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Abstract. We present a model based on the volatility basiswill be oxidized very quickly, and so in addition to governing
set to consider the potential influence of oligomer contentthe organic-aerosol concentrations, volatility can govern the
on volatility driven secondary organic aerosol (SOA) yields. lifetime of organic compounds in the atmosphere (Donahue
The implications for aerosol evaporation studies, includ-et al., 2013).
ing dilution, chamber thermo-equilibration, and thermode- Beginning with the work of Odum et al. (1997), and re-
nuder studies, are also considered. A simplified descriptiordying on the foundation developed by Pankow (1994), the
of oligomer formation reproduces essentially all of the broadtheoretical basis for understanding smog-chamber secondary
classes of equilibrium and dynamical observations related t@rganic aerosol (SOA) formation experiments has been the
SOA formation and evaporation: significant oligomer con- treatment of the SOA species as semivolatile compounds.
tent may be consistent with mass yields that increase withrhe “Odum two-product model” successfully unified seem-
organic aerosol mass concentration; reversible oligomerizaingly inconsistent smog-chamber data that showed vastly dif-
tion can explain the hysteresis between the rate of SOA forferent SOA mass vyields under different conditions. More
mation and its evaporation rate upon dilution; and the modekecently, the same consideration of OA volatility has been
is consistent with both chamber thermo-equilibration studiesextended to primary organic aerosol (POA), where dilution
and thermodenuder studies of SOA evaporation. (Lipsky et al., 2004) and thermodenuder (Grieshop et al.,
2007) data have revealed that the large majority of POA
emissions are also best classified as semivolatile (Robinson
et al., 2010). The enormous range of volatilities for both
1 Introduction POA and SOA motivated development of the volatility basis
set (VBS), which segregates organics into multiple volatil-
The volatility of organic aerosols (OA) can dramatically af- ity “bins”, typically separated by factors of 10 in organic
fect their properties. Volatility governs OA mass becausesaturation concentratiorCt) at 300 K, allowing consistent
once a gas-phase organic compound encounters a particlgeatment of dilution and temperature effects on phase par-
volatility controls how long that compound will remain on titioning while permitting treatment of oxidation chemistry
or in the partiCIe; nonvolatile CompOUndS will remain for- (ag|ng) without an exponentia| expk)sion of product Species
ever, whereas highly volatile compounds will evaporate in(Donahue et al., 2006).
a fraction of a second. In the planetary boundary layer, gas- More recently, some developments have swung in seem-
phase organic molecules encounter particles once every feywgly the opposite direction. Production of high molecu-
minutes (Westel’velt et al., 2013), and yet almost all of them|ar We|ght Species (0|igomers) has received increasing at-
fail to stick; an organic-aerosol concentration of 1g™®  tention in SOA studies (Kalberer et al., 2004; Tolocka
equivalent to roughly 100 pptv of gas-phase organics. Moskt al., 2004; Heaton et al., 2007; Gao et al., 2010; Hall

organics thus return to the gas phase quickly after encounand Johnston, 2011), while some experiments suggest that
tering a particle. Organics in the gas phase, in turn, can and
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diffusion constants in OA particles may be so low that organ-dergoes a reversible, condensed-phase reaction to produce a
ics can be trapped within particles (Vaden et al., 2010; Koopnonvolatile homodimer. In this most basic description, only
et al., 2011; Perraud et al., 2012), preventing OA systemgproducts within a single basis-set bin act as monomer species
from reaching the equilibrium suggested by partitioning the-and all products within this bin participate in the reaction.
ory. Oligomer formation can be split into several categories,Neither of these simplifications is likely to be realistic; het-
including aqueous-phase association reactions of very loverodimers involving monomers from different volatility bins
carbon-number precursors (e.g., glyoxal oxidation productsseem probable (Shiraiwa et al., 2013), and it seems implau-
(Carlton et al., 2007; Volkamer et al., 2009; Shapiro et al.,sible that all species in a given volatility bin would engage
2009; Galloway et al., 2009) and isoprene epoxides (Pauloin oligomerization reactions. However, confining the effect
et al., 2009) but also the association of very high molecularto a single bin makes it far easier to explore the features of
weight products of “classical” SOA precursors sucheas  this chemistry and our representation of it. To account for
pinene (Muller et al., 2009; Camredon et al., 2010; Hall andthe oligomer product, we extend the VBS to include a bin
Johnston, 2011). These compounds are expected to be effefor organics having an extremely low volatility. A more thor-
tively nonvolatile, as they contain 20 or more carbon atomsough description of SOA oligomerization would include the
as well as a number of polar oxygen containing functionalformation of both higher-order and hetero-oligomers from
groups. monomers of varied volatility; an additional mass bin would
Formation of large oligomers presents an apparent conbe needed for each oligomer product. As we shall show, con-
tradiction, which is the subject of this paper. Specifically, straints in addition to mass yields and even dynamical behav-
high-precision mass spectrometry suggests that a large frader would be required before undertaking this more thorough
tion of SOA derived froma-pinene may be in the form description.
of oligomers that are sufficiently stable to survive collec- The mass yield of SOA frorr-pinene ozonolysis, which
tion and ionization in a mass spectrometer. However, SOAis the model system for this exploration, has been studied ex-
mass Yyields rise dramatically with increasing SOA concen-tensively (Griffin et al., 1999; Cocker et al., 2001; Presto et
trations Coa). In the case ofx-pinene-derived SOA, the al., 2005; Presto and Donahue, 2006). The yield of oligomers
mass yields are well below 0.05 fa@fon <1pgnm3, but  from similar precursors has also been studied, with recent
rise to exceed 0.30 fo€oa > 10°ugni 3. This suggests findings suggesting both that oligomers comprise a signif-
that the corresponding volatility of most of the SOA con- icant portion of SOA (>50% by mass) and that oligomers
stituents falls in that range, and specifically that most ofare present even at low mass loadings (Gao et al., 2010;
the product molecules ha® > 1 ugnT3. However, even  Hall and Johnston, 2011). In the first part of this exploration,
dimers, which are &y, are expected to have extremely low we demonstrate that the formation of condensed-phased
volatility (C* <10-3pgnm3) and thus be effectively non- oligomers subject to these yield constraints (and where first-
volatile (Donahue et al., 2012b). This then is a most inge-generation oxidation products act as the monomeric units)
nious paradox. The oligomer mass fraction is reported to benay be consistent with observations of SOA formation. Our
as high as 50 % even for highioa, where the aerosol yield findings do not contradict the conclusion that SOA formation
is 0.30 or more, suggesting that the mass yield of “good”is largely volatility driven. In fact, given the many degrees
monomers is at least 0.15. However, if the oligomer forma-of freedom involved when deriving first-generation product
tion is irreversible, and the oligomers are effectively non- yields, we find that it is trivial to describe SOA production
volatile, then it is not obvious why the observed mass yieldswithin this framework that includes a significant amount of
would ever be less than 0.15. Conversely, if the oligomer-oligomer formation. In the second part of this work, we ex-
ization is sufficiently reversible to prevent complete conver- plore the dynamics of SOA formation and evaporation. We
sion of monomers, it is not obvious that the oligomers would show that reversible oligomerization, if it strongly favors the
survive to be observed. Our objective then is to determineforward reaction, would lead to a hysteresis between the rate
whether there are conditions where reversible oligomeriza-of SOA formation and its evaporation rate upon dilution. We
tion can result in SOA formation consistent with these seem-posit that this phenomenon could explain recent observations
ingly discordant observations. of delayed SOA evaporation and thus use these observations
to further constrain parameters relating to the oligomeriza-
tion reaction. An additional constraint is that oligomers are

2 Oligomer formation using VBS framework evident during the early stages of SOA formation (Heaton et
al., 2007). In the final portion of this work, we explore the
2.1 A simplified approach temperature dependence of oligomer formation. Specifically,

we explore the evaporation of high-oligomer content SOA
In this exploration, we employ a simplified description of upon heating.
oligmerization that is able to capture the influence of this
process on volatility-driven SOA yields. We describe a sin-
gle dimerization reaction in which a monomer species un-
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2.2 Equilibrium model whereks (unitss1) is a second-order association rate con-
stant andg (units s'1) is a first-order dissociation rate con-

Mass-based product yields from terpene ozonlysisii  stant (the inverse lifetime of the dimer), with

Egs.(1) and (6)) are often determined based on SOA dat& ., = k; /k. Thus, at equilibrium, the mass fraction of the

from chamber experiments (Presto and Donahue, 2006). Ifjimer iswy = Keqw?,; the ratio of monomer to dimer in the

the reaction products are formed with a fixed set of yieldscongensed phase will be tied to the monomer activity (mass

(in any phase), if the only process driving changes to thegaction) in the condensed phase. Finally, the total suspended

condensed-phase mass fraction is phase partitioning, and Harticle mass concentration of the dimer in a volume of air is

the system is at equilibrium; a description of the equilibrium given bycg’ = wyCon, OF

phase partitioning based on the volatility of these products is

sufficient to reproduce the empirical SOA yield curve (Don- . k
ahue et al., 2006): Cq= k_rmeOA (4)
c*\ 1 . . . .
CiP — y;CROG <1+ i ) ) Q) while the s_uspended particle mass concentration of the active
OA monomer is

Here,Coa is the total organic-phase condensed mass per unit o ki w0\ —1

volume of air andCrog is the total amount of terpene reacted Cp, = <ymCRoe— —meOA) <1+ i ) . (5)
H H “ H ” H kr COA

per unit volume of air. Any form of “aging” chemistry that

changes the product yields over time in an experiment comThjs description introduces two additional free parame-
plicates this interpretation, and while an inferred set of yieldsters for fitting the SOA yield curves: the volatility of the
(vi) from an experiment may fit the data, the inferred yields monomer species and the equilibrium constant for dimer-
will Ilkely not reflect the true volatility distribution of the re- ization. If a Significant amount of the Oiigomer product is
action products. o _ o _ formed, they; values that reproduce the SOA yield curve
One form of aging is ongoing oxidation chemistry, for ex- will be much different than those derived when only first-

ample driven by continuous exposure to OH radicals (Don-generation monomer oxidation products are considered (see
ahue et al., 2012a). In such a case, chemistry later in amaple 1).

experiment can increase the aerosol mass by converting

semivolatile products into relatively low-volatility products, 2.3 Dynamic model

yet an analysis based on Eq. (1) would instead infer a large

yield of semivolatile products. The timescales of the oligomerization chemistry may well
Another form of aging is oligomerization, where associ- Span experimental timescales (minutes to hours) and so we

ation reactions are likely to be higher order (depending oncannot necessarily employ an equilibrium model. Conse-

the second power of concentrations in the simplest case) anguently, we also model the dynamics of SOA formation and

also may occur at a timescale or timescales much slower thagvaporation using the framework of the volatility basis set.

the initial precursor oxidation timescale. Here we shall fo- For each bin, we track the mass concentrations in the vapor

cus on oligomerization reactions occurring in the condensedhase €;’) and in the particulate phasesfl) using

phase, where high specific concentrations and solvation may

allow these molecule—-molecule association reactions to ocdiiv

cur rapidly enough to influence the aerosol composition. In- dt

clusion of a condensed-phase reaction such as dimer for-

mation slightly alters the equilibrium framework of Eq. (1);

however, it is still straightforward to parameterize the SOA dCiF>

mass yield. o Vi @
Equation (1) continues to describe the equilibrium gas-

particle partitioning of all nonreactive species. For a Here, mass concentrations are given in units g§ and the

monomer speciesi &m) that forms a dimer product ratesinunitspgm3st.

(i =d), the formation and dissociation of the dimer per unit Croc(?) is the instantaneous rate @fpinene reacted. For

condensed-phase mass is given in terms of the mass fractidhis model, we assume that the condensed phase is uniform

= yiCrocg(?) — ¢i; (6)

of the monomer and dimer in the condensed phagednd  — that the composition of the particles does not vary due to
wq): diffusion within the particles or other limitations. The time

) constant for diffusion within a 100 nm particle will be less
Rt = kfwp; ) than 1 h as long as the condensed-phase diffusion coefficient

exceeds 10'°cn? s1 (Shiraiwa et al., 2011). The evidence
over the full range of atmospheric conditions indicatesdhat
Ry = krwy 3) pinene SOA is less viscous (higher diffusion coefficient) than
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Table 1. Reaction parameters that reproduce SOA yield curves for low-dpinene ozonolysis. Parameters are derived for two distinct
oligomerization cases; for each case, tife= 100 pg n3 bin is assumed to contain monomers that form effectively nonvolatile dimers with
the indicated equilibrium constant. The “monomer only” parameters from Donahue et al. 2012b are also shown.

Keq 1 y2 y3 ya Y5 Y6 7 y8 Y9
C* 0.01 0.1 1 10 100 H 100 100 106
Donahue et al. 2012b 0 0.004 0.000 0.051 0.086 0.120 0.183 0.400 0.350 0.200
Set 1 100 0.000 0.018 0.000 0.015 0.185 0.160 1.020 - -
Set 2 18 0.004 0.000 0.010 0.015 0.140 0.397 0.828 - -

this limit: the diffusion constant for the water-soluble compo- gests dimer formation from the association of primary oxida-
nent exceeds 13°cm? s~ for RH > 30 % (Renbaum-Wolff  tion products (Miiller et al., 2009). Furthermore, mass spec-
et al., 2013); and toluene diffuses irdepinene SOA parti-  trometry measurements suggest that the monomeric units in-
cles within minutes, even at low relative humidity (Robin- clude prominent first-generation ozonolysis products. Likely
son et al., 2013). We also assume that the particles are largermation pathways include combination reactions to form
enough for curvature (Kelvin) effects to be neglected. Fromnon-covalently bonded carboxylic acid dimers and conden-
the discussion above, the net production of the dimer is sation reactions, such as ester formation, among many oth-
ers (Hallquist et al., 2009; Camredon et al., 2010). For this
Yd=—%m=Coa (kfw% - krwd) . (8) exploration, we consider combination reactions of represen-
) . o tative primary oxidation products to select parameters for a
(For species that do not participate in dimer formation, general description of oligomer formation within SOA.

¥i =0) . ) ~ Recent work from DePalma et al. (2013) suggests that
~ The aerosol net condensation rate from gas-particle partithe formation of dicarboxylic acid dimers in SOA is often
tioning (;) is described as thermodynamically favorable. We use this work as a guide-
0 = CS(CiV _ wiC;k)a 9) line for choosing representative equilibrium constarkigg(

values) for the oligomerization reaction. To select a volatil-
where the condensation sink (CS, units of inverse time) deity bin for oligomer formation, we consider first that many
scribes the loss frequency of organic vapors to the availablé&SOA formation experiments are conducted over the organic-
particle surface area (Donahue et al., 2011). The CS accoungerosol mass concentration range of £4i@n 2 and sec-
for continuum-regime diffusion limitations and also the ef- ond that some species-specific data are available in the liter-
fects of non-unity mass accommodation coefficients. Theature. Potential monomer molecules include the following:

term w; is the mass fraction of speciésn the condensed- cis-Pinic acid this common product of-pinene ozonol-
phase organics (the activity coefficient is embedded in theysis may comprise as much as 15 % of the resulting organic-
definition of C*). aerosol mass yield and is known to form both homo- and

For these simulations we do not include a Kelvin term; heterodimers within SOA (Kuckelmann et al., 2000; Hall and
the enormous range in volatility of the organic constituentsJohnston, 2011). Its volatility is estimated@s~ 10 ug n3
(differentC* values) completely overwhelms the very slight based on both evaporation studies and group-contribution
(few percent) curvature effects for particles larger than a fewprediction methods (Bilde and Pandis, 2001; Pankow and
10s of nm. It is established practice to “seed” SOA forma- Asher, 2008). The thermodynamic calculations of DePalma
tion experiments with a significant number of large particleset al. (2013) indicate that the addition reaction that forms the
(Dp>100nm) to minimize the effect of particle curvature cis-pinic acid homodimer haskeq exceeding 18
on observed aerosol yields and also to ensure that the con- Terpenylic acidthis is thought to be a common product of
densation sink to particles exceeds the condensation sink af-pinene ozonolysis. Group contribution estimation methods
the chamber walls. All simulations in this study are basedsuggest a volatility o£* ~ 10° ug m~3 (Pankow and Asher,
on monodisperse patrticle populations with a constant num2008). Both quantum-chemical calculations and mass spec-
ber concentration of ¥ m—23. The particle diameter at each trometric evidence indicate that it is likely to form dimers in
time is determined from the particulate-phase mass concerSOA (Claeys et al., 2009; Yasmeen et al., 2010). The work
tration; a density of 1 g cf? is used for the condensed-phase of DePalma et al. (2013) suggesisqg ~ 500 for homodimer
organics (consistent with normalized yield data). formation.

cis-Pinonic acid This is another common product af
2.4 Selection of parameters for oligomerization reaction  pinene ozonolysis; it may comprise as much as 7 % of the
resulting mass yield (Hall and Johnston, 2011). Mass spec-

The reporteii presence of very high molecular weightyometric evidence indicates that it forms both homo- and
(>400gmot ) compounds inx-pinene SOA samples sug-
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heterodimers within SOA (Kuckelmann et al., 2000). Vapor @ . 500 ﬂ
pressure estimation methods and observed partitioning sug= 0022 PN
gestC* ~ 10° ug 3 (Pankow and Asher, 2008; Milller et 3 ,, £ .
al., 2012), while flow-tube experiments suggest a much lower = o1s %200 3
volatility of C* <10 ug m2 (Bilde and Pandis, 2001). § 0 °
For this study, we selected th&* =100 pug n3 bin for 05 e b)
the monomers. This falls in the middle range of the observed  °1 e 10T 0 00 o 1500
aerosol mass loadings, so the condensed-phase activity and > roe
thus condensed-phase concentration of the monomer is likely_ o3 5°°%
to vary dramatically during SOA formation. We use the val- Zf 025 2 400
ues from DePalma et al. (2013) as a guide for choosing equi-£& °? 2 300 °
librium constants; however, as we shall show, the choice of 8 Faoo ¢
Keqis constrained by aerosol mass yield observations. < o 100 @
0.1 1 10 100 1000 0 500 1000 1500
Cop (g ™) ACpoq (3 ™)

3 Model results Fig. 1. (a) SOA mass yields (data from Presto and Donahue, 2006)

and equilibrium fit (solid curve) foKeq = 100 reaction parameters;
(b) growth curve and fits of both tota@lpa (solid curve) and dimer
concentration (dashed curve) f&leg = 100.(c) SOA mass yields

. . o for Keq=10%; (d) growth curve forKeq=10°.
The first question we seek to address is simple: “can an equi- " @ ed

librium partitioning framework (based on the VBS) describe
the sharply increasing mass yields vs. organic aerosol mass
concentration (Odum plot; Odum et al., 1997) observed ineach bin to engage in oligomerization chemistry. It follows
chamber experiments, and at the same time be consistetiat any such model could fit the data; the answer is more or
with observations of oligomer mass fractions near 0.5 undefess completely unconstrained by the mass-yield data alone.
these same conditions?” To answer this question we fit SOA The SOA growth curves in Fig. 1b and d show that each
formation data from Presto and Donahue (2006) using dif-set of dimerization parameters results in a large fraction, near
ferent oligomer equilibrium constants. For a givEaq, we 50%, of the aerosol appearing as dimers over a Wigg
use the equilibrium model (Egs. 1-3) to solve for the mass+ange. The dimer fraction is very large for very laa,
yield parametersy;} for a basis set of {0.01, 0.1, 1, 10, 100, which is also consistent with limited reports in the literature.
103, 10*} pg m—3. An additional bin for the dimer (which is  The fits in Table 1 have very low yields in bins less volatile
effectively nonvolatile) has no associatedas it is not pro- than the monomer, and so at lapa the SOA consists al-
duced directly from the ozonolysis chemistry. Fitting results most entirely of a mixture of active monomer and dimer,
{yi}are summarized in Table 1 for three cases: a “monomerwith the condensed-phase mass-fraction of the monomer be-
only” case taken from earlier work (Donahue et al., 2012b)ing governed by the gas-particle partitioning of the monomer.
and dimer formation cases féfeq = 100 and 16. In addi-  This confirms that we can reproduce the observed rising mass
tion, Fig. 1 displays these results for the dimer simulationsyields with risingCoa, even forCoa well below the critical
in two formats: a semilog “Odum plot” (mass yield Goa) C* value of the monomei(},), with a high mass fraction of
and a linear “growth curve’oa vs. consumed precursor). oligomers in the organic aerosol phase.
The growth curves also show the dimer concentration as a With dimers formed from products in theC* =
dashed curve. 100 pg n3 bin, values ofKeq much larger than Toresult

In order for a significant amount of oligomer formation to in excessively high mass yields at laa (or low yields in
occur, the forward rate must be favorable compared to the rethe monomer bin and thus low condensed-phase dimer frac-
verse rate, i.e.Keq>1. UsingKeq =100 or 18, we easily  tions) and are thus not compatible with the joint constraints
find parameters that reasonably reproduce the aerosol massf rising mass yields and a high oligomer fraction. The rea-
yield curve. For both values dfeq there is some bowing of  son for this behavior is straightforward: as longkag, is low
the predicted mass-yield curve when it is viewed as a semienough, a sufficient fraction of the “oligomerizable” material
log “Odum plot”; however, this bowing falls well within the exists as monomer even in the condensed phase, and the ac-
range of the observations. Because the current model imtivity of the monomer in the condensed phase is in turn con-
poses all of the oligomerization on tii& = 100 pg n 3 bin trolled by its volatility. Thus, forCoa <Cy,, progressively
and engages all of the products in that bin in the oligomerizadess material is in the condensed phaseCag decreases.
tion process, this bowing should represent the maximum exHowever, wherKegq is large, essentially all of the oligomer-
cursion from a smooth curve compared with a more complexizable material is dimer in the condensed phase, which drives
system that would allow only a fraction of the monomers in the monomer condensed-phase activity to such a low level

3.1 Significant oligomer content using an equilibrium
VBS framework

www.atmos-chem-phys.net/14/3691/2014/ Atmos. Chem. Phys., 14, 36D, 2014
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that almost all of the monomer vapor is taken into the parti- CJ e+ ERbonc—1 Bl oonC -2
cles, resulting in a plateau at a minimum aerosol mass yield - om0 B oon -0 W Diner

— the total yield of the monomer from the initial reaction.
That is the “irreversible oligomerization” limit and it is not
compatible with the observed mass-yield behavior.

The values in Table 1 reveal other interesting model re-
sults. For both values oKeq the monomer yields in the
lower-C* VBS bins are very low compared with the stan-
dard VBS fit. This is because essentially all of the rising
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3.2.1 Evaporation upon dilution
Fig. 2. Formation of SOA mass and evaporation following stepwise

A third constraint on the SOA composition is how the aerosol dilution is shown for three sets of reaction parameters and for two
behaves upon dilution. While the equilibrium behavior of the values of the mass accommodation coefficient. For each case, SOA
SOA system we are modeling will be the same during forma-mass concentration is shown by a composition stackplot. Prior to
tion and dilution, dilution can occur rapidly but SOA produc- dilution, the concentration is given by the mairaxis; following
tion in chambers typically occurs on timescales on the ordegdilution, by the secondary axis. Subpldts) and (d) result from
of an hour. Thus, dilution experiments are potentially more e ‘monomers only” reaction parameters given in Tablgb} and
sensitive to processes such as oligomer decomposition,  (€) result from “set 1" parametergc) and (f) result from *set 2"

To simulate an ideal dilution experiment in the absenceP2rameters. Subplofa}(c) show results for =1, while (d)~(f)

. show results for =0.1.

of wall losses, we solve the dynamical mass-balance equa-
tions presented in Eqgs. (6)—(9) for a two-stage simulation.
First,«-pinene is allowed to react with ozone for a period of
time, producing products according the distributions in Ta-upon dilution, withKeq describing the separation of the asso-
ble 1. We use a first-order loss frequency of 5:8corre-  ciated timescales. The observations of Grieshop et al. (2007)
sponding to reaction with 700 ppb ozone (Seinfeld and Panindicate thatx-pinene SOA evaporation occurs over a few
dis, 2006). Those products then condense to preexisting norfrours. In order to reproduce this behavior within our frame-
interacting seed particles. The initial product formation is work, a reverse rate constant on the ordek,o&1h=1 or
roughly 95 % complete after 1/2 h and > 99 % complete afterlower is needed for dimer decomposition. Since SOA equi-
1h. This growth period is simulated for 5 h, fram=- —5h to librium observations constraiReg, this consideration also
t = 0. Atthattime { = 0) a stepwise (instantaneous) dilution influences the forward rate constant. The simulations that fol-
is applied with a predetermined dilution factor, and the dy- low are based ok, = 0.4 1 (a 2.5 h dimer lifetime).
namics of evaporation are simulated for an additional 5h. An  In the simulations shown in Fig. 2, 3ig m2 of a-pinene
example would be a dual-chamber experiment with a larges oxidized. At equilibrium, a bit more than 250 pgfhof
OA mass formed in one chamber from which a small aliquotSOA is generated, for a mass yield of about 0.25. For each
of particles and vapors (the equilibrated aerosol suspensiomase, the system reaches this equilibrium in less than 1 h, with
was transferred into a second chamber containing only pur@o subsequent SOA growth.
air. This is comparable to single-particle mixing experiments The «-pinene reaction with ozone begins 5h prior to
in our laboratory and described elsewhere (Robinson et al.dilution. At t =0 a stepwise dilution by a factor of 100
2013). occurs. Results are shown in Fig. 2 for the three cases

Reversible oligomerization can lead to a hysteresis be-described above (monomers only, low and higk, and
tween the rate of SOA formation and its evaporation ratealso for two values of the mass accommodation coefficient
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(e =1and 0.1). In the plots, the total concentrations of each3.2.2 Evaporation upon heating

condensed-phase species are shown as a colored stack plot.

The monomer ¢* =100 ugn3) and dimer are shown in The presence of oligomers within SOA is also likely to
shades of blue (cyan and dark blue) while the nonreactingnfluence its evaporation behavior following a temperature
semivolatile basis-set species are shown with red and yellovincrease. For reversible oligomerization, the oligomers are
hues. The plots have twp axes, so that the total chamber likely to be doubly sensitive to temperature, as the monomer
mass concentration can be read before dilution from the leftvolatility will increase but alsoKeq will drop (as 4 in-
handy axis and after dilution from the right-handaxis. The ~ creases) with increasing temperature. Our intent is to deter-
secondy axis is scaled by the dilution factor, so that the over- mine whether significant SOA oligomer content is broadly
all plot also indicates the total mass of each constituent in &onsistent with results from temperature-dependent experi-
single particle (thus, a nonvolatile aerosol would appear agnents, including smog-chamber equilibration and thermode-
an uninterrupted horizontal line spanning the entire plot). nuder studies.

As shown in Fig. 2, the time-dependent SOA composition The C* of an organic species is a strong function of
differs greatly for each set of reaction parameters. Unless patemperature that is often expressed using the Clausius—
rameters for the oligomerization reaction are known, it is notClapeyron equation:
possible to predict unique product distributions based on the A VP 1 1
mass-yield data alone. When oligomer formation occurs, thec* (1) = C*(300 K)exp(— <_ - _>> (10)
rising mass yield at lower mass loadings could be explained R 300K T

by increased oligomer formation. o _ where the heat of vaporization can be approximated as
The time-dependent behavior before dilution for each sim-  zyvap _ (—6 10g10C*(300 K)+ 100) kd mot* andR is the

ulation confirms the equilibrium findings shown above; eachgas constant (Donahue et al., 2006). For other parts of this
system appears to remain close to equilibrium for the full Shy, 1. 211 c* values were given & =300 K.

period, and there is no discernable effect of the mass accom- 1 gxpress the temperature dependence of the reversible
modation coefficient. The system is controlled by the (iden-gimerization reaction, we first assume that the forward rate

tical) timescales of precursor loss and monomer product forqnstant is temperature independent. This follows from the

mation. For bc_>t_h c_Jimerization cases the dimerization is alsolOW apparent activation energy involved in the formation of
at or near equilibrium for all but the very early stages. —  carpoxylic acid dimers (Loerting and Liedl, 1998), which
The time-dependent behavior after dilution is dramatically e the monomer addition reactions that we describe.

different for the “monomers Of,"y" and the oligomer C8S€S-Thus, we define the forward rate constant basekgpat
There is always an initial “flash” of volatile(* > 10 ug mv T =300K. For the reverse rate constant, we describe tem-
in this case) material due to the dramatic change in SOA CONperatyre dependence using an Arrhenius-form expression
centration. During the quick evaporation period, a non-unity \iicox and Bauer, 1997):
accommodation coefficient does affect the evaporation rate
of semi- and low-volatility constituentsC¢ < 1 pgnT3), —Eq
and so the apparent timescale for monomer equilibration ié‘r - Aexp( RT ) (11)
sensitive to the accommodation coefficient as well as the con-
densation sink (Saleh et al., 2013). An important distinctionWhereA is a pre-exponential factor anth is the activation
between the “monomers only” and “oligomer” cases is theenergy. We assume a pre-exponential factor for bimolecular
relative magnitude of the “flash”. For the “monomers only” dissociation reactions of = 3x 10'°s™1. Based on dilution
case, the flash is very large — the particles shrink dramatidynamics in Sect. 3.2.1, we arrived/a(300K) =0.4 ' %;
cally and quickly — while for the oligomer case the flash is a this givesEa =83kJImot .
much more modest 25-50 % drop in individual particle mass. Recent work by Saleh et al. (2013) explores the equilib-
This two-stage evaporation may be a useful diagnostic for théium timescales for gas-particle partitioning of SOA follow-
presence of oligomers. ing a moderate (22C) temperature increase. They describe
Dimer decomposition controls the timescale after this ini- €xponential evaporation of roughly 25% of the SOA mass
tial “flash” period. For the “monomers only” case, there is no (10 % particle diameter) on a timescale proportional to the
decomposition and the system rapidly reaches a new equilibcondensation sink of the particle population, followed by an
rium. For the oligomer cases, the dimers decompose slowlyapparent stabilization of the particle diameter over roughly
and so the particles gradually shrink over hours, dictated byl-5h. We simulate a low-mass loading experiment that is
the 2.5 h dimer lifetime. This is broadly consistent with the Similar to the smog chamber equilibration experiment shown

behavior reported by Grieshop et al. (2007). in Fig. 3 of Saleh et al. (2013). In our simulations, 4 pgm
of SOA is produced aI' = 283 K before it is subjected to a

stepwise 20temperature increasemat 0. At this Coa, our
yield parameterizationy{ values from “Set 2" of Table 1)
results in an oligomer content of 75 % (see Fig. 1d).
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Fig. 3. Particle evaporation following a modest temperature increaseF'g' 4. IfDarnthe evellporatloanr:)IIowmg T_stfepmsg te?é)ebrafture in-
for a “monomers only” case and for two oligomer cases having dif- crease for three values 8%, The aerosol is formed at elore

ferent dissociatiorE, values. In each simulatioGop ~ 4 pg n3 being heated to 100C at: = 0. All cases are based deq = 10°
is formed at 10C before being heated to S3C ats = 0. Note that reaction parameters.
the differences in initiaDp are the result of minor differences in the
yield fits at thisCoa. The oligomer cases are based Kgy= 108
reaction parameters.
with a very gradual subsequent shrinkage due to decom-

position; it is highly doubtful that such a slow change in
mean diameter would be observable in a smog-chamber ex-

The monodisperse particle diameter corresponds to th@eriment, given size-dependent wall losses and other effects
“condensation sink diameter” used in Saleh et al. (2013).(Pierce et al., 2008). Overall, this behavior is very consis-
In these simulations we use a mass accommodation coetent with the behavior reported by Saleh et al. (2013). How-
ficient of 0.1, consistent with Saleh et al. (2013). Simula- ever, the larger yet still gradual change in diameter shown for
tion results are shown for three cases: a “monomers only’E, = 83 kJ mot likely would have been evident in the data
case and two oligomer cases with different valuesHEgof presented by Saleh et al. (2013), and the 20 h decomposition
the dissociation reaction. As shown in Fig. 3, the monomergimescale implied by thé&, =88 kJ mot ! case is not obvi-
only case equilibrates rapidly, with a timescale controlledously compatible with the slow but observable evaporation
by the condensation sink and mass accommodation coeffiafter dilution reported by Grieshop et al. (2007).
cient. This confirms the findings of Saleh et al. (2013). This Finally, we simulate SOA evaporation upon heating to
rapid equilibration is analogous to the “flash” in the dilution higher temperatures. The following simulations mimic ther-
experiments discussed above; as with those simulations, theodenuder studies in which SOA is formed at room temper-
oligomer cases in Fig. 3 show a more gradual timescale govature before passing through a heated tube. In a study of
erned by dimer decomposition. pinene-derived SOA, An et al. (2007) found that the particles

Saleh et al. (2013) report a nearly constant particle di-almost completely evaporate within 16 s7at- 75 °C. We
ameter following an equilibration period consistent with simulate the evaporation of SOA following a stepwise tem-
monomer evaporation. The oligomer decomposition that fol-perature increase & 0) from 25 to 100C. Consistent with
lows from E, = 83 kJmot ! is not consistent with this find- An et al. (2007),ACroc =620 g nr3; with our reaction
ing. However, a slightly higheE, could lead to a very slow  parameters, this formSoa ~ 150 ug nm3 with an oligomer
oligomer decompoasition that would not necessarily be dis-content of 55 % (see Fig. 1d). Figure 4 shows simulation re-
tinguishable from an equilibrium state. This is shown in Fig. sults for three values of, (78, 83, and 88kJmol). The
3 by the evaporation results féi, = 88 kJ mot! (k(300 K) volume fraction remaining (VFR) of the particles is defined
=0.0511; a 20 h dimer lifetime). as DE,/D,?;O where Dp is the instantaneous particle diameter

As we noted above, a clear feature distinguishing theand Dpg is taken immediately prior to the temperature in-
“monomers only” case from the oligomer cases is the mag-crease.
nitude of the rapid change. The “monomers only” simula- When heated to 100C, SOA evaporation occurs quite
tion results in nearly a factor of 2 change in particle diam- rapidly. The monomer portion of the SOA (45 %) evapo-
eter, whereas the oligomer cases have a much more modates almost instantaneously. Dimer decomposition is also
est initial perturbation. The final simulation shown in Fig. 3 quite rapid, though the rate is sensitive to the assumed ac-
(Ea=88kJmot 1) combines a slight initial diameter change tivation energy of dissociation. Even so, for the higtigy
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(88kImot 1), the SOA evaporation is complete after a few oligomers are sluggish, and because in these simulations they
minutes. account for a substantial aerosol mass fraction, the rapid re-
While the perturbation cases considered here are alsponse of monomers causes only small step changes to par-
broadly consistent with a large mass fraction of reversibleticle diameters (or mass). This may be a useful qualitative
dimers ina-pinene SOA, we have yet to find a solution that diagnostic for oligomers, and it is in fact observed.
is fully internally consistent. Specifically, the SOA formation =~ However, a consequence of significant oligomer content is
data as well as the isothermal dilution data are consistent witlthat the simple measures of SOA formation — concentration-
a high mass fraction (typically over 50 %) of oligomers and dependent mass yields and evaporation following isother-
decomposition lifetimes of order 2.5h. Under these condi-mal dilution and/or temperature perturbation — are simply
tions, equilibrium and dynamical models reproduce the ob-not sufficient to constrain the relevant aerosol properties.
served SOA formation, the relatively small initial “flash” of We were able to obtain good quantitative agreement with
mass after dilution, and also the reported slow relaxationsuch data using the drastic assumption that all species in the
of particles toward the expected equilibrium after the initial C* =100 pg nT3 VBS bin were “good” monomers for dimer
flash. The same set of parameters are also consistent with th@pulation and that these were the only good monomers.
almost complete evaporation observed in thermodenuders ibinfortunately, additional constraints must be employed to
16 s after heating to 10@. However, to reproduce the re- constrain the reactive monomer content in various volatility
laxation to a nearly constant diameter reported after a moréins (including cross reactions to form heterodimers). For-
modest 22 C temperature jump, a much longer (20 h) evapo-tunately, the VBS framework, suitably modified, can easily
ration timescale for dimers is required. It is possible that theaccommodate these constraints once they are provided.
model inconsistency could be resolved by a more detailed
parameterization of oligomer formation; because properties
such asKeqand Ea Will vary with reaction species (and thus AcknowledgementsThis research was supported by the National
the volatility of the active monomer), a more detailed model Science Foundation grant CHE1012293. E. Trump was supported
may well predict decomposition timescales that vary with by a National Science Foundation Graduate Research Fellowship.
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with a high oligomer content than particles constituted pri-
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