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Abstract. The heterogeneous reaction of OH radicals with 1  Introduction
sub-micron squalane particles, in the presence gf i®

used as a model system to explore the fundamental ChemF|eightened concern over global climate change has led to in-

cal mechgnlsms that control the qmdauye aging of Or9aniCe o ased scrutiny of the direct and indirect effects of aerosols
aerosols in the atmosphere. Detailed kinetic measuremenatj

combined with elemental mass spectrometric analysis reve n radiative forcing. Aerosol particles scatter and absorb
P y olar radiation as well as nucleate clouds, thus altering the

that the reaction proceeds se_quentially by adding an avelk o th's radiation budget. Particle size and chemical compo-
age of one oxygenated .functlonal group per reactive If)s%ition can be important factors in determining the magnitude
of squalane. _The_ reactlve.uptake coefficient of OH with of these effects (Dusek et al., 2006; Shilling et al., 2007).
qu_l: alane p?rtI?eS |idletelrélnénedl to ble:lﬂ):{)é a}aan a(\j/erage Organic material, which comprises a significant fraction (20—
concentration o moleculescm®. Basedona g %) of the total fine aerosol mass in the lower troposphere
comparison between the measured particle mass and mod einfeld and Pandis, 1998; Kanakidou et al., 2005), can be

predictions it appears that significant volatilization of a re- readily oxidized by gas-phase compounds such as QH, O

duced organic particle would be extremely slow in the reaINOS' etc. It has been shown that these heterogeneous re-

atemngtssgevrc?létiﬁ::{;\;egeiir:; Zi:oiﬁ:zaaffggir:z?]rneeﬂ)éydcti0ns of organic aerosols can alter both composition and
9 ' 9 ize, in some cases activating the particles for cloud forma-

organic material in the particle-phage. Together these "Ction (Shilling et al., 2007; Broekhuizen et al., 2004). Further-
sults provide a chemical framework in which to understand_more’ oxidative aging of organic aerosols may also liberate

how heterqgeneous phem|stry transfqrms the physmchemlé host of volatile organic compounds (VOCSs) that are poten-
cal properties of particle-phase organic matter in the tropo

h tially important intermediates in photochemical cycles such
sphere. as smog formation (Molina et al., 2004; Kwan et al., 2006).

The hydroxyl radical (OH) is the most important reac-
tive species in both clean and polluted atmospheres (Sein-
feld and Pandis, 1998). Key steps in photochemical smog
formation involve OH radical reactions that, in the presence
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cient is the fraction of gas-particle collisions which result in
reaction, as measured from the loss of some particle-phase
reactant. A value larger than unity indicates that each gas-

particle collision results in the loss of more than one particle-
Fig. 1. Chemical structure of squalane. phase molecule, and is typically interpreted as indicating

particle-phase secondary chain chemistry. Although an ex-

plicit chemical mechanism for secondary chemistry remains
The atmospheric importance of these cycles has led to annclear, it has been suggested that radical oxidation products
enormous experimental and theoretical effort, which has procan react with molecular species, functionalizing the particle
duced OH reaction rates and mechanisms that are relativelyhile simultaneously propagating the radical chain (Hearn et
well-understood (Aschmann et al., 2001; Atkinson, 1997,al., 2007). Such secondary chemistry can significantly accel-
2003; Atkinson et al., 2004; D’Anna et al., 2001; Finlayson- erate the rate of particle oxidation, and therefore secondary
Pitts and Pitts, 2000; Seinfeld and Pandis, 1998). Reactiorhemistry may play a considerable role in the chemical trans-
rates and mechanisms of hydrocarbon free radicals in théormation of ambient aerosols. A recent study by McNeill et
condensed-phase have been similarly well-studied (Avila etl. (2008) on the OH oxidation of solid palmitic acid par-
al., 1993; Bennett and Summers, 1974; Ferenac et al., 2003icles also reported evidence for secondary chemistry. Al-
Fokin and Schreiner, 2002; Ingold, 1969; Russell, 1957;though in this study the uptake coefficient was found to be
Vonsonntag and Schuchmann, 1991). However, it remaingetween 0.8-1, the presence of secondary chemistry was in-
unclear how well these gas and condensed-phase chemicfdrred from a four parameter model fit to the kinetic data.
mechanisms apply to the more complex heterogeneous reagsnother study by George et al. (2007), using DOS particles,
tions of OH radicals with organic aerosol particles. reported an uptake coefficient larger than one£0.3), but

Only recently have investigators begun to examine in de-concluded, within their experimental uncertainty, that there
tail the reactivity of organic aerosols with OH in the pres- was no strong indication of secondary chemistry. Thus there
ence of Q(termed aging) (Bertram et al., 2001; Molina et appears little consensus on the relative importance of sec-
al., 2004; George et al., 2007; McNeill et al., 2008; Hearn ondary particle-phase chemistry. This is in part due to the
and Smith, 2006; Lambe et al., 2007). Despite this effort, nu-experimental difficulty in ascertaining exactly what fraction
merous outstanding questions still remain regarding both thef the reactive uptake coefficient is due to the heterogeneous
rate and chemical mechanism of these reactions. For exanreaction with OH and what portion is due to homogeneous
ple, Molina et al. (2004) exposed a organic monolayer film secondary chemistry occurring inside the particle. To do this
to OH radicals resulting in the rapid removal of the mono- may require a comprehensive analysis of the reactive uptake
layer through the production of gas-phase reaction productgoefficient at various OH concentrations combined with a de-
(i.e. volatilization). Molina et al. (2004) concluded that rad- tailed understanding of how various oxidation products are
ical reactions may play an important role in the removal of formed within the particle.
organic particles from the troposphere on time scales com- Here we present an in-depth investigation of the hetero-
parable to rainout{6 days). In a similar study, Vlasenko et geneous oxidation of liquid squalanes(Els2) particles by
al. (2008) found that the OH oxidation of stearic acid films OH radicals. This current paper is primarily focused on the
produced appreciable quantities of gas-phagseGgs alde-  reactive uptake of OH radicals, formation and evolution of
hydes, ketones, and carboxylic acids. Based on these kindsxidation products, and particle volatilization. The effects of
of experiments, it was further estimated that heterogeneousecondary chemistry, which become important at much lower
OH chemistry might be an important source of troposphericOH concentrations, will be considered explicitly in a forth-
gas-phase VOCs (Molina et al., 2004; Kwan et al., 2006).coming paper (Smith et al., 2009). Squalane, shown in Fig. 1,
These results are in contrast with a number of recent studieis a branched alkane, containing 8 primary, 16 secondary and
performed on sub-micron organic particles that reported sig6 tertiary carbon atoms. As such it is an ideal model sys-
nificantly less volatilization upon exposure to OH (Hearn ettem to represent the variety of reactive carbon sites that can
al., 2007; George et al., 2007; McNeill et al., 2008) orfNO occur in ambient organic aerosols. By combining a photo-
(Docherty and Ziemann, 2006) radicals. While the origin of chemical aerosol flow reactor with a high-resolution time-of-
this discrepancy remains unresolved, it may result from sub4light aerosol mass spectrometer (HR-ToF-AMS) and a vac-
tle differences in the OH reactivity of low pressure organic uum ultraviolet (VUV) photoionization AMS, we investigate
monolayers or films versus submicron aerosols. OH heterogeneous chemistry in unprecedented detail. This
The role of secondary chemistry in the OH oxidation of is done by employing mass spectrometric elemental analy-

organic aerosols also remains unclear. Recent measuremerdis (Aiken et al., 2008) as well as detailed kinetic measure-
indicate that the effective reactive uptake coefficient for ments, which facilitate the formulation of an oxidation model
OH (Hearn and Smith, 2006) and Cl (Hearn et al., 2007) onthat accounts for how squalane and its oxidation products
dioctyl sebacate (DOS) particles is significantly larger thanevolve during reaction with OH. Furthermore, this detailed
unity (2.0 and 1.7, respectively). An effective uptake coeffi- analysis of the production and evolution of the OH oxidation
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products reveal new details of the explicit chemical mech-

. . . .. 2
anism of heterogeneous oxidation. In addition, we use the — | Squalane | Flowtube
measured aerosol particle mass compared with model pre- Nucleator
dictions to estimate the degree of particle volatilization. uv

N
Hexan:}
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An atmospheric pressure flow tube reactor, detailed in Fig. 2, N, E

is used to investigate the heterogeneous oxidation of squalane Kl filter

particles. Squalane particles are formed by homogeneous nu-

N,/ O
cleation in a N stream flowing through @45 cm long Pyrex

tube containing liquid squalane. The Pyrex tube is heated
ina 'gube furr?aC(_? t0’1.25°C prOdUCiOg a Iog-normal_pgrti- Fig. 2. A schematic view of the atmospheric pressure flow reac-
cle size distribution with a geometric standard deviation oftor employed in the heterogeneous oxidation of squalane aerosol.
~1.3, and a mean surface-weighted diameter-@60nm.  Squalane particles are produced in a nucleator. The aerosol stream
The relative humidity is fixed at 30% with humidifiec Mf- is then mixed with hexane, humidifiecbNO», and Q. The aerosol
ter which @ (5%), trace hexane, and variable amounts ofstream enters an atmospheric pressure flow tube for reaction with
Osare added to the aerosol stream. Ozone is generated HyH radicals fqrmed by the photolysis of ozone in the presence of
passing a WO, mixture through a separate cell containing H20. Upon exiting the reactor the aerosols are analyzed by a scan-
a Hg pen-ray lamp (UVP, LLC.) that is 22.9 cm in length. ning mobility particle sizer (SMPS) ano_l a by a aerosol mass spec-

. L . . trometer (AMS). Gas-phase concentrations of hexane are monitored
In this cell the Q concentration is varied by changing the . !

. . . .. __during the reaction by a gas chromatograph (GC).

N2/O, dilution ratio and measured using an ozone monitor
(2B Technologies Inc.). The mixed gases and particles are

passed through a 130cm long, 2.5cm inner diameter type . ) .
219 quartz reaction cell. OH radicals are generated alond@'ticles are vaporized at 600, while for VUV operation

the length of the reaction cell using four continuous outputt® Oven temperature is set to 100-150o help preserve
130 cm long Hg {=254 nm) lamps (UVP, LLC.) positioned (he molecular ions in the mass spectrum.
just outside and along the length of the reactor. The flow tube The HR-ToF-AMS is used to measure the oxygen/carbon
is actively cooled using pressurized air directed perpendicu{O/C) molar ratios of the particulate organics (Aiken et al.,
larly at three points along the length of the tube. However,2007; Aiken et al., 2008). At the resolution of the mass
due to the close proximity of the Hg lamps, the flow tube is Spectrometer~6000), the formulae of all organic ions be-
still heated to approximately 88. The total flow through low m/z 100 can be unambiguously assigned. From these
the flow tube is fixed at 1.0 L/min, which, based upon the il- formulae, plus the integrated intensities of the peaks, the rel-
luminated portion of the flow tube, corresponds to a reactionative number of O and C atoms within the particle can be de-
time of 37 s. termined. Because the carrier gas was free of gas-phage CO
Upon exiting the reactor a portion of the aerosol streamall of the CQ} signal was assumed to originate from particu-
is sampled into a custom built aerosol mass spectrometd@te organics; however, water-derived ions@4, OH*, and
(AMS) that measures aerosol Composition by therma”y Va_o+) may also have inorganic sources, so their contributions
porizing the aerosol followed by tunable VUV photoioniza- 0 organic signal were estimated using the multiplicative re-
tion as detailed in Gloaguen et al. (2006). For the experi-lation between CQ and HO™ (0.225) suggested by Aiken,
ments reported here, the aerosol is vaporized and photoiorft al. (2008) All of the AMS signal could be adequately fit by
ized by 10.2 eV radiation produced by the Chemical Dynam-Using ions composed only of C, O, and H atoms; as expected,
ics Beamline at the Advanced Light Source. For select exn0 other elements were detected in the particles.
periments a high resolution time-of-flight aerosol mass spec- As demonstrated by Aiken, et al. (2007, 2008), the ele-
trometer (HR-ToF-AMS, Aerodyne Research Inc.) (DeCarlo mental ratios determined from EIl need to be corrected for
etal., 2006) is used. While most of the HR-ToF-AMS results biases arising from ion fragmentation within the mass spec-
presented here use electron impact (El) ionization, the instrutrometer. Here we apply the empirical multiplicative factor
ment was modified somewhat to accommodate tunable VUVof 1.33 to all O/C measurements (Aiken et al., 2008). The
ionization as well. To allow light to enter the instrument, error for elemental analysis using this technique has been es-
the detection region is physically coupled to the beamline.timated at~30% (Aiken et al., 2008), but is likely substan-
The ElI filaments (typically on either side of the ionization tially better in this case. This is because the starting material
chamber) were removed and one was replaced below facinbas a known O/C ratio (0) and therefore itis only necessary to
upwards. This allows VUV light from the beamline to freely measure the change in O/C ratio. Incremental changesin O/C
pass through the ionization zone. During El operation thecan be measured with reasonably high precision (Aiken et al.,
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2008). Additionally, the multiple oxidation reactions form a tion on the right hand side of Eql)(is equal to the average

complex mixture of a large number of products, for which the OH exposure ( OH);-t) as given below

correction factors determined by Aiken, et al. (2007, 2008) .

are likely to be the most valid, due to the averaging of multi- In([Hex]/[HexX]o)

ple correction factors from individual molecules. = / [OHldt = (OH), -1 . @)
The remainder of the aerosol stream not sampled by the 0

AMS is split such that a fraction of the flow is sent to & gas Here [OH] is the time dependent concentration of OH, and
chromatograph (GC) equipped with a flame ionization detec- o), is the time averaged concentration of OH. To derive a
tor (SRI Instruments) for measuring the average OH concengpecific form of Eq. ) that is most convenient for the kinetic

tration (described below), and a scanning mobility particle 5na)ysis presented here, we substitute Bxjnto Eq. (1) and
sizer (SMPS, TSI model 3936) to measure particle size disxonvert to the exponential form yielding

tributions and number concentration. OH radicals are gener-
ated within the atmospheric pressure flow tube by the photol-[Sd _ exp(—ksg(OH), - 1) . 3)
ysis of ozone in the presence of water vapor. The flow tube[Sd]o a

is made of type 219 quartz, which blocks UV wavelengths By plotting [Sq)/[Sqb Vversus(OH), ¢, and fitting the data

<.22.0 nm, to eliminate the direct prod_uct!on 0§ @om O, to an exponentialisq can be determined. The average OH

within the reactor. The OH concentration is controlled by ad'exposure is varied by keeping the flow rate (i.e. reaction
justing the ozone concentration within the flow cell. The time ime) constant and varying the average OH concentration.
averaged concentration of OH in the flow tube is measuredy,. average OH concentration can be estimated by divid-
via a gas-phase reference compound using a mixed phase r%-g the measured average OH exposu@H), 1) by the re-
ative rate method similar to the one recently described byaction time in the flow tube (37 s), and it ranges from 0 to

Hearn and Smith (2006). The reference compound used i, 111y glec cnr3. The relative rate analysis relies on the

the_se expgnments is hexanestGa), Whl'ZCh reacts W'tlh 91H assumption that the loss of hexane in the flow tube is dom-
radlgals with a rate con.st_a.mt of 520~*2 e molgc S inated by the reaction with OH radicals. This assumption
(Atkinson, 2003). The initial hexane concentration enterlngiS verified using a kinetic model consisting of 32 possible
the reactor is typically 75 ppb—120ppb. The loss of heXémereactions (Atkinson et al., 2004). It is found that OH ac-

due to reaction with OH, is measured by monitoring the hex- , '

rai tina the flow tub . GC The h counts for more than 99% of the hexane lost during the re-
ane concentration exiting the flow tube using a .. 1he Nexs (i.e., losses by O atoms or other oxidants are negli-

ane is pre-concentrated for 3 min in a Tenax-GR absorben&ible)_ As a final check a relative rate analysis of butane

trapi_befo;ethan?llyysdpy t?e th'C'tr? urG|r2:g .typf).|lct:al 0 dp(;:ratmn, theWas conducted. Using the recommended valuekfgy of
portion of the Tlow directed 10 Ihe L IS TIered 10 TeMoVe g 5, 1512 .y molec1s—1 (Atkinson, 2003) the rate con-

particles and passed through a small column packed Wm&tant for the reaction of butane with OH is found to be
potassium iodide to remove ozone which can react with the(2 14+0.2)x 1012 cn® molec2 52, which is well within er-

absorbent trap. o ror of the value ((2.380.47)x10 12cm® molects™1) re-
_ The rate _constant for the_ OH oxidation of sq_ualane par'ported by Atkinson (2003).

ticles (s,) is measured using a standard relative rate ap-

proach. The loss of particle-phase squalane, determined from

the AMS spectrum, is directly compared with the loss of the3 Results and discussion

reference compound hexane, determined from the GC peak

—kHex

area, both for the same fixed reaction time, using In order to investigate the rate of heterogeneous oxidation
of squalane particles by OH, the decay in relative intensities

In([Hex]/[HexX]o) of squalane ion peaks in the AMS mass spectrum are mea-

In([Sal/[Sdlo) = ksq [T} : 1) sured as a function of average OH exposure. The potential

influence of photochemistry on the squalane reaction rate is
Here [Sq] and [Hex] are the final concentrations of squalaneaxplored by turning off half of the UV lamps and recovering
and hexane exiting the flow tube after reaction with OH, andthe OH concentration by simply increasing the @ecursor
[Sqlo and [Hex} are the initial concentrations of squalane concentration. No evidence was found that the squalane reac-
and hexane entering the flow tube. It should be noted thation kinetics or product distributions depend upon the amount
[Sq] represents the spatially averaged squalane concentratiasf UV light in the reactor, but rather they depend only on the
(i.e. the total number of squalane molecules per volume ofconcentration of OH in the flow cell.
gas), which is the quantity measured by the AMS. Since the Figure 3 shows a typical VUV-AMS spectrum of unre-
second order rate constarftx) for the reaction of hexane acted squalane particles (Fig. 3a), as well as the spectrum
with OH is known, the rate constartg) for the reaction  after exposure to OH in the flow tube (Fig. 3b). The two
of particle-phase squalane with OH can be determined usinyUV ion peaks monitored during kinetic measurements, cor-
Eqg. (). Itis straightforward to show that the bracketed por- responding to the squalane parent molecular ieyzE422)
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Fig. 3. The VUV AMS spectra of squalane aerosols, measured at a |
photoionization energy of 10.2 e{4) before andb) after exposure 0.00 T T T T T T T T
to OH radicals £1.2x 10'2moleccnt3s). The mass spectra are 0 40 80 120
normalized to the initial squalane parent peak intensity. iifie m/z

peaks monitored during the kinetic measurements are shown in the
top panel. Higher molecular weight:{ z>422) oxidation products

; - Fig. 4. The unit mass resolution electron impact spectra of squalane
can be seen in the oxidized spectrum (b).

particles (from the HR-ToF-AMS befor@) and after(b) exposure

to OH radicals £1.2x102moleccm3s). The observed differ-
ences in the two spectra are far more subtle than the VUV measure-
and the largest fragment:(z=238), are indicated in the fig- ments. Kinetics measurements were performed using the fragment
ure. Figure 4 shows the unit mass resolution El spectrunion peak ain/z=113.13.

(from the ToF-AMS) measured before and after OH oxida-

tion. It should be pointed out that at nearly every nominal

mass in the El spectrum of the oxidized organics there aré@bservation suggests that the particle vaporization efficiency
multiple fragment peaks originating from both squalane andis nearly unchanged over the course of the reaction. It is pos-
the particle-phase oxidation products. For instance, at a nomsible that a decrease in the vaporization efficiency could be
inal mass of 113 there are contributions from both a squalanéompensated by an increase in the VUV cross-section of the
fragment ion (@HE) as well as two oxidation product frag- partigle-phase products, resulting in the near constant total
ments (GH130" and GHgO;). Here only the decay of the 10N signal. However, as shown below the good agreement
peak corresponding t08e|j7 (m/2=113.13) is considered between in the decay kinetics measured using El at@00

in the kinetic measurements. The interferences of multiple?nd VUV at 100C indicate that incomplete vaporization of

product ions are significantly reduced in the VUV mass spech€ particles is unlikely.

tra due to the limited fragmentation resulting from photoion- ~ The parameter of interest in these heterogeneous kinetic
ization. Measuring the decay kinetics of squalane over theleéasurements is the reactive uptake coefficigaif, de-
broad range of conditions outlined above (e.g. VUV parentf'ned as the frac_tlon of OH collisions with the part_lcle that_
ion vs. fragment ions, 10C vs. 600C oven temperature, EI  fésult in a reaction. The gas-phase loss of OH is not di-
vs. VUV) minimizes the potential for experimental artifacts "€Ctly measured here, but rather the reaction is monitored
and increases our overall confidence in the accuracy of théhroughéhe reactive loss of squalane in the particle-phase to
kinetic data. Of particular concern is the possibility that asobtainy,. Here the superscript Sq denotes an uptake co-
the particles are oxidized they become less volatile, and théfficient measured via the loss of squalane in the particle. If
vaporization efficiency decreases leading to incomplete parthe reactive loss of squalane is due entirely to reactions with
ticle volatilization. This may be particularly important at the OH, thenyx(gszg‘f| at early reaction times when the particle
lower heater temperatures used for VUV analysis. Howeverjs primarily squalane. However, as the reaction progresses
itis found that the total ion signal in the AMS, when normal- particle-phase oxidation products are formed, which may re-
ized to the SMPS particle volume and the VUV photon flux, act with OH more rapidly or slowly than squalane resulting
is constant to within 10% over the entire range of OH expo-in an increase or decreasejy respectively. The hetero-
sures employed in the kinetic analysis presented here. Thigeneous reactivity of both squalane and its reaction products

www.atmos-chem-phys.net/9/3209/2009/ Atmos. Chem. Phys., 9, 32092009
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will be investigated in detail below. Furthermore, it is also where V/A=Dgsyi/6 and Dgys is the mean surface-
possible that in addition to OH, squalane may be consumedveighted particle diameter of the aerosol distribution mea-
by particle-phase species such as radical intermediates. Th&ured by the SMPS. The surface-weighted diameter is used
type of secondary chemistry could potentially lead to an in-here since there is a log-normal distribution of particle di-
crease in the measured uptake coefficient as discussed predameters in the flow tube. The volume to surface area ratio
ously (Hearn and Smith, 2006; Hearn et al., 2007; McNeill (V/A) for a log-normal distribution of particles is directly

etal., 2008). related to the surface weighted diameter as shown below:
Determining the uptake coefficient by measuring the decay
f lane (or its fragments), in he defini- ¢
q squa gqe(o ts ag ents), essenC(_e, narrO\_N_st e defini fD3f(D)dD HExp Sino
tion of y5,; to the fraction of total OH-particle collisions that  V 0 _ 2 ) _ Dsurt

©)

result in a reaction with squalane. The valug/3f, defined A 6 6

in this manner, depends upon the extent of reaction, since the
squalane concentration in the particle continually decreases,
due to the reaction with OH. An alternate definition@ﬂ Here D is the particle diameter, anfi(D) is the normalized
would be the fraction oDH-squalane moleculeollisions ~ diameter distribution function given by
that result in a reaction. This definition accounts for the fact _
—[ln(D/D)]Z}

G?DZ f(D)dD
0

that the OH collision probability with squalane molecules in _ 1
the particle decreases as the reaction proceeds and squalane V2rDIno 2In°c
is transformed into reaction products. Using this definition
of Vgﬂ, the squalane reaction raté{q)/dt) is, Wher_ea i_s the geometric standard deviation andis the
median diameter of the log-normal distribution.

disq _ —ygﬂ fodeoll - Cp A 4) The mean surface-weighted particle diametgr in .E)qis'(

dt assumed to be constant, and therefore volatilization is ne-
where f is the fraction of squalane molecules remaining glected. A numerical model of uptake kinetics is used to ex-
within the particle (i.e. [Sq)/[S@) and depends on the ex- amine the potential errors in computin@ﬂ using Eq. ©)
tent of reaction. Jo is the OH flux at the particle sur- when particle volatilization occurs. For instance, if 80%
face, A is the particle surface area, ady, is the particle  of the particle mass is volatilized during the reaction, mod-
number concentration. Here it has been assumed that therately non-exponential decay kinetics are observed in the
particle is well mixed on the timescale of the reaction, andmodel. In this case, using the average particle diameter mea-
therefore new squalane is constantly being replenished agured over the course of the reaction and determirking
the particle surface. The assumption of a well mixed par-by approximating the decay kinetics as a single exponential
ticle will be discussed later in more detail. Equatidh ¢an leads to an error of less than 3%@3_ However, for the
be solved foryg’ﬁ, by substituting/[Sq]/dt=—ksq[SQ]-[OH], results presented here and detailed below virtually no parti-
F=[Sal/[Sdb, andJcen=c-[OH]/4 to obtain, cle volatilization is observed over the range of OH exposures

_ . o used to computgSJ.

Vgg _ fsq 159 A[Og” _4 _ks: [qu]o . ®) It has also be%Hn assumed in the derivation of Ef. (

J o eot - A - Cp R that the squalane decay rat§$q]/dt) is proportional to the
Hereksgq is again the second order rate constant for the re-squalane concentration in the particle and therefore decays
action of squalane with OH from EgB), andc¢ is the mean  exponentially with OH exposure. Since OH is known to re-
speed of gas-phase OH. [Sq] is once again expressed asa&t rapidly with most organic compounds in the gas-phase,
spatially averaged concentration (moleccnto represent it can be safely assumed that the heterogeneous OH reaction
the actual observable in the AMS. Equatidi) ¢an be fur-  with squalane should be a fast surface reaction (Rudich et
ther simplified by expressing the spatially averaged squalaneal., 2007). This type of rapid surface reaction should result
concentration in terms of the initial particle-phase densityin an exponential decay of the particle-phase squalane as a
(00=0.8 gcn3), function of OH exposure (Hearn et al., 2005). The decay
C, V- po-Na in relative squalane peak intensit_y as a function of OH ex-
£ = " Z (6) posure from two separate experiments using VUV and El

Msq ionization are shown in Fig. 5. The decay data in Fig. 5

whereV is the particle volumeMsg is the molar mass of ~ are fit to Eq. 8) to obtainks,. Figure 5 clearly shows that

squalane (422 g/moleN, is Avogadro’s number, and, is  the decay of squalane remains exponential over a large range
defined above. The final expression @q is where nearly 80% of the squalane is reacted within the parti-
. H 1

cle, which confirms our original assumption that the reaction
sq 4 ksq: Dsurt - po- Na @) rate of squalane is indeed proportional to the squalane con-
YoH = ¢-6-Msq : centration in the particle.

©)

[Sdlo =
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ygﬂ is computed via Eqg.7) using the decay constarkig, 1.0 &
obtained in the exponential fit of the kinetic data shown
in Fig. 5. ygﬂ is corrected for gas-phase diffusion us- 0.8
ing the Fuchs and Sutugin formulation (Fuchs and Sutugin,

1970), parameterized by the OH gas-phase diffusion coeﬁi-go 0.6
cient (Don). Here we use the same diffusion constant em- %
ployed by George et al. (2002)ox=0.26 cnfs~1, which D, 0.4+

leads to a~10% correction to the measured uptake coef-

ficient. The diffusion corrected reactive uptake coefficient 0.2
computed from 7 decay measurements is determined to be
0.30+£0.07, indicating that 30% of the OH collisions with 00, : : : : : |
squalane in the particle yield a reaction. The reactivity of 0.0 0.2 0.4 06 0.8 1.0 1.2
subsequent oxidation products with OH will be considered OH Exposure (10'2 moleccm’’s)

below in order to draw general conclusions about whether the

overall reactivity of the particle changes during the course ofig. 5. The decay of squalane as a function of OH exposure. The
the reaction. The primary source of experimental uncertaintykinetics were measured using two VUV ion peaks corresponding
is knex (Atkinson, 2003) used in the relative rate determina- to the squalane parent molecular i) /z=422) and the largest
tion of the OH exposure axis (see Hq. fragmention &) (m/z=238). In addition the:/z=113.13 (O) peak

.. hat th ion for th K in the high resolution electron impact spectrum (HR-ToF-AMS) is
Itis important to note that the expression for the uptake CO-also used. The decay rate of all three ion peaks agree very well

efficient given by Eq.7) is a constant, which is slightly dif- jngicating minimal interference from underlying oxidation product
ferent than the more typical formulation (Katrib et al., 2005; peaks. The decay is fit to Ec)((solid line) in order to determine
George et al., 2007; Hearn and Smith, 2006), where the reache rate constant for the reaction of squalane with @), which
tive uptake coefficient is assumed to vary with the extent of
reaction. In this case, it is conventional to report an initial up-
take coefficientyg), wherey g is obtained from a linear fit to

a small subset. of the decay_data over a region where the Ni3re underway to examine the heterogeneous kinetics at lower
tial concentration of the particle-phase species of interest hag, | -gncentrations.

decayed by less than 10-30% (George et al., 2007; Katrib et The uptake coefficient of OH on DOS reported by Hearn

al., 2005). As expected for a single exponential an initial rate, 4 smith (2006) is also considerably larger (2.0) than what

analys!s of the.declay. data shown in Fig. 5 yle_lds an uptakeg reported here. However, their experiments were carried
coefficient that is within 5% of the value determined from the out in a nearly oxygen free environment in which ozone

full exponential fit (0.3€-0.07). was present. These conditions could potentially lead to an
Although an uptake coefficient of 0.30 indicates that enhanced uptake coefficient resulting from the reaction of
the heterogeneous oxidation of squalane is very efficienbzone with particle-phase alkyl radicals (Paltenghi et al.,
compared with gas-phase OH oxidation, it is considerablyl984). In the presence of oxygen alky! radicals will rapidly
smaller than other recently reported values (Hearn and Smithreact with the Q to form peroxy radicals. However, in the
2006; George et al., 2007; McNeill et al., 2008). For exam-nearly oxygen free environment of the Hearn and Smith ex-
ple, using a linear fit to the initial decay data as describedperiments it is possible that the alkyl radicals instead react
previously, George et al. (2007) reported a reactive uptakevith ozone which forms an alkoxy radical. This suggests
coefficient of 1.3+ 0.4 for the OH oxidation of DOS aerosol. that the chemistry in an oxygen free environment may be
Alternatively, if their entire kinetic trace (shown in Fig. 4 of substantially different than in the presence of excessa@d
George et al., 2007) is fit instead to an exponential functiontherefore good agreement between the results of Hearn and
the uptake coefficient computed using Ef.ié 0.23, which ~ Smith and those presented here may not be expected.
is within error of the value reported here. Therefore, the raw The reactive uptake coefficient measured by McNeill et
data measured by George et al. (2007) is similar to what is real. (2008) for OH on palmitic acid particles was reported
ported here, and the differences in the uptake coefficients reto be 0.8-1, and this was determined from a four parame-
sult in part from the fitting procedure used to compute the up-ter model fit to the kinetic data. If the 4 decay curves re-
take coefficient. These differences occur because the decgyorted by McNeill et al. (2008) are fit to exponentials, 3 of
of DOS as a function of OH exposure, observed by George ethe 4 uptake coefficients computed via Ed). &re between
al. (2007), appears to behave bi-exponentially, with the first0.28—0.39 which are in reasonable agreement with the value
few data points, at small OH exposures, exhibiting a rapidreported here. However, the uptake coefficients calculated
decrease followed by a slower exponential decay. The orifrom the data of McNeill et al. seem to increase with de-
gin of this bi-exponential behavior, which is not observed in creasing particle diameter. We note that the palmitic acid
the studies presented here, is unknown, but further studieparticles studied by McNeill et al. are solid, and therefore

is used to calculate the uptake coefficie;vgﬂl) using Eq. 7).
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Fig. 7. The HR-ToF-AMS mass spectrum of reacted squalane show-
ding the squalane oxidation products (SqO, $g89Q;, ..., SqQQ)

measured at a VUV photon energy of 10.2 eV. Moving from lower

to higher mass, each grouping shown corresponds to higher oxi-

dation generations. Each ion peak in #te generation grouping

contains n O atoms. The O atom content of each ion peak is deter-
good agreement with the measurements on liquid squalangined by the mass difference from the squalane parent molecular
particles is not necessarily expected. ion as demonstrated in the inset.

Furthermore, the average uptake coefficigni{) mea-
sured by Bertram et al. (2001) from the loss of gas-phase OH
(as opposed to the loss of a particle-phase molecules) onthydes. The yield of these products as well as the number
an alkane surface is 0.34. Due to gas-phase diffusion lim-of oxygen functional groups that are added per reactive loss
itations the uncertainty in this measurement was relativelyof squalane depend sensitively on which reaction pathways
large, such thagon values ranging from 0.16 to 1.0 could control the chemistry in the particle-phase. For example the
not be ruled out. In addition, Bagot et al. (2008) recently Russell mechanism shown in Fig. 6 is thought to be impor-
reportedyon to be 0.42:0.04 for the reaction of superther- tantin the liquid (Russell, 1957) and aerosol-phase (Hearn et
mal OH on a squalane surface at low pressure. The slighthal., 2007). This reaction forms an equal number of alcohols
larger value foron from this measurement is potentially due and ketones, via the RGself reaction, with the net addition
to the increased translational energy of the OH radicals reof one oxygen atom per reactive loss of squalane. In contrast,
sulting in a larger reaction probability. Thus the uptake co-the RQ+HO, channel produces a hydroperoxide by adding
efficient reported from gas-phase OH loss measurements apwo oxygen atoms per reactive loss of squalane. The reac-
pear to be relatively consistent with the particle-phase meation mechanisms shown in Fig. 6 can be examined through a
surements presented here. The relatively good agreement beareful analysis of how many oxygen atoms are added per re-
tween these gas-phase uptake measurements and those paetive loss of squalane. This type of analysis can potentially
sented here (i_e/gg%yOH) suggest that secondary chemistry reveal the relative importance of specific pathways shown in
plays, at most, a minor role at least under the specific oxidaFig. 6.

tion conditions examined here. The VUV HR-ToF-AMS mass spectrum of the observed
The decay of the squalane within the particle is accom-oxidation products are shown in Fig. 7. The oxidation prod-
panied by the formation of higher molecular weight oxida- ucts appear in groups of 5—6 peaks spaced\y/z~14.
tion products z/z>422). These products, formed by OH The first group of peaks, centered neayz=436, corre-
in the presence of £ can be considered within the context sponds to first generation oxidation products (SqO). Each
of known reaction schemes, which include gas and liquid-product peak in this group contains one oxygen atom, de-
phase reaction mechanisms, as shown in Fig. 6 (George éérmined by the exact mass difference from the squalane par-
al., 2007; Hearn et al., 2007; Molina et al., 2004). OH ab- ent peak, as shown in the inset of Fig. 7. At higher masses
stracts a hydrogen from squalane (R-H) forming an alkyl rad-each successive group (centered at 450 amu, 464 amu, etc.)
ical that rapidly forms a peroxy radical (RDin the presence is found to contain one additional O atom, corresponding to
of O,. The RQ radicals react through a sequence of in- successively higher generations of oxidation products 65qO
termediates to eventually form a variety of stable moleculesSqQ0;, SqQ, ...SqQ). Based on the masses of the observed
that can include alcohols, hydroperoxides, ketones, and aldesxidation products it appears that they primarily correspond

Fig. 6. A general reaction scheme for the OH oxidation of gas an
condensed-phase hydrocarbons.
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to carbonyls and alcohols. However, it is difficult to draw 1.0 -
guantitative conclusions about the relative populations of Sq
specific species (e.g. alcohols vs. ketones) based on the rel-
ative peak intensities in the mass spectrum. The degree of=
fragmentation resulting from photoionization can be highly £ 05
dependent on the identity of the parent molecule. For exam- ?

ple, arelatively large product peak is observed at 2 mass units —

less than squalane:(z=420). This peak shows the same ki-
netic behavior as the first generation oxidation products, and
likely corresponds to an alcohol fragment produced by wa-
ter elimination during dissociative photoionization. There-
fore, due to this uncertainty in the differing fragmentation
probabilities, and possible differences in the photoionization
cross sections, absolute product yields cannot be obtainea
from this data. We note that a similar set of oxidation prod-
ucts were observed by George et al. (2007) resulting from
the radical oxidation of DOS particles. In addition, Hearn et
al. (2007) also observed higher generation oxidation products
from the Cl reaction with DOS patrticles.

The evolution of oxidation products is shown in Fig. 8. In
order to access multiple generations of reaction, it is neces- @
sary to expose the particles to higher OH concentrations than %
were used in the kinetic determination of the uptake coeffi-
cient shown in Fig. 5. At these high OH exposures nearly
all of the reference hexane in the system is removed result-
ing in large uncertainties in the relative rate measurements of o 0.02-
average OH exposure. To circumvent this problem hexaneis'T
injected approximately 10 cm from the end of the flow tube =
such that it is only exposed to a constant fraction of the total 9: 0.014
OH in the flow tube. A single multiplicative factor, based on 0,
the squalane decay measured under the standard conditions
described above, is then used to calibrate the fractional OH 0007 | | | | | | |
exposure to the total OH exposure. Therefore, the decay rate 00 05 10 15 2-12 2.5 _33-0 3.5
of squalane in Fig. 8 is rescaled to be identical to the lower OH Exposure (10" "molec-cm °s)
exposure measurements shown in Fig. 5. For these measure-
ments the focus is on the evolution of the oxidation productsFig. 8. The evolution of squalane and the first three generations of
relative to squalane, which is of course independent of thePxidation products (SqO, SgOSqQy) as a function of the average
exposure axis. OH exposure. Each data set is fit to E8) (solid line) using the

As can be seen in Fig. 8, SqO, Sgand SqQ each ex- same _rate constant) as dgscribed in the text indicating that the
hibit a complex dependence on OH exposure. Each oxidatior?x'd."’?t'On prOdUCt.S. react W'th.OH at the same rate as _squ_alan_e. In
. . addition, the position of the first, second, and third oxidation life-
Ergss::gls—l fg;r;:gu?ésa qllﬁiriﬂte:git(?afoelzl\?g\lﬁt?o?lyo? tizzaeyoittimes, which are described in the text, are indicated in the figure.
idation products are analyzed using a sequential oxidation
model. In its simplest formulation, this model assumes thatgqql + OH—k> Sq0,41 (10)
the rate coefficient for the OH reaction with squalane and
subsequent oxidation products is the same, and furthermorerherek is the second order rate constant ancepresents
each reaction results in the addition of a single O atom. Disthe oxidation generation. For unreacted squaler@ The
tinct chemical species, such as ketones or alcohols, are nantegrated rate equation corresponding to EG) (s,
fjistinguished in the modell,.but rather _aII the closed shell OX'[SqQ,] (k - (OH) - 1)"
idation products are classified according to the number of O——— = B,
atoms (i.e. generation number). In addition, radical interme- [Sdlo
diates are not explicitly considered here, nor is volatilization.whereB,, is an adjustable parameter in the model to account
This model can be written as a sequence of OH reactiongor differences in VUV photoionization efficiency and frag-
whose generalized form in the presence ¢fi€) mentation patterns of the oxidation products and squalane.

The sequential oxidation model, represented by Ed), (s

[SqQJ/[Sal,

0.05

O,l/[Sd],

3 oxidation lifetimes

- EXp(—k - (OH); - 7). (11)

www.atmos-chem-phys.net/9/3209/2009/ Atmos. Chem. Phys., 9, 32292009



3218 J. D. Smith et al.: A model system for understanding the oxidative aging of ambient aerosols

Oxidation lifetime, denoted in Fig. 8, is determined by the
1.5 average OH exposure divided by the kinetic lifetime1/k)

L . and represents the number of OH reactions with a particle di-
%’ ] vided by the number of molecules in that particle. The peak
= 104 in the first generation oxidation product occurs at an oxida-
3? ] tion lifetime of one. This is also the point where squalane
2 i has decayed to d/of its initial value. At one lifetime the
S 0.5 number of reactions with OH is equal to the total number
5 1 of molecules in the particle and according to the model an
i average of one O atom has been added to every molecule.
0.0 : < In the same way, the peak in the second generation oxida-
0.0 05 1.0 15 tion product (Sq©@) corresponds to a lifetime of two, where

[Sq)/[Sqb=1/2 and an average of two O atoms have been
added to every molecule in the particle. Subsequent oxida-

Fig. 9. The measured number of O atoms added per squalan&On products, such as Sg0can be described similarly. In

molecule plotted as a function of oxidation lifetime. The number general, the peakin a Sq(mf'da}t'()n product appears at the

of O atoms per molecule is determined from the measured O/C ral/€’ decay of squalane, or lifetimes, and provides further

tio multiplied by the number of carbons in squalane. The data issupport that indeedrgﬂ%ygﬂ%ygﬂ@%ygﬂq. If instead

fit to a straight line and the slope is found to be 0606 indi-  OH reacted substantially more quickly or slowly with SqO

cating that approximately one O atom is added per reactive 10Ss 0fh5n Sgq, then the peak in SqO would occur at a lifetime either

squalane. less than or greater than 1 respectively. The strong correla-
tion between the squalane decay and the evolution of the oxi-

not directly based on the explicit chemical mechanism repre_dat|on products also indicates that the particle is well mixed,

sented in Fig. 6, but is instead meant as a general representg[]d that the products are not enhanced, relative to squalane,
tion of how squalane and its oxidation products evolve in theat the particle surface.
particle during the reaction. It is important to emphasize that there is always a sta-
Figure 8 shows the evolution of squalane and the first thredistical distribution of oxidation products within the parti-
generations (SqO, SgPSqQ) of oxidation products as a cle and this distribution evolves over the course of the reac-
function of average OH exposure. The individual producttion. According to the model, at an oxidation lifetime of two
species within a single generation have the same overall kithe particle is composed of 13.5% Sq, 27.0% SqO, 27.0%
netic functional form, hence the largest two or three massSqQ%, 18.0% SqQ@, 9.0% SgQ, 3.6% SgQ 1.2% SqQ,
peaks within each group of masses are averaged to genera®e3% SqQ, and so on, to give an average of two O atoms
Fig. 8. To test whether this simple model can account for theper squalane molecule. While the first and second genera-
chemical evolution of the oxidation products, the squalanetion products make up over 50% of the particle, a signifi-
decay is fit to Eq.11), with n=0, to obtain the rate constant cant fraction of the particle is comprised of more oxygenated
(k). Subsequent oxidation products are then fit with Bd4) ( molecules functionalized with 3—7 O atoms. These kinds of
with n characterizing the oxidation generation arfiked to molecules, although statistically improbable since they are at
the value determined from the fit to the squalane parent dethe tail end of the product distribution, could influence the
cay. The only adjustable parameter in the fits of Bd) (o physical properties of an aerosol such as its thermodynamic
the oxidation products is the amplitud. The model fits  phase, hygroscopicity, or volatility.
shown in Fig. 8 represent the data well and show that, within To further confirm the chemical framework outlined in the

experimental error, the chemical evolution of squalane andoxidation model of the data presented above, the change in
its oxidation products can all be represented by a sihgle

Sq. SqO. SA0s.. SQ0s v _ the atomic O/C ratio is measured as a function of oxidation
other wordsyo~von Yo ~Yon - This confirms our  ifetime ((OH),-t/7) using the El HR-TOF-AMS. The number
expectation that OH continues to react with the molecules ingt 0 atoms per molecule is then obtained by multiplying the
the particle even after much of the squalane is consumed by,easured O/C ratios by the number of carbons in squalane
the reaction, indicatinggi~yo. This is perhaps not sur- (N=30). This procedure assumes that no volatilization oc-
prising since removing a small number of reactive sites (ancturs due to the OH reaction. The validity of this assump-
replacing them with oxygen atoms) in ggcalkane should  tion will be addressed below. Figure 9 shows the measured
not drastically diminish its reactivity towards OH. At much number of O atoms added to squalane versus the oxidation
larger OH exposures, however, this may not be the case agetime. A linear fit to this data yields a slope of 1:86.1,
more reactive sites on the squalane molecule become increagonfirming that an average of one oxygen atom is added per
ingly functionalized. oxidation lifetime consistent with the product evolution mea-
surements and model predictions shown in Fig. 8.

Oxidation Lifetimes
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The observation that only one oxygen atom is added per _
squalane consumed can help elucidate the rather complex
mechanism shown in Fig. 6. For example, the Russell mech- 1.5
anism forms an alcohol and a ketone from the;RéIf reac-
tion with the net addition of 1 oxygen functional group per
reactive loss of squalane. In contrast, theHRO, reaction, i)
discussed previously, appears to be at most a minor channeff Lo O ooog. | o
since the formation of the hydroperoxide product results in Q 90 of
the addition of two oxygen atoms. This observation is con- ©
sistent with the measurements of McNeill et al. (2008) who 5 L 05
found no evidence for the hydroperoxide product from the _—
OH reaction with palmitic acid particles. Furthermore, since .-
HO, reacts very slowly with most organics we do not expect ..-__-"'
that it will react directly with squalane or its stable oxidation T
products. 0 2 4 6 8 10 12 14 16

To explore the range over which the sequential oxidation Oxidation Lifetimes
model presented above is applicable, measurements are com-
pared with model predictions over a very |arge range of OX_Fig. 10. O/C ratios -) as a function of oxidation lifetimes mea-
idation lifetimes. Figure 10 shows the measured O/C ratioSured using the EI HR-TOF-AMS. The measured masgi¢ de-
as well as the measured particle mass over more than 16 ofg"Mined from the SMPS volume multiplied by the particle density,
idation lifetimes. The particle mass is determined from theWh"?h Is calculated from the ratio of the aerodynamic and mobility
SMPS volume multiplied by the particle density, calculated particle diameters. The measured data is compared with the O/C ra-

. N tio (dashed line) and the particle mass (solid line) predicted from the
from the ratio of the vacuum aerodynamic diameter to thesequential oxidation model described in the text. The upper limit for

mobility diameter (DeCarlo et al., 2005) and is normalized the degree of particle volatilization is simply the difference between
to the initial particle mass. Both the particle mass and O/Cthe actual mass measured in the experiment and the predicted mass
ratio measurements are compared with predictions based ofindicated by the arrow).
the sequential oxidation model. The predicted O/C ratio is
calculated by assuming that one O atom is added per OH
reaction, and the predicted mass is computed by assumingy the oxidation model agrees with the measured O/C data
that for each O atom added one H atom is lost (i.e. carbonyl®ver alarger range (up to 6 lifetimes) than the predicted mass.
and alcohols formed in equal amounts). It should be notedrlhis indicates that initially volatilization does not apprecia-
that the predicted mass is primarily determined by the incor-bly change the elemental composition of the particle. There-
poration of O atoms, and the assumption about H atom losfore, the organic fragments which are lost to the gas-phase
has a relatively minor effect. Furthermore, the very slight have the same average O/C ratio as the non-volatile material
non-linearity observed in the predicted O/C ratios and masgsemaining in the particle-phase. However, at oxidation life-
result from the fact that as the modeled particles grow, due tdimes>6 the measured O/C ratio deviates substantially from
incorporation of oxygen, the OH collision frequency also in- the predicted value. This deviation could result from a de-
creases. It can be seen in Fig. 10 that for oxidation lifetimescrease in the uptake coefficient at higher lifetimes potentially
<3 the predicted mass and the measured mass are very siriit combination with a change in the particle O/C ratio due to
ilar. This observation suggests that only minimal volatiliza- volatilization.
tion, which is neglected in the oxidation model, results from  Figure 10 implies that volatilization of a significant frac-
the oxidation of squalane at these early lifetimes. It is overtion of a chemically reduced organic particle, such as
this exposure region that we perform the kinetic analysis pressqualane or a primary organic aerosol, would be very slow at
sented above. atmospheric OH concentrations, on the order of many weeks.
At oxidation lifetimes>3 the predicted mass increasingly However, as the O/C ratio of the particle increases the proba-
deviates from the measured aerosol mass indicating thability of an OH abstraction occurring adjacent to a functional
volatilization becomes a progressively more important lossgroup also increases, enhancing the likelihood of decompo-
channel for organic material in the particle. In fact, the differ- sition reactions leading to volatilization (Atkinson, 1997).
ence between the measured mass and the predicted mass rdjnis observation has important implications for the hetero-
resents an upper bound on the fraction of the particle lost tageneous aging of more highly oxygenated organic particles
volatilization. For instance after 16 lifetimes there is approx- in the atmosphere such as secondary organic aerosols (SOA).
imately 50% less mass than if no volatilization had occurred.A significant fraction of the total organic aerosol mass in the
This is an upper limit estimate of volatilization because it atmosphere results from SOA (Zhang et al., 2007), and re-
is likely that the uptake coefficient does not remain constanicent elemental composition measurements indicate that O/C
over this many oxidation lifetimes. The O/C ratio predicted ratios for urban SOA are greater than 0.4 (Aiken et al.,

—15

Volatilization

SSe|\ pazifew.loN
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2008). The high oxygen content of SOA suggests that hettiated by the gas-phase oxidation of VOCs followed by the
erogeneous oxidation likely results in a significant degree ofpartitioning of oxidation products to the aerosol-phase. In
volatilization. the gas-phase the fate of alkoxy radicals has been shown to
Based on the mechanism shown in Fig. 6, the only routebe the isomerization channel, which adds an alcohol, leaving
for volatilization is through alkoxy radical decomposition an alkyl radical on the same molecule. This alkyl radical can
(Reaction 7). Therefore, the observation of significantreact with Q to further functionalize this single molecule.
volatilization at high O/C ratios strongly suggests that alkoxy As shown by Aschmann et al. (2001) this can happen two or
(RO) radicals are an important intermediate in the oxidationmore times, depending on the carbon chain length, resulting
of squalane particles. RO radicals are likely formed from thein many O atoms added per reactive loss of a hydrocarbon in
RO, self reaction (Reaction 3 in Fig. 6), and subsequentlythe gas-phase. These molecules will eventually partition to
decompose via C-C bond scission (Reaction 7), which is prethe aerosol-phase producing a particle that may be highly en-
cisely the reaction that results in volatilization. The decom-riched in oxygen. This is in direct contrast with the aerosol-
position of RO radicals at high O/C ratios reflects the largephase in which the primary fate of the RO is either reaction
increase in the rate of Reaction 7 fetsubstituted RO radi- with Oy or intermolecular H abstraction. In this case, one
cals (Atkinson, 1997). Therefore it is possible that RO radi- O atom is added per reactive loss of a condensed-phase hy-
cals are present at lower O/C ratios, but may not readily frag-drocarbon. This chemical mechanism, combined with an up-
ment, reacting instead via the other reaction pathways showtake coefficient that is only 0.3, has the net consequence that
in Fig. 6. oxygen functional groups are added to organic particles rela-
For long chain RO radicals in the gas-phase, the isomertively slowly under atmospheric conditions.
ization channel (Reaction 4) is the dominant loss mechanism
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