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Abstract

Oxidation by hydroxyl radical (OH) and ozonolysise ahe two major pathways of daytime
biogenic volatile organic compounds (VOCs) oxidatand secondary organic aerosol (SOA)
formation. In this study, we investigated the mdetformation of several common monoterpenes
(a-pinene, B-pinene, and limonene) by OH dominated oxidatiomiclv has seldom been
investigated. OH oxidation experiments were caroed in the SAPHIR chamber in Jilich,
Germany, at low NQ (0.01~1ppbV) and low ozone {Dconcentration (<20 ppbV). OH
concentration and total OH reactivityo{ were measured directly, and through this the aler
reaction rate of total organics with OH in eachctem system was quantified. Multi-generation
reaction process, particle growth, new particlemfation, particle yield, and chemical
composition were analyzed and compared with that@ioterpene ozonolysis. Multi-generation
products were found to be important in OH domina80dA formation. The relative role of
functionalization and fragmentation in the reactmocess of OH oxidation was analyzed by
examining the particle mass and the particle s&a dunction of OH dose. We developed a
novel method which quantitatively links particleogith to the reaction rate of OH with total
organics in a reaction system. This method was alsed to analyze the evolution of
functionalization and fragmentation of organicstle particle formation by OH oxidation. It
shows that functionalization of organics was domina the beginning of the reaction (within
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two lifetimes of the monoterpene) and fragmentasitarted to play an important role after that.
We compared particle formation from OH oxidationttwithat from pure ozonolysis. In
individual experiments, growth rates of the paetisize did not necessarily correlate with the
reaction rate of monoterpene with OH ang Oomparing the size growth rates at the similar
reaction rates of monoterpene with OH og @dicates that generally, OH oxidation and
ozonolysis had similar efficiency in particle gréewiThe SOA vyield ofx-pinene and limonene
by ozonolysis was higher than that of OH oxidatiderosol mass spectrometry (AMS) shows
SOA elemental composition from OH oxidation followsslope shallower than -1 in the O/C
versus H/C diagram, indicating that oxidation pemtse without significant loss of hydrogen.
SOA from OH oxidation had higher H/C ratios than/AS@®om ozonolysis. In ozonolysis, a

process with significant hydrogen loss seemedag gh important role in SOA formation.

1 Introduction

As an important class of atmospheric aerosol, acgarrosol (OA) comprises a significant
fraction of aerosol mass. It accounts for aroud ®f dry tropospheric submicron aerosol mass
in many urban and rural locations (Kanakidou et 2005; Jimenez et al., 2009; Zhang et al.,
2011). OA has an important impact on air pollutiboman health and climate on the regional
and global scale. A large fraction of organic aelds contributed by secondary organic aerosol
(SOA). In spite of intensive studies in the recgsdirs, the source of SOA still has considerable
uncertainties with the estimated global source irnérom 120 to 1820 Tg a(Hallquist et al.,
2009; Spracklen et al., 2011; Goldstein and GalbaD07). SOA is believed to mainly originate
from the biogenic volatile organic compounds (BVQ@®sm plants (Hallquist et al., 2009).
Among them, monoterpenes are important due to thight emission rates and high reactivity
(Chung and Seinfeld, 2002; Guenther et al., 199rBher et al., 2012).

The impact of SOA on the radiation budget of thetie#éhus depends on its particle number
concentration, size distribution and compositiorhich affect optical properties and cloud
condensation nuclei (CCN) activity of an aerosah@feae and Rosenfeld, 2008). Understanding

particle formation and growth is therefore critié@al assessing the impact of SOA.
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Particle formation and growth from BVOC are maiimjtiated by hydroxyl radical (OH) and
ozone (Q) oxidation during daytime. SOA formation from ontysis of several monoterpenes
such asa-pinene,3-pinene and limonene has been studied extensiVielynfa et al., 2005;
Presto et al., 2005; Shilling et al., 2009; YuletE999; Ortega et al., 2012; Saathoff et al.,200
Tillmann et al., 2010; Hoffmann et al., 1997; Gnflet al., 1999; Lee et al., 2006; Ma et al.,
2008). However, particle formation from OH oxidatiof monoterpenes has been much less
investigated and pure OH oxidation of monoterpemes seldom been investigated due to the
presence of ©@formed in the photooxidation process (Eddingsadasd.e2012; Ng et al., 2007,
Lee et al.,, 2006). SOA formation from pure OH oxiola of monoterpenes regarding the
reaction process such as the formation and raheutti-generation products, and the influence of
OH oxidation on particle growth is not clear. Rartarly, despite the importance of the OH
oxidation in the particle formation, the quantiatieffect of OH oxidation on particle growth is
not available. Here we focus on the SOA formatimf OH oxidation of monoterpenes.

It is also interesting to compare the relative img@ace of OH oxidation with ozonolysis of
monoterpenes in particle nucleation and growth. ulmber of studies have investigated this
guestion (Bonn and Moortgat, 2002; Burkholder et 2007; Hao et al., 2009; Mentel et al.,
2009), but often at high VOC concentrations andrésellts are controversial. Some studies have
shown the importance of ozonolysis in new particlenation (NPF) (Bonn and Moortgat, 2002)
while others have emphasized the importance of &Hation (Burkholder et al., 2007; Hao et
al., 2009; Mentel et al., 2009). Studies at theusaion chamber JPAC (Julich Plant Aerosol
Atmosphere Chamber) suggest OH an&®, are needed to initiate NPF (Mentel et al., 2009;
Kiendler-Scharr et al., 2009a; Kiendler-Scharrlgt2012; Ehn et al., 2014). Ehn et al. (2014)
suggest thati-pinene ozonolysis produces a class of extremeviolatile organic compounds
(ELVOC), a recently discovered highly oxidized nifukictional products, which are important
for the nucleation and possibly make up 50-100%©A in early stages of particle growth in
Hyytiala (Ehn et al., 2012). Regarding patrticle wgto, Burkholder et al. (2007) stated that
particle size growth rates for different oxidatmwurces are nearly indistinguishable. Yet, Hao et
al. (2009), using the real BVOC emissions from fdashowed a much more efficient role of
ozonolysis than OH oxidation in particle growth. €Oreason causing the different results on
nucleation could be that VOC oxidation products ar the nucleating agents. Another
important reason of the controversy on particleleatcon and growth is that the OH oxidation
3
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and ozonolysis have seldom been separated whenatmgphe SOA formation from both

pathways.

In addition, the reaction rates of OH angwth organics have to be quantified and comparable
when one investigates the relative role of OH atxaleand ozonolysis in particle formation. To
obtain the reaction rates of VOCs with OH, the Obhaentration is a required parameter.
However, none of these previous studies directlasueed the OH concentration, which was
either not stated or just modeled. Since the damtadhemistry, including HOgeneration
pathways, of BVOC photooxidation is still not watiderstood, modeled OH concentrations may
have significant uncertainties (Fuchs et al., 20&@niniski, 2014; Kim et al., 2013; Whalley et
al., 2011). Consequently, the relative importantébl oxidation and ozonolysis in particle
formation and growth may have large uncertaintiagiwthe comparison of both cases is based
on modeled OH concentrations and correspondindiosa@tes with OH.

In this study, we investigated the SOA formatioud gnowth of several common monoterpenes,
a-pinene,3-pinene and limonene, by OH oxidation at ambietdvant conditions (low NQ
(0.01-1 ppbV), low VOC (~ 4 ppbV) and low particlencentrations (supg m* to severajug
m3)). The OH oxidation experiments were conductedbat O; concentration (<20 ppbV) to
ensure that OH oxidation was the dominant reagbathiway. OH concentration was measured
directly, as was the total reactivityk of the whole reaction system with respect to Gdithat
the overall reaction rates of organics with OH weirectly quantified (Lou et al., 2010). Note
that ko denotes OH reactivity throughout this paper rathan the rate constant for the reaction
of individual species with OH. Direct derivationtbie overall reaction rate of total organics with
OH (product of OH reactivity of total organics atlte OH concentration) from measured
parameters is a unique feature of this study. Thétiigeneration reaction process, particle
growth, new particle formation, particle yield, aparticle composition were analyzed. A novel
method which quantitatively established the reteiop of particle mass growth rate with the
reaction rate with OH was developed for the finstet here to the best of our knowledge. This
method was further used to analyze the multi-geioeraeaction process. Particle formation by
OH oxidation was compared with that by ozonoly§igonolysis experiments were done in the
presence of CO as OH scavenger, so that ozonolyass the dominant reaction pathway.

Compared with other OH scavengers, mainly orgasigsh as butanol, cyclohexane etc., CO
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helps keep the RZHO, concentration low since in the atmosphere,HGually exceeds or is
close to RQ@ concentration (Hanke et al., 2002; Mihelcic et 2D03), in contrast with many
laboratory studies where R@oncentration is much higher than HEbncentration (Kroll and
Seinfeld, 2008). The relative roles of OH oxidat@md ozonolysis in the SOA formation and
particle growth were evaluated from comparisonOéf and Q dominated experiments. In
particular, we used low VOC concentration (~4 pplihwatural sunlight conditions resulting in
low particle loading (sub pg thto several pg ). The low particle loading allowed us to
investigate the particle formation, particle grovethd multi-generation reaction process under
ambient relevant conditions (Presto and Donahu®6;28hilling et al., 2008; Shilling et al.,
2009; Pathak et al., 2007). It also minimized tbedensation of early generation products with
low oxidation state which is of little relevancer fambient conditions (Shilling et al., 2009;
Pfaffenberger et al., 2013).

2 Experimental

2.1 Experiment setup and instrumentation

The experiments were carried out in the outdooroaphere simulation chamber SAPHIR
(Simulation of Atmospheric PHotochemistry In a krfgeaction chamber), Forschungszentrum
Julich, Germany. SAPHIR is a 270° double-wall Teflon chamber of cylindrical shapéeT
details of the chamber have been previously desgr{Rohrer et al., 2005; Bohn et al., 2005).
The chamber uses natural sunlight as the lightcgoand is equipped with a louvre system to
simulate dark processes when the louvre is cloded operated with high purity synthetic air
(Linde Lipur, purity 99.9999%). A continuous flowf -9 n? h' maintains the chamber at a
slight overpressure of ~50 Pa and compensates éosampling losses by various instruments.
This flow causes dilution of the reaction mixturghaclean air at an average loss rate coefficient
of 9.35x1(f s™* (residence time of ~30 h), agreeing well with tilatibn rates determined from
measured BD and CQ time series. Pure nitrogen (Linde Lipur, purity. 2899%) constantly
flushes the space between the inner and outer mefldl to prevent intrusion of contaminants
into the chamber. A fan ensures mixing of traceegawithin minutes, but reduces aerosol

lifetime when it runs. The loss by dilution alorgples equally to suspended particles and gases.
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For the experiments described here, the chamber e@spped with instrumentation
characterizing gas-phase and particle-phase spesewell as physical parameters including

temperature, relative humidity, flow rate and plya® frequencies.

The actinic flux and the according photolysis freqcies were provided from measurements of a
spectral radiometer (Bohn et al., 2005). NO and, M@asurements were performed with a
chemiluminescence analyzer (ECO PHYSICS TR480)ppma with a photolytic converter
(ECO PHYSICS PLC760). For a time resolution of 3@es detection limits of the NQanalyzer
were 5 and 10 pptV and the accuracies 5% and 10%I@ and NQ, respectively. @ was
measured by an UV absorption spectrometer (ANSY @0ahO341M).

The concentrations of the VOCs were measured byptamp transfer reaction-mass spectrometer
(PTR-MS, lonicon) (Jordan et al., 2009) and gaswmlatography coupled to a mass spectrometer
(GC-MS, Agilent) (Apel et al., 2008; Kaminiski, 2001 From the measured monoterpene time
series (shown in Fig S3), the time dependent mopete consumed during an experiment is
obtained. The measured monoterpene consumed aksesagith that calculated from the initial
concentration and loss by the reaction with OH alidtion within the uncertainty of
measurement (PTR-MS: £15%, OH concentration: +1@%J the reaction rate constant of
monoterpene (Atkinson et al., 2006; Atkinson andyA2003; Gill and Hites, 2002) as shown in
Fig. S6.In the ozonolysis experiments, reactions of VOC#H W in the sample line were found
to cause additional monoterpene loss. Monoterpeneantrations were therefore also quantified
from initial monoterpene concentrations and thedssby reaction according to the reaction rate

of O3 with monoterpenes determined from measuredr@ by dilution.

OH, HO,, and RQ radicals were measured using laser induced flaere® (LIF). The
uncertainty of the OH measurement, determined byattcuracy of the calibration of the LIF
instrument, is 10% ). The details of LIF instrument were describedHuchs et al. (2012).
The OH radicals inside SAPHIR are mainly formedlog photolysis of HONO directly coming
off the chamber walls through a photolytic process] to a minor fraction by {photolysis
(Rohrer et al., 2005). No additional OH generataswsed.

Total OH reactivity (ky), which is equivalent to the inverse atmospherld @detime, was
measured also using flash photolysis/laser-inddicedescence (FP/LIF) technique that was first
realized by Calpini et al. (1999) and later by Sedg et al. (2004).dk is a pseudo-first-order

6
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rate constant, equal to the sum of products ottmeentrations of all species reacting with OH
with their rate constants. Laser flash photolykR)(of ozone is used to produce OH in a sample
of air and laser-induced fluorescence (LIF) is agapto monitor the time dependent OH decay.
From the time dependent OH decay thg Wwas obtained. The instrument used in this work at
SAPHIR was deployed in previous field campaigns amddescribed in detail elsewhere
(Hofzumahaus et al., 2009; Lou et al., 2010).

The OH concentration was used to calculate the Os€ dn order to better compare different
experiments. The OH dose is the integral of the €idcentration over time and gives the
cumulated OH concentrations to which gases andcfesmtwere exposed at a given time of an
experiment. One hour exposure to typical atmosph®H concentrations of 2xi@nolecules
cm® results in an OH dose of 7.2¥1folecules cii's. The OH concentration and OH reactivity
were also used to calculate the reaction rate oiM@Hltotal organics.

Particle size distributions were measured by arsognmobility particle sizer (SMPS, TSI
DMA3081/TSI CPC3785) with a size range 9.82-414% Aerosol yield was calculated using
SMPS mass concentration assuming a density ofi tt@ compare with previous studies in the
literature. Aerosol density is assumed to be comgtaoughout one experiment since from our
previous studies the density was found to be kedbticonstant throughout the whole experiment
(Salo et al., 2011; Saathoff et al., 200Particles in the chamber are subject to wall losses
reported previously (Salo et al., 2011; Fry et 2011). Size effects of the particle loss were
neglected here because of the narrow size diswibfgeometric standard deviation <1.3). In
this study, the particle wall loss rate was detagdiusing an exponential fit of the decay of the
particle number concentration after the nucleatias stopped for several hours (Carter et al.,
2005; Fry et al., 2011; Pierce et al., 2008). Iditoh to particle wall loss, vapor wall losses to
the wall have been observed in the laboratory clearstudies (Matsunaga and Ziemann, 2010;
Zhang et al., 2014). The particle mass concentratowrected for dilution and wall loss is shown
here unless otherwise stated. Vapor wall losseg wet corrected here due to the difficulty to
guantify, but the effect of vapor loss on the mdetimass concentration is discussed. The
uncertainty of the particle mass concentration, tuencertainty of the particle wall loss and

vapor wall loss is also discussed.
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The chemical composition of SOA was characterizgdabHigh-Resolution Time-of-Flight
Aerosol Mass Spectrometer (HR-ToF-AMS, AerodynedResh Inc., (DeCarlo et al., 2006)).
Particles enter the instrument through an aerodiméns and are focused to a particle beam.
The particles impact on a tungsten oven at 600 i€ ae flash-vaporized into vapors under
vacuum. The vapors are then ionized by 70 eV @erdmpact (El), and the resulting ions are
detected by a time-of-flight mass spectrometer atpeg at either a high-sensitivity mode (V-
mode) or a high mass resolution mode (W-mode)hikstudy we used the so-called MS mode
which gets the size integrated overall compositib8§ OA.

To characterize the degree of oxidation of parsictbe O/C ratio was obtained. The O/C and
H/C ratio was derived by the elemental analysismafss spectra obtained in the high mass
resolution W-mode as described by Aiken et al. 20énd Aiken et al. (2008). An updated
procedure to calculate O/C and H/C was reportebetan development (Canagaratna et al.,
2014). However, the details have not been publisteedtherefore, the traditional method is still
used here to derive the elemental ratio. Correstitor the minor influence of gaseous
components were done before the calculation ofHie and O/C ratio. Chamber air contains
CO, and water vapor and both gas phase species aaettio the mass spectra. The contribution
of gas phase CQOand water vapor to m/z 44 and to m/z 18, respelgtiwas inferred from
measurements during periods when no particles wersent. The values were subtracted to
obtain the particle signals before the elementalyais (Allan et al., 2004). No collection

efficiency correction was further used.

2.2 Experiment procedure

Two kinds of experiments, photooxidation and ozgsie of monoterpenes were carried out
under humid conditions with a starting RH ~75%. Boenmary of the experimental conditions
is shown in Table 1. All the experiments were cartdd under N¢X~1 ppb. No NQwas added
to the chamber, and background N@iginated mainly from the wall. In the photooxiida
experiments, the £xoncentration was <3 ppb at the start of eachraxpat and did not exceed
20 ppb over the course of an experiment. The Oldatiian was the dominant oxidation pathway
(>~95% of monoterpene loss). In a typical procedairein the chamber was first humidified and
then the louvre system was opened for around lusshéfterwards monoterpene was injected
and the reaction of monoterpene with OH occurrdterAhe photooxidation process, which was
8
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finished by closing the louvre system, the reacnoirtures stayed in the dark for around 1 h

before they were flushed out. Before nucleationeghgere some background particles present
introduced after humidification which had relatiyédrge diameter (median diameter 40-60 nm)
but with fairly low concentration (refer to Tablg. PParticle size before nucleation was not

shown in order to avoid confusion. The ozonolysipegiments were conducted in the dark.

After humidification CO and monoterpene were adttethe chamber. CO (~40 ppm) was used
as OH scavenger to ensure that oxidation byv@s the dominant reaction pathway (>95 % of
OH was scavenged) with little contribution of thed Goxidation to monoterpenes losses.

Afterwards, Q generated from an UV {yyenerator was added to the chamber to start ogzisol

reaction of monoterpenes.
3 Methods

In the reaction of monoterpenes with OH ang Oxidation products are generated, which
condense on the particle phase resulting in pargobwth. In the case of OH oxidation, multi-
generation products can be formed from the furtkaction of first generation products with
OH, while for ozonolysis of monoterpenes with orabon-carbon double bond the reaction
products do not react withsGiny more since the double carbon bond has bedw®iibr@own.
Particle growth depends on the condensation fluxs the concentration of condensing products,
of all generations. Since the concentration of emsthg products is a function of the reaction
rate, particle growth is closely related to thectmen rate of organics. We explored the
relationship between particle mass growth and i@aatate of the organics with OH. When
particles grow, the particle diameter enlarges #mel particle mass increases due to the
condensation of the reaction products. Here wehesgéerm “particle size growth rate” to denote
the particle diameter increase and “mass growt’ tat denote the particle mass increases. In
the following we will establish a quantitative retenship of the particle mass growth rate with
the reaction rate of OH with total organics for thist time, to the best of our knowledge. Since
all condensing species contribute to the particdssrgrowth rate, the particle mass growth rate
must be related to the reaction rate of total aigapecies with OH, which is directly accessible
from the OH concentration measurement and therkeasurement in this study. The particle
mass growth rate is derived from sum of the particlass growth due to all condensing

compounds.
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In a first step, we will relate the overall masswth to the OH gas-phase reaction rates with
total organic species. We describe that by a imacf VOC i with OH, in which for simplicity
one molecule of species i reacts with OH, forminge anolecule of species i+ of the next

generation:
i+OH [ - i+ (R1)

According to the Raoult’'s law we have the followiequation, assuming the gas phase and

particle phase are in equilibrium:
CY == [C?, (1)

where @@ and G® are the concentrations of i in the gas phase mtiki particle phase (molecules
cm®), C° is the saturation vapor pressure of i expressedjamsphase concentration of i
(molecules cni) and @ is the concentration of all molecules in the méetphase, thus;&CP is
the mole fraction of i. For high volatility specje&’is high for given ¢ and thus ¢ is low or

even negligible. The opposite is true for low vililgtspecies, ¢ is low and ¢ is high.

When an infinitesimal concentration of i, #Qeacts via R1, corresponding to a change of i in
the particle phase, Cfrom Eq. (1), one can get Eqg. (2)° & assumed to be constant in each
time step because the change in each time stem@ sompared to € and additionally loss of
i is compensated by gain in i+ when the vapor pnessf i+ is sufficiently low to be on the

particle phase and thus’@ approximately conserved.

p
ac? = % . 2)
Ct

Re-arranging Eq. (2), one can get

p
dc’ =S raics @3)
C

0
i

Similarly, one can get

dCh, = o [iC, 4)

10
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For the change of the particle mass concentratignug ni®) due to the reaction of species i by

R1, we have
(@m), - dms | dny? (5)
dt ' dt dt

dmP (ug m®) and d@ can be related by

dcP M, O 0
N

dnp = : (6)

where M is the molecular weight of species i (mol@nd N is Avogadro's Constant.

Similarly with Eq. (6), for species i+, one can get

p
g =G5 m;\]moe e -
A

By applying the relationship of i and i+ in the Rig express,
dCe =-dcC?. ®)
Substituting Eq. (3), (4), (6-8) into Eq. (5), oren get

1@&@ M, M,

Assuming M. and M are similar, with an average molecular weight Mjeocan get

100
m =C cagy, , (10)
A
where mis total particle mass concentration.
Substituting Eq. (10) into Eqg. (9), one can get
dc?® 1 1
—) = ———). 11
ED = ] (11)

If we relax our assumption that one molecule oisiformed from the loss of one molecule of i

in the R1, e.g. in case of fragmentation, Eq. €til)holds (as shown in Appendix A).

11
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According to the reaction of i with OH, we have

dcC’
dt

= ~Rou;s (12)

where Ry, is the reaction rate of species i with OH.
Substitute Eq. (12) into Eqg. (11),

1

dm 1
2N = _ — - ) . 13
( dt )| %H,I |]T} (Cl(ir C,O ( )
Considering all the species contributing to theipler phase, we have
=% Rym ( Co (14)
Re-arrange Eq. (14),
1
R’)H T 0
d Z_: i CO CIO
S =M YR, (15)
' > Ro,
Summing up all the species, we have
=2 Roui s (16)

wherein Ry is the reaction rate of total organics with OH.

In the next step, we will derive a system chardtgy quantity in order to overcome the
underdetermined knowledge about the individual comemts due to the complexity of
monoterpene degradation. We define a new metriogu@Ei) (particle growth efficiency in

respect to the reaction of OH with total organiesthe whole reaction system (including the

VOCs and their oxidation products)) in Eq. (17) $pecies i:

1

CO el (17)

GEy, (t,1) = =

One can also define

12
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and
1
YR
~L= (19)

> R

Ci.? and G are obtained from the average of 1/®r all organics weighed by the reaction rate

with OH, which in a certain way reflect the oversdlituration vapor pressures.
Substituting Eq. (16), (18) and (19) into Eq. (1&n)e can get

am _ 1
G = o M 0~ (20)

Then, as Eq. (17), one can also define

1 1
GEgy, (t) = o ‘c—:—io- (21)

GEon (1), a system describing quantity, is derived hier@rder to characterize the chemical
system. It is an overall average of &Ht, i) weighted by reaction rate with OH of eaglesies.
The molecular weight of i+ is assumed to be simiéh that of i, i.e., neither functionalization
nor fragmentation change the molecular dramaticétiythe case of fragmentation which could
change molecular weight significantly, the relasibips above still hold with slight change of the

format (as shown in Appendix A).

Substituting Eq. (21) into Eq. (20),

A= Ry [ (BE, (1) (22)

Arranging Eq. (22), one can get

13
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dm,

GE,, (t) = Rodtﬁin (23)

Equation (22) shows a quantitative relationshiphef particle mass growth rate with the reaction
rate of OH with total organics, which are linked G¥on(t). GEon(t) is the mass growth rate
normalized to the OH reaction rate and mass coratgon, i.e. the mass growth rate per OH
reacted per aerosol mass concentration (as shownq.i23)). It is a metric of how effectively
the reaction with OH changes the mass growth rfagegdven mass concentration in a reaction
system. GEBx(t) has a unit of cthmoleculed (reciprocal of the unit of the concentration). It
relates to the change of overall saturated conatoir of reaction products upon reaction with
OH as shown in Eg. (21). In our case, where we oredsOH and kn, Rop is directly
accessible. The reaction rate of OH with total arga was calculated using the measured kOH
and subtracting the OH reactivity of inorganic spec(NO, NQ, CO). The contribution of
HONO to the total OH reactivity is neglected (<18tce the HONO concentrations are fairly
low in these experiments (maximum peak concentre®i@0 pptv as measured by a LOng-Path-
Absorption-Photometer(LOPAP) (Haseler et al., 2p09)

Note that in Eqg. (1) we assumed that the partl@ iequilibrium with the gas phase. When the
concentrations of condensing species changes skaldiive to the timescale for the gas-particle
equilibrium, gas-particle equilibrium is assumedestablished at any moment (Zhang et al.,
2012). This quasi-equilibrium approach was use@ bed compounds partition between gas and
particle phase through dynamic condensation angagation (Pankow, 1994; Odum et al.,
1996). Theoretically many factors such as diffusisurface accommodation etc. can affect the
timescale for gas-particle equilibrium (Shiraiwaléeinfeld, 2012) and hence affect the particle
mass growth. For example, several recent studiggests that particles may exist in a viscous
state (e.g., (Vaden et al., 2011; Virtanen et2010; Renbaum-Wolff et al., 2013) and particle
phase diffusion could play a role in the partictevgth kinetics. In addition, the particle-phase
photolysis is not included in this derivation, whicould also potentially affect the gas-particle
equilibrium. As a result, the gas-particle equilipon may not necessarily be reached all the time.
These are the limitations of the method used is shiidy. If the equilibrium is not reached, the
mass growth rate in this case is the lower limittfee contribution from gas phase condensation.

The deviation from the equilibrium would resultarhigher Gi(t).
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4 Results and discussion

4.1 Multi-generation reaction process and particle growth

Figure 1 shows the time dependent particle “groedhve” (particle mass concentration as a
function of measured monoterpene consumed) fronOtHeoxidation ofa-pinene,3-pinene and
limonene. After one monoterpene life time (when thenoterpene concentration decreased to
1/e of the initial concentration), only 13%, 33%da25% of the total mass was reached for the
OH oxidation ofa-pinene (3-pinene and limonene, respectively. This indic#tesimportance of
higher generation products in the SOA formatiomfroH oxidation of each monoterpene (Ng et
al., 2006). Our results differ from several prewdaiudies carried out at much higher VOC and
SOA concentrations (Ng et al., 2007; Ng et al.,80MNg et al. (2006) showed that the time
dependent growth curve is almost linear for tergemigh one double bond such aspinene and
B-pinene. The difference can be attributed to thtemince of VOC and particle concentration.
At high particle mass loading, the species witlatreély high volatility such as first generation
products significantly condense. At low particleding, only the species with relatively low
volatility which require more oxidation steps (byHPcan significantly condense onto the
particle phase. Consequently, the later genergiroducts play important roles in the particle
formation in this study. The importance of multirgeation products agrees with Eddingsaas et
al. (2012), who showed that particle growth corgsmuwvell after two lifetimes ofi-pinene with

respect to OH oxidation at low N@ondition.

In contrast to OH oxidation, the total mass coneitn increased roughly linearly with the

consumed monoterpene concentration for the ozoisobfseach monoterpene (Fig. S1). The
time-dependent growth curves of three monopterpendse ozonolysis experiments agree with
previous studies (Ng et al., 2006; Zhang et alQ62Gand a recent study of Ehn et al. (2014)
showing the formation of first generation produets the rate-limiting step. There was an
apparent positive offset on the hydrocarbon consufoea-pinene ang3-pinene, and barely an

offset for limonene, since the reaction productsdeel to reach their saturation concentration to
condense on the particle phase. For limonene, nvitte time resolution of our measurement
they reached the saturation concentration immdgiafEhe offsets are consistent with the

findings of the nucleation threshold of monoterge(®ernard et al., 2012; Mentel et al., 2009).
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The differences of the threshold concentrationgliierent monoterpenes are related to their

properties.

To further investigate the role of multi-generatiaxidation by OH, the particle mass
concentration and the median size as a functio®lfdose are shown in Fig. 2. For all three
monoterpenes, the particle mass concentrationaserband size grew as the reaction proceeded
and monoterpene reacted with OH (increasing OH )doBken the increase of the mass
concentration and growth of size with respect to @ide started to slow down gradually and
subsequently leveled off. Particle size even deg@after leveling off in the case of limonene.
For a-pinene, the photooxidation reaction stopped indhek after the louvre system of the
chamber had been closed before the particle madd t@vel off. The changes in the particle
growth in Fig. 2A were probably attributed to thgrsficant fluctuation of OH concentration
resulting from the cloud coverage which also caubedsignificant fluctuations in the reaction
rate of total organics with OH in Fig. 4A.

In the beginning of the reaction, monoterpene ezhowith OH generating low volatility
compounds by the functionalization process(Hallgeisal., 2009), which condensed on the
particle and resulted in the particle mass incremse size growth. The formation of the low
volatility compounds such as 3-methyl-1,2,3-butdnatboxylic acid (3-MBTCA) has been
found from monoterpene oxidation in one of our pas studies (Emanuelsson et al., 2013).
This has also been found from the oxidation of nterpene and its first generation products by
a number of studies (Hallquist et al., 2009; Jawal., 2005; Szmigielski et al., 2007; Claeys et
al., 2007; Muller et al., 2012; Kristensen et &Q14).These condensing compounds still
continued reacting with OH which could lead to ftimcalization as well as fragmentation
(Hallquist et al., 2009; Kroll et al., 2009). Fragnmtation can generate high volatility species thus
promoting evaporation. Since fragmentation incréasgigh O/C and the role of functionalization
decreased (Kroll et al., 2009; Chacon-Madrid anddme, 2011; Chacon-Madrid et al., 2010),
the role of fragmentation became more and mordfgignt as the reaction proceeded. When the
fragmentation dominated over functionalization, tiverall volatility of the products increased,
i.e., the saturated vapor pressures increased. Wheeroverall concentration of condensing
species dropped below the overall saturation canatton due to the reaction and dilution, a net
negative flux of condensable compounds occurred thede compounds started to evaporate
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from the particles. Therefore, the particle siastfreached a plateau and even diminished as
observed in the limonene oxidation experiment. équinene, particle growth did not reach the
plateau phase. This is because the reaction wapexdoby closing the louvre when particles

were still growing.

Moreover, time series of GJg(t), the metric of particle growth efficiency due teaction with
OH, shed light on the role of functionalization @ngigmentation in the reaction process. Figure
3 shows that the GJg(t) time series and the particle mass concentrad®mell as total OH
reactivity of organics for comparison. The chang&Bow(t) reflects the evolution of the overall
volatility of organics undergoing reaction with CGifd the relative role of functionalization and
fragmentation. Ggy(t) was positive and increased fast in the begimroh the reaction. This
indicates that the reaction products had a lowéatiity than the reactants, i.e., lower saturation
concentration (refer to Eq. (21)). As the volafildecreased, Gdg(t) increased. The decreased
volatility was caused by functionalization, whichayed a dominant role in the beginning.
Afterwards, Gby(t) gradually decreased, which indicates the deered overall volatility of the
organics slowed down. This indicates an increasolg of fragmentation since fragmentation
cleaved the carbon frame and formed some smalldeaumles with higher volatility. As the
reaction proceeded, the products got more oxidemedl O/C ratio of products increased, the
fragmentation of the compounds became more and signéficant (Kroll et al., 2009; Chacon-
Madrid and Donahue, 2011; Chacon-Madrid et al.,020MAfter the continuous decrease,
GEon(t) decreased to almost zero or even negative Her limonene case (Fig. 3C). This
indicates that overall volatility of organics alniatopped decreasing and even increased after
further reactions of the functionalized intermedgatvith OH (see limonene case in Fig. 3C).
When the overall volatility of the reactants is aljto that of the products, GF(t) is equal to
zero. From Fig. 3 one can recognize thato@B had decreased dramatically in the relatively
early period of the reaction (within approximatetiifetimes) when the mass concentration was
still low, indicating the fragmentation started ptay an important role. The vibrations in the
GEoK(t) of a-pinene are attributed to the fast change of OHcentration due to the cloud

coverage and then clearing up, as mentioned above.

For comparison, the H/C and O/C time series of SBAalso shown in Fig. 3. The change of

H/C and O/C ratio supports our analysis of the mfiefunctionalization and fragmentation.
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GEon(t) had decreased dramatically to a much lowerevaihen O/C ratio increased to around
0.4 and leveled off. Accordingly, H/C started ta@aase from the beginning of the reaction and
then leveled off at the same time as O/C. The dseref Gly(t) reflects the increasing role of
fragmentation. As a reference, Kroll et al. (208Bpwed that for the reaction of squalane with
OH fragmentation dominates when the organics amenately oxidized (O/€0.4), although the
reaction compounds are different. The branchinig ftfragmentation and functionalization has
been parameterized as the power law of O/C (Donahwaé., 2012; Jimenez et al., 2009). The
higher O/C, the higher the role of fragmentatioaypl Based on the GF(t) time series, the
particle formation efficiency in respect to theattan with OH was high in the beginning of the
reaction although the mass growth rate was lowcolntrast, at the later period of the reaction,
GEon(t) was low and the mass growth was mainly attedub the role of favorable partitioning
at higher organics mass loading.

The occurrence of fragmentation in the reactiosupported by the formation of acetone, one
small volatile compound of monoterpene oxidatioodurcts. An increased acetone concentration
was observed in the OH oxidation of all monotergeag reaction proceeded (as shown in Fig.
3A for a-pinene as an example), implying the role of fragtagon in producing small volatile
compounds. The acetone concentration was corréatdtie dilution loss. However, we did not
observe a significantly faster acetone formatide ma the later period of the reaction compared
to the early period of the reaction because acetomation depends on its precursor
concentrations and OH concentration, which weremonotonic in our study. Unfortunately,
many of the products in thee-pinene oxidation cannot be detected and/or quadtly PTR-MS

or GC-MS due to the loss to the sampling line agrddation in the instrument, which prevents
us to do further in-depth analysis.

In addition, Gly(t) can shed some light on the vapor pressure efré¢laction products. Since
the volatility of products decreases around onémm order of magnitude in functionalization
(Zziemann and Atkinson, 2012), in the beginning bk treaction when functionalization
dominated, Gi.°<< C,;°. Then, based on Eq. (21), the following equatimtenable:

GEw (0= =1 (24)

n,i+
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Since G is an average saturation pressure weighed in taigevay as shown in Eq. (18).
Equation (24) provides a rough estimate of the aVerapor pressure of the organics from
experimentally obtained GJg(t). For a-pinene, B-pinene and limonene OH oxidation, the
overall vapor pressure varied from around 2%10 1x10° Pa, 6x10 to 1x10° Pa, 8x10 to
2x10° respectively. As a reference, the lower valugsefach monoterpene system is of the
same order of magnitude as the estimated vaposymeesf the middle between pinonic acid and
pinic acid, norpinonic acid and keto-limonic acrdspectively, based on the structure-activity

relationship (Compernolle et al., 2011).

We established the relationship of particle massvgr rate with the reaction rate of OH with
organics. The relationship of the particle sizewglo rate with the reaction rate is not
straightforward. The size growth rate is propordibto the deviation of the concentrations of
condensing species from their equilibrium conceiuns, while the reaction rate of monoterpene
with OH and Q is proportional to the rate of the increase ofd@rsing species concentrations,
i.e., the derivative of the concentrations. Additifly, the equilibrium concentrations of the each
species changes continuously with their varyinganfiactions in the particle phase during the
reaction. Therefore, the reaction rate is onlyneclly related to the size growth rate and should
not necessarily correlate with size growth rateobserved in Fig. 4A and 4C. Still some
variations in the size growth rate and mass graaté follow the variations of the reaction rate
of OH with organics and/or reaction rate of OH wittonoterpenes (such as Fig. 4A, 4B and
4C). These variations in the reaction rates as a®lthe growth rates were mostly caused by
sudden changes of the OH concentration due totiargaof solar radiation affected by cloud
coverage. In addition, the fluctuations in the gilowate were partly attributed to the fluctuations
in the particle mass or size and deriving the ghosate from fitting the particle mass or particle

size as a function of time.

Comparing the particle growth of OH oxidation anzbwolysis, the ratios of the peak OH

reaction rate to the {reaction rate foo-pinene,3-pinene and limonene were around 1.0, 1.2
and 0.5, respectively. The corresponding ratigseak size growth rates for OH oxidation to that
for ozonolysis were around 1.0, 1.5 and 1.1. At $imailar monoterpene concentration and
similar reaction rate of OH or{vith monoterpene, the size growth rates were coaiype. This

comparison indicates that generally OH oxidatiod amonolysis have similar efficiency in the
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particle growth ofa-pinene,3-pinene and limonene. This result is in contraghwie study of
Hao et al. (2009), who found a much more efficieé of ozonolysis in particle growth from
plant emissions than that of OH oxidation. Yet, study agrees with Burkholder et al. (2007),
reporting the nearly indistinguishable particleesgrowth rate for different oxidation sources.
Nevertheless, our experiments differ from bothhese studies in terms of OH scavenger used
(CO used in this study, cyclohexane and butandBumkholder et al. (2007) and Hao et al.
(2009), respectively). Since CO can cause a higl@¥/RO; ratio than cyclohexane and butanol,
different OH scavengers could result in differeadical chemistry which could further alter the
reaction pathways and products and finally coutdcfparticle growth.

4.2 New particle formation and SOA yield

Figure 5 shows the particle number concentraticassconcentration, surface concentration and
median diameter of aerosol from each monoterpeneéObly oxidation and ozonolysis. The
particle number concentrations of OH oxidation eipents were around 2x31®x10° #/cm3.
The particle number concentrations from the ozasislpf monoterpene were around 0.4%10
1.6x10 #/cm3, which were much higher than that generte@®H oxidation of the respective
monoterpene. However, we have no indications whatppunds eventually initiated the new
particle formation (NPF) from ozonolysis in the AR chamber made of Teflon-FEP. The role
of OH oxidation and ozonolysis in the SOA nucleatend growth from monoterpenes have
been reported by a number of studies before witlugive results (Bonn and Moortgat, 2002;
Burkholder et al., 2007; Hao et al., 2009; Mentelag, 2009), however experiments were
performed often at higher VOC and aerosol concaatrs. In addition, the role of monoterpene
ozonolysis in nucleation in the presence ot $@ithout OH scavenger) was shown by Ortega et
al. (2012).

In our JPAC glass chamber (Mentel et al., 2009), &id BSO, are needed to initiate NPF
(Mentel et al., 2009; Kiendler-Scharr et al., 200RQeendler-Scharr et al., 2012; Ehn et al., 2014);
it is possible that in Teflon chambers in absenfc®Ild and significant HSO, formation, other

unknown compounds (perfluorinated acids) may playle

SOA yields observed in this study are similar tostn observed before. SOA yield afpinene,

B-pinene, and limonene by OH oxidation was 2.5%%6ahd 16.9% at the aerosol loading of

20



0o N oo o b~ WwDN

10
11
12
13
14
15
16
17
18
19
20
21

22

23
24
25
26
27
28
29

0.5, 0.8 and 2.1 pg frespectively (Fig. A2). Since the multi-generatixidation was the rate-
limiting step, the “dynamic” yield from OH oxidatiowas not used (Presto and Donahue, 2006;
Ng et al., 2006) and only final yield was deriva@the aerosol yield ofi-pinene OH oxidation is
roughly consistent with a study (Henry et al., 20 Bthough there were only few data points in
that study overlapping the range of our study [ig1Im*, exact data not available from Henry et
al. (2012) thus not shown in the figure). Fpinene and limonene, there are few data of the
aerosol yield of OH oxidation available especialythe aerosol loading similarly low to this
study in the literature (Griffin et al., 1999; Hofénn et al., 1997; Kim et al., 2012).

The patrticle yields for the ozonolysis experimeiotsa-pinene,3-pinene and limonene (shown
in Fig. S2, together with selected literature dataimilar mass loadings) are approximately in
the range of or slightly higher than literatureued (Pathak et al., 2008; Pathak et al., 2007;
Shilling et al., 2009; Saathoff et al., 2009; Zhanal., 2006). The difference can be attributed to
the difference in experimental conditions such & $8avenger type, the temperature and RH
etc. The aerosol yields of ozonolysis fmpinene and limonene were higher than that of OH
oxidation, while similar between both oxidation eagorp-pinene. The difference in the aerosol
yield could be due to the difference in reactiothpays and products composition between the
OH oxidation and ozonolysis. Also the temperatufréhe ozonolysis was lower than the OH
oxidation, which may affect the SOA yield. HowevBgthak et al. (2007) only observed weak
dependence of SOA vyield from-pinene ozonolysis on temperature from 288 to 308kd
especially for at lowa-pinene reacted there is little temperature depecele Therefore,

temperature is likely to have only minor effecttbe SOA vyield of ozonolysis here.

4.3 Chemical composition

The H/C ratio versus the O/C ratio plot known as Yaevelen diagram for the aerosol from OH
oxidation and ozonolysis is shown in Fig. 6. TheCQAnges for both oxidation cases were
similar, around 0.3-0.6. The O/C ranges are camsistvith the O/C range fromx-pinene
photooxidation and ozonolysis (Chhabra et al., 20dLet al., 2011; Pfaffenberger et al., 2013).
They also agree with the O/C value (0.33 — 0.68)aimplant chamber observations for
monoterpene-dominated emission mixtures(KiendldraBcet al., 2009b) when one calculates
O/C from f44 (the ratio of signal at m/z 44 (€Pto total organics)(Ng et al., 2010).
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The H/C ratio of SOA from OH oxidation was around-1.6, slightly lower than that of the
precursor monoterpene (H/C=1.6). This indicates$ dhiaing the reaction oxygen was added to
the monoterpene without significant loss of hydrogespecially in the initial period of the
reaction. SOA from OH oxidation of all three momnpenes tended to follow a slope of
shallower than -1 starting from monoterpene in\fla@ Krevelen diagram (Fig. 6 A-C). This is
in contrast to the findings by Heald et al. (2018)t consistent with those of Chhabra et al.
(2011) and Ng et al. (2011). Heald et al. (201Qintb atmospheric OA follows a slope of -1 in
the Van Krevelen diagram based on a variety of anttand laboratory studies, which indicates
the addition of carboxylic group or equal additiohcarbonyl and hydroxyl group to average
saturated hydrocarbon. However, in this study, nenmpenes are unsaturated hydrocarbons.
Therefore, oxidation such as adding two carbonyarsboxylic acid groups per double bond can
happen without significant loss of hydrogen, raaglin a slope shallower than -1. This finding
agrees with that of Chhabra et al. (2011) who itigated a series of unsaturated hydrocarbons.
Oxidation without significant loss of hydrogen dam also achieved by a “non-classsical” path,
inserting O (O-0) into C-H (C-C) bonds (Ehn et aD12; Ehn et al., 2014). In the classical path,
increasing carbonylization/carboxylization in sated parts of the condensable molecules leads
to increase of O/C at simultaneous decrease of Af@r the initial period of particle formation
(around one lifetime of monoterpene), elemental position of SOA from OH oxidation
seemed to follow a slope of more close to -1. Timscates that the condensable species forming
SOA underwent more efficient hydrogen loss upordation. Since the double bond is more
reactive and reacted first, the carbon chain inrit&al products became more saturated. Further
“classical” oxidation of these products requireddimgen loss as ambient organic aerosols
(Heald et al., 2010). For the SOA from OH oxidatidtVC decreased and O/C increased
generally during the reaction. In the later peraddhe reaction the change of O:C and H:C was
quite minor (Fig. 3). The relative stability of t¥C and H/C is likely to be attributed to that in
the early period of the reaction (before O/C reade maximum value) low concentrations of
multi-generation products were generated via fmetiization and had already condensed on the
particle phase. As the reaction proceeded, mothaase similar multi-generation products were
formed and continued to condense on the partiaethEr oxidation of the multi-generation
products may cause the fragmentation resultinghim formation high volatility oxidation

products, which did not condense significantly be particle. As a result, the O/C ratio did not
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manifest significant increase in the particle phaBkis is consistent with the analysis of
functionalization and fragmentation via the evalatiof GEy(t). For B-pinene and limonene,

O/C even decreased slightly at the later periothefreaction (Fig. 6B). This could be due to
oligomerisation after condensation forming largaitsi while releasing of water (formation of
esters) or @(dimerization of hydroperoxides) or be due to fmagtation of the products leading

to more volatile products.

For SOA from ozonolysis, the H/C was around 1.2-tuHich was distinctively lower than that
of the OH oxidation. The lower H/C in the ozonoyysompared to photooxidation was reported
by Chhabra et al. (2011). It seemed that a proeébssignificant hydrogen loss such as addition
of carbonyl plays a more important role in the SfoAnation from ozonolysis compared to OH
oxidation. In the reaction of monoterpene with, @king a-pinene as an example, the -£H
group can be converted to -C=0 group which redtioedd/C and increase O/C. One path way
is shown in Fig. S7. Monoterpene reacts with g@oducing RQ@radical, which can undergo
internal hydrogen shift forming anotheg@radical (Ehn et al., 2014). The®radical can

react with other R@tadical forming -C=0 group at the same time losimg hydrogen atoms.

In the individual ozonolysis experiments, the Ofi@l &/C reached a stable value shortly (<1 h)
after the reaction started and then did not shgwifstant change. The different trend with time
between the OH oxidation and ozonolysis was cabsethe different reaction process. In the
OH oxidation, after the particle formed, the reawctproducts were subject to further reaction
with OH. Hence the reaction products, H/C and Oé@tlevolving. In contrast, in the ozonolysis
the reaction ceased once; @acted with monoterpene. Therefore, there wasfunther

significant change in the O/C and H/C in the ozgsisl

4.4 Uncertainty of particle mass concentration

The particle mass concentration is used to deteeparticle growth efficiency in this study.
Uncertainty of the particle mass concentrationteslavith uncertainties in particle wall loss,
dilution and vapor wall loss. The particle massamniration has been corrected for the dilution
and particle wall loss. The corrected particle masscentration may be affected by the
uncertainty of different particle correction metBodn this study, we determined the particle

wall loss rate using an exponential fit of thealeof the particle number concentration after the
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nucleation has stopped for several hours (Cartalk. ,€2005; Fry et al., 2011; Pierce et al., 2008).
Another method that has been used to determinpafile wall loss rate is by fitting the decay
particle mass concentration after the condensdtias finished (Presto and Donahue, 2006;
Pathak et al., 2007). In this study, we found irstraf our experiments, the particle wall loss rate
determined through the decay particle mass coratgrirkept evolving until the end during the
photooxidation experiment. And this decay rate leager than that of the period right after the
roof was closed and photooxidation stopped. Thislicates that particle formation
(condensation) was still active and not finishedha light period. In contrast, the particle wall
loss rate through decay of particle number coneéntr was constant during the later period of
the photooxidation reaction and higher than tha¢rdeined through the decay of particle mass
concentration, which supports the condensationndidfinish. Therefore, the second method,
which used the mass concentration, did not applguostudy and we used the first method,
determining the wall loss rate by particle numbeanaentration. Once the wall loss coefficient
was determined, the particle mass concentrationcwaected in every step of the SMPS scans
by the dilution and wall loss rate. Pierce et(2008) compared the results from different wall
loss correction methods including these two methoéstioned here and a model approach,
showing that different methods agree within 10%tFa faster limonene ozonolysis experiment
and a factor of two for the slow toluene oxidatexperiment. Unfortunately we cannot compare
the difference of these two methods since the nektising the particle mass concentration is not
suitable for this study. We estimated the uncetyaly investigating the variability of the
particle wall loss rate among different experimenkbe relative standard deviation of the
particle wall loss rate is 11%. We did a sensigidhalysis to check the effect of uncertainty of
particle wall loss rate on the corrected mass as/shn Fig. S5. We found the corrected aerosol
mass concentration is not sensitive to the uncestaif the particle wall loss rate. Farpinene
experiment, a change of 10% and 50% only resulésahange approximately 2% and 9% of the
final corrected particle mass concentration. Caeréid) the uncertainty of our SMPS system

(x10%), we estimate uncertainty of the correctedigda mass concentration is 12%.

The wall loss of vapor and dilution can also afféwt particle concentration which can result in
an underestimate of the particle concentration. Butpresence of pre-existing particles,
condensation on them will be able to compete witdl Woss, depending on the S/V of the
chamber which is very favorable in our large chan#e surface density of the particles. The
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wall loss of vapor was investigated in our SAPHIRamber using experiments in which
pinonaldehyde, one important first generation pobditom a-pinene oxidation, was injected into
the chamber. The concentration was monitored seeeral hours. Constant first-order decay
with a rate constant of 2.8x2&* was observed over a period of 14 h and no eqiuilibwas
observed. It was not possible to detect rapidahltsses of pinonadehdyde in SAPHR chamber
due to the chamber setup and injection proceduites vapor wall loss rate is on the same order
of magnitude as described by Loza et al. (2014)Iower than that given by Matsunaga and
Ziemann (2010) and Zhang et al. (2014). Differeappar wall loss rates in different chambers are
expectable since vapor wall loss rates depend enntixing in the respective chamber, the
thickness of the diffusive boundary layer and pexietn into the chamber wall (Zhang et al.,
2014). Matsunaga and Ziemann (2010) found that vayall loss depends on structure and
compound vapor pressure in contrast to Zhang €2@14) who used one vapor wall loss rate for
all compounds in the whole reaction system. It valult in uncertainties to extrapolate wall-loss
rates of pinonaldehyde to all products from mormae oxidation. However as a first approach,
we estimate the effect on the particle mass coraon, assuming the wall loss rate of
pinonaldehyde and same patrticle yields for all legiors (the same as in the reaction system).
The particle mass concentration would then be wsiienated by approximately 17%.
Combining the particle wall loss and vapor lossa@ll loss and dilution, the uncertainty of the
particle mass concentration is estimated to beamately 30%. Without correcting the vapor
wall loss, the particle mass concentration is uestenated, and so is the particle growth
efficiency. In addition, the dilution may also aftgarticle mass concentration through altering
the gas-particle equilibrium. Due to the unknowentities, vapor pressure of the compounds
and unknown amounts on the particle, it is not fbssin this study to correct this effect.
However, the compounds contributing to the partgriewth here has very low vapor pressure,

which may make the effect of dilution on the gastipke equilibrium less significant.
5 Conclusion

In this study, the SOA formation from OH oxidatiof several monoterpenes;pinene, 3-
pinene and limonene was investigated at ambieetvaak conditions (low OA concentration,
low VOC and NQ concentrations) and was compared with the SOA &ion from ozonolysis

(CO as the OH scavenger). The OH dominant oxidatias achieved at low {dconcentration.
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Multi-generation reaction process, particle growtbw particle formation, particle yield, and

chemical composition were analyzed.

The aerosol ‘growth curve’ reflected the importarafemulti-generation products in the OH
oxidation of three monoterpenes. In the OH oxidgtiove found the transition of
functionalization and fragmentation correlated witie evolution of particle size and patrticle
mass as a function of OH dose. A novel method vea®ldped which quantitatively linked the
particle mass growth rate to the reaction rate ldfv@th organics via a metric of particle growth
efficiency of OH reaction. This method was alsodus® examine the role of functionalization
and fragmentation during the particle formation ofonoterpenes by OH oxidation.
Functionalization was found dominant in the begmgnof the reaction (within approximately
two lifetimes of the monoterpene) and fragmentatitarted to play an important role after that.
The particle growth efficiency of the OH reactiomsvhigh in the beginning of the experiment,
although the mass growth rate was low due to the particle mass. This new method also
provided an estimation of overall vapor pressureghef products when functionalization was
dominant. We show that the overall vapor pressway from 10° to 10° Pa in the OH
oxidation. The method of quantitatively linking pele mass growth rate to the OH reaction rate
with organics will be used in other VOC systems andbient measurements to further
investigate the influence of OH oxidation on thetigle growth. The relationship of overall
reaction rates of the total organics with OH witle particle growth rates applies well in well-
characterized chamber systems. Such relationshiping planned to be tested using more VOC
systems in the chamber. . For the atmosphere,nituish more complex to apply such method.
Different VOC types (such as sesquiterpene or &opror linear alkenes) contribute to overall
reaction rate of total organics with OH but may éalifferent particle growth efficiencies
resulting in different particle growth rates. Thiss still to be characterized in experiments.

The particle size growth rate did not necessardyradate directly with the reaction rate of
monoterpenes with OH ands @ individual experiments. Particle size growtbesainduced by
the reaction with OH and ozonolysis were comparablenis study at similar reaction rates of
the monoterpenes with OH ands.OThis indicates that OH oxidation and ozonolys&vén

comparable efficiency in particle growth. The SOAlgs of OH oxidation and ozonolysis in this
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study are generally consistent with the valueshi@ literature. Ozonolysis afi-pinene and

limonene produced a higher aerosol yield than ¢éspective OH oxidation.

SOA from monoterpene OH oxidation generally follahseslope of shallower than -1 in the Van
Krevelen diagrams, indicative of a process withsignificant loss of hydrogen during the
oxidation. In the later period of the reaction ¢afaround one lifetime of monoterpene), SOA
followed a slope of close to -1. SOA from OH oxidat had a higher H/C than that from
ozonolysis. In ozonolysis, a process with significhydrogen loss such as addition of carbonyl

seemed to play an important role in SOA formation.

In this study, we designed the experiment to stuebechanistically the particle formation and
growth, therefore we used two extreme cases: pttexddation and pure ozonolysis case. We
did not do experiments with both OH and. @ the atmosphere, where both OH angdate
present, products from the reaction monoterpenk ®itcan further react with OH, hence the
chemical composition of aerosol (in terms of eletaercomposition) may keep evolving
continuously. In the atmosphere, both OH oxidatmd ozonolysis of monoterpene are
important pathways for the particle formation ancbvgth, with their relative importance

depending on the specific ambient conditions.

Appendix A: Additional equations for the relationsh ip of particle mass growth and

the reaction rate with OH

In the case of fragmentation, there could be mioa@ bne product, i+ 1, i+ 2, i+ p. Eq. (11) in

the main text is in a slightly different form.

ng 1

(—) = Dh’l( - (A1)
Yoo
One can define
1 :i 1 (A2)
Ce?vg|+ ClC-)i- k

Fragmentation usually generates one small volatitdecule and one less volatile molecule

(assuming species:R).
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Thus i+_1 can directly correspond to i+ in Eg. (Ii)the main text and will not change the
format of Eq. (11).

We assume that the molecular weight of i+ is simaih that of i, i.e neither functionalization
nor fragmentation change the molecular dramaticaflythe case of fragmentation, when the
molecular weight could change significantly if thagmentation happens in the middle of the
carbon bone. In this case we keep the moleculaghweif each species.

Eq. 14 becomes:

M;

M S Ry m (- (A%)
dt i H,im Cl(i CIo
Eq. 17 becomes:
My M
GE,, (t,i):é"T—% (AS)

|+

M; and M. can be incorporated in the definition of the ollevapor pressure with a slight

change.

M|+
E]V
iz R‘)H i C.(l i

== (A6)
C
SR
3 R, 0%
T & :% (A7)
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Table 1 Summary of experimental conditions. All estments were performed at initial RH 75%
and NQ <1 ppb

Experiment VOC I\égg [(Cil;] In(i;isal Average Imgi coe?‘f?éieent
type YP€ (ppb) m%'ri%l)"es (pb)  TK)  (ugnt®) (Tﬂsegij)'bél
a-pinene 4 6.4 1.0 299 6.1x1H  5.25x10"

Oxiggtion B-pinene 4 6.2 2.5 301 9.5x1d  7.89x10'
limonene 4 6.4 2.2 298 12.2x30 1.64x10'

a-pinene 4 NDg 136 289 9.2x18  8.72x10'°
Ozonolysis B-pinene 4 NDs 760 294 5.7x1d  1.50x10'°
limonene 4 NDs 136 290 11.7x10 2.08x10'°

2 Below the detection limit of instruments (0.3%Ifolecules cr)

b Atkinson and Arey (2003)
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Figure 6. H/C and O/C ratio of SOA from the OH @tidn and ozonolysis af-pinene (a, d)B-
pinene (b, €) and limonene (c, f). The top panedr@m OH oxidation and bottom panels from
ozonolysis. Dark color denotes the beginning ofeygeriments and yellow denotes the later
period. The red dashed line correspond to H/C=TIl& black dashed lines correspond to the
slope of -2, -1 and -0.5.
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Figure S1. Time dependent growth curves of thesaérfsfom ozonolysis ofi-pinene (a),3-
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Figure S2. Aerosol yield from the OH oxidation avmbnolysis ofu-pinene (a)B-pinene (b) and
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Figure S3. Monoterpene concentration time seriemdihe OH oxidation of each monoterpene
measured by PTR-MS
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Figure S4. Time series of acetone concentratiomngu®H oxidation ofa-pinene. The grey
shaded area shows the dark period.
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Figure S5. Sensitivity of corrected aerosol massentration to the uncertainty of the particle
loss rate in the OH oxidation a@f-pinene. Base is obtained using the particle wadk Irate
determined in this study. Aerosol mass concenmasochecked by varying particle wall loss
rate by 10%, 20%, 50%.
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Figure S6. Measured monoterpene concentration tser@es and modeled monoterpene
concentration calculated using the initial monotgg concentration and the loss by the reaction
with OH (reaction rate is product of monoterpeneasmtration, measured OH concentration and

rate constant) and dilution. The limits are defilgdthe uncertainty of monoterpene data, OH

data and the reaction rate constant of the monenerp/ith OH.
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Figure S7. Schematics illustration of one possipéghway of reducing H/C foo-pinene

ozonolysis.
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Figure S8. Aerosol mass concentration, OH dosengdtbcarbon consumed (monoterpene here)

as a function of reaction time.
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