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Abstract. The secondary organic aerosol (SOA) forma- 1 Introduction

tion from four G2 alkanes ii-dodecane, 2-methylundecane,

hexylcyclohexane, and cyclododecane) is studied in the Cal-

tech Environmental Chamber under low-N€onditions, in Long-chain alkanes constitute a significant component of the
which the principal fate of the peroxy radical formed in unresolved complex mixture (UCM) in motor vehicle fuel
the initial OH reaction is reaction with HO Simultaneous ~ Sources and its combustion producElifauer et 81.1999
gas- and particle-phase measurements elucidate the effe@P02 and are a potential source of atmospheric secondary
of alkane structure on the chemical mechanisms underly©rganic aerosol (SOA) formatiorRpbinson et a.2007).

ing SOA growth. Reaction of branched structures leads toHowever, the extent of SOA formation from atmospheric
fragmentation and more volatile products, while cyclic struc- @lkane photooxidation remains uncertaafireini et al.
tures are subject to faster oxidation and lead to less volatile2012 Gentner et a).2012. Each fuel type (e.g., gasoline
products. Product identifications reveal that particle-phase’S- diesel) has different distributions of alkane chain length
reactions involving peroxyhemiacetal formation from sev- and structure in terms of straight-chain, branched, cyclic, and
eral multifunctional hydroperoxide species are key compo-cyclic + branched conformationS¢hauer et 211999 2002
nents of initial SOA growth in all four systems. The con- |saacman et al2012 Gentner et a].2012. This variety in
tinued chemical evolution of the particle-phase is structure-Structure leads to chemical differences in the processes lead-
dependent, with 2-methylundecane SOA formation exhibit-iNg to SOA formation, which have been the subject of exten-
ing the least extent of chemical processing and cyclododeSive laboratory studied {m and Ziemann2005 Lipsky and
cane SOA achieving sustained growth with the greatest vaRobinson2006 Lim and Ziemann2009ab, c; Presto et a).
riety of chemical pathways. The extent of chemical devel-2009 201Q Nakao et al.2011, Lambe et al.2012 Tkacik
opment is not necessarily reflected in the oxygen to carbort @l. 2012 and modeling effortsJordan et a).2008 Pye
(O:C) ratio of the aerosol as cyclododecane achieves th&nd Pouliot2012 Zhang and Seinfe|d?013 Aumont et al,
lowest O: C, just above 0.2, by the end of the experiment2012 Cappa et a).2013.

and hexylcyclohexane the highest, approaching 0.35. Gas-phase chemical mechanisms for the OH-initiated ox-
idation of alkanes in the presence of Nfave been studied

(Atkinson 1994 1997 Atkinson and Arey 2003 Atkinson
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Table 1.Cq2 compounds studied.

Compound Structure VP@ 25°C kop x1012P
(atm) (moleccm3s1)
n-dodecane 2.59x 104 13.9

2-methylundecane )\/\/\/\/\ 41x 1074 131
hexylcyclohexane O/\/\/\ 2.59x 10~4 17.4

cyclododecane J 1.64x 1074 14.7

2Using EVAPORATION Compernolle et a]2011)
b Calculated using relative rate fromdodecanéop in MCM (Jenkin et al.1997).

et al, 2009. Many aspects of key particle-phase reactions Increasing evidence of accretion reactions observed in lab-
for these species have also been explofstiimann et al.  oratory Gao et al. 2004k a; Kalberer 2004 Surratt et al.
2003 Dibble, 2007 Lim and Ziemann20099. The prevail- 2010 and field measurement&dlberer et al.2006 suggest
ing level of NQ is fundamental in atmospheric oxidation that these reactions are critical for understanding SOA for-
chemistry, as it controls, among other steps, the fate of thenation chemistryDePalma et al2013. PHA and peroxide
alkyl peroxy radical (R@) formed in the initial OH-organic  formation have been observed in previous laboratory studies
reaction. The designation, high- and low-N@efer to condi-  (Tobias et al.200Q Tobias and Ziemanr2000 and are rele-
tions in which the RQ fate is predominantly RO+ NO and  vant to consider in SOA formation from biogeni€dcherty
RO, + HO,, respectively. These cases represent idealizationgt al, 2005 Capouet et al.2008 Surratt et al. 2007, and
of actual atmospheric conditions, but they allow isolation of aromatic systemsJphnson et al.2005 Sato et al. 2007).
the mechanistic pathways leading to SOA formation in theModeling studies includingcapouet et al(2008 andJohn-
two cases. son et al.(2005 show that parameterizations of laboratory
We focus here on the low-NQoxidation mechanisms of SOA formation are improved if low volatility, high molecular
four Cp» alkanes §-dodecane, 2-methylundecane, hexylcy- weight product (PHA) formation is included. Modeling by
clohexane, and cyclododecane) (TallJe The G, alkane  Pye and Pouliof2012 shows that alkanes are likely to con-
system is a prototype for relatively long alkanes, which aretribute greater SOA mass concentrations than polyaromatic
characterized by side chains and cyclic structure in additiorhydrocarbons and about half of this SOA formation could be
to a linear structure. The distribution of oxidation products from oligomers.
comprise a variety of functionalizations (hydroperoxy, hy- Most accretion reactions are not traditionally treated in
droxyl, ketone, aldehyde, carboxylic acid, and peracid). De-modeling of atmospheric chemistry, mostly because the
tailed study of the & system affords insight into the effect of chemical pathways are not well-constrained by molecular
alkane structure on the multigeneration gas-phase oxidatiotevel measurements. The current study provides measure-
and particle-phase chemistry that leads to SOA formation. ments that elucidate PHA formation pathways in these alkane
This study builds on the previous work on thelodecane systems and data that can be used for modeling particle-
low-NOy system Yee et al, 2012 Craven et al. 2012 phase chemical processes. For exam@hiraiwa et al.
employing complementary gas- (chemical ionization mass(2013 found that the observed evolution of the particle size
spectrometry) and particle-phase measurements (Aerodyndistribution in n-dodecane oxidation under low-NGron-
high-resolution time-of-flight aerosol mass spectrometry).ditions could only be reasonably simulated when including
Those studies revealed that peroxyhemiacetals are likely makinetically-limited growth processes in the form of particle-
jor components of the organic aerosol at initial growth. This phase reactions (i.e., PHA formation). Additional controlled
was hypothesized via comparison of time trends of key gasstudies, like those described in this work, can provide a
and particle-phase ion tracers that showed initial SOA growthframework for modeling additional particle-phase reactions
to be coincident with gas-phase aldehyde formation in thethat provide insight into the controlling processes of SOA
system, which can react with an available multifunctional growth.
hydroperoxide to form a peroxyhemiacetal (PHA). Of spe-
cial interest in this study is the identification of and incorpo-
ration of multifunctional hydroperoxides in the aerosol via
such accretion reactions as well as the chemical evolution of
the aerosol as it ages.
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2 Experimental section ative mode with CEOOCKF; reagent gas, generating clus-
ter products from the analyte at PCFR0]~ and F trans-
2.1 Chamber experiments fer products at [XF]~. The cluster product tends to occur

when the analyte, X, is a hydroperoxide or weakly acidic

The experiments in this study were conducted using the exeompound. The transfer product dominates for more strongly
perimental protocols and controls as discussedee et al.  acidic compounds. Several carboxylic acids are present in
(2012 andCraven et al(2012). The experiments and condi- both ionizations, and are therefore reported as the sum of the
tions are given in Tabl@. The n-dodecane experiments are two products when used. The CIMS cannot detect ketones
the same as those presented/@e et al.(2012 andCraven  and aldehydes in this mode unless a molecule is additionally-
et al. (2012, and are used here for additional analyses andfunctionalized with hydroperoxy or sufficient acidic groups
comparisons to the othengstructures. (e.g., hydroxy, carboxyl) that it is sensitive to. The nega-

Experiments were conducted in the dual 2B@altech  tive mode mass scan range wa# 50—300. Positive mode
Environmental ChambersCfcker et al. 2001, Keywood ionization utilizes water as the reagent gas and results in
et al, 2009. The chambers were flushed for at least 24 hion clusters of the form [X(H,0),H]*. The positive mode
with dry purified air between experiments, resulting in par- mass scan ranged from/z50 to 200. The gas-phase analy-
ticle number and volume concentratiors100cnT3 and  ses presented here assume that the CIMS sensitivity to cer-
< 0.1 pn? cm™3, respectively. Particle number concentration tain functionalized species within the same mode of opera-
and size distributions were measured using a coupled differtion are comparable despite differences in structure (straight,
ential mobility analyzer (DMA, TSI model 3081) and con- branched, cyclic + branched, cyclic).
densation particle counter (TSI Model 3010). Hydroxyl radi-  Due to mid-project tuning shifts in the positive mode op-
cals were generated by photolysis of®}. Experiments be-  eration, the ions monitored were not those expected from
gan with slow injection of 280 pL of a 50 % aqueous®j the ionization of proposed products. The reported ions are
solution in a glass trap submerged in a warm water bath athose as monitored during the project, though the proposed
35-38°C, via a 5L mirm! flow of pure air. The chamber was ion assignments are reported taking the tuning shift into ac-
then seeded with atomized 0.015 M aqueous ammonium suleount. A back-calibration was performed to verify the shiftin
fate solution to achieve a target initial seed volume-df0—  peak-centering, which typically resulted in an upwards shift
15 un? cm~3. Subsequently, the hydrocarbon was injectedby 5amu in the range of 200-220 amu during positive mode
by delivering the appropriate liquid volume or solid mass operation. To distinguish between ions monitored in the dif-
amount for the desired chamber concentration into a glasgerent modes of the instrument a (+) of)(is indicated in
bulb, gently heating the glass bulb, and flowing 5Lmin  front of them/zmonitored for ions monitored in positive and
of pure air over the hydrocarbon until evaporation was com-negative mode operation, respectively.
plete. An Aerodyne high-resolution time-of-flight aerosol mass

Temperature®), relative humidity (RH), and concentra- spectrometer jeCarlo et al. 2006, hereafter referred to
tions of Gz, NO, and NQ were continuously monitored. Ex- as the AMS, was operated at 1 min resolution, switching
periments were run at temperatures ranging from 23€26 between the lower resolution (up t92100 atm/z 200),
after an initial rise from 20C upon irradiation. RH remained higher sensitivity “V-mode", and the high-resolution (up to
below 10 % for all experiments except for the cyclododecane~4300 atm/z200), lower sensitivity “W-mode”. Data anal-
36 h experiment in which RH rose to about 20 % in the lastysis and calibrations were performed according to proce-
six hours. NO levels remained below the 5 ppdover detec-  dures previously describedl{an et al, 2004 Aiken et al,
tion limit of the analyzer (Horiba, APNA 360) and measured 2007, 2008 Canagaratna et al2007). HR-ToF-AMS data

NO; levels remained below 7 pplafter irradiation began. were processed with Squirrel, the ToF-AMS Unit Resolu-
tion Analysis Toolkit and PIKA (Peak Integration by Key
2.2 Gas- and particle-phase measurements Analysis, DeCarlo et al. 2006, the high-resolution anal-

ysis software tool littp://cires.colorado.edu/jimenez-group/

Hydrocarbon concentration was continuously monitored byToFAMSResources/ToFSoftware/index.htmh Igor Pro
gas chromatograph—flame ionization detection (GC-FID) byVersion 6.22A (Wavemetrics, Lake Oswego, OR). At the be-
taking 1.3 L samples of chamber air on Tenax adsorbent. Thginning of each experiment, an AMS sample was taken with
cartridge was loaded into the GC-FID (Agilent 6890N), des- a particle filter in-line to the chamber sample line to make
orbed, and injected onto an HP-5 column (1%@.53mm  corrections for air interferencedl{an et al, 2004. The ad-
ID x 1.5 um thickness, Hewlett-Packard). justments to the fragmentation table proposedlien et al.

Gas-phase oxidation products were monitored using 2008 for organic mass ah/z18 andm/z28 were included.
chemical ionization mass spectrometer (CIMS), consisting ofElemental ratios were calculated using the technigue outlined
a custom-modified Varian 1200 triple quadrupole mass specby Aiken et al.(2007, 2008. The QHI ion atm/z28 was
trometer Crounse et al.2006 Paulot et al.2009 St. Clair
et al, 2010. Briefly, the instrument was operated in neg-
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Table 2. Experimental conditions.

Organic Duration of Initial HC ~ [NO} [NOxlo [O3]lg Initial Seed Vol. A HC Peak Organft
Exp. photooxidation (h)  (pp)  (ppby)  (ppby)  (pPby)  pPem3 (pphy) ug 3
1 n-dodecane 18 330 <LDLP <LDLP 33 12.0 32.3 51.3
2 n-dodecane 36 349 <LDLP <LDLP 26 11.4 33.6 62.8

3 2-methylundecane 18 273 <LDLP <LDLP 40 16.3 22.4  notavailatfe
4 2-methylundecane 36 289 <LDLP <LDLP 42 13.6 27.6 45.6
5  hexylcyclohexane 18 16.2 <LDLP <LDLP 24 10.5 15.2 34.8
6  hexylcyclohexane 36 149 <LDLP <LDL® 38 4.2 14.4 34.4
7 cyclododecane 18 101 <LDLP <LDLP 20 24.4 9.2 19%
8 cyclododecane 36 110 <LDbLP <LDLP 31 14.1 10.6 30.8

@ Not corrected for particle wall loss

b Below lower detection limit (Bpby)

¢ AMS not sampling

d Reported for end of experiment, though growth had not peaked.
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Fig. 1. General mechanism for alkanes under lowsNg@nditions. R and R are alkyl groups. Solid boxed compounds indicate proposed
structures monitored by the CIMS in the gas-phase and/or the AMS in the particle-phase. Pathway in upper right with asterisk denotes
alternative pathway for the cyclic casej(Bnd R are bonded together as R).

not fit in PIKA due to strong interference frorr12+l\and was Photochemical simulations of each system were per-
therefore not included in the elemental ratio calculations. formed based on that ofi-dodecane used ifYee et al.
(2012 to further define the level of NO. An initial NO
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level of <1 pphk; is consistent with< 10 % of reactions of CARBROOH), photolysis of the hydroperoxy group (chan-
RO, being due to reaction with NO This NO concentra- nel 1a) results in formation of an aldehyde (ALD) and sev-
tion is also consistent with the trends observed foryNO eral < C1» fragments: peracid (PACID), carboxylic acid
sensitive species such as the first generation hydroperoxidéc, CARBACID), and hydroperoxides (ROOH). The for-
and the 1,4-hydroxycarbonyl. Multifunctional nitrate species mation of thea-CARBROOH is expected to be minor, as
in the CIMS spectra were not significant, supporting that theseveral other isomers would result with the hydroperoxy
RO, + NOy channels are not significant in these experiments.group located at any of several other possible positions along
the carbon chain. It could be located beta to the ketone con-
taining carbon, as shown in channel 2, or at positions greater

3 SOA formation chemistry than 2 methylene carbons away (not explicitly shown).
Along channel 2, the carbonyl hydroperoxide (CAR-
3.1 Chemical mechanism leading to SOA formation BROOH) can undergo photolysis (channel 2a) analogous

to the reactions outlined in channel 3, or react with OH

A proposed general mechanism for the photooxidation of(channel 2b). Channels 2a and 2b both lead to higher func-
alkanes under low-NQconditions (i.e., R@ reacts exclu- tionalized products. There is potential for tri-functionalized
sively with HQ®,) is presented in Fidl. This scheme is based compounds (hot shown) to form, a hydroxy carbonyl hy-
on then-dodecane photooxidation mechanism developed indroperoxide (OHCARBROOH) to be formed along chan-
Yee et al.(2012 generalized to the {3 structures studied nel 2a and a dicarbonyl hydroperoxide (DICARBROOH)
here. R and R represent alkyl groups. In the casemf  along channel 2b. Additional oxidation (not shown) can lead
dodecane, Rand R are any straight-chain alkyl groups that to a tricarbonyl hydroperoxide (TRICARBROOH) and hy-
sum to GHie. For 2-methylundecane,;Rand R are also  droxy dicarbonyl hydroperoxide (OHDICARBROOH). The
alkyl groups that make up+Ei16, though one side contains carbonyl hydroperoxide (CARBROOH) has a pure liquid
a methyl branch at the number 2 carbon atom. For hexyl-vapor pressure ranging from 6:110° to 6.6x 10~8 atm
cyclohexane, Ris CsHs and R is CHz. While the sites of  depending on structure, as estimated using the EVAPORA-
oxidation are shown in the mechanism to occur betwegn R TION method Compernolle et al.2011). This intermediate
and R, oxidation can also occur on the Rnd R groups  volatile/semivolatile organic is one of the first products that
including the GHs ring in hexylcyclohexane. In the case of can partition to the particle phase, channel 2c.
cyclododecane, Rand R are bonded together, indicated as  In channel 3, photolysis of the 1st-generation hydroperox-
R in the sidebar denoted by an asterisk. Structures in a solitle produces an alkoxy radical RO. The,Glkoxy radical
box indicate one isomer of a product identified by the CIMS will undergo 1,4-isomerization according to well-established
in the gas phase or the AMS in the particle phase. Colors oimechanisms Atkinson, 1997 Lim and Ziemann 2005
boxes containing compounds are consistent with those use?009a b). This results in the formation of a 1,4-hydroxy hy-
when comparing trends of species in later plots within a com-droperoxide (OHROOH), which has sufficiently low volatil-
pound system. Product names within the boxes will continudty to partition into the particle phase or undergo reaction
to be referenced in the following discussion, tables of identi-with OH or photolyze. Reaction with OH can result in the
fied products, and figures. formation of a carbonyl hydroperoxide (pathway not shown)

Photooxidation begins with H-abstraction by OH from the or a hydroxy carbonyl. The particular carbonyl hydroperox-
parent alkane (RH) to form an alkylperoxy radical (BO ide and hydroxy carbonyl generated would be different iso-
Under the experimental conditions, the fate of theoRai- mers of the generalized CARBROOH and OHCARB shown
cal is dominated by reaction with HQadical &90%) to  in the mechanism. The 1,4-hydroxy carbonyl is known to
form the 1st-generation hydroperoxide (ROOH). This cal- undergo cyclization under an acid-catalyzed process on the
culation is based on analogous photochemical simulationgarticle surface to generate a cyclic hemiacetal (CHA) and
as presented fon-dodecane inYee et al.(2012, which dehydrate to form a dihydrofuran (DHF), which can then re-
also demonstrate that the time constant by which RRO, turn to the gas phase to become further oxidizssthimann
reactions become significant is greater than 9 days, nokt al, 2003 Lim and Ziemann20099.
relevant for the current experiments. The hydroperoxide In the case of cyclododecane where the ring strain is
(ROOH) can then undergo reaction with OH (channels 1high enoughBenson 1976 Lim and Ziemann20093g, the
and 2) or photolysis (channel 3). Along channel 1, a 2nd-alkoxy radical can decompose to generate an aldehydic alkyl
generation carbonyl (CARB) is formed, followed by contin- radical and a hydroperoxy aldehyde according to the aster-
ued oxidation to form a 3rd-generation carbonyl hydroper-isked scheme to the right-hand side (see Ejg.Though a
oxide (CARBROOH). This CARBROOH can also be gen- Cg ring is not considered to have ring straBefnson 1976
erated via channel 2, in which ROOH undergoes reactionLim and Ziemann20093, hexylcyclohexane may also un-
with OH to generate a dihydroperoxide (DIROOH). In the dergo ring opening in an analogous process, depending on
case of channel 1 where the carbonyl hydroperoxide formghe extent and position of functionalization on the ring and its
such that the functional groups are on adjacent carbens ( alkyl chain during continued oxidation. By structure activity

www.atmos-chem-phys.net/13/11121/2013/ Atmos. Chem. Phys., 13, 111214Q 2013
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Fig. 2. General mechanism for particle-phase chemistry involving PHA formation (right-hand side) and potential isomerization (left-hand
side) from higher functionalized products (solid boxed) formed along channel 2 id.FRg.and R are alkyl groups. One isomer is shown.

Dashed boxed compounds indicate PHA structures for which AMS ion tracers exist. General chemical and ion formulae for multifunctional
hydroperoxides and proposed PHA and isomerization products are shown, where n=12. Analogous products for hexylcyclohexane and
cyclododecane would have an additional degree of unsaturation.

estimationsKwok and Atkinson1999), initial H-abstraction  of the initial SOA growth in the case of-dodecane Yee
by OH should primarily take place at the secondary carbonget al, 2012. Multifunctional PHAs are represented gener-
over the branching point in an approximate 80 % to 20 % ra-ally in Fig. 1, where Y is any functional group (-hydroxyl, -
tio. Continued oxidation will tend to favor these secondary carbonyl, -hydroperoxy). The more explicit representation of
carbon sites over the branching point, though eventually fragexpected higher functionalized products along channel 2 and
mentation may be induced. their potential to form PHASs are represented along the right-
Several multifunctional hydroperoxides can potentially re- hand side of Fig2. One isomer is shown with the expected
act with the aldehydes generated in channel 1a to form perfunctionalization. PHA formation from DIROOH (FidL,
oxyhemiacetals. The carbonyl hydroperoxide PHA (CAR- channel 2) and OHROOH (Fid., channel 3) is not explic-
BROOHPHA) is explicitly shown in the mechanisms (Figgs. itly shown since these tracer ions are relatively small signals
and 2, scheme 1), and was proposed as a key componertompared to those of other multifunctional hydroperoxides

Atmos. Chem. Phys., 13, 11121414Q 2013 www.atmos-chem-phys.net/13/11121/2013/
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Fig. 3. Gas-phase trends of major species formed in the first three generations of photooxidation. Top panel: first-generation hydroperoxide
(ROOH). Middle panel: second-generation carbonyl (CARB). Bottom panel: third-generation carbonyl hydroperoxide (CARBROOH). Note
that the CARBROOH was monitored in positive mode fiedlodecane and 2-methylundecane (the right side axis) and in negative mode for
hexylcyclohexane and cyclododecane (the left side axis).

in the AMS. Of note is the potential to generate a 2nd- Table 3. Selected ions monitored by the CIMS fedodecane and
generation @ hydroperoxy aldehyde in the case of cyclodo- 2-methylundecane.

decane, which is a likely candidate for participating in per-
oxyhemiacetal formation. Under channels 1 and 2, the CAR- Mode Observedn/z Chemical Formula  Assignment

BROOH is a 3rd-generation product, though continued reac- ) 287 CioH2602 ROOH
tion with OH in these channels may compete with one gener- (4 223 GoH40 CARB
ation of OH reaction and photolysis to form the hydroperoxy (+) 204 GioH2403 CARBROOH
aldehyde. (=) 285 CioH2402 OHCARB
(=) 135/201 GH1202 C6CARBACID

3.2 Gas- and particle-phase product identification using

CIMS and AMS ) .
Table 4. Selected ions monitored by the CIMS for hexylcyclohex-

lons monitored by the CIMS and the AMS and their pro- 2" and cyclododecane.

posed compound assignments by system are presented in TaM e Ob 7> Chormical F | Yo .
bles3-7. Note that because hexylcyclohexane and cyclodo- ode servedniz emical Formuia ssignmen

decane differ by one degree of unsaturation from that of (-) 285 Ci2H2402 ROOH
2-methylundecane anmatdodecane, many of the ions mon-  (+) 221 Gi2H220 CARB
itored across sytems for analogous products differ by just (-) 299 Gi2H2203 CARBROOH
2 amu. (-) 283 CioH2205 OHCARB
(-) 135/201 GH1205 CB6CARBACID

3.2.1 Gas-phase mechanism comparison

Comparisons of the several analogous gas-phase speci@ismescale for comparison of the different systems (Bjg.
across systems help elucidate the chemical development byhile there are slight differences in magnitude of the curves
structure. Associated CIMS signals are normalized by the topresented, gas-phase yields are not inferred from these fig-
tal reacted hydrocarbon to account for differences in initialures as slight variations in the CIMS sensitivity based on
hydrocarbon loading and represented along an OH exposurstructure may account for this effect. Time profiles of total
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Table 5. Selected ions monitored by the AMS in thelodecane and 2-methylundecane systems.

Observedn/z  Exact mass ion formula Proposed assignment

183 GioH230T CARBROOH + CARBROOH PHA

215 GioH2303 CARBROOH PHA

185 GioHps50™T OHROOH + OHROOH PHA

217 GioH2503 OHROOH PHA

197 GioH210F DICARBROOH + DICARBROOH PHA
229 GioH210; DICARBROOH PHA +CYC. OHDICARBROOH
199 GioHp307 OHCARBROOH + OHCARBROOH PHA
231 GioH230; OHCARBROOH PHA

201 GioH2505 DIROOH

211 GioH1907 TRICARBROOH + TRICARBROOH PHA
243 GioH190% TRICARBROOH PHA

213 C12H21OJr OHDICARBROOH + OHDICARBROOH PHA
245 GioH2108 OHDICARBROOH PHA

Table 6. Selected ions monitored by the AMS in the hexylcyclohexane system.

Observedn/z  Exact mass ion formula Proposed assignment
179 CioH190™ OHCARBROOH DHF
181 CioH10T CARBROOH + CARBROOH PHA
213 012H21O§L CARBROOH PHA
183 GioHo30T OHROOH + OHROOH PHA
215 C12H230§,,r OHROOH PHA
195 CioH1907 DICARBROOH + DICARBROOH PHA
227 Gi2H190, DICARBROOH PHA + CYC. OHDICARBROOH
197 GioH210F OHCARBROOH + OHCARBROOH PHA
229 Gi2H210;4 OHCARBROOH PHA
199 GioH2307 DIROOH
209 C12H17O§)r TRICARBROOH + TRICARBROOH PHA
211 CioH1907 OHDICARBROOH + OHDICARBROOH PHA
243 Gi2H190% OHDICARBROH PHA

reacted hydrocarbon and the decay efld for each system
are presented in the Supplement (Fig. S1).

posures, the hexylcyclohexane hydroperoxide peaks slightly
earlier than those ofi-dodecane and cyclododecane. This

The OH exposure in the system is defined as the producis consistent with a slightly faster reaction rate coefficient

of the concentration of OH (molec crR) and the hours of

for hexylcyclohexane. The 2nd-generation carbonyl (CARB)

irradiation. The OH concentration is inferred from the par- formation is compared across the systems in Bjgniddle
ent hydrocarbon decay using the known reaction rate copanel. The trends are also consistent with faster gas-phase
efficient with OH. The OH concentration over the course oxidation for hexylcyclohexane.

of an experiment is constant-R x 10° molec cnt3). To-
tal OH exposure ranges fromy8 x 10’ moleccnt3h to
~1 x 10° molec cnt2 h for these experiments.

Most of the intermediate hydroperoxide species are best
monitored in negative mode operation of the CIMS, but
due to the mass scan range ending at 300 amu, alternative

The 1st-generation hydroperoxides (ROOH) trends acros#ons in positive mode were used to track development of

systems are shown in Fig, top panel. Under similar OH ex-

Atmos. Chem. Phys., 13, 11121414Q 2013

some expected products. Major products such as the carbonyl

www.atmos-chem-phys.net/13/11121/2013/



L. D. Yee et al.: Effect of chemical structure on SOA formation 11129

Table 7. Selected ions monitored by the AMS in the cyclododecane system.

Observedn/z  Exact mass ion formula Proposed assignment

181 GoHp O CARBROOH + CARBROOH PHA

213 GioH2104 CARBROOH PHA

183 GioHp30T OHROOH + OHROOH PHA

215 GioH2303 OHROOH PHA

195 GioH1907 DICARBROOH + DICARBROOH PHA

227 GioH190; DICARBROOH PHA

197 GioHp10F OHCARBROOH + OHCARBROOH PHA
229 GioH210; OHCARBROOH PHA

199 GioH2305 DIROOH

207 GioH1507 OH4CARBROOH

223 GioH150; CYC. OH4CARBROOH

209 GioH170T TRICARBROOH/4CARBROOH Ring Opened
225 GioH170; CYC. TRICARBROOH

211 GioH1903 OHDICARBROOH/TRICARBROOH Ring Opened

hydroperoxide (CARBROOH) for the 2-methylundecane andported ion chemical formulas are determined from the exact
n-dodecane systems were monitored atrfw 204 for this  mass ions.

reason (Tabl&), while for hexylcyclohexane and cyclodode-  Inthem/z<100 amu range, several of the dominag

cane CARBROOH was monitored at m/z299 (Tabled). ions are shared across all systems, though there is greater rel-
Note that signal intensities should not be compared acrosative contribution of cycloalkyl ions compared to alkyl ions
positive and negative mode operation of the CIMS as then the case of hexylcyclohexane and cyclododecane. For ex-
sensitivities differ. The CARBROOH trends in Fig.(bot- ample, there is greater signal of the ioeH:,‘L compared to

tom panel) show similar trends across systems, though thé-:eH;,r for these systems compared to thosenafodecane
signals are more noisy as this hydroperoxide is expected tand 2-methylundecane. The highest signal is attributed to the
be the first species with sufficiently low volatility to partition same ions fon-dodecane and 2-methylundecane (Figs. 4 and

into the particle phase. 5); however, the fraction is higher fordodecane than in the
2-methylundecane case. This observation is consistent with
3.2.2 Particle-phase composition more fragmentation in the 2-methylundecane oxidation, as

compared to n-dodecane. 2-methylundecane oxidation also
Mass spectra (1-2 h averages) from the AMS at the time oexhibits a higher fraction of £430" in the <100 amu range.
initial growth, a period mid-experiment, and at experiment C;H3O" has been proposed as an ion tracer for non-acid or-
end for each system, along with a difference spectrum fromganic oxygenatesQhhabra et al.2011). This ion also tends
end and initial growth, are presented in Figs74¥he ini-  to dominate during hexylcyclohexane oxidation (F&y.in
tial growth spectrum is taken at the point where the organicthe 40—45 amu ion cluster range, though it never dominates
aerosol mass rises above the limit of detection. The limit ofin the case of cyclododecane (Fi@.
detection is defined as 3 standard deviations above the signal In the cyclododecane system one ion tends to predominate
during the filter period taken before photooxidation begins.within a cluster of ions. For example4lEI;r atm/z55 domi-
The mid-experiment average spectrum is taken at the poinbates during initial aerosol growth (Fig) in the 50-60 amu
where the suspended organic aerosol is the highest, typicallyegion, whereas in the-dodecane system, ions at/z 55
coincident with the peak of one or more AMS ion tracers of and m/z 57 are present at similar mass fractions (Hiy.
interest. The peak in suspended organic aerosol is consistedt initial growth, they are reduced ions, whereas at maxi-
with the effects of particle wall loss and unlikely due to evap- mum growth, the two ions are more oxidized, and the oxi-
oration as the size distribution remains the same. The endized ion (GHsO™) atm/z57 is higher. For cyclododecane,
spectrum is the average of the spectra during the last 1-2 h dhe m/z 55 ion also shifts from the reduced ion4ﬂ€7*) to
photooxidation. The ¢H, O, chemical formulas correspond- the more oxidized ion (§H3O") and remains predominant
ing with the dominant exact masses are labeled in the mast the 50—60 amu range throughout the oxidation. The frac-
spectra. Unit mass/zis denoted here for brevity, but the re- tion of mass at gH3O" atm/z55 is also high for the entire
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Fig. 4. High-resolution mass spectrum of SOA formed frardodecane at initial organic growth, mid-experiment, and end of experiment.
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high signal are labeled. lon labels in red correspond with proposed ion assignments if. Table
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Fig. 5. High-resolution mass spectrum of SOA formed from 2-methylundecane at initial organic growth, mid-experiment, and end of exper-
iment. The difference spectrum is also showriz101-200 are multiplied by 20, amd/z201-300 are multiplied by 200 for visual clarity.
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duration of the hexylcyclohexane oxidation, whereas in theion fragments decreasing in AMS signals from the parti-
other systems, the reduced iom(@{) atm/z55 is high, and  cle phase. Several ions in thel50 amu range have been
then GH3O* grows in. proposed as tracers for particle-phase chemiMeg (et al,

The mass spectrum from the hexylcyclohexane systen?012 Craven et al.2012, as, though low in signal, they re-
(Fig. 6) betweemm/z100 and 200 amu is less discretely struc- tain more molecular information than lower mass ions that
tured as compared to the other compounds (Figs, Z). are only small fragments of the original molecule. The chem-
Since hexylcyclohexane exhibits alkyl, cyclic, and branchedical processes by which thesel50amu ions are gener-
features in its structure, this may be interpreted as a uniquated may be analogous across all systems, as the structures
hybrid of chemical features in the aerosol spectrum. of the spectra in this range are generally the same. That

Overall, the difference spectra in th#z100-300 amu re- is, the prominent ions in hexylcyclohexane correspond to
gion are all positive, indicating the incorporation of higher the prominent ions in the-dodecane and 2-methylundecane
molecular weight species. The only negative differences incases, but tend to have one additional degree of unsatura-
signal are in then/z < 100 range and are the result of alkyl tion. This is consistent with the difference in degrees of
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Fig. 6. High-resolution mass spectrum of SOA formed from hexylcyclohexane at initial organic growth, mid-experiment, and end of exper-
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Fig. 7. High-resolution mass spectrum of SOA formed from cyclododecane at initial organic growth, mid-experiment, and end of experiment.
The difference spectrum is also showm'z101—-200 are multiplied by 20, ami/z201-300 are multiplied by 200 for visual clarity. lons with
high signal are labeled. lon labels in red correspond with proposed ion assignments if. Table

unsaturation between the parent compounds. However, th8.2.3 Indicators of particle-phase chemistry: peroxy-
cyclododecane peaks in this highamu region tend to be hemiacetal (PHA) formation
two degrees of unsaturation lower than those-dbdecane.
This could indicate chemical processing that results in moreyge et al.(2012 and Craven et al.(2012 proposed that
carbonyl group formation for the case of cyclododecane.seyeral ion tracers in then/z >150amu region differing
This type of functionalization is relevant for cyclododecane py 32 amu could be used to track a variety of potential
along channel 3 in the gas-phase mechanism @i@s cy-  peroxyhemiacetals (PHAs) formed in the particle phase.
clododecane can ring-open early on, generating an aldehydgraven et al(2012 established that general hydroperox-
This also means that cyclododecane can form a lower vajges (ROOH) could be monitored in the AMS at ions consis-
por pressure & aldehyde that can participate in particle- tent with anm/z[M-33]*, where M is the molecular weight
phase reactions as discussedim and Ziemanr(2009ab),  of the hydroperoxide. This ion will be hereafter referred to
whereas other systems form<Ci» aldehyde along chan- a5 R-. However, the distinct pattern of similarly trending
nel 1a (Fig.1). R* ions and those ain/z32amu higher suggests that this
mass difference may result from the peroxide-@ bond
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of a peroxyhemiacetal. We refer to this ion as RO@r OHCARBROOH, and DICARBROOH. While the Rions
the following discussions. We note that because the typi-can come from both the hydroperoxide itself and its derived
cal vaporizer temperature in the AMS is operated a6)0 PHA, the ROO ion is considered to arise mostly from PHA.
as employed in these experiments, the signals from thes&o understand the effect of structure on PHA formation,
m/z >150amu R and ROQ ions are small. After running time trends of the fraction of the organic aerosol attributed
the experiments presented heCeaven et al(2012 explored  to ROO" PHA tracer ions can be compared across parent
the effect of lowering the vaporizer temperature for the casestructures. These analyses assume that the ionization prob-
of Cy1g hydroperoxide in the particle phase and found thatability and fragmentation pattern in the AMS are relatively
greater signal from the hydroperoxide ion tracer could beconsistent for PHAs of analogous functionality. That is, the
achieved by doing so. This suggests that future studies excARBROOH PHA ionization probability is similar across
ploring hydroperoxide and peroxides in the particle phasethe four G2 alkanes studied. Also, this currently assumes
may benefit from modification of standard AMS operation. that there is only one hydroperoxide and its PHA (regardless
While small in signal for the current experiments, these ionsof the aldehyde variety) contributing to the ROO
are still crucial indicators of the particle-phase chemistry. Figure9 shows that the relative fraction of organic aerosol
These ions are listed in tables of ions monitored in the AMSattributed to the CARBROOH PHA is approximately sim-
along with their proposed product assignments (Tabl&3. ilar for n-dodecane and hexylcyclohexane, followed by 2-
Since these initial studies, anotheidodecane experiment methylundecane and cyclododecane (top panel). For the DI-
(Shiraiwa et al.2013 involved intentional injection of tride- CARBROOH PHA (middle panel) and OHCARBROOH
canal in the dark after an initial period of dodecane photoox-PHA (bottom panel), a greater fraction of the organic aerosol
idation and SOA formation to induce peroxyhemiacetal for- is attributed to PHAs in hexylcyclohexane SOA, followed by
mation. Upon tridecanal injection, a corresponding decreas@-dodecane. Smaller contributions are made for the PHAs
in signal of several hyderoperoxide species occurred in thdrom 2-methylundecane and cyclododecane.
gas phase (as monitored by the CIMS) accompanied by a Hexylcyclohexane may seem like an outlier since the
corresponding increase in the 32 amu difference ion pairs ircontribution of PHA ions generally decreases in the or-
the AMS, consistent with the proposed attribution to particle-der of branching or cyclic character (i.e,dodecane- 2-
phase chemistry involving peroxyhemiacetal formation. methylundecane cyclododecane), though it is notably
The formation of fragments along channel 1a, specificallyhigher than or on the same ordermeflodecane. This may
carboxylic acids tracked by the CIMS, is the key proxy for be a result of hexylcyclohexane chemistry having the unique
the presence of aldehyde in the system (since the aldehyde mix of many features typically individualized to the other
not directly measured). The presence of gas-phase acid indsystems. That is, while hexylcyclohexane is branched like 2-
cates that aldehyde is present in the system, and that peroxaethylundecane, even if C-C scission is favored at the branch
yhemiacetal formation may commence, as observedem  point, the presence of the cyclohexane ring means that gas-
et al. (2012 for n-dodecane. Hence, a key comparison of phase fragmentation can still result in preservation of tiie C
the gas- and particle-phase measurements includes the timckbone, unlike 2-methylundecane. This means certain as-
trend comparison between gas-phase acid production angects of hexylcyclohexane’s chemistry will be akin to that
particle-phase ion markers for PHA formation. In each sys-of n-dodecane, supporting continued functionalization and
tem, the CARBROOH PHA ions grow in the particle phase higher MW species. While hexylcyclohexane is also cyclic
when gas-phase aldehyde froms, as proxied by a measured nature like cyclododecane, the hexyl-chain may still afford
co-product, G carboxylic acid (C6CARBACID), in Fig8. it many sites of reaction without the potential of disrupting
The initial growth of organic aerosol in each of these sys-the stability of the G ring. In the case of cyclododecane, any
tems is also characterized by the respective CARBROOHeaction affects a ring-bound carbon, and as such may impact
and CARBROOH PHA tracer ions in the AMS mass spec-the resulting chemistry.
tra. In Figs. 4 an®, C;2H,30™ atm/z183 and CigHggOér at Generally, the fraction of organic aerosol attributed to
m/z215 are the dominant ions at initial growthreflodecane  the cyclododecane-derived PHAs is lower compared to the
and 2-methylundecane SOA. For hexylcyclohexane (B)ig. other systems, indicating that there may be structural biases
and cyclododecane (Fi@), the ion at (312H21O§,r atm/z213 in PHA formation. Since PHA formation relies on the in-
is characteristic of initial growth. Note that there are different termolecular reaction of two condensing species, aldehyde
right-hand axes and scales for th& Bnd ROJ  ion tracers  and a hydroperoxide, it may be that the cyclic structure of

in Fig. 8. cyclododecane hydroperoxide is less apt for this reaction,
depending on the hydroperoxy group accessibility on the
3.2.4 Effect of structure on PHA formation Ci2 ring. It may also be possible that there are competing

intramolecular reactions of more highly-functionalized hy-
Common for all four systems, three ions that enter thedroperoxides within the £ ring that are more easily fa-
particle phase early on (within 210" moleccnm®h OH cilitated. There is also trend information in Figd that
exposure) are attributed to their respective CARBROOH,shows that the R and ROO" ions for CARBROOH PHA in
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Fig. 8. Gas-phase trends of the generated carbonyl hydroperoxide (CARBROOH )sarattfoxylic acid (C6CARBACID) as monitored
by the CIMS and the CARBROOH and its derived PHA in the particle phaséafjon-dodecane(b) 2-methylundecangc) hexylcy-
clohexane, andd) cyclododecane. CARBROOH and its PHA are tracked by AMS iopsHz301 and (312H23O§,’r for n-dodecane and

2-methylundecane, and by §H>10%" and CleZlOér for hexylcyclohexane and cylododecane.

cyclododecane do not trend together as tightly as comparethin ions by structure and their trend information informs the
to the other systems (Fi§a—c). The ROO ion lags slightly,  need to consider intramolecular reaction as an additional fate
indicating that PHA formation from the CARBROOH in cy- of some of the multifunctional hydroperoxides. All ion sig-
clododecane may not form immediately with the condensa-hals have been normalized by the suspended organic aerosol
tion of CARBROOH. to account for effects on the ion signal trend due to particle
While signal at the RO® ion for CARBROOH PHA can  wall loss. This normalization results in large noise at periods
also potentially be derived from the OHCARBROOH cycliz- < OH exposure of % 10” molec cn2h, owing to low and
ing, as in Fig.2, Scheme 3, the tight correlation of the'R  noisy ion and organic aerosol signals before this time.
and ROJ ions forn-dodecane and 2-methylundecane sug- The same tracer ions are present in bothritiodecane
gests less of a contribution from competing cyclization. Sinceand 2-methylundecane systems (Figa, b). QzngOQ)r
the R" ions cannot be derived from the competitive cycliza- is of low signal in the 2-methylundecane anelodecane
tion products, the majority of the signal at the RO®@n is AMS spectra, though there is a greater contribution from
attributed to the CARBROOH PHA form. For hexylcyclo- this ion in n-dodecane SOA. All of these ions can poten-
hexane and cyclododecane, however, there is slightly moréally be explained by multifunctional hydroperoxide com-
deviation of the R and ROO" ion trends. This may suggest pounds that can carry up to four sites of functionalization
that these structures may undergo intramolecular reactionand three degrees of unsaturation relative to the parent (See
that result in the variety of ions and chemical developmentPHA schemes in Fig2 for proposed multifunctional struc-
discussed in further detail below. tures and AMS ions assignments in Talde Generally
for these acyclic systems, the CARBROOH is initially in-
3.2.5 Indicators of competitive chemistry with peroxy- corporated, followed by the DICARBROOH (gH,105 at
hemiacetal (PHA) formation m/z197) and the OHCARBROOH (GH2305 at m/z199).
Additional chemical processing leads to incorporation of a
Here, we present the general particle-phase development ipotential OHDICARBROOH (@2H21O§“ atm/z213) and a
terms of the multifunctional hydroperoxide/PHATRand ~ TRICARBROOH (Gi2H1905 at m/z211). The GoH1907
PHA ROO" proposed ion tracers for all systems (Fig). at m/z 245 is possibly the OHDICARBROOH PHA ROO
In this systematic analysis going from straight-chain toion, though the signal at this/zis not sufficiently high to be
branched to cyclic structures, we find that the presence of cer-
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dihydrofuran-like structure of higher volatility. This promi-
x10%1 4 1 OHCARBROOH PHA nent route may therefore limit formation of lower volatil-
ity oxidation products during hexylcyclohexane oxidation.
The peak of the suspended organic aerosol (Edg, OH
exposure~5 x 10° molec cnT2h) does follow the peak of
this ion and those of the DICARBROOH, OHCARBROOH,
consistent with limitations of the growth. At this point the
rate of particle wall loss dominates over the rate of continued
growth.

Tracer ions for these products are followed by further
Fig. 9. Fraction of organic attributed to the corresponding ROO chemical processing also leading to the OHDICARBROOH
PHA tracer ion for (top) carbonyl hyderoperoxide PHA (CAR- and its PHA (C_3_2H190;’r at m/z211) and the OHDICAR-
BROOH PHA), (middle) dicarbonyl hydroperoxide (DICAR- BROOH PHA (G2H1907 atm/z243). Them/z243 ion is
BROOH), and (bottom) hydroxycarbonyl hydroperoxide (OHCAR- ot shown due to low signal. The ion @miz227 C12H190j{
BROOH). corresponds to the ROOion for DICARBROOH PHA,

though the time trend does not follow that of the Rn as

closely, and may indicate another species (in combination)
plotted on the same scale as the Rns here. The DIROOH  peing responsible for the signal here. For example, inEig.
and OHROOH tracer ions are also not included for this rea-Scheme 5, the OHDICARBROOH may isomerize (left re-
son, although tracer ions are identified in the mass spectraaction) via cyclization between a carbonyl and hydroperoxy
Of note is the rE|ative|y earlier peaking (ln terms of OH ex- group to form this ion as well. It may also undergo 1,4-
posure) and lower relative contribution of these ions in thecyclization involving the hydroxy and ketone groups. This
2-methylundecane system as compared to their analogs ifresents two potentially competitive fates for the OHDI-
the n-dodecane system. This may be a result of fragmentaCARBROOH, one to PHA formation (Scheme 5, right reac-
tion processes relevant for 2-methylundecane gas-phase oxon) and the other to cyclization (Scheme 5, left and bottom
idation that begin to dominate. The lower relative contri- reaction)' Cycnzation of a|koxy hydroperoxy a|dehydes has
bution of Gi2H190g for 2-methylundecane SOA as com- heen observed to be potentially competitive with PHA forma-
pared ton-dodecane SOA is also consistent with less chem-tjon in the case of cyclic alkenes ozonolysis in the presence
ical development due to gas-phase fragmentation dominatof alcohols Ziemann 2003. A similar cyclization reaction
ing over functionalization, as well as potentially slower gas-for the multifunctional carbonyl hydroperoxides can explain
phase oxidation since 2-methylundecane has a Iower  the presence of additional ions not expected from PHA for-
than that ofn-dodecane. Though all of these ions for  mation.

dodecane and 2-methylundecane can be explained by speciesFor cyclododecane, at least two “waves” of chemical de-

involved in PHA formation mechanisms, we find that com- velopment exist in the particle phase (Figd). Initially, Rt

parison of these and additional ions in the hexylcyclohexangons associated with the CARBROOH, OHCARBROOH,

and cyclododecane system indicate that additional chemistrynd DICARBROOH grow in. Then, a series of ions with

is present. formulae of the form @HyOF, with y=19, 17, and 15,
For hexylcyclohexane, there is noticeably more simulta-grOW in consecutively. @ngog atm/z211 and @2H17O§L

neous incorporation in the aerosol phase of such species a§ m/z 209 could correspond with the OHDICARBROOH
the CARBROOH (G2H210" at m/z181), DICARBROOH

n-dodecane hexylcyclohexane (C12H190'2" at m/z 195), OHCARBROOH (@2H21O;' at
— 2-methylundecane —— cyclododecane m/z 197), and their respective PHAs (FigOc, Table 6).
X 104 _ . . . p . . .

>0 CARBROOH PHA There is also S|gq|f|cant contribution from an ion at

4.0 C12H190™ not explained by the PHA tracer fragmentation

3.0 pattern. The presence of tha#El;90™ ion may be a result

204 of forming an analogous hydroperoxy dihydrofuran prod-
) 10] uct (Fig. 2, Scheme 3) via the OHCARBROOH undergo-
S }M ing 1,4 cyclization and dehydration. This ion is unique to
- O L L s e e s s | H
S hexylcyclohexane SOA (in terms of degrees of unsatura-
§X10 30 DICARBROOH PHA tion achieved with little oxygen in the ion formula and
o prominence of the ion). The proposed reaction is consis-
2 tent with the hexylcyclohexane structure undergoing another
% 1,4-cyclization along its gbranch to form a bicyclic struc-
s ture (cyclohexyl and cyclic hemiacetal). The cyclic hemiac-
3 etal portion of the molecule can then dehydrate to form a
t:
3
s

2.0x10 4.0x10 6.0x10 8.0x10 1.0x10°

OH Exposure (molec cm™ hr)
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Fig. 10.Characteristic ions ifa) n-dodecane(b) 2-methylundecanéc) hexylcyclohexane, an@l) cyclododecane aerosol measured by the
AMS.

and TRICARBROOH R ions, respectively. Note that the 3.2.6 AMS elemental ratios

Clelgogr ion can also result from a ring-opened TRICAR-

BROOH (same as in the linear case), but where at least he Van Krevelen diagram, originally used for showing how
one of the carbonyl groups is presumably an aldehyde. Th& : C and H: C elemental ratios change during coal formation
C12H1504 atm/z207 implies yet another step achieving one (Van Krevelen 1950, has been recently utilized with HR-
fewer degree of saturation. This was characteristic of manylfOF-AMS data to aid in the interpretation of elemental ra-
of the ions in the cyclododecane AMS mass spectra achievtio changes in organic aerosol formatidteald et al, 2010

ing one additional degree of unsaturation compared to thalNg et al, 2011, Chhabra et a).2011 Lambe et al. 2011,

of hexylcyclohexane and two compared to the non-cyclic2012. The slopes on the diagram of O:C versus H:C can
systems. This ion assignment is uncertain, though it couldProvide insight into the chemical evolution of the aerosol in
correspond with a structure containing a hydroxy, four ke-terms of functional group changes. A slope-df for ambient
tone groups, and a hydroperoxy group with the ring intactand Iaboratory data is consistent with carboxylic acid groups
(OHACARBROOH). There may be additional cyclizations Without fragmentationHeald et al. 2010. Ng et al.(201])

or dehydration reactions in the particle phase and/or addishowed that, for aged ambient organic aerosol, the slope of
tional ionization patterns in the AMS that may more feasibly —0.5 is consistent with carboxylic acid addition with frag-
explain the presence of this ion. This is especially relevantmentation. Both of these results highlighted aerosol that was
when considering the ions of the formﬂﬂy()‘f" with y =19, already quite oxidized, with most of the O : C values greater
17, and 15 and =3, 4, 5. For the OH4CARBROOH, TRI- than 0.30Lambe et al(2012 presented SOA results from a
CARBROOH, and OHDICARBROOH, the mass spectrum potential aerosol mass (PAM) chamber in which long-chain
(Fig. 7) indicates a greater fraction of organic aerosol due todlkane SOA O:C extended from a value of O to close to
the corresponding =4 ions compared to the=5 ions. This ~ 1.4. The Van Krevelen slope from an O: C of 0 to approx-
may indicate competitive cyclization over PHA formation, as imately 0.3 was-1.3, and for O: C values greater than 0.3

shown in Schemes 4 (TRICARBROOH) and 5 (OHDICAR- the slope became less negative with a value-0f7.Lambe
BROOH) of Fig.2. et al.(2012 attribute this change in slope to a transition from

a functionalized- to fragment-dominated regime.
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2.0 1 L L L L L _ the cyclododecane AMS mass spectrum (F)agas compared
e e to the other systems.
e R ETATE L 2-methylundecane SOA exhibits a lower O C than that
0 + meihybncecans, m=-1.35.: 0.0 from r_1-dodecane, s_upported by_ t_he onver fraction of total
® cylododecane, m =-1.73 (£0.03) | |- organic aerosol attributed to oxidized ions compared-to
dodecanen-Dodecane achieves the second highest O : C for
| - the OH exposures in this study, and while the progression of
key >150amu ions in this system (Figj0a) is more gradual,
= there is continued oxygenation, as observed by the presence
Loaboleadd or oo of the Gi2H1907 ion. Yee et al.(2012 also found the O: C
(slope = -1) - range to be consistent with the O : C of several of the multi-
\ functional hydroperoxides and their derived PHAs.
- The higher O : C achieved for hexylcyclohexane may be
(slope =-2) a result of the generally faster chemistry seen in both the
13+ , , , A , , - gas-phase oxidation and the particle-phase development, in
0.0 01 02 o 04 05 06 which initial key ions in the particle phase (Fitj0c) peak
' earlier in terms of OH exposure 5 x 10’ moleccnt3h as
Fig. 11. Van Krevelen diagram for low-N@ photooxidation of ~ compared to those of the other systems. This could be a re-
n-dodecane, 2-methylundecane, hexylcyclohexane, and cyclododesult of verging on increased contribution from fragmentation
cane. processes increasing the O : C or oxygenation achieved from
continued oxidation.

1.9+

1.8

1.7 4 +

H:C

1.6 —

15—

1.4+
+ ketone/aldehyde N

The elemental ratios from the current study are shown
in Fig. 11 The experimental progression for all four sys- 4 Conclusions
tems is from upper left to lower right across the Van Krev-
elen space. All of the compounds have O<0.3, except We address here the mechanisms of formation of SOA in
for the end of the hexylcyclohexane experiment. In increas-alkane systems under low-N@onditions. Special attention
ing order, the slopes arel.73,-1.35,—-1.19, and—1.14 is given to the effect of alkane structure on SOA formation
for cyclododecane, 2-methylundecane, dodecane, and hexy&nd to the molecular identifications of the oxidation prod-
cyclohexane, respectively. In the presence ofyNTkacik ucts responsible for SOA growth. Aerosol formation from
et al. (2012) found steeper slopes (approachirj for the  the photooxidation ofi-dodecane, 2-methylundecane, hexyl-
same or comparable in structure alkane species, attributedyclohexane, and cyclododecane under lowgN@Onditions
to a combination of carboxylic acid addition and added ke-is initiated by the partitioning of a 2nd-generation product,
tone and alcohol moieties. This was also achieved undethe carbonyl hydroperoxide (CARBROOH), to the particle
a much lower total OH exposure-6 x 10° molec cnt3h) phase. It appears that this hydroperoxide is incorporated with
than that used in the current experiments, providing con-simultaneous formation of a peroxyhemiacetal. Several other
trast between the more efficiently (in terms of OH exposure)multifunctional hydroperoxides are proposed to explain char-
achieved higher O : C ratios with fragmentation pathways inacteristic ions in the AMS mass spectra for each system, sug-
the presence of NOcompared to the proposed functional- gesting that at least three additional degrees of unsaturation
ization and accretion schemes in the low-N@gime pre- might be achieved for cyclododecane while functionalizing
sented here. In comparison to the average slopelo8 in primarily via ketone/aldehyde addition.
the O: C range 0 to 0.3 from OH-initiated oxidation of alka-  2-methylundecane exhibits the least extent of chemical
nes in the absence of Nby Lambe et al. (2012), many processing in the particle phase (in terms of the least vari-
of the systems here show comparable behavior. The facety of GHyO; ions observed in the mass spectra) relative
that many do not reach an O: C much higher than 0.3 withto the other systems, likely a result of gas-phase fragmen-
a less negative slope as observed in Lambe et al. (2012gtion that leads to a product distribution consisting of rela-
is also consistent with these experiments remaining in thdively higher volatility intermediates. Hexylcyclohexane ex-
functionalized-dominated regime, and not having yet transi-hibits rapid gas-phase oxidation and particle-phase process-
tioned to a fragment-dominated regime. ing reflected in the highest achieved O: C (verging on 0.4).

This functionalized-dominated regime is supported by theOf the systems studied, hexylcyclohexane behaves in terms
proposed chemical mechanisms and AMS ions found in eaclof SOA chemistry as a hybrid of the other systems. It ex-
system. Cyclododecane SOA has the slope closest2p  hibits the rapid formation of functionalized semi- and low-
indicating a greater contribution from ketone and aldehydevolatility species that contribute to the particle phase, but
groups. This is consistent with thelg:-|y05r ion series in  then fragmentation processes (attributable to the branching)
Fig. 10d and the relatively higher degrees of unsaturation instart to dominate and lower the relative particle mass due to
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C12 oxygenates. Cyclization processes analogous to cyclién DePalma et al2013 also suggest that, for the PHA struc-
hemiacetal and higher volatility dihydrofuran formation can ture considered, the dimerization free energy is favorable for
also contribute to limitations in particle growth. formation in the gas-phase as well as in water-, methanol-,
While the> 150 amu tracer ions in the AMS help to iden- and acetonitrile-like solutions. This was found to be unique
tify potential species involved in particle-phase chemistryto the PHA structure considered, as other dimerization reac-
like PHA formation, the more oxidized and functionalized tions were not as broadly favorable among the different so-
the ion, the greater potential exists for multiple ionization andlution types. The potential for dimerization in the gas phase
fragmentation schemes in the AMS. Ideally, standards of dif-has implications for new particle formation as well. While
ferent structure but analogous functionality would be avail-the experiments employed here were seeded, and it seems
able for generating mass spectral standards that can be us#uat initial organic growth may be initiated by PHA incor-
to better interpret the mass spectra in this region. lonizatiorporation to the particle phase, it has been generally assumed
schemes need to be better elucidated to see if observed iotlsat PHA reactions occur in the particle phase. This is sup-
can be explained by particle-phase chemistry that involvegported by simulations ifshiraiwa et al(2013 for the case
species of cyclic structure and/or those undergoing cycliza-of n-dodecane, though it may also be that the phase of reac-
tion followed by dehydration. Such schemes were proposedion depends on the precursor system and the structure of its
here to explain additional ions in the AMS not expected oxidation products.
purely from PHA formation. This is relevant for determin-  The systematic study of thesgtructures lays a chemi-
ing the molecular identity of some of the highly oxygenated cal groundwork for understanding the dynamics of particle
(> Of{) ions that grow in the particle phase at extended OHgrowth concerted with particle-phase reactions (e.g., PHA
exposures. formation) and sustained growth via semi-volatile and low-
Evidence for additional particle-phase reactions includ-volatile product partitioning, followed by additional particle-
ing cyclization of multifunctional hydroperoxides exists. In- phase oxidation if unhampered by fragmentation processes.
tramolecular cyclization of multifunctional hydroperoxides Further study of the & system should include additional
can be competitive with the intermolecular reaction of mul- isomeric configurations of branching and cyclic + branched
tifunctional hydroperoxides with aldehydes to form PHAs. structures to better understand the spectrum of oxidation
For the functional groups presumed to be incorporated vigpathways between 2-methlyundecane and hexylcyclohexane
the gas-phase mechanisms ketone (some aldehyde for cgnd between hexylcyclohexane and cyclododecane. These
clododecane), hydroperoxy, and hydroxyl, it is very likely structural dependencies will certainly impact the mecha-
these functional groups undergo intramolecular, as well asiisms of SOA formation and SOA vyields, which can affect
intermolecular, reactions (including oligomer formation), de- the representation of SOA formation from alkanes in atmo-
pending on their relative positions on thex@dackbone. This  spheric modeling.
may be highly relevant for hexylcyclohexane in which the
alkyl branch is sufficiently long to still cyclize and result in
a bicyclic structure. Cyclododecane may ring open to formSupplementary material related to this article is
functionalized aldehydes and then cyclize again (not necesavailable online athttp://www.atmos-chem-phys.net/13/
sarily returning to a & ring). 11121/2013/acp-13-11121-2013-supplement.pdf
Environmental factors such as humidity, aerosol acidity,
and temperature are likely to play a role in controlling these
chemical transformations and ultimately impact the extent ofAcknowledgementsThis work was supported by the Office of
PHA formation. The present study was conducted under drycience (Biological and Environmental Research), US Depart-
conditions, but future study would benefit from examining ment of Energy Grant (DE-SC 0006626), and National Science
the role of humidity as aqueous particles will affect parti- Foundation Grants AGS-1057183 and ATM-0650061. The authors

tioning of certain species. Parameterizations of 1-tetradecen@cknowledge helpful discussions with John D. Crounse and
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for an organic aerosol loading10 ug n?¥, the generated hy-

droperoxides and peroxides would be expected to be comEdited by: J. Liggio

pletely in the particle phase. Further, aldehyde contribution

to the particle phase has been found to be enhanced with

aerosol acidityJang et al.2002. DePalma et al2013 also

found that dimers formed fror-pinene ozonolysis prod-

ucts, including a PHA, return to the monomers with increases

in temperature from 298 K to 373 K. Additional simulations
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