, kefrsq. The kesrsq for each experiment is measured by monitoring the loss
of particle-phase squalane upon exposure of the particles to OH at steady state, as opposed to
monitoring the gas-phase loss of OH. This distinction is important because the observed kefrsq
(and calculated y.frsq) accounts both for direct reaction of OH with near-surface molecules and
for any loss that occurs from secondary radical reactions within the condensed phase, which have
the potential to substantially increase the rate of chemical transformations in the condensed

31, 39

phase, relative to the oxidant collision rate. The observed kesrsq therefore represent the

combined effects of direct H-abstraction and secondary reactions. The measured kefrsq (cm3

7



154
155

156

157
158
159
160
161
162
163
164
165
166

167

168
169
170
171
172
173
174
175
176
177
178
179

180
181

molecules” s™) is determined by fitting an exponential to the fraction of squalane remaining in

the particle ([Sq]/[Sq]o) as a function of OH exposure:

[Sqlt — —keff,sq'([OH])t't
[Salo exp

: (1)

where [Sq]o is the initial molecular density of squalane (molecules cm™), [Sq]: is the molecular
density of squalane at time ¢, and ([OH]); - t is determined from the measured decay of hexane
(kiex = 5.2 x 10" cm® molecules™'s™)* in the flow tube (See Supplemental Information). The
[Sq]o and [Sq]; for a given coating condition and OH exposure were determined from the mass
spectra (Fig. 2). The parent squalane peak and several fragments that have large relative
intensities exhibit little overlap with SOA in the VUV-AMS mass spectra, which allows for
quantification of the squalane decay rate in the presence of SOA coatings. The observed
squalane decays and the individual fits of kcf;sq are shown for each coating thickness experiment
in Fig. S3. Example mass spectra of unoxidized and oxidized spectra for the coated and uncoated

particles are shown in Fig. S4.
Results and Discussion

Upon coating the squalane with SOA, the observed k.f;sq does not decrease, even for the thickest
coatings (Fig. 3 and Fig. S3). This observation provides unambiguous evidence that the
condensation of SOA onto squalane does not suppress the OH-initiated oxidation of squalane.
This result is particularly surprising for the particles here since they most likely have a core-shell
(SOA on squalane) morphology. If the reactive uptake coefficient is > 10, the reacto-diffusive
length of OH in highly viscous (n = 10® Pa s)*' SOA is << 1 nm, and even if the SOA were
liquid (n = 10~ Pa s) the reacto-diffusive length would be < 5 nm (Fig. S5). Therefore, once the
SOA coating thickness is greater than 5 nm it will act as a physically protective coating making
the frequency with which OH radicals will directly encounter a squalane molecule effectively
zero, and consequently it is expected that y.rrsq = O (Fig. 4). However, a value of yefrgq = 0 is
inconsistent with the observation that the squalane continues to decay (i.e. kefrsq 1S non-zero)

after addition of coatings up to 42 nm thickness.

That the squalane continues to react in the coated particles suggests that condensed phase

reactions initiated from the reaction of OH radicals with the SOA coating are responsible for the

8
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observed decay. Specifically, we hypothesize that SOA radicals formed in the condensed phase
at the particle surface are able to chemically migrate through the coating, eventually
encountering the molecules in the squalane core. Since squalane decay is not slowed by the
addition of the SOA, this indicates that this chemical migration of radicals is rapid, despite the
apparently high viscosity of the SOA coating, which suggests that this process may occur much
faster than physical diffusion. Such radical migration likely occurs via a series of H-abstractions
that follow from local changes in the SOA matrix upon radical formation that facilitate radical
migration in highly viscous media.** This could involve alkyl, alkyl peroxy or alkoxy radicals.
Once at the SOA-squalane interface, an SOA radical can abstract an H-atom from a squalane

molecule thereby initiating the oxidation of squalane.

It is useful to consider the effective uptake coefficient for the SOA-coated squalane particles,
Yeff,Sq,coated> 1NStead Of kefrsq directly since Yesrsq.coated accounts for differences in the particle size
and the frequency of OH-particle collisions between different experiments. (For example,
whereas for a given system kesrsq decreases with increasing particle size, Yerrsq 1S size
independent.) Values of Yeffsqcoaed fOr a core-shell morphology can be determined from the

observed kefr;sq as:!?

y _ 4kefrsqgPsaNa  Vuncoated (2)
eff,Sq,coated EMWsq

Acoated

where pgq 1s the squalane density (psq = 0.80 g cm™), N, is Avogadro’s number, ¢ is the root
mean squared speed of OH (609 m s™), M Wsq 1s the molecular weight of squalane (422 g mol™),
Vincoated 18 the volume of uncoated squalane and Acoaeq 1S the coated particle surface area. The
Yeff,Sq.conted from Eq. 2 characterizes the observed squalane loss rate relative to the OH-particle
collision rate for the entire coated particle. The Yerr;sq.coated have not been corrected for gas-phase
diffusion because the observed loss rate includes loss due to secondary, condensed phase
reactions and thus depends only indirectly on the rate of OH collisions with the particle. Since

this study focuses on relative changes, this is not a significant limitation.

For uncoated squalane particles, the observed average Yerrsq = 0.25 £ 0.05 (or 0.28 + 0.06 after
diffusion correction), consistent with previous results.'> As the thickness of the SOA coating is

increased the corresponding Yerr;sq,coated INCreases, by up to a factor of ~2 for the thickest coatings,

9
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with some indication that Yefrsqcoated may plateau at large coating thicknesses (Fig. 4). Thus,
rather than the addition of an SOA coating causing a decrease in the loss rate of squalane, these
observations demonstrate that squalane loss is actually enhanced relative to the pure squalane
particles, at least over the range of coating thicknesses considered here. These results are
qualitatively consistent with previous results where it was found that the coating of motor oil
seed particles with SOA did not suppress the reactivity of the motor oil components towards OH,

potentially with a slight increase in the bulk Yersq.coated fOr a thin coating.19

The form of Eqn. 2 and the possibility of radical propagation through the SOA coating suggests
a potential for radical “focusing” towards the squalane core, which could partially explain the
increase in the observed squalane loss rate. Focusing could arise because the OH reacts with the
surface area of the entire particle, which is larger than the surface area of the squalane core. For
the core-shell system here, the observable yefrsqcoacd can be broken down into the component

processes and will depend on five factors:

Yerf,sqcoated = VsoA,0H * Fcoating " Pradical " Vsq,s04 " LSq (3)

where ysoaon 1s the uptake coefficient of OH on SOA, exclusive of secondary reactions and
Ysq,s04 1S the uptake coefficient of condensed-phase SOA radicals at the SOA/squalane interface,
exclusive of secondary reactions within the squalane core. Secondary reactions within the
squalane core that lead to squalane depletion are characterized by the radical chain propagation
length, Lsg; for uncoated particles Yo sq = Vsqon * Lsq » Where ysqonu is the uptake coefficient of

OH on squalane. Feoaing characterizes the extent of geometric focusing, which depends on the
ratio between the coated and uncoated particle surface areas. Finally, pagical 1S the probability that
SOA radicals generated at the particle surface propagate inwards and reach the squalane-SOA
interface. pradgical 1S dependent on the likelihood of radical termination reactions relative to radical
propagation reactions and will likely depend on the coating thickness. Given the likely high
viscosity of the SOA coating, it is likely that the transport of organic radicals from the particle
surface to the squalane core occurs through a process of radical transfer from molecule to
molecule, i.e. chemical diffusion, rather than from physical diffusion of the radicals. In other
words, the radical can ‘move’ inward as an outer layer radical abstracts a hydrogen atom from a

molecule closer to the squalane core. There is likely to be a balance between the competing

10
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dependencies of Feoating and pragical ON coating thickness. In general, Fooqing increases with coating
thickness because the available surface area for OH+SOA reactions increases and thus the rate of
radical generation in the particle is increased. The result is an increase in the number of radicals
formed per squalane surface area. However, as the coating thickness increases the number of
propagation reactions required for the radical to move from the surface to the squalane core
increases, which will likely lead to a decrease in pragicas With coating thickness. These competing
dependencies may help to explain the observation that y.srsq exhibits an approximate plateau at
larger coating thicknesses. Quantitatively separating the contributions from these different terms
is not possible at this point. The above conceptual model of the oxidation process in these coated
particles indicates a sensitivity to radical propagation in the SOA coating, which may vary

between different SOA types and should be explored in future studies.

In the above analysis it was assumed that the particles adopt a core-shell morphology, based on
consideration of literature results and differences in the chemical nature of the SOA and
squalane. However, at this point it is not possible to entirely rule out the possibility that the SOA
and squalane are internally well-mixed, although this seems unlikely. In the well-mixed case OH
radicals can react directly with squalane at the particle surface. (It is useful to note that even if
the SOA and squalane are well-mixed within particles these observations indicate that
condensation of SOA onto POA does not necessarily protect the POA from oxidation. Thus,
even if the particles are well-mixed the loss of squalane is accelerated in the presence of SOA
leading to faster oxidation in the atmosphere.) In the case of well-mixed particles the Yesrsq 1S
expressed as:
VEsq'Psq , VFsoaPsoa

4k N4
eff.sqA ( MWgq MWso4 ) . Dp,s.coated

Yerr,sqwell-mixed = c P 4)

where D, is the surface area weighted median diameter of the coated particle distribution,
MMWsoa 1s the assumed mean molecular weight of SOA molecules, psoa 1s the SOA density (~
12 ¢g cm'3), and VFsq and VFsoa are the volume fractions of squalane and SOA, respectively, in
the unoxidized particles (see Supporting Information). The average MW of SOA is not
particularly well established. Monomer products of a-pinene + O3 have MWs of ~200 amu, but

there is some evidence that a-pinene + O3 SOA is comprised of a substantial fraction of dimers
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and trimers, which would increase the average MW.* As such, Yetr,sqwell-mixed has been calculated
under the assumption that MWsos = 200 amu or 400 amu. As with Yefrsq.coated> Yeff,Sq,well-mixed
increases as coating thickness increases, but now by a much larger amount (Fig. 4). The major
difference between Eq. 2 and 4, for coated versus well-mixed particles, comes about because in
the well-mixed case both squalane and SOA molecules exist at the surface, and thus only a
fraction of the surface area is available for direct reaction of OH radicals with squalane. (Similar
arguments apply for the case in which the SOA partially coats the squalane surface, since this
would decrease the exposed squalane surface area). Consequently, there are fewer OH-squalane
collisions as compared to a pure squalane particle, which ends up yielding a larger yessq relative

to the core-shell morphology.

Although in both the well-mixed and core-shell cases there is an increase in the calculated yefrsq
with coating thickness, in the well-mixed case there would be no radical focusing and thus an
alternative explanation would be required for the increase in Yyessq. One possibility is that
chemical reactions involving squalane-derived and SOA-derived radicals differ depending on
either the identities of the radical species or the stable species with which they react. It is known
that condensed phase reactions can play an important role in the heterogeneous oxidation of
hydrocarbons. The relative balance between direct H-abstraction by OH radicals and condensed
phase radical recycling reactions has not yet been established. Nonetheless, it is reasonable to
think that, in a system composed of a mixture of a multitude of oxygenated SOA molecules and
squalane molecules there may be differences in rate coefficients for hydrogen abstraction from
stable species by radicals in the condensed phase (whether alkyl, peroxy or alkoxy), or in
branching ratios associated with radical-radical reactions. It is also possible that the more
oxygenated nature of the SOA leads to greater hydrogen bonding with OH radicals at the surface
and an increased surface residence time, which could potentially enhance the probability of an
OH-squalane reaction.”” This alternative explanation is offered primarily for completeness, as it
is more likely that for the particular SOA + squalane system considered here the particles are not

well-mixed but instead have a core-shell morphology.

Overall, these experiments reinforce the idea that the reactivity of a given particle-phase species

14-16, 19, 27, 28, 44
d,

(here, squalane) is dependent upon the matrix in which it is mixe and thus care

must be taken when extrapolating effective uptake coefficients measured for single-component
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systems to the atmosphere. Further, there are clear and important differences in how coatings
influence the heterogeneous reactivity of particles towards the common atmospheric oxidants, O
and OH. Whereas O; reactivity towards particle-bound organics can be inhibited by the addition
of an organic coating due to physical exclusion of O3,* the fact that OH radicals can react
directly with the organic coating to generate organic radicals means that the addition of an SOA
coating will not generally act to protect buried species from oxidation and can even lead to an
increase in oxidation rates, as demonstrated here. The lifetime of squalane with respect to OH
heterogeneous reaction in pure squalane particle is ~13 days, since Yersq = 0.30"* (particle
diameter = 180 nm, and 24-hour average [OH] = 10° molecules cm™). The experiments here
indicate that the y.s5q increases upon coating with SOA, by a factor of 2 for the thickest coatings.
This implies a decrease in the oxidation lifetime within mixed particles to ~6-8 days, on the
order of a typical particle atmospheric lifetime of 5-10 days.® Altogether, these results indicate
that heterogeneous oxidation by OH plays an important role in transforming OA properties on
atmospherically relevant time-scales, and further that the ability of an SOA coating to shield
POA (or other condensed-phase species) from oxidation depends on the specific oxidant
considered. Ageing and oxygenation of atmospheric organic particles can occur faster than
expected based on results from single component heterogeneous oxidation studies, with
consequent impacts on the atmospheric evolution of particle hygroscopicity and atmospheric
lifetime. Further research should aim to establish how the chemical and physical properties of the
coating, i.e. the SOA type, influence the uptake enhancement as well as aim to characterize

whether there is a dependence on RH and the nature of the radical oxidant.
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Figure 1: Example number-weighted (left axis, black lines) and surface arca-weighted (right
axis, gray lines) particle size distribution for uncoated (dashed line) and SOA coated (solid line)
squalane particles. The initial squalane particle distribution is characterized by D, = 134 nm, 6,
=130 and N, = 2.43*10° particles cm™. After coating, the squalane particle size distribution has
grown to Dpn = 169 nm (6, = 1.33, N, = 2.84*10° particles cm™), giving a ADpn=35nm and a
coating thickness of 18 nm. The average coating thickness for this experiment is 18 nm with a
standard deviation of 8 nm. The slight increase in N, upon coating for this experiment is likely
indicative of fluctuations in the squalane seed particle source, and not of nucleation.
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504  Figure 2: VUV-AMS spectra of pure unoxidized squalane (blue) and of unoxidized a-pinene +
505 O3 SOA (red) as derived from a coated particle that had an average SOA coating thickness of 18
506  nm. The spectrum of the pure SOA was determined by subtracting the pure squalane signal from
507  the coated particle spectrum.
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Figure 3: The experimentally observed squalane decay (i.e. fraction of squalane signal
remaining) for uncoated (black @) and SOA-coated (grey A) particles. The error bars show the
standard deviation from the average determined from replicates of measurements made at a
specific OH exposure. The observed decays have been fit using a single exponential to determine
kefr,sq, Where Kefr,sq uncoated = 1.0 X 102 ¢cm® molecules™ s™ (black line) and Kefr sq.coated = 3.5 X 1012
cm’® molecules™ s™' (gray line).
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Figure 4: The derived vesrsq as a function of SOA coating thickness under three different
morphology assumptions: protective SOA coating on squalane (red dashed line), core-shell
(green m) and well-mixed (MWspa = 400 g/mol, blue A and MWgps = 200 g/mol, black e). The
cartoon above the graph illustrates the growth of the SOA coating on the squalane core for the
core-shell scenario. The grey hashed area indicates the value for uncoated squalane particles. The
uncertainty in Yerrsq 1S the greater of propagated measurement and fit uncertainties, and
uncertainty in the x-axis accounts for fluctuations in the coating thickness (both 1c). For the
core-shell case, which is the most likely coated particle morphology, the increase in Yefrsq Over
the uncoated value is a factor of ~2 at the thickest coatings considered.
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Overview

The Supplemental Information provides details on the measurement, analysis and interpretation
of VUV-AMS data. This includes discussion of (i) the experimental conditions and set-up (ii) the
experimental determination of kcrrsq by a mixed-phase relative rates approach (iii) the reacto-

diffusive length of OH in SOA and (iv) the expanded forms of Eqn. 2 and Eqn. 4.

Organic Aerosol Generation

The coated aerosol was generated in two steps (Fig. S1). First, pure squalane aerosol was
generated via homogeneous nucleation. The size distribution of the squalane seed particles was
continuously monitored with a scanning mobility particle sizer (SMPS, TSI, Inc.). Second, the
squalane seed was added to a dark reaction tube along with variable amounts of a-pinene
entrained in N; (0.02 slpm), and variable amounts of O3 (0.30 slpm, generated by passing an
N,/O; mixture over a pen-ray lamp). The dark ozonolysis of a-pinene generates compounds of
lower volatility that condensed on the pre-existing squalane seed leading to particle growth, as

monitored using a second SMPS.

Heterogeneous Oxidation

The particles (either coated or uncoated) were oxidized in a flow tube reactor by OH in the
presence of O, (Fig. S2). The particle-laden gas stream was added to a gas-stream with 5% O,,
variable amounts of O3, a small amount of hexane (100 ppb) that was used to determine [OH],
and a mixture of dry and humidified N, to give a relative humidity (RH) in the flow tube of 30%.
Ozone for the flow tube was generated by either (i) passing a mixture of N, and O, through a cell
containing a 22.9 cm long Hg pen-ray lamp (UVP, LLC.) or (ii) using a corona discharge O3
generator with pure O,. Prior to adding the Os to the flow tube it was diluted using dry N,. OH is
produced in the flow tube from photolysis of O3 to produce O('D) radicals, which then react with
H,O0 to produce OH. The [OH] was controlled by varying the [Os] in the flow tube while keeping
the RH constant at 30%. Typical O; concentrations in the flow tube ranged from 0-30 ppm.
When the lamp was used, the amount of O; was varied in two ways: (i) by varying the dilution of
Os or (i1) by varying the intensity of the lamp. When the discharge generator was used, the
amount of ozone was also varied in two ways: (i) by varying the dilution of O3 prior to addition

to the flow tube or (ii) by changing the output from the generator. The O3 concentration at the
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output of the ozone generator was measured using an O3 monitor (2B Technologies Inc.), and the
concentration within the flow tube determined based on the measured [Os] and the dilution
factor. The flow tube reactor was a 130 cm long, 2.5 cm inner diameter type 219 quartz reaction
cell. The flow tube was irradiated with light from four continuous output, 130 cm long Hg
(A=254 nm) lamps (UVP, LLC.). With the lights on, OH radicals were generated along the length
of the flow tube from the photolysis of Os in the presence of water vapor. The total flow through
the flow tube was 1.02 L/min, which corresponds to a residence time of 37 s along the
illuminated portion of the reaction cell.

The gas stream exiting the flow tube was split between particle-phase and gas-phase
measurements. Excess O3 from the flow tube was converted to O, by passing the gas stream
through a denuder filled with Carulite® 200 (Carus) catalyst. The reacted particle size
distribution was measured with a scanning mobility particle scanner (SMPS, TSI Inc.). The
particle composition was measured using a custom vacuum ultraviolet aerosol mass spectrometer
(VUV-AMS). The VUV-AMS measured particle composition by sampling the particle-laden air
stream through an aerodynamic lens into a high vacuum environment, impacting the resulting
particle beam into a heated vaporizer where the particles are thermally vaporized, ionizing the
evolved gases using VUV photoionization and detecting the resulting ions with a time-of-flight
mass spectrometer.’ For the experiments reported here, the aerosol was vaporized at ~120°C and
photoionized using 10.5 eV radiation produced by the Chemical Dynamics Beamline (9.0.2) at
the Advanced Light Source. The VUV-AMS used here utilizes a vaporizer design that is
different than in the commercial Aerodyne AMS (which has been used in some previous studies
conducted at the beamline). Specifically, the vaporizer in the ALS VUV-AMS is machined out
of a solid block of copper with perpendicular ports to allow passage of the VUV photon beam
and impaction of the aerosol particle beam at the center of the block. There is a hole on the top of
the block to allow for extraction of the ions generated from photoionization of the gas-phase
molecules vaporized from the impacted particles. The bottom of the block is solid, and thus
particles that “bounce” upon impaction are re-collected and can undergo evaporation and
ionization. This can be contrasted with the conical collector in an Aerodyne AMS, in which
particles that “bounce” are not detected. Additionally, the ALS VUV-AMS samples the particle
beam and acquires spectra continuously to produce an average spectrum (here, 60 seconds) for a

given condition (e.g. coating state and OH exposure).
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Some of the flow was sampled into a gas chromatograph (GC) equipped with a flame
ionization detector (SRI Instruments). The GC was used to measure the concentration of hexane
in the gas stream, from which the average [OH] in the flow tube can be determined using a
relative rates approach (see below). The sampled gas stream was passed through a filter to
remove particles and a KI denuder to remove excess Os.

The use of photoionization at 10.5 eV along with the relatively low vaporizer temperature
produces mass spectra with less overall fragmentation than those observed when electron impact
ionization is used with the vaporizer at 600°C, as in an Aerodyne AMS. Examples of unoxidized
and oxidized spectra for both coated and uncoated samples are shown in Fig. S3. The oxidized
spectra are all at approximately one oxidation lifetime. As squalane becomes oxidized it is easy
to see peaks that correspond to products with added ketone functionality that are spaced at 14
amu intervals from the parent squalane (m/z 422). Additional new peaks can be observed in the
oxidized spectrum at smaller m/z, most likely corresponding to fragments of the squalane
oxidation products produced upon vaporization/ionization, but also possibly corresponding to
fragmentation oxidation products. Mass spectral peaks corresponding to SOA species are
primarily in the region less than m/z 300 (c.f. Fig. 1 in the main text), with peaks observed at
nearly every m/z from m/z 50 to m/z 200 and with some additional peaks at higher m/z. Oxidation
of the coated particles leads to changes in the relative intensities of the peaks in this region,
indicative of chemical changes to the SOA. Figure S3B-D also indicates that there is some small
amount of oxidation of the squalane that occurs during the coating process, most likely from

oxidation initiated by OH radicals formed by the ozonolysis of a-pinene.

Control Experiments

Experiments were performed where the pure squalane and SOA-coated squalane particles were
exposed to Oz within the flow tube, but with the Hg lights turned off to establish the extent to
which heterogeneous reactions of O3 with the particles or SOA production from o-pinene that
was not scavenged from the air stream in the charcoal denuder occurred. No changes to either the
particle size distribution nor to the measured particle mass spectrum were observed for O;
exposure.

Experiments were performed using a similar model system, bis-2-ethylhexyl sebecate (BES)

coated with a-pinene+O3; SOA, in which the particles were passed through the flow tube with the
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Hg lights on but with no O3 to assess the extent to which direct photochemical production of
radicals within the condensed phase may have influenced the current observations. Since the
SOA type used is the same as in these experiments, and since no changes are observed in pure
squalane particles when the Hg lights are off, the experiments using coated BES particles
provide a valid test of the influence of photochemical production of condensed phase radicals.
The production of BES oxidation products was not observed in the measured VUV-AMS mass
spectrum for the coated particles when the particles were exposure to radiation from the Hg
lamps but without O3 present. This indicates that direct photochemical production of condensed

phase radicals is not important in the current study.

Mixed-phase Relative Rates Determination of Ke sq

The effective second order reaction rate constant for the reaction of squalane with OH, ks sq,
was determined from an exponential fit to the observed squalane decay as a function of the OH
exposure (=([OH]); - t). The OH Exposure was determined from the measured decay of hexane
in the flow tube. Since the reaction rate coefficient between hexane and OH in the gas-phase is

known (kpex = 5.2 X 102 cm? molecules'ls'l)z, the OH exposure can be calculated as:

In([Hex]/[Hex]o)

t
— = fo [OH]dt = ([OH]); -t (S1)
The calculated OH exposure is then used along with the fraction of squalane remaining to
determine k.rsq according to Eq. 1 in the main text. For each coating thickness experiment the

observed squalane decays and the individual fits are shown in Fig. S4.

Reacto-Diffusive Length of OH in SOA

The extent to which it is possible for the OH radicals to diffusive through the SOA coating
without reacting depends on the OH diffusion coefficient in the SOA matrix (D, m’s™) and the
first order loss rate of OH in a-pinene + O3 SOA (kom, s'l). Previous studies suggest that a-
pinene + O3 SOA is highly viscous (e.g.”) with D < 1 x 107" em’s™.* koy was determined from
the uptake coefficient y, which is constrained to be between 0 and 1, and the concentration of

SOA molecules at the particle surface. The likelihood of an OH reaching the inner squalane core
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before reacting can be characterized through consideration of the reacto-diffusive length, /rp,

given as:

’ D
lRD = a . (SZ)

Values of /rp have been calculated for a range of physically realistic values of D and koy (Fig.
S5). As the diffusion coefficient increases (i.e. as SOA behaves more liquid-like) the Irp
increases. As v, and therefore ko, increases the /xp decreases. So long as the y for SOA is > 107,

the lzxp of OH is less than 1 nm when D < 107 cm? s

, 1.e. even if the SOA coating has a
viscosity sufficiently low to be considered “liquid-like”. Consequently, for particle coating

thicknesses greater than 1 nm, the OH radicals do not directly react with the squalane core.

The Effective Uptake Coefficient for a Core-Shell Morphology

In the main text the effective uptake coefficient is given as:

4KerrsqPsqNA  Vuncoated
=—= - S1
)/eff,Sq,coated cMWg, ( )

Acoated

where pgq 1s the squalane density (psq = 0.80 g cm™), N is Avagadro’s number, ¢ is the root
mean squared speed of OH (609 m s™), M Wsq 1s the molecular weight of squalane (422 g mol™),
Vincoated 18 the volume of uncoated squalane, Acoared 1S the coated particle surface area and Aegrsq 1S
the second order effective rate coefficient for loss of squalane. It was observed that the particle
size distributions were reasonably log-normally distributed both for the uncoated and coated

cases. Assuming log-normality, the Vincoated/4coated t€rm can be expanded as:

0 3
Vuncoated __ fo Dyncoatedf Duncoated)@Duncoated (82)
= 5
Acoated 6f0 Déoatedf (Pcoated) ADcoated

where Dyneoated 18 the uncoated particle diameter, Deoateq 1S the coated particle diameter and f{D)is

the respective normal particle distribution function:
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(— 1n(D/5)2)

1 2:In? ¢

fD) = =pe (S3)
Here o is the geometric standard deviation of the log-normal distribution and D is the median
diameter of the log-normal distribution.

Substituting in the distribution function, Eqn. S2 then becomes:

— 2
ln(Dunco%ted/Duncoated)
2In“ oyncoated

©p3 ;'Im D d € dDyncoated
fo Dyncoatedf Duncoated)@Duncoated _ (0yncoated) °  Hrcoate
0 o - = 2
6 fo Dcoatedf(DCOlled) dDcoated _ In(Deoated/Peoated)
6 co 2In0coqteq
In(ocoated) .fo Deoatea’ € Dcoated

(S4)

where gyncoated 18 the geometric standard deviation of the uncoated size distribution, ocoateq 1S the
geometric standard deviation of the coated size distribution and D is median diameter of the

respective (coated or uncoated) log-normal size distribution. After integration Eqn. S4 is:

—2 51n2 5 2Iln¢
Dyncoated® ( Tuncoated) /6'Dcoatede ( coated) (SS)
In(ouncoated) In(ocoated)
or
14 D2 In( ) exp(5In? )
uncoated _ Puncoated , M\ Tcoated)  €XP Ouncoated (S6)
Acoated 6'Dpated In(oyncoated)  €xp(2In? ocoated)

Note that V/A4 for the core-shell morphology will typically be larger than V/A4 for the well-mixed
particle type, given as Eqn. 4 in the main text. It is for this reason that the ycf;sq determined for

the core-shell morphology is smaller than that for the well-mixed morphology for a given kesrsq.

The Effective Uptake Coefficient for a Well-Mixed Morphology
For a single component system, i.e. initially pure squalane particles, the effective uptake

coefficient is:
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% — keff,Sq'[SCI]'[OH]
efr.5aq fsqJcotrCpA

(87)

where fsq is the fraction of squalane in the particle at a given time, Jooi is the OH flux at the
particle surface (C[OH]/4), 4 is the per-particle surface area and C, is the particle number
concentration. In a two component (i.e. squalane + SOA) system, the equation for the effective

uptake coefficient would look similar:

_ kerfsq[Sql-[OH]

yeff,Sq,well—mixed - FsqlcolCpA (88)
but now where (f 'sq= [Sq]/([SOA]o+[Sqlo)) and
[Sql, = Cr'VsqPsgNa (S9)

MWSq

where Vsq is the per particle volume of the uncoated particles and Na is Avogadro’s number.
However, an expression for [Sq]o can be equivalently written based on the coated particle

properties, with:

_ CpVeoated'VFsq,0'PsqNa
[Sq] = Peemet s (310)

where Veoaed 1S Nnow the coated particle volume and VFsq is the volume fraction of squalane in

the coated particles at t = 0. Since it is a two component system, VFsoa o = 1- VFsq0 and

CpVeoated'VFsoa,0'PsoaNa CpVeoated'(1-VFsq0)PsoaNa
[SOA]O — tp¥coate — Upcoate q (Sll)
MWsoa MWsoa

where psoa is the density of SOA (~1.2 g cm™ from Shilling et al.”) and MWsoa is the molecular
weight of SOA. If these definitions are substituted into the expression for fsq for the well-mixed

system and into the expression for Yefssq,well-mixed, ONE Obtains:
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4-k ‘N, -V (VEsq " Psq + VEsoa psoa
eff.Sq A coated MWSq MWSOA
Yeff.sqwell-mixed = A =
coated
VEgqp VFsoa:
4'keff.5q'NA'Dp.S.coated'< I;VCII/S:CI ;%SZZOA> S12
6C (S12)

which is Eq. 4 from the main text. The average MWgp, 1s not particularly well established.
Monomers of a-pinene + O3 SOA have MWs of ~200 amu. However, there is some evidence that
SOA in this system is predominately comprised of dimers and trimers®, which would increase the

average MW. Therefore Yefr sq weti—mixea 18 reported for both MWsos = 200 amu and 400 amu
(Fig. 4).
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257  Figure S3: Mass spectra for unoxidized (black, positive going peaks) and oxidized (red, negative
258  going peaks) for (A) uncoated squalane and (B-D) SOA-coated squalane particles. Each oxidized

259  mass spectra is at approximately the same oxidation level, ~1 oxidation lifetime.
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Figure S4: The observed squalane decay (i.e. fraction of squalane signal remaining) as a
function of OH Exposure. Panels (A-B) shows the decay for two different uncoated squalane
experiments (D, s = 177 and 178 nm) and panels C-H show results for SOA coating thicknesses
of (C) 4 nm (D) 7 nm (E) 18 nm (F) 23 nm (G) 24 nm and (H) 42 nm as measured using the
VUV-AMS (e). The error bars show the standard deviations determined from replicates of
measurements made under specific conditions. The observed decays have individually been fit to
a single exponential to determine k.srsq (black lines). For reference, the grey shaded area is the
predicted kefrsq based on the total surface area-weighted diameter under the assumption that yefrsq

=0.30 £ 0.07 , which is the uncoated (diffusion corrected) value.
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273  Figure S5: The reacto-diffusive length is a function of the diffusion coefficient, D, for various
274  values of the pseudo-first order rate constant, k' (y between 10 and 1). The physical phase that
275  corresponds to a given value of D is indicated at the top of the graph.
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