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Abstract. A degradation mechanism fg8-caryophyllene loading. The CIR-TOF-MS measurements allowed approxi-
has recently been released as part of version 3.2 of the Magnately 45 time-resolved product ion signals to be detected,
ter Chemical Mechanism (MCM v3.2), describing the gaswhich were assigned on the basis of the simulated tempo-
phase oxidation initiated by reaction with ozone, OH radi- ral profiles of the more abundant MCM v3.2 species, and
cals and NQ@ radicals. A detailed overview of the construc- their probable fragmentation patterns. The evaluation stud-
tion methodology is given, within the context of reported ex- ies demonstrate that the MCM v3.2 mechanism provides an
perimental and theoretical mechanistic appraisals. The peracceptable description ¢f-caryophyllene degradation un-
formance of the mechanism has been evaluated in chambeler the chamber conditions considered, with the temporal
simulations in which the gas phase chemistry was coupledavolution of the observables identified above generally be-
to a representation of the gas-to-aerosol partitioning of 280ng recreated within the uncertainty bounds of key parame-
multi-functional oxidation products. This evaluation exercise ters within the mechanism. The studies have highlighted a
considered data from a number of chamber studies of eithenumber of areas of uncertainty or discrepancy, where fur-
the ozonolysis ofg-caryophyllene, or the photo-oxidation ther investigation would be valuable to help interpret the
of B-caryophyllene/NG mixtures, in which detailed prod- results of chamber studies and improve detailed mechanis-
uct distributions have been reported. This includes the retic understanding. These particularly include: (i) quantifica-
sults of a series of photo-oxidation experiments performedion of the yield and stability of the secondary ozonide (de-
in the University of Manchester aerosol chamber, also re-noted BCSOZ in MCM v3.2), formed from-caryophyllene
ported here, in which a comprehensive characterization of th@zonolysis, and elucidation of the details of its further oxi-
temporal evolution of the organic product distribution in the dation, including whether the products retain the “ozonide”
gas phase was carried out, using Chemical lonisation Readunctionality; (ii) investigation of the impact of NQon

tion Time-of-Flight Mass Spectrometry (CIR-TOF-MS), in the g-caryophyllene ozonolysis mechanism, in particular its
conjunction with measurements of NAD; and SOA mass effect on the formation of3-caryophyllinic acid (denoted
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5276 M. E. Jenkin et al.: Development and chamber evaluation of the MCM v3.2 degradation scheme

C137CO2H in MCM v3.2), and elucidation of its forma- ter at a number of locations (Jaoui et al. 2007; Kleindienst et
tion mechanism; (iii) routine independent identificatiorBef  al. 2007; Parshintsev et al. 2008).
caryophyllinic acid, and its potentially significant isonger Atmospheric modelling studies in which the oxidation
nocaryophyllonic acid (denoted C131CO2H in MCM v3.2); of g-caryophyllene (and/or other sesquiterpenes) has been
(iv) more precise quantification of the primary yield of OH treated, have invariably used highly simplified or parameter-
(and other radicals) fronB-caryophyllene ozonolysis; (v) ized representations of the chemistry (e.g., Lane et al., 2008;
quantification of the yields of the first-generation hydroxy ni- Sakulyanontvittaya et al., 2008; Carlton et al., 2010; Zhang
trates (denoted BCANO3, BCBNO3 and BCCNO3 in MCM and Ying, 2011), with SOA formation represented by assign-
v3.2) from the OHe-initiated chemistry in the presence of ing empirically-derived yields and partitioning coefficients
NOy; and (vi) further studies in general to improve the iden- to notional products, based on the results of chamber stud-
tification and quantification of products formed from both ies. Whilst such approaches are practical and economical, it
ozonolysis and photo-oxidation, including confirmation of is generally acknowledged that the gas phase formation and
the simulated formation of multifunctional species contain- evolution of low volatility products of VOC oxidation are
ing hydroperoxide groups, and their important contribution sensitive to the prevailing atmospheric conditions (e.g., level
to SOA under N@-free conditions. of NOy, relative humidity), and that it is ideally necessary to
understand and represent the competitive reactions involved
over several generations of oxidation, if SOA formation, and
its dependence on conditions, is to be represented rigorously
1 Introduction (e.g., Kroll and Seinfield, 2008; Hallquist et al., 2009). In
this respect, a degradation mechanism gecaryophyllene
It is well established that the degradation of emitted volatile has recently been released as part of version 3.2 of the Mas-
organic compounds (VOCs) has a major influence on theer Chemical Mechanism (MCM v3.2), describing in mod-
chemistry of the troposphere, contributing to the formationerate detail the gas phase chemical processes involved in its
of ozone, secondary organic aerosol (SOA) and other seccomplete atmospheric oxidation, as initiated by reaction with
ondary pollutants (e.g., Haagen-Smit and Fox, 1954; Wentpzone (Q), OH radicals and N@radicals. Although such a
1960; Andreae and Crutzen, 1997; Jenkin and Clemitshawmnechanism cannot be used directly in applications requiring
2000; Hallquist et al., 2009). Approximately 90 % of organic great computational efficiency, it potentially provides a trace-
material emitted globally is estimated to originate from bio- able link to elementary kinetic and mechanistic studies, and
genic sources, with reactive biogenic VOCs having importanta reference benchmark mechanism against which to develop
contributions from isoprene gElg), and a variety of struc- and evaluate reduced chemical mechanisms. In this paper,
turally complex monoterpenes {gH16) and sesquiterpenes a detailed overview of the construction methodology of the
(C15H24), comprised of two and three isoprene units, respecMCM v3.2 g-caryophyllene mechanism is given, within the
tively (e.g., Guenther et al., 1995; Kanakidou et al., 2005;context of reported kinetic and mechanistic information.
Duhl et al., 2008). The performance of the mechanism has been evaluated
Although isoprene and monoterpenes are generally emitin chamber simulations in which the gas phase chemistry
ted more abundantly, sesquiterpenes have received increagras coupled to a representation of the gas-to-aerosol par-
ing interest in recent years owing to the exceptionally hightitioning of 280 multi-functional oxidation products. This
reactivity of some species, particularly towards ozone (e.g.evaluation considered the results of a number of more re-
Atkinson and Arey, 2003; Jardine et al., 2011), and their gen-cently reported chamber studies (Lee et al., 2006b; Li et
eral high propensity to form SOA upon oxidation (e.g., Hoff- al., 2011; Chan et al., 2011), which studied either the
mann etal., 1997; Jaoui et al., 2004; Lee et al. 2006a, b; Ng ebzonolysis of 8-caryophyllene, or the photo-oxidation of
al., 2007).8-caryophyllene has received particular attention, g-caryophyllene/NG mixtures, and the detailed distribu-
being one of the most reactive and abundant sesquiterpenetipns of oxidation products in the gaseous and condensed
and SOA yields have been reported in a number of ozonolysiphases are compared with those reported. The most ex-
and photo-oxidation studies (Hoffmann et al., 1997; Griffin tensive evaluation made use of the results of a series of
et al., 1999; Jaoui et al., 2003; Lee et al. 2006a, b; Winter-photo-oxidation experiments performed in the University of
halter et al., 2009; Alfarra et al., 2012). As a result, its atmo-Manchester aerosol chamber (also reported here), which in-
spheric degradation has been the subject of a number of excluded a comprehensive characterization of the temporal evo-
perimental and theoretical mechanistic appraisals (Calogirodution of the organic product distribution in the gas phase, us-
etal., 1997; Jaoui et al., 2003; Lee et al., 2006b; Kanawati etng Chemical lonisation Reaction Time-of-Flight Mass Spec-
al., 2008; Winterhalter et al., 2009; Nguyen et al., 2009; Zhaotrometry (CIR-TOF-MS), in conjunction with measurements
et al., 2010; Li et al., 2011; Chan et al., 2011), and severabf NOy, O3 and SOA mass loading. The composition and
established oxidation products have been used in tracer studgeing of SOA in the same series of experiments has also
ies to show thag-caryophyllene-derived SOA makes poten- been characterized, as reported elsewhere (Alfarra et al.,
tially important contributions to ambient fine particulate mat- 2012). The results of these evaluation studies are presented
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and discussed, and areas of uncertainty in the mechanistic o1 0% oo o
understanding are highlighted. = e
2 Chemistry of g-caryophyllene degradation in MCM 0

v3.2 o= [o] o0 O0=\gy ©

BCALBOC BCAL (+H20,) BCSOZ C141CO2H

The complete degradation chemistrygtaryophyllene, as T T(H2O) T T T(HZO)
represented in MCM v3.2, can be viewed and downloaded
using the subset mechanism assembling facility, available
as part of the MCM websitentp://mcm.leeds.ac.uk/MCM
The general methodology of mechanism construction was O3
based on the rules described in detail by Jenkin et al. (1997) — .
and Saunders et al. (2003), with the chemistry adjusted and o= oo 00— o)
augmented (in certain areas substantially) to represent infor- BCAOO, BCOOA BCBOO, BCOOB
mation reported in a number of experimental and theoreti- (__caryophyllene
cal studies ofg-caryophyllene degradation available at the r—‘—v

time of construction (Shu and Atkinson, 1994; Calogirou
et al., 1997; Atkinson and Arey, 2003; Jaoui et al., 2003; 1.3%
Lee et al., 2006a, b; Kanawati et al., 2008; Winterhalter et 10.0%

al., 2009; Nguyen et al., 2009). The complete mechansim OH +
consists of 1626 reactions of 591 closed-shell and radical
species. It is therefore moderately detailed, but necessarily 0=
contains a number of simplification measures, described by BCALAO2 BCALBO2 BCALCO2
Jenkin et al. (1997) and Saunders et al. (2003), without which
the mechanism could easily contain uptb0'2 species (Au-

mont et al., 2005). The resultant level of simplification tends Fig. 1. Simplified SChema.t'C of the first-generation product d'St.”'
- bution from the ozonolysis oB-caryophyllene, as represented in

to ihcrease with successjve generfations of ox.idatior), anc! it IR1CM v3.2. The displayed (molar) product yields correspond to
unlikely that the mechanism contains all species which mighty, oo1ysis at 298 K in 760 Torr air at 50 % relative humidity: with
be detected in experimental studies. However, it is designedyclohexane present to scavenge all OH radicals. The further chem-
to provide a representation of the most important degradationstry of BCALAO2, BCALBO2 and BCALCO?2 is shown in Fig. 3.
routes, and thus provides a basis for the initial simulation ofThe figure omits to represent additional minor ozonolysis channels
systems where a representation of chemical detail is requirediccounting for 1% of the chemistry, which are fully represented in
The mechanism includes the chemistry initiated by reactionMCM v3.2.

with O3, OH and NQ. Salient features of the £and OH-
initiated chemistry are now summarized, within the context
of information reported in the above studies and in more re-

cent experimental mechanistic studies (Li et al., 2011; Chanzoog)' This leads to formation of an (unrepresented) energy

et al., 2011). For the photo-oxidation and ozonolysis condi—rICh primary ozonide, which decomposes rapidly by two ring

tions considered in the present paper, the systems are insefPcnd channels to form a set of isomerigsCarbonyl-

. R ) S Substituted Criegee intermediates. In MCM v3.2, these are
Z'its“éistg;g?ul:lﬁ;muated chemistry, which is therefore not represented by two pairs of species (BCAOO and BCOOA;

BCBOO and BCOOB), as shown in Fig. 1. In each case, the
pairs essentially represent “excited” and “stabilized” forms
of the same structure, which can participate in a series of uni-
2.1.1 Reaction with ozone molecular and bimolecular reactions to form the distribution
of products shown in Fig. 1. This distribution is dominated by
The main features of the fnitiated degradation chem- a set of closed-shell products, denoted BCSOZ, C141CO2H,
istry to first-generation products are summarized in Fig. 1.BCAL and BCALBOC, which account for almost 90 % of
B-caryophyllene is reported to be highly reactive with O the product distribution (see Figs. 1 and 2). The formation of
(Atkinson and Arey, 2003), such that ozonolysis is likely to B-caryophyllon aldehyde (BCAL) and/g-caryophyllonic
be the major fate under most atmospheric conditions. Thecid (C141CO2H) has been positively identified in a number
mechanism in MCM v3.2 proceeds exclusively via addition of ozonolysis studies (e.g., Calogirou et al., 1997; Kanawati
of Oz to the endocyclic double bond is-caryophyllene, etal., 2008; Winterhalter et al., 2009; Li et al., 2011), with re-
which is reported to be two orders of magnitude more re-spective molar yields of 17.3 % and 13.0 % reported by Jaoui
active than the exocyclic double bond (Winterhalter et al.,et al. (2003) at~80 % relative humidity, in the absence of

0

2.1 First-generation chemistry
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Fig. 2. Molar yields of the secondary ozonide (BCSOZ3;
caryophyllonaldehyde (BCAL) and g-caryophyllonic acid
(C141CO0O2H) as a function of relative humidity fercaryophyllene
ozonolysis at 298 K in 760 Torr air, with cyclohexane present to
scavenge OH radicals, as calculated with MCM v3.2.

C136CO3 [ 775 o ;““““‘:
1

RO,, HO,

an OH scavenger. The theoretical calculations of Nguyen et
al. (2009) propose an important role for the thermally-stable
secondary ozonide (BCSO2), formed by ring-closure of the

gas phase ozonolysis product (molar yield5 %). The ex-
perimental study of Winterhalter et al. (2009) provided some
gualitative support for BCSOZ formation, and established
that its yield apparently decreases with increasing relativerig. 3. Partial schematic of the product distribution from the fur-
humidity, consistent with its formation occurring at least par- ther chemistry of BCALAO2, BCALBO2 and BCALCO2, formed
tially in competition with the bimolecular reactions of the from g-caryophyllene ozonolysis in MCM v3.2, as shown in Fig. 1.
Criegee intermediates with water vapour. In the absence ofhe displayed (molar) product yields correspond to ozonolysis at
other gas phase mechanistic information, the representatiof98 K in 760 Torr air at 50 % relative humidity; with cyclohexane
in MCM v3.2 is broadly based on this information, although present to scavenge all OH radicals (the displayed products account
it is noted that confirmatory studies of BCSOZ formation, for ~89 % of the total product carbon from the onward reaction of
and quantification of its yield, are required. The formation of these peroxy radicals).
the multifunctional ester, BCALBOC, has been reported by
Kanawati et al. (2008) and Winterhalter et al. (2009), and it
was calculated to be a minor ozonolysis product by NguyenBCALAOH, BCALBOH, BCALCOH, BCALACO, BCAL-
et al. (2009), consistent with its representation in MCM v3.2. BCO, C141CO and C137CO2H) has been reported in the
The ozonolysis oB-caryophyllene also generates OH rad- experimental studies referred to above, and this chemistry
icals with a relatively low yield of 10% in MCM v3.2, con- generally provides plausible routes to their formation. In the
sistent with the values of @) % and (10.4-2.3) % reported  specific case oB-caryophyllinic acid (C137CO2H), the for-
by Shu and Atkinson (1994) and Winterhalter et al. (2009), mation mechanism from BCALBO?Z is more speculative, be-
respectively. As shown in Fig. 1, OH is formed in conjunc- ing analogous to that proposed for the production of pinic
tion with a set of8-oxo peroxy radicals, denoted BCALAOZ2, acid froma-pinene by Jenkin et al. (2000), involving an acy-
BCALBO2 and BCALCO2, which occurs by rearrangement loxy radical isomerisation. Although that mechanism has re-
and decomposition of the Criegee intermediates BCOOA andteived some experimental support (e.g., Ma et al., 2008), itis
BCOOB via the well-established “hydroperoxide” mecha- noted that it has been refuted by the theoretical calculations
nism (e.g., see Winterhalter et al., 2009). The subsequentf Vereecken and Peeters (2009). Nevertheless, the charac-
conventional chemistry of thegeoxo peroxy radicals gen- terisation of analogous diacid formation in a number of ter-
erates a large number of species formed in low yield, agpene systems in the experimental mechanistic studies of Ma
shown in Fig. 3. Detection of many of these species (i.e.,et al. (2008, 2009a, b) suggest that C137CO2H is most likely

[ele] OH
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formed from the chemistry of BCALBO2, and the adoption

| e {180% 00% | | 57% 00% i | 00% 9.1% i
of the Jenkin et al. (2000) mechanism is regarded as a reason- | P P R PTNrTrT
able provisional measure until alternative mechanisms are oo RS L lomo ? T
available. : P P Pia
The relative formation efficiencies of the thrgeoxo HO,| ! P P f
. ) BCCOOH BCCOH BCCNO3
peroxy radicals, formed as OH co-products, aims to pro- o, S e
vide yields of experimentally quantified products which —— / NO 3 BOKET
are consistent with the literature. As a result, the forma- HO' ° Ho- E\ 18.2% 27.9%
tion of BCALBO2 from BCOOA is strongly favoured over | oo NO, RO, frion HCHO
B (Hopl  LiiZiTZl

BCALAO2 in MCM v3.2, this being in accord withthere- |  \_ /| = oo 0 N S ’

10.3%, 0.0%

sults of the calculations of Nguyen et al. (2009). The chem-
istry of BCALBO?2 is believed to provide the major route to

first-generation HCHO formation in the system (Winterhal- HO, oo
ter etal., 2009), and the preferential formation of BCALBO2 OH NO T \ono,

allows an HCHO yield of 4.4 % (see Fig. 3), which is con- (40.8% BeacoH TN
sistent with the value of (744.0) %, reported by Winter- NO. RO, {"2;;_;;0;;';'7'_;;;
00

us]
Q
Q
o
N
o
o
X
S
q

halter et al. (2009). It also allows C137CO2H to be formed

with a yield of approaching 1%, which is broadly compa- \ o oo o\o ﬁ

. . . OH 2] 1
rable to the yields of analogous diacids reported for @ NUM- cmm——d po, ™| [T | .. j
ber of terpene systems (e.g., Ma et al., 2008, 2009a, b; and BCAO2 { HO, | (o7 o]
references therein). It is, however, somewhat lower than the (2224, )} RO: on i T BCAL
value of 4% reported specifically fgt-caryophyllinic acid / or 02%\
from B-caryophyllene ozonolysis by Jaoui et al. (2003), with PR No, RO, / P .
detection completely in the aerosol phase. This may be in- on NO OH ‘Hoz
dicative of a contribution to this yield resulting from aerosol- (___oo__J RO, ©

phase chemistry although, as indicated above, further char- BCBO2 {"30e " 0.0% 41% | 00%] 100% | 53%

acterisation of potential gas phase formation routes is re- L

quired. As shown in Fig. 3, the formation of CO in the first-

generation MCM v3.2 chemistry is due to the chemistry of T NoH T \or Lo

BCALCO2, with CG being formed from the chemistry of P - PSS

both BCALAO2 and BCALBOZ2. This leads to respective

yields of 1.1% and 5.8 % for CO and GQwhich are also  Fig. 4. Simplified schematic of the first-generation product distri-

consistent with the approximate values of 2108) % and  bution from the OH-initiated degradation gfcaryophyllene, as

(3.84+2.8) % reported by Winterhalter et al. (2009). represented in MCM v3.2. The peroxy radicals, BCAO2, BCBO2
The product y|e|d3 presented in F|g 3 represent those Ca|and BCCO2 are formed from the .initial sequential addition O.f OH

culated by MCM v3.2 from ozonolysis in the absence of @hd @ to p-caryophyllene. The displayed (molar) product yields

NOy. It should be noted that formation of many of the dis- corre_s_ponq t0 298K and 760 Torr. Y'.e.lds in blue are fqr NOx_-f_ree
layed products is inhibited in the presence of N@hen conditions; yields |n. red are for CO.ndItIOI"IS yvhen there is sufficient

played p . P . ’ . NO present to provide the exclusive reaction partner for the RO

NO (Or_poss'b'Y NQ for acyl peroxy radlcals). may prowdg radicals (but insufficient to react significantly with RO radicals).

the major reaction partner for the peroxy radicals. Assuming

exclusive reaction of peroxy radicals with the N€pecies,

the majority of products in Fig. 3 (including C137CO2H)

are not formed, the exceptions being C126CHO (1.3 %),reaction with OH under atmospheric conditions is usually

C141CO (2.0%) and HCHO (6.7-8.0%). It also provides less significant than ozonolysis, the OH-initiated chemistry

the possibility of formation of PAN (CEC(=0)OONQ) supplementg-caryophyllene removal in OH scavenger-free

from the reaction of CEHC(=0)0, with NOy, and a num-  ozonolysis experiments, and its importance is potentially am-

ber of complex PANs (e.g., C136PAN and C137PAN) from plified in photo-oxidation experiments when N@ present.

the reactions of the corresponding acyl peroxy radicals (seén contrast to ozonolysis, reaction with OH is expected to oc-

C136C03 and C137CO3 in Fig. 3) with NO cur significantly by addition to both the exocyclic and endo-
cyclic double bonds (e.g., Kwok and Atkinson, 1995; Jenkin
2.1.2 Reaction with OH radicals etal., 1997). The formation of the tertiary and secondary per-

oxy radicals, BCAO2 and BCBO2, thus result from sequen-
The main features of the OH-initiated degradation chem-tial addition of OH and @ to either ends of the endocyclic
istry of g-caryophyllene to first-generation products, as rep-bond. Addition to the exocylic bond is represented by the sin-
resented in MCM v3.2, are summarized in Fig. 4. Although gle isomer, BCCO2, as formation of a tertiary peroxy radical

www.atmos-chem-phys.net/12/5275/2012/ Atmos. Chem. Phys., 12, 55888 2012
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is strongly favoured over a primary one (e.g., Peeters et al., CEE 254
1994). — o

The subsequent conventional chemistry of these I |
hydroxy peroxy radicals generates the distribution of species / + CH2OO
shown in Fig.4. In the absence of NOthis includes a O oH 0 RN
set of isomeric hydroxy-hydroperoxides (BCAOOH, BC- |, Y O3 C131CO2H FoioN
BOOH and BCCOOH; accounting for 30.3% of the prod- OH ;
ucts), formed from the terminating reactions of the peroxy C141CO2H \ ] e.-Hz0 ;
radicals with HQ; and a set isomeric dihydroxy species _ V
(BCAOH and BCCOH; accounting for 16.0 % of the prod- {279 00,
ucts) and a hydroxyketone species (BCBCO; accounting fori| o ((3?1‘1‘23%% +| HCHO
4.1 % of the products), formed from terminating channels of ! |yo o ol
the peroxy radical permutation reactions (i.e., reactions with o 5 JE— , OH
the available pool of peroxy radicals, denoted “ROThe OH . OH J 286
propagating channels of the peroxy radical permutation reac- C1470H |; 7777 / O, o
tions lead to the formation of Hand the carbonyl products 268 RO, HOO
BCAL (26.8 %), from BCAO2 and BCBO2, and BCKEB{ o — / 0 Y
nocaryophyllone) and HCHO (13.2 %), from BCCOZ2. In the o o HO, OH
presence of NQ(and assuming the peroxy radicals react ex- o 5 (C14702<)DO C14700H
clusively with NO) the respective yields of these carbonyl OH o o \_RO,, NO
products are increased to 47.4% and 27.9 %, owing to theiL_C147CO OH
greater importance of the propagating channels of these re- 559 (C1011CO3) >\‘ 8 o 0
actions. The remaining flux leads to the formation of a set o NO, o L K/U\OH
of isomeric hydroxy-nitrates (BCANO3, BCBNO3 and BC- dono, = 00 02 HCOCH2CO2H
CNOB3; accounting for 24.7 % of the products), formed from o\FiOz, HO,, NO
the terminating channels. 0 HO, /

Although the product distribution in Fig. 4 is largely pre- C1011PAN RO,, HO, o
dicted on the basis of the conventional chemical processes [314 o8 \f
generally applied in MCM v3.2 (Jenkin et al., 1997; Saun- o o CcO 00
ders et al., 2003), there is limited experimental support for S o 2
some aspects of the chemistry. Support for the formation of ) Y
BCKET from the OH-initiated chemistry has been reported 0 O | {fiiher chemisiyi  (C101102)
in OH scavenger-free ozonolysis systems (e.g., Jaoui et al., L. 101191 | | C1011COH e onemeny

2003) and in photo-oxidation systems designed to elevate the. _

importance of OH-initiation (Lee et al., 2006b). It has gen- Fig. 5. Mechanism and selected products of the ozonoly-
rally not been r rted rod t,in sonolvsis ex rsis of the major first-generation produg;caryophyllonic acid

.e ally 0. ee epp edasa p. oduc 0 0. olysIs expe (C141CO2H). The displayed values indicate the molecular masses

iments with OH radical scavenging, although it may poten- ¢ products.

tially be formed in very low yield from the minor (1 %) attack

of O3 at the exocyclic double bond if-caryophyllene (this

not being represented in MCM v3.2). BCAL is believed t0 4145 oz0nolysis, the “exocyclit’double bond remains in

be formed significantly from both the OH ands@iitiated  yho majority of the first-generation products. Although this

chemistry, and has therefore generally been identified as g 1,5 orders of magnitude less reactive than the endocyclic
major product in aimost all of the reported studies. Detec-q e bond, it is nonetheless still sufficiently reactive for

tion of the dihydroxy species, BCAOH, has been reported iny; o n61ysis to make some contribution to product removal
the OH scavenger-free ozonolysis experiments of Kanawatj;,jer many conditions. Fig. 5 shows the main features of
etal. (2008). There is currently no reported evidence for prohe o injtiated degradation chemistry for the example major
duction of any of the other species in Fig. 4. first-generation produg-caryophyllonic acid (C141CO2H)

in MCM v3.2, with analogous pathways being represented

2.2 Higher generation chemistry

1When referring to the residual double bond following oxidation

. . . . of the g-caryophyllene endocyclic double bond, we place the term
The presence of a residual double bond in the first-generatioRey oy clic” in quotes because the cycle to which the bond was orig-

products makes them susceptible to attack from bogh O inally exocyclic ing-caryophyllene no longer exists in many of the
and OH radicals. Because of the exceptionally high reacproducts. In these cases, the bond is strictly not exocyclic, and the
tivity of the endocyclic double bond i-caryophyllene to-  term is being used as a convenient label.
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P 552 208 et al., 2011). Because of the importance of the secondary
° o —+ ozonide, BCSOZ, as a first-generation product in MCM v3.2
— - 50 (as discussed above and shown in Fig. 2), the corresponding
oo b oo b sorer o second-gener_atlon prqduc_:t, BCKSOZ, is inevitably predlcted
craicoeH ciaicoeH to make a major contribution to the second-generation prod-
252 254 J 238 d Y uct distribution. This further emphasises the need for stud-
Ik - ° S ies to quantify the yield of BCSOZ frong-caryophyllene
Y % T o %, T ozonolysis, and to elucidate the details of its further oxidation
O oaLsol O soikeoc” BOLKET — including whether or not the products retain the “ozonide”
252 254 236 208 functionality. Secondary ozonolysis of the first-generation
o ozonolysis product distribution also produces HCHO with a
o) T ol | / molar yield of between 59 % and 63 % (depending on relative
by I o~ soat © %126CH§> humidity), in good agreement with the value of {66) % re-

ported by Winterhalter et al. (2009), and also consistent with
Fig. 6. Simplified schematic of ozonolysis conversion routes for se- the yield of (76:20) % reported by Lee et al. (2006a) (which
lected first-generation products (shown in black) to selected secondrepresents the sum of the first- and second-generation HCHO
generation products (shown in red). With the exception of BCKET, yields).
all processes represent the partial formation of a second-generation As shown in Fig. 5, the ozonolysis of C141CO2H in MCM
carbonyl product from ozonolysis of the residual “exocyclic” dou- 3.2 also partially generates OH radicals in conjunction with
ble bond in the corresppnding first-generaFion product. In the_ casghe (multifunctional)3-oxo peroxy radical, C14702, via the
of BCKET, the sphematlc shows thg formation qf the same §er|es Of‘hydroperoxide” mechanism operating on C14100A. This
seconq-generatlon pl_roducts foIIowmg oz_onoly3|s of the residual €M aads to the formation of a set ofSproducts (via terminat-
docyclic bond. The displayed values indicate the molecular masses - - . S .
of the products. ing rgactlon channels), WhICh retain the original acid func-
tionality, of which detection of C1470H has been reported
by Li et al. (2011). It also leads to fragmentation (via propa-
gating reaction channels) to form the smaller acyl peroxy rad-
for many of the other first-generation products which re-ical, C1011CO3, in conjunction with loss of the pecies
tain the “exocyclic” double bond. Once again, the mecha-HCOCH,C(=O)OH, which retains the original acid function-
nism proceeds via production of an (unrepresented) energglity. In practice, C1011CO3 can also be formed (in con-
rich primary ozonide, which decomposes by two possiblejunction with HCOCHCHO) from the analogous chemistry
channels, forming either HCHO and aACCriegee inter- of BCAL, such that C1011CO3, and its reaction products
mediate (in nominally “excited” and “stabilized” forms, de- shown in Fig. 5, are potentially formed from the ozonoly-
noted C14100A and C14100); genocaryophyllonic acid  sis of two major first-generation products. Accordingly, Li
(C131CO2H) and the Criegee intermediate,,O® (again et al. (2011) have also reported detection of C1011CO2H,
in nominally “excited” and “stabilized” forms). As shown in although its formation was not attributed to precisely this re-
Fig. 5, the stabilized Criegee intermediates undergo bimolecaction mechanism.
ular reactions, leading to additional formation of HCHO and  Under conditions where reaction with OH contributes to
C131CO2H, which are therefore major ozonolysis products.8-caryophyllene removal (e.g., OH scavenger-free ozonol-
Similarly, it is anticipated that ozonolysis of many of the first- ysis systems), some of the first-generation products retain
generation products in which the “exocyclic” double bond is the endocyclic double bond. Of thesg;nocaryophyllone
retained, also generate HCHO and a corresponding compleBCKET) is a particularly significant product (see Fig. 4),
carbonyl product in which the first-generation functionalities and it is likely that ozonolysis is its major fate under
are retained (as discussed, for example, by Winterhalter etnany conditions. In MCM v3.2, its ozonolysis is treated
al., 2009). completely analogously to that ¢f-caryophyllene itself
This is further illustrated in Fig. 6 for ozonolysis (e.g., as illustrated in Figs. 1 and 3). Figure 6 shows se-
of a series of such first-generation products (BCSOZ,lected features of the chemistry, which indicate that BCKET
C141CO2H, BCALBOC, BCAL and C126CHO), show- ozonolysis can provide additional routes to the series of
ing the corresponding second-generation products (BCK-second-generation products described above (i.e., BCKSOZ,
SOz, C131C0O2H, BCLKBOC, BCLKET and C116CHO), C131CO2H, BCLKBOC, BCLKET and C116CHQ). Other
as represented in MCM v3.2. Of these, evidence for for-first-generation products that retain the endocyclic double
mation of 8-nocaryophyllonic acid (C131CO2H) and/grf bond are generally formed in very low vyield, and their
nocaryophyllone aldehyde (BCLKET) has been reported inozonolysis chemistry is not currently represented in MCM
a number of experimental studies where secondary ozonolv3.2 (consistent with the scheme simplification measures de-
ysis of the first-generation product distribution was likely to fined in Jenkin et al., 1997). Although this is not expected
be important (Calogirou et al., 1997; Jaoui et al., 2003; Lito have a major impact on overall mechanism performance
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Fig. 7. Schematic of the mechanism and products of the OH-initiated oxidation of a series of first-generation products, shown in the left-
hand column, following attack of OH at the residual “exocyclic” double bond. The details of the mechanism are summarised only for
B-caryophyllonic acid (C141CO2H); but the mechanisms for the other species follow analogous pathways. The displayed values indicate the
molecular masses of the products.

in many applications, it may potentially influence model- The propagating reaction channels (with NO ancbR@nce
measurement comparisons for the particular species in deagain lead to the formation of HCHO and the same set of
tailed evaluation studies. second-generation carbonyl-substituted products discussed
Figure 7 shows the main features of the OH-initiated above for the ozonolysis chemistry, thereby providing addi-
degradation chemistry in MCM v3.2, for the same seriestional mechanisms for their generation. The terminating re-
of significant first-generation products that retain the “ex- action channels (with NO, Hand RQ) form a set of high
ocyclic” double bond. In each case, this is represented bymolecular weight multifunctional hydroxy-nitrates, hydroxy-
sequential addition of OH and xto the double bond to hydroperoxides and dihydroxy species that would be ex-
form a (strongly-favoured) tertiarg-hydroxy peroxy radi- pected to show a high propensity to transfer to the aerosol
cal. The subsequent conventional chemistry of this set of perphase. In this respect, evidence for the presence of a hy-
oxy radicals generates the series of species shown in Fig. @rated form of C151NO3 if-caryophyllene SOA has been
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v 268 Jenkin et al. (1997) and Saunders et al. (2003), and is de-
seeFig.7 | Ho i veloped until it feeds into the production of smaller species
o0 (BCALO2) | already present in the MCM database. As part of a general
Oz [_»o_ S o 5 o S update in MCM v3.2, the reactions of acyl peroxy radicals
(0.695) ’ OH OOH with HO> throughout the mechanism have been revised to
OH C141C02H c141003H include propagating channels, as follows:
— RO,, HO, HO, 313
236 141000 / RC(= 0)0O2 + HO; — RC(= O)O+ OH+ Oz (R1)
oH O, NO, o S The IUPAC recomme_ndation_for Fhe reaction of §{O)O,
— — OONO, with HO, (http://www.iupac-kinetic.ch.cam.ac.Qkias been
o— N R bo) 0 Cl41PAN adopted for the branching ratio of this reaction channel, this
BCAL RO, HOz. NO being based on the experimental determinations of Hasson
— CO, ,_/l 269 et al. (2004), Jenkin et al. (2007) and Dillon and Crowley
224 loz N J:_t (2008).
ﬁ (C14102) NO
Bl _f% — O nos 3 Experimental datasets
HO
oo / 0 Ow‘o* No (C14202) The experimental datasets used to evaluate the MCM v3.2
222 240 & representation op-caryophyllene degradation are summa-
TEE 2 77/’:& rized in Table 1. In some cases (Jaoui et al., 2003; Win-
\ ‘ o0 terhalter et al., 2009), the reported information contributed
O 0| [HOO O {fie themisty; ~ MO © directly to the construction of the mechanism, as described
C141C0 L e — above, and the evaluation is limited to a comparison of the

observed SOA yields with those simulated for the reported
Fig. 8. Schematic of the mechanism and selected products of th&€onditions (see Sect. 4). In other cases, the reported product
OH-initiated oxidation of8-caryophyllon aldehyde (BCAL), focus-  distributions and their temporal profiles (where available) are
ing on the chemistry following abstraction of the aldehydic H atom. used to evaluate the chemical detail in the MCM v3.2 chem-
The displayed values indicate the molecular masses of the productsstry for both ozonolysis and photo-oxidation conditions, us-
ing detailed chamber simulations.
The most extensive evaluation makes use of a subset of a
) ) ) series of-caryophyllene/NQ photo-oxidation experiments

reported by Chan et al. (2011), their experiments being perperformed as part of the Aerosol Coupling in the Earth Sys-
formed under photo-oxidation conditions with a likely im- oy, (ACES) project. These experiments are described in de-
portant contribution from OH-initiated degradation of first- {4 elsewhere (Alfarra et al., 2012), and only an overview is

generation products _ therefore provided here.
Although addition of OH to the double bond is the ma-

jor (or exclusive) reaction channel for the series of first- 3.1 Reaction chamber
generation products in Fig. 7, H atom abstraction channels
are also included in MCM v3.2, where significant. This is The experiments were carried out in a collapsible $8m
particularly the case for species containing aldehyde groups-EP Teflon chamber at the University of Manchester. The
as illustrated for the most important aldehyde prodget, chamber is equipped with a set of halogen lamps and a
caryophyllon aldehyde (BCAL) in Fig. 8. This leads to for- 6 kW Xenon arc lamp and surrounded by reflective sur-
mation routes fog-caryophyllonic acid (C141CO2H), acor- faces, providing even illumination of the chamber space and
responding percarboxylic acid (C141CO3H) and a complexa well-characterized photolysing radiation. This is designed
PAN (C141PAN); and also routes to breakdown to smallerto mimic the atmospheric actinic spectrum over the wave-
second-generation products, includiggnorcaryophyllone length range 290-800nm, and has a maximum total ac-
aldehyde (C141CO), as partially shown in Fig. 8. The supple-tinic flux of 0.7x 108 photons 52 m~2 nm~1 over the region
mentary formation of C141CO2H and C141CO in the second460-500 nm.
generation of oxidation illustrates that it is not always possi- The air supply into the chamber was dried and filtered
ble to label a structure as uniquely a product of a particularfor gaseous impurities and particles using a series of Purafil
generation, as is even more apparent for smaller breakdow(Purafil Inc., USA), charcoal and HEPA (Donaldson Filtra-
products such as HCHO. tion) filters, prior to humidification with ultrapure deionised
The further degradation of the product distribution in suc- water. g8-caryophyllene was introduced via direct liquid in-
cessive generations follows the rules described in detail byection into a heated glass bulb, which was flushed into
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Table 1. Summary of experimental datasets used to evaluate the MCMBv8a2yophyllene scheme.

Reference Experimeht [B-caryophyllene} [ozonel, OH scavenger T Relative humidity ~ [SOA}
Ozonolysis experiments ppb ppb K % ug e
Jaoui et al. (2003) - 601 640 none 288 82.5 2090 (2170)
Winterhalter et al. (2009) BC1210 296 200 cyclohexane 296 36 420 (399)
BC1310 295 200 cyclohexane 296 36 440 (399)
Lietal. (2011¥ 1 1.7 56 cyclohexane 298 40 0.5 (0.6)
2 6.7 56 cyclohexane 298 40 3.4(5.9)
3 13.3 50 cyclohexane 298 40 7.7 (16.2)
4 46.4 5@ cyclohexane 298 40 29.1(79.8)
Reference Experiméht [B-caryophyllenej  [NOlg [NO2lo T Relative humidity ~ [ozoné] [SOAJP
Photo-oxidation experiments ppb ppb ppb K % ppb m
Lee et al., 2006b - 42 16 ie 295 56 13 (21) 212 (111)
ACES, Alfarra et al. (2012) 30-06-08 31.1 6.9 22.6 2975 69.8 7.6 (20.7) 45 (98)
03-07-08 42.7 10.6 43.4 297.8 68.6 10.3(25.6) 66 (144)
04-07-08 48.0 10.9 41.0 297.8 68.1 7.9 (20.8) 61 (147)
10-07-08 48.1 10.9 62.5 2975 69.5 11.2 (27.0) 66 (166)

2 Experiment identified on the basis of assignment in original referéheeximum observed SOA concentration; figure in brackets is the maximum simulated concentration,
using the base MCM v3.2 scheme; sensitivity tests described irftexperiments performed with ammonium sulphate seed aefbewjntained excess mixing ratio;

€ maximum observed mixing ratio; figure in brackets is the maximum simulated mixing ratio, using the base MCM v3.2 scheme; sensitivity tests described in text;
finitial NO» mixing ratio includes an unspecified contribution from HONO; simulation initialised with 9.6 pppa@ 6.4 ppb HONO (see text).

the chamber with a flow of filtered, high purity2NECD ment), an ion-molecule reaction involving it and the hydrated
grade, 99.997 %). NOwas introduced, primarily in the form hydronium ion can occur at the collision-limited rate to yield
of NOg, by injection from a cylinder into the charge line. a protonated analyte ion (MH (e.g. de Gouw and Warneke,
Relative humidity and temperature were measured at sev2007; Blake et al., 2009):

eral points throughout the chamber (by dewpoint hygrometer,
and a series of cross-calibrated thermocouples and resistan(|:—|e30+(H20) +M — MHT +2H,0 (R2)
probes), and were controlled by diverting air through the inletlIf the energies involved in Reaction (R2) are sufficiently high

humidification circuit and by controlling the air conditioning (and particularly if the analyte contains certain functional

set-point, respectively. groups), the MH product may undergo fragmentation to
produce various daughter ions, as described in more detail
3.2 CIR-TOF-MS measurements in Sects. 6.3.1-6.3.4. In order to limit analyte fragmentation

and hence increase sensitivity and selectivity, the main reac-

The gas phase organic compounds within the chamber (intor cell of the drift tube was operated at an electric field/gas
cluding the precursog-caryophyllene) were measured us- number density (E/N) of~90 Td. A tuned energy ramp was
ing Chemical lonisation Reaction Time-of-Flight Mass Spec- applied at the base of the drift cell to facilitate the removal of
trometry (CIR-TOF-MS), as described in detail by Wyche unwanted cluster ions (e.g. MHH,0) (Wyche et al., 2007).
et al. (2007). The CIR-TOF-MS instrument comprises a The CIR-TOF-MS was calibrated for a range of oxy-
bespoke, temperature controlled ($40)°C) radioactive genated and non-oxygenated volatile organic compounds us-
(***Am) ion source/drift tube assembly, coupled via a systeming three different methods: (i) stepwise dilution and mea-
of ion transfer optics to an orthogonal time-of-flight mass surement of a commercially sourced gas standard (BOC Spe-
spectrometer (Kore Technology, UK). In order to provide en-cial Gases, UK); (ii) analysis of gas standards generated from
hanced mass resolution, the TOF-MS is equipped with a repermeation tubes (Eco-Scientific Ltd, UK and Vici Inc., US)
flectron array (mAm ~1500-3000). using a commercial calibration and humidification unit (Kin-

During all ACES experiments, proton transfer reaction tec, model 491); and (iii) analysis of 10 L Teflon sample bags
ionisation was employed as the chemical ionisation tech{SKC Inc. US) following liquid injection of the target or-
nique, utilizing hydrated hydronium ions (e.gg®"-(H»0)) ganic compound into a nitrogen matrix. The precurger
as the primary reagent ions. These were generated from a hearyophyllene was calibrated for using method (iii), which
midified N, carrier gas (99.9999 % purity), delivered directly was validated via cross comparisions with methods (i) and
to the ion source. Chamber air containing the analyte organiii).
compounds was supplied directly to the drift cell reactor at For the major oxidation products g#-caryophyllene,
a continuous flow rate of 230 sccm. Depending on the propho experimentally-derived calibration sensitivity values are
erties of the analyte (M) (e.g. proton affinity and dipole mo- available for their quantification. For a number of species
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Table 2. Proton affinities (PA), dipole momentg.f), polarizabilities &) and proton transfer reaction rate coefficierits ¢alculated for
B-caryophyllene and selected oxidation products that potentially contribute to the major CIR-TOF-MS produeli®%&3 andmn/z 237.
Organic reagent masses and reduced reagent molecular magsaes élso given.

lon-Molecule Reaction Mass/gmot  p/kg PA/kImott  pp/Debye /A3 | kem® moleculet st
| 298K 313K

B-caryophyllene + HO™* 204.188 2.886441026 859.2 0.35 2752 3.13x107%"  3.13x10°°
B-caryophyllene + HO1.(H,0)  204.188 5.201461026 859.2 0.35 27.52 2.33x107%"  2.33x107°
BCAL + H30" 236.178 2.9201410°26 817.1 2.04 28.61 3.78x10°%  3.76x10°°
BCAL + H30t-(H,0) 236.178 5.3118810~26 817.1 2.04 28.61 2.80x10™9  2.79x107°
BCSOZ + KOt 252.173 2.933961026 828.7 1.63 29.05 3.58x107%  3.57x10°9
BCSOZ + K0T -(H,0) 252.173 5.357861026 828.7 1.63 29.05 2.65x107%  2.64x10°9
BCALBOC + H30™ 252.173 2.933961026 809.3 2.26 29.17 3.92x1079  3.90x107°
BCALBOC + HzO™-(H50) 252.173 5.357861026 809.3 2.26 29.17) 2.90x1072  2.88x10°°
C141CO2H + HOt 252.173 2.933961026 883.8 1.95 20.90 3.34x10°%  3.32x10°°
C141CO2H + HO™-(H,0) 252.173 5.3578610 26 883.8 1.95 20.90 2.47x10"%  2.46x10~°

* Su and Chesnavich (1982) and Su (1988) reported calculated valies3afx 10~ cm?® molecule ! s~1 for g-caryophyllene + HO, andk = 2.3x10~9 cm3 molecule 1 51
for g-caryophyllene + HOT-(H,0).

(shown in Table 2) that are simulated to contribute to the ma-dipole moment of the neutral specig€s.has been parame-
jor product ion signals, concentrations were calculated usinderized to have a value between 0 and 1. Zhao and Zhang
the steady state approximation in Eq. (1), which can be de{2004) showed that the calculated proton transfer rate con-
rived from Reaction (R2) assuming that the proton transferstants were, on average, withit20 % of the experimental
reaction obeys pseudo first-order kinetics (e.g. Hansel et alvalue. The overall CIR-TOF-MS measurement uncertainty

1995): values, considering both instrument precision and calibra-
. + tion/calculation accuracy (accounting for measurement re-
i(MH™) 1 . . )

[M] (2) producibility and known systematic uncertainty), were de-

~ i((H30" - (H20))0) kt

Here,i(MH™) is the normalised, protonated analyte ion sig- -
nal, i(H30T-(H20))o is the normalised reagent ion signal, 3.3 Additional measurements
[M] is the analyte concentration (molecule Th), & is the o ) i ,
proton transfer reaction rate constant fanoleculels-t) ~ NO and NQ mixing ratios were measured using a chemi-
andt is the reaction times). luminescence gas analyser (Model 42i, Thermo Scientific,
For the species under investigation the analyte protorMA, USA). Production of @ was measured using a UV pho-
affinities were calculated using the computational chem-fometric gas detector (Model 49C, Thermo Scientific, MA,
istry method MP2(FC)/6-311+G(d,p)//HF/6-31G(d), devel- USA). The tqtal SOA partlcle number concentratlor] was
oped by Maksic and Kovacevic (1999) when looking at the measured using an ultrafine Water-bas_ed con_de_:nsatlon par-
proton affinities of amino acids. The method is suitable for ticle counter (WCPC 3786, TSI, Inc.), with a minimum size
large systems and is computationally cheap. The calculate§Ut-0ff of 2.5nm. The size distribution of the generated SOA
proton affinity values are estimated to be within 3% of the particles was measured using a Differential Mobility Parti-
experimental values. cle Sizer. This consisted of two Differential Mobility Analy-
The values ok (shown in Table 2) were estimated using S€rs: for pz_:\rticles in the size ranges 3-34 nm and_20—5OC_) nm,
the dipole moments and polarizability values obtained fromCoupled with TSI 3025A and TSI 3010 condensation particle
a Density Functional Theory calculation at the B3LYP/6- count.ers (CPC). Particle numbers and size d|str|but|on§ in
31G(d,p) level of theory on the non-protonated species. Thighe diameter size range from 3-500 nm were thus obtained
level of theory has been previously utilized by Zhao and every_lO min. Th|s.|nformat|on was used to determine yol—
Zhang (2004), who looked at 78 hydrocarbon and 58 nonUmetric concentrations of SOA, which were converted into
hydrocarbon compounds and assessed their proton transf8#aSs concgntratlons using a density of 1.3 g&ifBahreini
reaction ratesk values for this work were calculated using €t al-, 2005; Varutbangkul et al., 2006).
the following expression (Su and Bower, 1973):

k= (2rq/u’®)[a®®+CuD2/7kT)*®) )

wheregq is the charge of the iory is the reduced mass of
the reactantsy is the polarizability, andip is the permanent

termined to be of the order af40 %.

www.atmos-chem-phys.net/12/5275/2012/ Atmos. Chem. Phys., 12, 55888 2012



5286 M. E. Jenkin et al.: Development and chamber evaluation of the MCM v3.2 degradation scheme

4 Model description small, contributing< 10 % to the measured NGignal. For
the illustrative simulation of the photo-oxidation experiment

Chamber simulations g8-caryophyllene degradation were of Lee et al. (2006b), reagent HONO is inferred to make a

carried out using the FACSIMILE for Windows kinetics major contribution (40 %) in the early stages of the experi-

integration package, v3.5 (MCPA Software). The chamberment (see Sect. 6.3.5), with product PANs simulated to con-

model simply represents a well-mixed chamber volume, withtribute up to about 12 % by the end of the experiment.

the reagent mixing ratios and experimental conditions ini-

tialised at, or constrained to, the values for the study undef.2 Gas-aerosol and gas-wall partitioning

consideration, as given in Table 1. o
Gas-aerosol partitioning was represented for 280 closed-shell

products ofg-caryophyllene oxidation, on the basis of the
absorptive partitioning model of Pankow (1994), which has

For simulations of photo-oxidation experiments, a numberP€€n widely used to help interpret organic aerosol forma-

of chamber-dependent processes were represented. The rafi¥! in chamber studies. Phase-partitioning of a given species
of gas phase photolysis processes for application with MCMIS thus defined by the thermodynamic equilibrium of that

v3.2 were calculated using spectral distributions and intensiSPECiES between the gas phase and absorbed in a condensed

ties for the photolysing radiation, in conjunction with evalu- ©rganic phase, with an associated (equilibrium) partitioning
ated absorption cross sections and quantum yield data for the€fficient,Kp, which is given by:
individual species and reactions, as provided on the MCM 7501x 10-°
website. As indicated in Sect. 3, the photolysing radiation in g, — 7.501x 107°RT @)
the ACES experiments was fully characterized for the cham- MWom¢ pi
ber. For illustrative simulation of the photo-oxidation experi- ) ) 1 )
ment in the Caltech chamber, reported by Lee et al. (2006b)VhereR is the ideal gas constant (8.3143Kmol™Y), T'is
a representative blacklight spectrum emitting over the rangd€mperature (K), MW is the mean molecular weight of the
330-400 nm{max ~355 nm) was assumed, and the intensity condensed organic material (g mé), ¢ is the activity coef-
was scaled to provide simulated profilestotaryophyllene, ~ ficient of the given species in the condensed organic phase,
NOy and ozone that were comparable with those reported. 21d Py_iS its (probably sub-cooled) liquid vapour pressure
The impact of chamber wall effects for simulations of the (Torr). '!'he numerlcial constant in the numerator is consistent
ACES experiments was represented using the mechanisfith units of ﬁ?}lgf for Kp. A unity value was assumed for
characterized for the PSI chamber, as reported by Metzger ép Consistent with partitioning of a given oxidation product in
al. (2008), that being an FEP Teflon chamber of similar vol- &1 @erosol droplet composed of a mixture of similar species.
ume and light source to the Manchester chamber. The auxil- ©On the basis of the critical appraisal of Barley and Mc-
iary mechanism includes a conventional description of wallF199ans (2010), the applied valuesf were calculated us-
sources of radicals and the reactivity of background organicsi"d the method of Nannoolal et al. (2008), in conjunction
and adsorption or desorption of oxidised nitrogen species. IVith species boiling temperatures estimated by the method
practice, sensitivity tests showed simulations to be very in-Of Nannoolal et al. (2004). For simplicity, all vapour pres-
sensitive to inclusion of these processes, as discussed furth§Hres applied in the current work were calculated for a tem-
in Sect. 6.1. However, it was found to be necessary to optiPerature of 208 K. The value used fof for a given species
mise an additional decaying source of NO within about theC!€arly has a critical impact on the calculated valuekyf

first hour of each experiment to recreate the precise form®Ut estimatingp values for complex multifunctional oxy-
of the NO profiles. This typically amounted to an addi- genates remains subject to considerable uncertainty, as very

tional 10 % input of NQ, and had a much more subtle (and few quantitative data are available for checking the predicted
unimportant) influence on the temporal profiles simulated forVa/ues. _ _

species other than NO. Partitioning @fcaryophyllene oxi- The magnitude ok, determines the extent of gas-aerosol

dation products to the chamber walls was also representefatitioning of a given species, in accordance with the fol-

and optimised, as described below. lowing equation:

Because the NPQmeasurements in the considered stud-
ies were made using conventional chemiluminescent ana
ysers, simulations of N©mixing ratios were assumed to
include quantitative contributions from HONO and PANSs.
Along with NO;, these species are likely to be converted ef-
ficiently to NO in the heated molybdenum converters, and
therefore contribute to the reported bi€ignals (e.g., Winer a5 a5sumed to be achieved instantaneously, and no chem-
etal., 1974; Cox, 1974). For the conditions of the ACES eX-jc5| processes in the aerosol phase were represented.
periments, these interferences are simulated to be relatively

4.1 Chamber auxiliary mechanism

[Xloa/[X]g = Kp-[OAI 4

where [X]y and [X]oa are its concentrations in the gaseous
and organic aerosol phases, respectively, and [OA] is the
total mass concentration of condensed organic material (in
pg n3). In the present work, the equilibrium partitioning
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An initial assessment of the representation of gas-aerosatant excess mixing ratio. Cyclohexane was present to scav-
partitioning (in conjunction with the MCM v3.2 gas phase enge OH radicals, so that sequential ozonolysis of ghe
chemistry) was carried out by simulating conditions repre-caryophyllene endocyclic double bond, followed by ozonol-
sentative of all the datasets in Table 1. The simulations ofysis of the “exocyclic” double bonds in the first-generation
the conditions of the ozonolysis experiments reported byproducts would occur. The present simulations considered a
Jaoui et al. (2003) and Winterhalter et al. (2009) showedsubset of four experiments with 50 ppl,@s summarized in
prompt SOA formation and final SOA yields that were in Table 1, with simulations carried out up to the 3.6 h residence
good agreement with the reported observations. The simulatime. The final simulated SOA mass concentrations were
tions of the ozonolysis conditions of Li et al. (2011), and of comparable to those observed, albeit showing an increasing
the final stages of the photo-oxidation experiments of Alfarratendency towards overestimation with increasing reagent
et al. (2012), showed a tendency towards overestimation (bgaryophyllene mixing ratio (see Table 1).
up to a factor of about 2.5). The simulations of the photo- Figure 9 shows the simulated time evolution of the SOA
oxidation conditions of Lee et al. (2006b), and of the early mass loading up to the 3.6 h experimental residence time, for
stages of the ACES photo-oxidation experiments of Alfarrathe conditions of “experiment 3” reported by Li et al. (2011).
etal. (2012), showed a tendency towards underestimation (b¥his logically shows prompt SOA formation with an ini-

a factor of about 2). In view of the uncertainties in parametertial dominant contribution from first-generation products to
estimation, these results are regarded as generally acceptabBQA; but with a progressively increasing contribution of
although there must clearly be reasons for the variability insecond-generation products. This reflects that the respective
performance for the different conditions of the studies. lifetimes of B-caryophyllene and the first generation prod-

For the detailed appraisal of the ACES photo-oxidation ex-ucts with respect to reaction with 50 ppb ozone are about
periments, the impact of partitioning of the 280 oxygenated70s and 2 h, and that both the first- and second-generation
products into the Teflon walls of the Manchester chamberproduct distributions are sufficiently condensable for at least
was also represented and optimised during the course of thisome transfer to the aerosol phase to occur. The simu-
work, as discussed further in Sect. 6.2. This was representeldted SOA composition at 3.6 h is dominated by second-
on the basis of the results of Matsunaga and Ziemann (2010generation products, with these accounting for 73 % of the
who characterized the partitioning of a series of long-chainmass loading. This is in broad agreement with the results
alkanes, alkenes, 2-alcohols and 2-ketones under dry condof Li et al. (2011), who reported a second-generation con-
tions in two Teflon chambers, 1.7%mand 5.9 rd in volume. tribution of about 90 %. The simulated SOA composition at
Gas-wall equilibrium partitioning was represented to occur3.6 h has an average molecular formula @§67H221104.21
in direct competition with, and analogously to, gas-aerosol(MW =257.3).

partitioning: Li et al. (2011) reported detection of 15 ozonolysis prod-
ucts in SOA, of which 11 are represented in the MCM v3.2
[(XJwall/[X]g = Kp-[walllest (5)  scheme. Many of these species were consistently found to

. . . L be in the top 20 simulated SOA contributors at 3.6 h, al-
where [X]yan is the concentration of a given species in the . ; .
though other species were also simulated to make impor-

Teflon wall, and [wallgs is an effective wall mass concen- tant contributions. The lower panel in Fig. 9 shows the

tration. In acqordance with the results presented by Matt p 11 simulated contributors at 3.6 h, for the conditions
sunaga and Ziemann (2010) for the most strongly absorbed;", . . . .
) : . . . : of “experiment 3”, with these collectively accounting for
species considered in their study (high molecular weight 2- . .
R LS about 90 % of the total simulated SOA mass loading. The
ketones), the optimisation process initially assumed a valu

_ 3 : : Fflrst—generanon products have important simulated contri-
of [wall] e Zf mgm~, W'Fh an effect_lve molecular weight butions from g-caryophyllonic acid (C141CO2H) and-
of 200gmot . An associated 1/e time constant) of - . . .
. . e caryophyllinic acid (C137CO2H), in agreement with the re-
2.7min was imposed for the gas-wall partitioning process,

o . . c sults of Li et al. (2011), and as also reported to be impor-
which is also consistent with the equilibration time reported : ; .
. tant SOA contributors in other studies gtcaryophyllene
by Matsunaga and Ziemann (2010). The value of [wall] ) ; . . o
: = . ozonolysis (Jaoui et al., 2003; Kanawati et al., 2008; Win-
was varied to optimise agreement with the ACES observa,, hal | h her i Tl i
tions, with g, Varied in inverse proportion ter ater et al., 2009). The other important simulated first-

’ aw ' generation contributors (C13900H and BCALBOOH) are
multifunctional hydroperoxides, which have not been de-
5 Results and discussion: ozonolysis conditions tected in any reported study. These are formed (along with

C137CO2H) from the chemistry of the OH co-product,
Evaluation of the MCM v3.2 scheme under dark ozonoly- BCALBO?2 (see Fig. 3). This suggests that the simulated con-
sis conditions focused on the set of experiments reportedribution of first-generation products to SOA is sensitive to
recently by Li et al. (2011). Those experiments were car-the yield assigned to OH (and co-radicals) in the mechanism,
ried out in flowing mode, with a characteristic chamber by virtue of the associated products generally possessing a

residence time of 3.6 h, and withsOnaintained at a con- greater degree of multi-functionality than those formed from
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20 carbonyls to form high molecular weight peroxyhemiacetals
(e.g., Tobias and Ziemann, 2000). It is also possible that any
subsequent decomposition of the peroxyhemiacetals (within
the course of an experiment or during aerosol analysis) may
potentially produce alternative products (e.g., an acid and
an alcohol - by analogy with the mechanism of the Baeyer-
Villiger oxidation of carbonyls by peroxyacids), such that the
hydroperoxides might act as condensed phase oxidants (e.g.,
see discussion in Jenkin, 2004).

The present calculations predict a particularly important
contribution from g-nocaryophyllonic acid (C131CO2H),
which is simulated to be the most abundant SOA compo-
nent. Although not specifically identified by Li et al. (2011),
C131CO2H has been reported as an SOA phase product by

O Second generation products

@ First generation products

—_
[$)]
I

—
o
I

(&
I

SOA mass concentration (ug m™)

0.0 0.6 1.2 1.8 2.4 3.0 3.6 . .
Time (hr) Jaoui et al. (2003), under conditions when some secondary
5% ozonolysis of the first-generation product distribution was
(254) @0 (270) likely. As discussed in Sect. 2.2, and shown in Figs. 5 and
L A% s [] %/EE @54 6, C131CO2H is a likely major product of the ozonolysis of
g RN o % §E§ B-caryophyllonic acid (C141CO2H), and its vapour pressure
2 a0% w07 ) s (252) - b is estimated here to be lower than that of C141CO2H by ap-
2 pa2 proaching an order of magnitude. The present calculations
15} (268) (242)
§ . * o™ T thus predict C141CO2H to be only partially present (18 %)
£ o] on © / / > in the SOA phase (thereby allowing significant reaction with
/ 4 / . \ Os in the gas phase), but C131CO2H to be mainly (63 %)
0% m— S ﬂ ‘ ﬂ B in the SOA phase, for the simulated conditions at the end of
S & L F &L F S “experiment 3"
& RN RO SRS NN O
S [ S 9

Fig. 9. Results of simulations of the conditions of ozonolysis ex- g  Results and discussion: photo-oxidation conditions
periment 3 reported by Li et al. (2011) (see Table 1 for conditions).

The upper panel shows the simulated time evolution of the SOAEvaIuation of the MCM v3.2 scheme under photo-oxidation

mass loading up to the 3.6h experimental residence time; and th(ezonditions initially focused on the set of ACES experiments

contributions of first and second-generation products to SOA. The

lower panel shows the top 11 simulated contributors at 3.6 h, thesgymmanzed in Table 1’_and described above in Sect. 3.2.
accounting for90 % of the total simulated SOA mass loading. The Figure 10 shows the main features of the MCM v3.2 chem-

displayed values indicate the molecular masses of the products. iSt!‘% appropriate to the early stages of th0§e eXperim_entS-
Primary removal ofg-caryophyllene occurs via ozonolysis,

following the photolysis of the reagent N@ form NO and

O3. Because of the high initial [NE)/[NO] ratios applied in
the non-radical channels. For example, an illustrative reducthe ACES experiments, this process occurs efficiently in the
tion in this yield from 109% to 6 % led to a reduction in the system and is the predominant initiation process. The reac-
simulated first-generation contribution from 27 % to 20%. tion of Oz with g-caryophyllene leads to the formation of

As shown in Fig. 9, a number of second-generation prod-OH, which also reacts witl$-caryophyllene. Although the

ucts make important simulated contributions to SOA, with primary yield of OH is comparatively small (10 %), the im-
the majority of these resulting from the ozonolysis @f portance of the OH-initiated chemistry is amplified by the
caryophyllonic acid (C141CO2H) amttcaryophyllon alde- presence of NO in the system, allowing the (conventional)
hyde (BCAL). Of these, only C1470H was actually re- OH regenerating, catalytic cycle shown in Fig. 10 to occur,
ported by Li et al. (2011), although others (C131CO2H andwith this also leading to NO-to-N£conversion and subse-
C1460H) are structurally similar isomers of species thatquent G formation. The cycle is mainly terminated by the
were reported. Again, there are important contributions fromformation of the hydroxy nitrates (BCANO3, BCBNO3 and
a number of multifunctional species containing hydroper-BCCNO3), and the branching ratio assigned to their forma-
oxy groups (C14600H, C14700H and C131100H), whichtion from the reactions of the corresponding peroxy radi-
have not been detected in reported studies. However, suctals with NO controls the chain length of the catalytic cy-
products are potentially reactive in the condensed phase, ande. The chemistry of the co-radicals, formed with OH fol-
may therefore be difficult to detect. Indeed, hydroperoxideslowing g-caryophyllene ozonolysis (BCALAO2, BCALBO2
have been reported to undergo association reactions witand BCALCOZ2; denoted “R’'¢J in Fig. 10), also potentially
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Fig. 10. Schematic of the main features of MCM v3.2 chemistngetaryophyllene-N@ photo-oxidation, appropriate to the early stages

of the ACES experiments in the Manchester chamber. Primary remoyaktafyophyllene occurs via ozonolysis, following reagentoNO
photolysis, with the importance of the OH-initiated chemistry amplified in the presence of NO (see discussion in text)s‘&ed to
denote the collective population of BCAO2, BCBO2 and BCCO2; “RO” to denote the collective population of BCAO, BCBO and BCCO;
and “R’'0," to denote the collective population of BCALAO2, BCALBO2 and BCALCO2. The molecular masses of the products are also
shown.

feeds into the catalytic cycle, by virtue of generation of some
HO, from radical propagation reactions in the presence of 5o
NO. In practice, however, this is comparatively limited be- ‘B—caryophyllene NO NO, ozone
cause the radical propagating chemistry of BCALAO2 and 4 ]
BCALBO?Z2 is likely to be interrupted by the formation of
PAN and complex PANs (C136PAN and C137PAN) as tem-
porary radical reservoirs (see Sect. 2.1.1).
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n
o

Mixing ratio (ppl

6.1 Evaluation usingB-caryophyllene, NO, and ozone
data

—_
o

The general MCM v3.2 reaction framework was ini-

tially evaluated using the gas phase observationsg-of 0
caryophyllene, @ and NQ, as shown in Fig. 11 for the
example of ACES experiment 03-07-08 (broken lines). The
simulations showed the mechanism to perform reasonablyg 11. Time profiles of 8-caryophyllene, NO, N and ozone
well, but indicated that the system was over-reactive, Ieadingor ACES photo-oxidation experiment 03-07-08. The obserged

to a decay op-caryophyllene that was too rapid, and an effi- caryophyllene data are shown as open circles, with the observed
ciency of NO-to-NQ@ conversion and @formation that was  NO, NO, and ozone data as continuous lines. The smooth lines
too high. Within the reaction framework outlined in Fig. 10, show the results of simulations using the MCM v3.2 scheme,
this indicates that the efficiency of the OH-initiated chem- with different yields of OH (and co-radicals) frofxcaryophyllene

istry is over-estimated. This can be formalised by the follow- 920nolysis. Broken lines: OH yield=10% (i.e., the base MCM
ing equations: v3.2 run); Heavy continuous lines: OH yield =6 %; Feint contin-

uous lines: OH yield = 3%.

Time (hours)

www.atmos-chem-phys.net/12/5275/2012/ Atmos. Chem. Phys., 12, 55888 2012



5290 M. E. Jenkin et al.: Development and chamber evaluation of the MCM v3.2 degradation scheme

=3
o

Yon=Pon-CL (6)
CL=1/(1—x) )

@
S

where Yop is the total OH vyield, By is the primary OH
yield, x is the fractional regeneration of OH in each oper-
ation of the catalytic cycle, and CL is the chain length of
the catalytic cycle. The over-efficiency of the OH-initiated
chemistry can therefore by addressed by a reduction in either 0 : : :
POH or CL ° 1 Time (hours) ? :

The value of Ry is set at 10% in MCM v3.2 (see
Sect. 2.1.1). As shown in Fig. 10, the value of CL is de- Fig. 12. Time profiles of secondary organic aerosol (SOA) mass
termined by the branching ratio (or yield) assigned to theconcentration for ACES photo-oxidation experiment 03-07-08. The
formation of the hydroxy nitrates (BCANO3, BCBNO3 and observed data are shown as points. The lines are results of sim-
BCCNO3) from the reactions of the corresponding,R&u- L!!ations_ using: (i) MCM v3_.2 with gas-aerosol paftitioning code;
icals with NO, this branching ratio being {1x). There have (1) as (i), but with a 6% yield of OH (and co-radicals) froft
been no determinations of the branching ratio, and an estigaryophyllene ozonolysis; (iif) as (i), but with gas-aerosol parti-

mated value of 0.247 is applied in MCM v3.2. This is basedponmg into observationally-constrained SOA mass loading, and

T inclusion of wall partitioning with [wall}s = 1.5mg m3; (iv)

on a reported vall_,le of _0'228 f_or the structurally-similar Selas (i), but with inclusion of (illustrative) transient formation of
of Ci10 peroxy radicals in the limonene system (Ruppert €ly-hydroxyhydroperoxides (see text) and wall partitioning with
al., 1999), scaled to account for the increase in carbon numMpyall] o¢ = 1.5 mg 3.

ber using the expression recommended by Arey et al. (2001).

This value of (1-x) leads to a value of about 4 for CL, such
that the total OH yield, ¥, is about 40 % in the base MCM

v3.2 simulations.

IS
o

SOA mass concentration (ug m‘a)

n
o

03-07-08

sistent with the reduced, optimised value oy of about

As shown in Fig. 11, simulations of the system were found 25% and scavenging of OH predominantly by regction with
to be very sensitive to the value assignedégRand areduc-  £-caryophyllene in the early stages of the experiment. Re-
tion from 10% to about 6% (i.e., o decreased to about action with N@Q was simulated to account for 0.2% pf
25 %) provided a good description in all the experiments. AScaryophyllene removal under the conditions of these experi-

discussed in Sect. 2.1.1, this reduced valuegf Femains ~ Ments.

consistent with the range of reported determinations. Consis-

tent with Egs. (6) and (7) above, a similarly improved de- 6.2 Evaluation using SOA mass concentrations

scription of the system could be achieved by leavirg P

at 10%, and increasing the branching ratio;-£), from Figure 12 shows the results of a number of simulations of
0.247 to about 0.4 (or by using intermediate combinationsSOA mass concentrations, compared with the observed tem-
of Poy and (1-x) within the considered ranges). It is not poral profile, for the example of ACES experiment 03-07-08.
possible to determine these parameters independently withithe MCM v3.2 chemistry with B4 values of either 10%
the context of this work, and further studies to reduce the(simulation (i)) or 6 % (simulation (ii)), results in a progres-
uncertainty on the primary OH yield, and to quantify the sive increase in simulated SOA mass concentrations through-
yields of the hydroxy nitrates from the OH-initiated chem- out the duration of the experiment, consistent with the ex-
istry, would clearly be valuable. However, it is noted that pected progressive increase in the condensability of the prod-
currently available information suggests that the presence ofict distribution with sequential oxidation of the two double

a B-hydroxy group has a significant lowering influence on bonds. In each case, the simulated profile underestimates the
nitrate yields from RQ + NO reactions (e.g., O'Brien et initial accumulation of SOA, but leads to a significant overes-
al., 1998; Matsunaga and Ziemann, 2009), such that valueBmation towards the end of the experiment. This overestima-
in excess of that applied in MCM v3.2 would seem unrea-tion can be addressed by inclusion of competitive gas-wall
sonble for GsB-hydroxy peroxy radicals. For the remain- partitioning of the oxygenated products (using the represen-
der of the evaluation of the MCM v3.2 chemistry using the tation described in Sect. 4.2), which results in removal of
ACES photo-oxidation data, an optimised value @jf,Pof material from both the gaseous and SOA phases. As shown
6% is therefore applied, with (1x) unchanged from the in Fig. 13a (simulation (i)), it was found that use of an ef-
value of 0.247 applied in MCM v3.2. With this reduced ef- fective wall mass concentration, [wal§} of 1.5mgnt3 (in
ficiency of the OH-initiated chemistry, simulations indicated conjunction with Ry = 6 %) resulted in an SOA mass load-
that g-caryophyllene removal was about 80 % due to reac-ing at the end of the experiment which agrees well with that
tion with Oz and about 20 % due to reaction with OH, con- observed.
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Table 3. Summary of ions detected using CIR-TOF-MS and their species assigiinents

5291

m/? lon identity Species identity (MCM nanfe) Molecular mass
2719 MH™.(H,0)-(HNO3) C131PAN, C137PAN 315
269 MHT-(HNOs) C151N0O3, BCSOZNO3 331
269 MHT.(H>0)-(HNO3) C141PAN 313
258%, {237, 219, MHT {MH*-(H,0), MHT-(H,0),, BCKSOZ, C131CO2H, BCLKBOC, 254
209,79 MH*-(HCOOHY) C137CO2H"
253 235, 217207, MHT, MHT-(H50), MH*- BCSOZ, C141CO2H, BCALBOC 252
177,153,139,127  (H0);, {MH+-(HCOOH);, MH*-

(H20),-CH,CCH,
239,{220,2099,195 MH™T, {MH*-(H,0), MHt-(HCHO)}, BCLKET 238

MH™*-(H,0).CHCH
237,219,{207, 193, MH*, MH™-(H0), {MH+(HCHO)}, BCAL 236
179 MH*-(H,0).CHCH,

MHT-(H0)-CH,CCH,
225(207)f MH T, (MH*-(H,0)) C131CO0, C137CO 224
223 MH+ c141co 222
221, 203 MHT-(HNO3), MHT-(HNO3)-H,0 BCANO3, BCBNO3, BCCNO3 283
211, {1939, 175 MH *, MH*-(H,0), MHT-(H,0), C116CHO 210
209 191, 17% MH*, MH*-(H,0), MHT-(H20), C126CHO 208
2071, 189 MH+ BCKET 206
207 MHT-(HNO3) C141NO3 269
205 149, 135, 123, MHT, MHT-C4Hg, MH*-CsH1q, B-caryophyllene (BCARY) 204
121, 109, 95, 81 MH*t-CgH1p, MH*-CgHip, MHT-

C7H12, MHt-CgH14, MHT-CgH1g
197 MH™.(H20)-(HNO3)(— H20) C1011PAN 259
133 MHT.(H>0)-(HNO3) C46PAN 177
85 MHT — (Ho0) CHOC2CO2H™ 102
71 MHT — (H50) HCOCH2CO2H" 88

2 Unassigned ion signals also detecteeht 201, 179, 167, 161, 159, 151, 147, 1514{:/1 assignments discussed in detail in Sects. 6.3.1-6Bpgcies structures
shown in Figs. 1 and 3-8; and/or availabléntip://mcm.leeds.ac.uk/MCMsing species search with MCM nanfsitalic text denotes tentative assignmeéhbold text
denotes parent M ion; f potentially coincident with one or more other ions of same nominal mass and of similar aburfipatamtially coincident with one or more
other ions of same nominal mass and of greater abundAr@e37CO2H simulated to make negligible contribution in the presence qf (Né&x text),i correlating signal
detected atn/z 165;] possible additional contribution from 4-(3,3-dimethyl-2-propyl-cyclobutyl)-4-oxo-butyraldehyde (seé‘temmelating signal detected at'z 147,

I possible additional contribution from 4-(3,3-dimethyl-2-propyl-cyclobutyl)-pent-4-enal (seetegt)(=0)CH, CH,C(=0)OH;" CH(=0)CH,C(=0)OH.

Sensitivity tests were carried out to investigate possiblesion, and therefore form £)in the latter stages of the exper-
causes of the initial underestimation in SOA accumulation. Aiment. On the basis of these sensitivity tests, it appears that
series of uniform reductions in vapour pressysg)(for all the observations cannot support a significant uniform reduc-
partitioning species were initially investigated, with reduc- tion in p{ values, or values of [wall that are significantly
tions of up to a factor of 20 being considered (see Fig. 13a)greater than about 1.5mgTh It is noted that this value of
This resulted in increases in the initial simulated produc-[wall]ef is somewhat lower than the values of 10 mghand
tion rate of SOA which, in combination with progressive 24 mgn3, reported by Matsunaga and Ziemann (2010) for
increases in the optimised value of [wa#] produced tem-  wall partitioning of long-chain 2-alcohols and 2-ketones, re-
poral SOA profiles that were increasingly more consistentspectively, in Teflon chambers (see Sect. 4.2). There are a
with that observed. However, even a factor of 20 reductionnumber of possible factors which may contribute to this dif-
in p values was insufficient to reproduce the observed ini-ference. These include the lower surface-to-volume ratio of
tial SOA formation rate, with simulations of this initial phase the Manchester chamber, the high relative humidity @ %)
also being relatively insensitive to further reductionsjh employed in these experiments, compared with the dry con-
As shown in Fig. 13b, the considered reductiongin and  ditions employed by Matsunaga and Ziemann (2010), the
the associated increases in [wgi] also had a significant presence of illumination, and the greater structural complex-
(and unsupportable) impact on simulations of the time pro-ity of the -caryophyllene oxidation products.
files of O3 and the NQ species. Because of the elevated re-  Figure 12 (simulation (iii)) shows the results of a simu-
moval of product organic material from the gas phase, théation in which the extent of partitioning of the oxygenated
system becomes less able to promote NO-toxNOnver-
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®
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lation of SOA mass loading. Although it is not possible
to determine the precise mechanism responsible for these
observations, they appear characteristic of initial formation
of one or more low volatility species which have a rela-
tively short lifetime prior to further reaction to form the ac-
cepted “first-generation” products. As an illustration of this
type of behaviour, Fig. 12 (simulation (iv)) shows the im-
pact of including initial formation of a pair of transieat
hydroxyhydroperoxides, formed from the reactions of the
Criegee intermediates, BCAOO and BCBOO, with As
discussed, for example, by Atkinson et al. (2006: datasheet
11.LA6.152), the rearrangement and decomposition ofdhe
hydroxyhydroperoxides, leads to formation of eithexCH
and an acid product (in this case C141CO2H), eObkland
an aldehyde product (in this case BCAL), as shown in Fig. 1.
The present simulation assumes the same ultimate yields of
C141CO2H and BCAL as in MCM v3.2, but with the-
hydroxyhydroperoxides possessing an optimised lifetime of
: : ‘ 30 s with respect to rearrangement and decomposition in the
0 R (hm)z 8 gas phase. The-hydroxyhydroperoxides are relatively in-
volatile, having estimategh® values that are factors of 30
Fig. 13. Time profiles of:(a) secondary organic aerosol (SOA) and 60 lower than that of C141CO2H, and are therefore sig-
mass concentration; arfd) NO, NO, and ozone; for ACES photo-  nificantly partitioned into the SOA phase (where they are as-
oxidation experiment 03-07-08. The observed profiles are as insumed to be stable with respect to decomposition). As shown
Figs. 11 and 12. The lines are simulations showing the impactin Fig. 12 (simulation (iv)), this type of mechanism is able
of uniform reductions inpy, with the following scaling factors: o account for the shortfall in SOA formation in the early
(i) 1.0; (ii) 0.3; (iii) 0.1 and (iv) 0.05. In each case, the value of gi5qes of the experiment. It is emphasised, however, that this
[wall]leff was optimised to recreate the final SOA mass Ioadlng,is simply an illustration of the type of process required, but

leading to [wallk values of: (i) 1.5 mg m3; (ii) 3.3 mg ni~3; (iii) ) . . .
6.6 mg nT3: and (iv) 10.3 mg 3. for which there is currently no other supporting evidence.
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6.3 Evaluation using CIR-TOF-MS data

products into the SOA phase was constrained to the observein example mass spectrum, recorded using CIR-TOF-MS
mass loadings of SOA, and with gas-wall partitioning gov- during a typical ACESB-caryophyllene photo-oxidation ex-
erned by a value of 1.5mgTd for [wall]ef, as optimised  periment (03-07-08), is shown in Fig. 14. The data have
above. These results suggest that the species generated bgen integrated over the entire experiment (about 3 h), back-
the mechanism are able to account for about 40 % of theground subtracted, and the major spectral features have
observed SOA in the early stages of the simulation, withbeen labelled. For clarity the peaks belonging to the pre-
this fraction progressively increasing throughout the dura-cursor g-caryophyllene (see Table 3) have been removed.
tion of the experiment. Additional senstivity tests demon- The CIR-TOF-MS measurements allowed approximately 45
strated that it was only possible to reconcile this discrepancytime-resolved product ion signals to be detected. These
within the model framework by implementing gross (and were assigned t@-caryophyllene photo-oxidation products
generally unsupportable) changes to first-generation produadn the basis of the product species in MCM v3.2, and
yields (e.g., complete replacement of BCSOZ formation bytheir probable fragmentation patterns following the initial
the less volatile C141CO2H), or to first-generation productreagent ion-molecule reaction, as summarised in Table 3.
properties (e.g., a three order of magnitude suppression in thehe chamber simulations provided temporal profiles for all
pi value for BCSOZ); with these changes invariably worsen-MCM v3.2 species generated from the photo-oxidation of
ing the simulations of the shapes of the temporal profiles of-caryophyllene, and the partitioning of closed-shell prod-
the gas phase components, as characterized using CIR-TOEets between the gaseous and aerosol phases and the cham-
MS (see Sect. 6.3). ber wall. The CIR-TOF-MS data were used to evaluate the
As discussed further below (Sect. 6.3.1), the CIR-TOF-performance of the MCM v3.2 chemistry, through compari-
MS observations of some major first-generation product sig-son with the temporal profiles simulated for the most abun-
nals show a distinct time-lag in their initial detection in the dant gaseous components. Although the scheme includes
gas phase, and it seems probable that this missing matebout 300 closed-shell products, the majority of species were
rial must account, to some extent, for the initial accumu-simulated to be present at very low mixing ratios, owing
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100+ 237 peak was observed to be amongst the most abundant prod-
253 uct ion signals in the CIR-TOF-MS mass spectrum (Fig. 14).
80+ It is well documented that large and complex molecules
604 235 such as BCSOZ, C141CO2H and BCALBOC, may undergo
101 191 N some degree of fragmentation following proton transfer reac-
40471 165 209 219 tion (PTR) ionisation to yield various daughter ions (Blake et

/99 207 |
721 al., 2009). Secondary ozonide species such as BCSOZ have

\
85 \ 139 153 " /
| ” ‘ m \ | H | |‘| | | not been well characterized under PTR conditions, hence
Lt bl L |||.I|.......|.|u.||....|.||....|...|I|....|.|.|I..||...II||..|..|...||| |||I.|..|| A A1 PO O Y . i . !
100 150 200 250 their fragmentation mechanisms are not well known. How-
m/z ever, aldehyde, ketone and acid bearing compounds, such as

Fig. 14. An example mass spectrum, recorded using CIR-TOF-MS.C141002H and BCALBOC, are known to dehydrate follow-

during ACES photo-oxidation experiment 03-07-08. The data showIng .pr:oto(rjlatlon tol yleld f’inIMkH(_HZ(I)) daughter |?1n eg. .
the relative abundances of signals integrated over the entire exper_§mlt and Spanel, 2005; Blake et al., 2006). Furthermore, it

ment. For clarity, signals due to reagghtaryophyllene have been 1S possible for multifunctional carbonyl compounds to eject
subtracted. a second water molecule following protonation, to yield a

daughter ion equivalent to MH-H,0),. lons of m/z 235
and 217, corresponding to the loss of one and two water
molecules respectively, from a parentiefz; 253, were ob-

2

o

Relative Abundance / %

o

_to a combmaﬂon of a low |ntr|_nS|c yield “T‘der the exper- served in all experiments and in each case with temporal
imental conditions, and/or a high propensity to transfer to

profiles highly correlated with that ofi/z 253. As such,
the condensed SOA phase or the chamber wall. As a "these ions are believed to constitute daughter fragments of

sult, only about 30 species were simulated to exceed 50 PRhe /7 253 species. Additionally, ions af/z 177, 153, 139

at some point in the series of simulations, thereby IoroVid'and 127 were observed to have’ temporal pro%iles t’hat were
ing a comparatively high level of sgreening for the model- highly correlated with the:/z 253 trace and, as such, repre-
measurement comparison. Compa}nsons of Fhe observed_ angnt further potential daughter ions. For example, the ion of
simulated temporal profiles are discussed in the followmgmlz 177 can be explained by the further loss of a section of
subsections. In each case, the simulations incorporate partjp, . hydrocarbon chain gEls), following the ejection of two
tioning into the observationally-constrained SOA mass Ioad-Water molecules from the pa’trent MHonNs.

Tg and ;opfhe_z ((j:_ham%e_r Véalls "3Vit2h i [WSH] VaIL('je _Of | It should also be noted that following PTR ionisation

> mgn=. As indicated in Sect. 3.2, the observed signalS g, e hydronium ion, complex acid bearing molecules
have been calibrated for the major product ion families (cor—(e g. C141CO2H) have been observed to fragment via the
responding to parent ions af/z 253 andn/z 237). In other loss of formic acid to produce MH-HCOOH) ions (Spanel

cases, t_he data are presented as the measured ion_ count r%Wd Smith, 1998). The equivalent processes for C141CO2H
(normalised counts per second, ncps), and the profile Shap‘?ﬁould yield an ion ofm/z 207 which, as shown in Fig. 15,

are compared with those simulated for potentially contribut—does show some degree of correlation with thatutf 253

ing products. Owing to the potential for contributions from other ions to
miz 207, it is discussed separately below.
6.3.1 First-generation products As shown in Fig. 15, the collective simulated profile for
BCS0OZ, C141CO2H and BCALBOC is in reasonable agree-
Figure 15 shows the model-measurement comparisons for ment with the observations, although the observations show a
number of (mainly or exclusively) first-generation products. clear time lag in the rise that is not apparent in the simulated
These can be related directly to the major product ion signal€omposite profile. The secondary ozonide, BCSOZ, makes
detected by CIR-TOF-MS as follows: the major contribution to the simulated abundance, owing to
m/z253: As discussed above (Sect. 2), three isomeric first-a combination of its high yield and a low propensity to trans-
generation products of molecular mass 252 are potentiallyfer to the aerosol phase or the chamber wall (its estimated
formed, namely BCSOZ, C141CO2H and BCALBOC. The value being over three orders of magnitude higher than that of
estimated proton affinities, polarizabilities and dipole mo- g-caryophyllonic acid, C141CO2H). Although significantly
ments of these compounds (Table 2) confirm that they willpartitioned between the phases, C141CO2H is also simulated
readily undergo ion-molecule reactions with hydronium andto make a significant contribution to the composite gas phase
hydrated hydronium ions to produce protonated moleculamprofile. The impact of invoking (speculative) transient for-
ions, MH" (m/z 253). For the conditions of these experi- mation of«-hydroxyhydroperoxides (as discussed above in
ments, BCSOZ, C141CO2H and BCALBOC are simulatedSect. 6.2) is also illustrated in Fig. 15, confirming that this
to be formed in a collectively high yield (approximately leads to a delay in the formation of the simulated composite
50 %), by virtue of their generation from thez@nitiated signal. However, the effect is comparatively small because,
chemistry (see Figs. 1 and 10). Accordingly, thé; 253 as represented, it only influences C141CO2H formation. A
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Fig. 15. Example time profiles simulated for selected first-generation oxygenated products (lines), compared with those for corresponding
product ion signals measured using CIR-TOF-MS (points), during ACES photo-oxidation experiments. Measured signals fer/aigiven
corporate the corresponding daughter ion signals identified in Table 3. Signals fa/l#53 andm/z 237 families were calibrated as
described in the text (see discussion of method and uncertainties in Sects. 3.2 and 6.3.1). Other signals are uncalibrated and presented
normalised counts per second (npcs). Comparisons are for experiments 03#/2-@83, 237 and 209) and 10-07-08/¢ 207). Broken

lines in them/z 253 andn/z 237 panels show the effect of including speculative formatios-bf/droxyhydroperoxides in the mechanism

(see text). Broken line im/z 207 panel is the results of a sensitivity test considering potential interfering signals (see text).

major impact would clearly require a mechanism which de-
lays formation of BCSOZ.

With no calibration material available, the BCSOZ,
C141CO2H and BCALBOC signals were quantified collec-
tively, using the calculation method described in Sect. 3.2.
To a first approximation, BCSOZ, C141CO2H and BCAL-
BOC were assumed to comprise the Mitn and all known
potential fragments (discussed above), excluditig 207.

The corresponding {3 signals ofin/z 254, 236, 218 and 178
were also included. The resultant profile (Fig. 15), shows a
peak measured mixing ratio of (&2.7) ppb (where the esti-
mated+40 % error limits include all quantifiable uncertain-
ties), compared to the peak mixing ratio of about 14.5 ppb
predicted by the model. There are a number of factors that
could contribute to this discrepancy between the measured
and simulated absolute magnitudes, suggesting that this is

acceptable agreement for such a complex system. These ing;

clude:
i. Potential missing contributions from unidentified

daughter ions, such that the measured signal represents
a lower limit. For example, inclusion of the/z 207 po-

Atmos. Chem. Phys., 12, 527%308 2012

tential fragment signal, commented on above, increases
the measured peak mixing ratio by about 0.5 ppb. Fur-
thermore, PTR ionisation of a complex product mixture
is likely to produce certain common daughter ions not
clearly attributable to a specific parent (engz 43: de
Gouw and Warneke, 2007; Blake et al., 2006). The in-
clusion of an appropriate fraction of such common frag-
ment signals, when using equation (1) to determine the
analyte concentration, would clearly increase the ulti-
mate quantified signal.

Uncertainty in the magnitude of the values for
BCSOZ, C141CO2H and BCALBOC, governing their
transfer from the gas to the aerosol and wall phases,
such that the simulated composite gas phase profile is
an overestimate.

Errors in the relative product yields of BCSOZ,

C141CO2H and BCALBOC, as represented in MCM
v3.2, leading to an over-representation of the more
volatile components.
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m/z 237: B-caryophyllon aldehyde (BCAL) is a major sociated with simulating the gas phase profile (as indicated
first-generation product oB-caryophyllene oxidation. For above).
the conditions of the ACES experiments, it is simulated to be m/z209: The spectral peak observedmaft; 209 may re-
produced significantly from both thez©and OH-initiated  sult from the MH" ion of MCMv3.2 species C126CHO. As
chemistry (as summarised in Fig. 10), with an overall yield shown in Figs. 3 and 10, C126CHO is generated from the
of about 30 %. Accordingly, the/z 237 MH* ion, produced  Ogz-initiated chemistry, via formation of the OH co-product,
from reaction of BCAL with both hydronium and hydrated BCALAO2. The simulated time dependence of C126CHO
hydronium ions (Table 2), is one of the most abundant prod{Fig. 15) generally shows a profile with a shape that is in
uct ion signals in the CIR-TOF-MS mass spectrum (Fig. 14).reasonable agreement with the observations forthe209

A number of ions were observed to have temporal profilesfamily (which is taken to include dehydrated daughter ions
that showed some degree of correlation with thee 237  at m/z 191 and 173), providing some support for this as-
trace, potentially resulting from daughter ions formed fol- signment. However, the predicted yield of C126CHO is com-
lowing fragmentation of the nascent MHon. Of these the  paratively small (about 1 % for the experimental conditions),
mlz 219 ion had the strongest signal intensity, and its tempo4eading to a maximum simulated mixing ratio that is approx-
ral profile had the strongest correlation with thatgt 237. imately a factor of 40 lower than that of the structurally-
Owing to the presence of an aldehyde functional group in thesimilar species, BCAL. In contrast, tha/z 209 family
parent moleculem/z 219 is assigned to be the dehydrated ion signal is less than a factor of two lower than that of
daughter ion of protonated BCAL. The temporal profiles of the corresponding set of ions in the/z 237 family, sug-
them/z 193 andm/z 175 ions also exhibited some degree of gesting either an exceptionally high CIR-TOF-MS sensi-
correlation with then/z 237 trace, and are potentially BCAL tivity to C126CHO, or additional contributing species dis-
daughter ions, formed via acetylenext&) loss from the  playing a similar temporal profile. In this respect, Kanawati
MHT(-H20) ion, followed by further fragmentation of the et al. (2008) and Winterhalter et al. (2009) have reported
hydrocarbon chain (loss of4El,), respectively. It should be detection of the isobaric species, 4-(3,3-dimethyl-2-propyl-
noted here that the/z 193 ion may also contain some contri- cyclobutyl)-pent-4-enal (respectively denoted 208-E-C1 and
bution from the fragment of a second-generation compound3), which is not represented in MCM v3.2. As discussed
(albeit one with a significantly lower yield than BCAL); this by Winterhalter et al. (2009), this species may potentially
will be discussed separately below. Further to this, in all ex-be formed from elimination of C®from decomposition of
periments then/z 207 trace was also observed to be well the Criegee intermediate, BCBOO (as shown in Fig. 16),
correlated with that ofn/z 237 (as shown in Fig. 15). A and may therefore contribute to the stabilised product yield
potential explanation for this could be MHfragmentation  from the ozonolysis chemistry. Owing to its structural sim-
via the loss of formaldehyde to produce the MHCHO) ilarity to C126CHO, it would be expected to display a sim-
daughter ion, following a mechanism analogous to HCOOHilar temporal profile. However, it is noted that Winterhalter
loss from protonated carboxylic acids, as identified above foret al. (2009) also reported a comparatively low £ydeld
C141CO2H. Owing to its potential coincidence with other of (3.8+2.8) % from 8-caryophyllene ozonolysis, which is
ions of the same nominal mass, thé; 207 ion will be dis-  already matched by other processes in the MCM v3.2 chem-
cussed in further detail below. istry (see Sect. 2.1.1). This might therefore seem to place a

Simulations of the time dependence of BCAL (Fig. 15) limit on the contribution ton/z 209 that can be made by 4-
show a profile with a shape which is in good agreement(3,3-dimethyl-2-propyl-cyclobutyl)-pent-4-enal, unless other
with the observations, although the observations once agaiformation mechanisms operate.
show a slight time lag in the rise that is not apparent in It should also be noted that there may be potential for
the simulated composite profile. In this case, however, in-daughter ions produced from larger molecular mass species
corporation of the (speculative) transient formationeef  to add some contribution to the/z 209 signal; the most sig-
hydroxyhydroperoxides leads to a clear improvement in thenificant of which could include ions resulting from HCOOH
simulation of the initial phase. As with the/z 253 species, loss from C131CO2H (MFm/z 255) and HCHO loss from
experimental BCAL measurements were quantified usingBCLKET (MH™ m/z 239). However, owing to the temporal
Eg. (1), assuming BCAL to comprise the MHion, the  evolution of these compounds under the experimental con-
potential daughter fragments of/z 219 and 175 and the ditions employed, their fragment ions would primarily con-
Ci3 signals ofm/z 238 and 220. As shown in Fig. 15, tribute to them/z 209 signal towards the latter stages of the
the simulated peak BCAL mixing ratio was once again experiment, and hence an increasing signal intentsity would
found to be somewhat higher than that determined from thebe expected rather than the profile shape that was observed
measurements. The model predicts a peak mixing ratio ofsee below).
about 9.5 ppb, whereas the (lower limit) measured value was m/z207: The spectral peak at/z 207 can potentially be
(4.5+1.9) ppb, forz (m/z 238, 237, 220, 219, 175). This is accounted for by the MH parent ion ofg-nocaryophyllone
once again considered to be acceptable agreement, given tiBCKET). It is formed from the OH-initiated chemistry
uncertainties in CIR-TOF-MS quantification and those as-(see Figs. 4 and 10), such that its yield is predicted to be
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iment. Observation of the parent MHon atm/z 225 pro-
204 210 vides support for the formation of C131CO and C137CO,
o) O with the dehydrated daughter ions of each contributing to the
mlz 207 signal. In addition to these interferences, the mul-
tifuctional nitrate species C141NO3 (shown in Fig. 8) also
p-caryophyllene o= O_BCKBO go potentially contributes tan/z 207 by means of an M-
4-(3,3-dimethyl-2-propyl- HNO3) fragment (formed via the mechanisms discussed for
cyclobutyl)-4-oxo-butyraldehyde .

0 ) CO, 0 more abundant. mtrates below). ' .

3 coO i O3, OH 3 The broken line in the:/z 207 panel of Fig. 15 includes a

2 i guantitative contribution to the simulated mixing ratio from

208 206 C131CO, C137CO and C141NOQO3. This confirms that they
o are sufficiently abundant to provide some level of contribu-
tion to them/z 207 signal, and can at least partially help to ex-
plain the model-measurement discrepancy. Furthermore, as
o— 00 o= BCKET discussed above, the nascent Midns formed from proto-

30t promyl- nation of C141CO2Hu/z 253_) and BCAL iz 237), may

cyclobutyl)-pent-4-enal fragment, to some extent, via respective losses of neutral
HCOOH and HCHO, leaving theigH»30" daughter ion of

Fig. 16. Formation routes for additional products not in MCM mlz 207. As can be seen in Fig. 15, the ionsmf 207

v3.2 that potentially contribute to CIR-TOF-MS signalsidt 209 mlz 253 andm/z 237 possess temporal profiles that are qual-

andm/z 211. 4-(3,3-dimethyl-2-propyl-cyclobutyl)-pent-4-enal has .. __. . ]
been reported as a first-generation ozonolysis product by Kanawa{ltatlvely similar. Consequently, the/z 207 peak may po

et al. (2008) (denoted 208-E-C1), and Winterhalter et al. (2009) (de__entlally contain Contrlbupons from molecular a_nd fragment
noted P3). ions from a number of different products, and it may there-

fore also represent a missing mass contribution when quanti-
fying the total signals for the:/z 253 andn/z 237 families.

approximately 6% under the experimental conditions. The6.3.2 Higher or multi-generation products

simulated time dependence of BCKET is compared with that ) )
observed for then/z 207 family (taken to include a well- Model-measurement comparisons for a number of higher- or
correlated dehydrated daughter ionsat 189) in Fig. 15. multi-generation oxyge_nated products are shown in Flg. 17.
The simulated profile reflects that BCKET has a high reac- 1 hese can be related directly to the major product ion signals
tivity towards G (by virtue of the retained endocyclic dou- detected t?y CIR-TOF-MS, as follows: ,

ble bond), such that its lifetime in the system is comparable M/2255: The set of MCM v3.2 species for which the par-
to that of g-caryophyllene. As a result, it reaches a (com- ent MH" ion is atm/z 255 potentially has contributions from
paratively suppressed) peak mixing ratio of about 1 ppb afteS€Veral isomeric species, namely BCKSOZ, C131CO2H and
less than 30 min, and decays to a low level by the end ofBCLKBOC. The;e species are simulated to be significant
the experiment. This does not match that observed for th&€cond-generation products, formed from the énd OH-
mlz 207 family, indicating that there are likely to be other initiated chemistry of several first-generation produgts (i.e.,
significant contributions to this spectral peak. Such contri-BCSOZ, C14_1C02H_- BCALBOC anq BCKET: see Figs. 5—
butions potentially result from either the formation of other 7)- A further isomer is the reported first-generation ozonol-
gas phase species of the same molecular mass in the syste}§iS Product,f-caryophyllinic acid (C137CO2H). As dis-

or from the fragmentation of larger ions to produce daughtercussed in Sect. 2.1.1, its formation by the MCM v3.2 chem-
ions of this particulam/z ratio. istry is strongly inhibited in the presence of NGand it

. . . . . . 8
A number of potential contributors were identified. First, Makes & negligible simulated contribution (yietd0~*) for

as indicated in Table 3, the oxygenated species c131cdhe conditions of these experiments. As shown in Fig. 17,

and C137CO. both of molecular mass 224. were predicte&he individual and collective simulated profiles for BCKSOZ,
to form significantly under the conditions of the ACES ex- C131CO2H and BCLKBOC show a progressive accumu-

periments. C131CO is a third-generation product formedlation throughout the experiment, in reasonable agreement

from the further oxidation of several second-generation prod-With that observed for the MH parent ion ofn/z 255. The
ucts in MCM v3.2 (e.g., BCLKET), and C137CO is nom- composite profile is dominated by BCKSOZ, which accounts

inally a first-generation product formed from the chemistry fOr Over 95% of the simulated total. This is because of the
of C13702 in Fig. 3. However, the production of C13702 high yield of its first-generation precursor, BCSOZ, in MCM

is delayed under the ACES experimental conditions, becausi3-2: and because of its relatively low propensity to transfer
of the temporary formation of C137PAN, such that C137C0 [0 the aerosol phase or chamber wall.
is simulated to accumulate gradually throughout the exper-
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Fig. 17. Example time profiles simulated for selected higher- or multi-generation oxygenated products (lines), compared with those for
corresponding product ion signals measured using CIR-TOF-MS (points), during ACES photo-oxidation experiments. Measured signals
are presented as normalised counts per second (npcs), and the values fora/giworporate the corresponding daughter ion signals
identified in Table 3. Comparisons are for experiment 30-06x08 223), 03-07-08//z 255), 10-07-084/z 239 and 211). C141CO is

formed partially during the first-generation of oxidation.

Being structurally analogous to the/z; 253 species, perturbed in the latter stages of the experiment, as would be
it is likely that BCKSOZ, C131CO2H and BCLKBOC expected if then/z 255 species were contributing.
would fragment via similar mechanisms following ionisa- These findings may therefore indicate that BCKSOZ,
tion, which could therefore potentially yield M#H{-H20) C131CO2H and BCLKBOC have a greater collective
and MH"(-HCOOH) daughter ions (amongst others) of propensity to transfer to the aerosol phase or chamber wall
mlz 237 andm/z 209, respectively, although the abundance than is represented here, which could result either from their
of the latter would be expected to be limited by the small vapour pressures being systematically overestimated, or from
contribution made by C131CO2H to the composite simulatedan overestimated contribution from the relatively volatile
profile. dominant species BCKSOZ, of which 90 % is simulated to

However, it is clear that, compared to thatef; 253, the  be in the gas phase.
mlz 255 MH' signal is very weak 6 ncps) for a set of m/z 239: The MH" parent ion atn/z 239 can be ac-
species (dominated by BCKSOZ) that are simulated to ac-counted for by g-nocaryophyllone aldehyde (BCLKET),
cumulate to a mixing ratio of several ppb, and which collec- formed from the @- and OH-initiated oxidation of both
tively represent the major contribution to second-generatiorBCAL and BCKET (see Figs. 6 and 7). Once again, the
products of-caryophyllene oxidation. Further to this, there BCLKET MH™ ion might be expected to fragment follow-
is no significant evidence that there is any major contributioning PTR ionisation to yield certain daughter ions. Consider-
from a progressively accumulating compound of significanting its structure and its similarity to BCAL, BCLKET might
gas phase mixing ratio to the/z 237 and 209 mass chan- be expected to yield an MiH-H,0) daughter ion ofn/z 221
nels; both exhibit very different temporal profiles that are notand possibly daughter products aiflz 195 and 181, re-

sulting from fragmentation of the hydrocarbon chain. Any
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potential contribution to the observed/z 221 signal from  providing some support for this assignment. Similarly to the
the BCLKET dehydrated daughter ion has not been consideomparison of simulated C126CHO mixing ratios with the
ered here, owing to a combination of its co-incidence with m/z 209 family, discussed above, the simulated mixing ra-
those ions discussed below for the major first generation hytios of C116CHO appear to be consistently too small to ac-
droxynitrates (BCANO3, BCBNO3 and BCCNO3) and the count for the observedi/z 211 family signals, again sug-
relatively small MH" parent ion signal observed. Similarly, gesting either a high sensitivity to C116CHO, or additional
the potential MH (-HCHO) daughter ion of:/z 209, as dis-  contributing species displaying a similar temporal profile.
cussed above, has also not been considered for the same rdgy analogy with the above discussion, the species 4-(3,3-
son. However, an ion ofi/z 195 was detected in the CIR- dimethyl-2-propyl-cyclobutyl)-4-oxo-butyraldehyde (shown
TOF-MS spectra, with a temporal profile well correlated with in Fig. 16), is isobaric with C116CHO, and may be formed
that of m/z 239 MH' parent ion. As shown in Fig. 17, the from the ozonolysis of BCKET or from further oxidation
simulated profile for BCLKET shows a progressive accumu-of the first-generation product, 4-(3,3-dimethyl-2-propyl-
lation throughout the experiment, in agreement with that ob-cyclobutyl)-pent-4-enal, detected by Kanawati et al. (2008)
served for the sum of the/z 239 andn/z 195 signals (which  and Winterhalter et al. (2009).
has approximately equal contributions from each).

As has been noted, the measured peak signal of th&.3.3 Oxidised nitrogen products
BCLKET MHT ion was relatively small-¢ 15 ncps) consid- ] ] ] )
ering a simulated peak mixing ratio of 3 ppb, particularly S_|mulat|on§ using the MCM v3.2 schem_e also_log|cally pre-
when compared to the equivalent Mksignals detected at dict formation of a large number of multi-functional species
mlz 253 andm/z 237 for BCSOZ, C141CO2H and BCAL- containing oxidised .nitrogen groups, specifically PAN (-
BOC and BCAL, respectively. Assuming that these struc- C(FO)OONQ) and nitrate (-ON@) groups, from the photo-
turally similar compounds have similar CIR-TOF-MS sensi- 0Xidation of g-caryophyllene/NQ mixtures. Although not
tivities, this finding once again indicates that the model maythe most abundant, these multi-functional species neverthe-
be either overestimating the formation of BCLKET to some €SS account for 12 of the top 30 gas phase species in the cur-
extent and/or underestimating its partitioning to the aerosof€nt simulations, and would therefore be expected to make
phase, or the chamber walls. a contribution to the major ion signals detected with CIR-

m/z223: The parent MH ion atm/z 223 can be accounted 1OF-MS. A number of tentative assignments were made,
for by the species C141CO. As shown in Figs. 3, 8 and 102S Summarised in Table 2, allowing some previously unas-
C141CO is formed both as a relatively minor first-generationSigned ion signals to be accounted for. For species containing
ozonolysis product (about 1.5 % yield under the experimentaPAN groups, these assignments were based on the following
conditions): and also as a second-generation product from thi®n-molecule reaction sequence, characterized by Hansel and
OH-initiated oxidation of BCAL (and other routes). The sim- Wisthaler (2000),
ulated .profile (Fig. 17) thu; sh.ov.vs both prompt and sqstaineqzc(= 0)OONO, + HsO*+
formation of C141CO, which is in good agreement with that
observed for the paremt/z 223 ion. A potential contribu-

tion to the observed signal from a dehydrated daughterion af, ., that the PAN species are essentially detected as the

m/_z 205 _(|v||_—|+(-H20)_) has not been considered here, owing corresponding protonated peracids (RC(O)OOH.HFor

to its co-incidence with that of the reagefcaryophyllene.  hqcjes containing nitrate groups, Aoki et al. (2007) found
m/z 211: The parent MH ion atm/z 211 can be re- that the product ion distribution for larger alkyl nitrates was

Iqted to the species CllGC,HO in MCM v3.2. As shown in 4, minated by production of the corresponding carbenium ion
Figs. 6 and 7, C116CHO is formed from the;-Cand/or (R*), as follows:

OH-initiated oxidation of both C126CHO and BCKET. The

simulated time dependence of C116CHO (Fig. 14) shows &RONO; + H30" — RONQO, - HT + H,0 (R5)
profile that is in good agreement with the observations for RONG; - HY — R* + HNO3 (R6)
them/z 211 ion. Following the PTR fragmentation mecha-

nisms detailed above for other species, the multifunctionalModel-measurement comparisons for a number of multi-
C116CHO could be expected to fragment via dehydrationfunctional oxidised nitrogen species are shown in Fig. 18,
channels to produce MH-H,0) and MH"(-H,0), ions of  using assignments based on the above reasoning:

mlz 193 and 175, respectively. As has been discussed, the m/z 271: This ion signal can be attributed to the
mlz 193 channel may also be occupied by a fragment ofMH™-(H,0)(-HNQO3) ion of the isomeric PANs, C131PAN
BCAL, which is present in significantly greater abundanceand C137PAN, as shown in Fig. 18. C137PAN is formed
than C116CHO. Consequently, thgz 193 signal has not as a first-generation product from the reaction of N@th
been included in the analysis and evaluatiomdéf 211 and  the acyl peroxy radical, C137COg3, shown in Fig. 3, whereas
C116CHO. However, a signal at/z 175 with a temporal C131PAN is formed as a third-generation product from the
profile well correlated with that of:/z 211 was measured, OHe-initiated oxidation of BCLKET. The resultant composite

— RC(= 0)OONG, - HT + H,0  (R3)
RC(= 0)OONQ, - H" 4+ H,0 — RC(O)OOH-HT + HNO3;  (R4)
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Fig. 18.Example time profiles simulated for multi-functional products containing oxygenated nitrogen groups (lines), compared with those
for corresponding product ion signals measured using CIR-TOF-MS (points), during ACES photo-oxidation experiments. Measured signals
are presented as normalised counts per second (npcs), for the daughter ions identified in Table 3. Comparisons are for experiments 04-07-0
(m/z 271 and 133) and 10-07-08:(z 269 and 221). “BCNO3 isomers” is used to denote the collective population of BCANO3, BCBNO3

and BCCNO3.

time profile (Fig. 18) shows a progressive increase, generthe observeadn/z 269 profile is broadly consistent with the
ally dominated by C137PAN, but with C131PAN contribut- simulated behaviour.
ing towards the end of the experiment. Although scattered, m/z 221: This ion signal potentially has a contribution
the observed weale/z 271 ion signal corresponding to the from MHT(-HNOg3) fragment ions of the first-generation hy-
MH.(H20)(-HNOg3) ion, is broadly consistent with the sim-  droxynitrates, BCANO3, BCBNO3 and BCCNO3. As dis-
ulated behaviour. cussed above, and shown in Figs. 4 and 10, these species are
m/z269: This ion signal potentially has contributions from formed from the OH-initiateg-caryophyllene chemistry in
the MH*.(H20)(-HNO3) fragment ion of C141PAN, and conjunction with radical termination. Their estimated over-
the MH*(-HNO3) fragment ions of the hydroxynitrates BC- all yield for the conditions of these experiments is about
SOZNO3 and C151NO3. As shown in Figs. 7 and 8, theseb%. The observed profile for tha/z 221 family (shown
species are formed as second-generation products from thia Fig. 18) is taken to include a (well-correlated) contribu-
OH-initiated oxidation of BCAL, BCSOZ and C141CO2H, tion from a dehydrated daughter ionmfz 203, the forma-
respectively. In practice, C151NO3 makes a negligible con-tion of which is assumed to be facilitated by the presence
tribution to the composite time profile (Fig. 18), as it is sim- of the adjacent -OH groups in the carbenium ions. The sim-
ulated to be essentially exclusively in the condensed SOAulated composite time dependence of BCANO3, BCBNO3
phase. Although BCSOZNO3 is also simulated to be mainlyand BCCNO3 shows a profile with a shape that is in fair
(60 %) in the SOA phase, and significantly (up to 25 %) in the agreement with the observations, providing some support for
wall phase, it has a generally high abundance in all phasethe assignment. However, in comparison with the signals for
because of the major contribution made by its precursor, BCthe major ions discussed above, the simulated peak mixing
SOZ, to the first-generation product distribution. Once againratio of the hydroxynitrates (0.8 ppb) is possibly too small
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to account fully for the observed/z 221 family ion signal.

As discussed above, BCLKET may potentially fragment fol-
lowing ionisation to produce a daughter ionmfz 221. It
was noted above that the intensity of the BCLKET MH
signal (n/z 239) was relatively low compared with those
of structurally similar species in the MCMv3.2 scheme, and
any contribution from the daughter fragment to the 221
channel is therefore expected to be very small under the ex-
perimental conditions employed. Furthermore, #hle 221
temporal profile is not consistent with having any signifi-
cant contribution from a continually accumulating product
signal, as is expected for BCLKET. A further potential con-
tribution might arise from the formation g¢f-caryophyllene
oxide (CsH240) as a first generation product in the sys-
tem, this currently not being represented in MCM v332.
caryophyllene oxide would likely form a parent MHon of

mlz 221 and, as a relatively volatile product with a residual
exocyclic double bond, would be expected to display a tem-
poral profile similar to that simulated for BCSOZ (Fig. 15),
and therefore reasonably similar to thé; 221 trace. Calo-
girou et al. (1997) and Jaoui et al. (2003) reported evidence
for g-caryophyllene oxide formation as @caryophyllene
ozonolysis product, with the latter study reporting a yield of
1%. However, it was apparently not detected in the more re-
cent studies of Kanawati et al. (2008) and Winterhalter et
al. (2009).

m/z 133: This ion signal potentially has a contribution
from C46PAN. This is a € PAN, formed as a relatively
minor product in several generations, e.g., from the further
chemistry of C13702 in Fig. 3., and from the further chem-
istry of C14202 in Fig. 8. The simulated profile (Fig. 18) thus
shows evidence of prompt and sustained formation, which is
broadly consistent with the observed profile for the relatively
weak ion signal.

6.3.4 Other products
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tive assignments are shown in Fig. 19, which allow other-i, e relatively abundant in the gas phase (lines), compared with
wise unassigned ions detected by CIR-TOF-MS to be re+entative production signals measured using CIR-TOF-MS (points),
lated to gas phase species simulated to be in the top 30. Theuring ACES photo-oxidation experiments. Measured signals are
two bifunctional acids (CHOC2CO2H and HCOCH2CO2H) presented as normalised counts per second (npcs), for the daughter
are assumed to be detected as dehydrated parent MHions identified in Table 3. Comparisons are for experiments 04-07-
ions, and the @ PAN species, C1011PAN, is assumed 08 (n/z 197), 10-07-08/t/z 85) and 03-07-08//z 71). Structures

to be detected following dehydration of the correspondingr C1011PAN and HCOCH2CO2H shown in Fig. 5.

RC(=0)OOHH" ion. As shown in Fig. 19, the simulated
profiles are not inconsistent with the observations, within

the observed level of scatter. The tentative observation 0§ 3.5 Other studies

C1011PAN and HCOCH2COZ2H, provides some support for

their related formation from the ozonolysis of C141CO2H, The chamber photo-oxidation @-caryophyllene/NQ has

as shown in Fig. 5 (C1011PAN also being produced from
analogous chemistry of BCAL). CHOC2CO2H is formed as

also previously been studied by Lee et al. (2006b). They re-
ported detection of a number of product ions using PTR-MS,

a minor first—_gen_eration product frpm the further chemist_ry and presented examples of their temporal dependences, in-
of C13702 (in Fig. 3), and also via an analogous reactiongyging many of the product ions discussed above and listed

sequence following the ozonolysis of BCKET.
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Fig. 20. Simulations designed to be indicative of the conditions of the photo-oxidation experiment reported in Figs. 1 and 3 of Lee et
al. (2006b); with initial mixing ratios of 42 ppB-caryophyllene, 16 ppb NO, 9.6 ppb N@nd 6.4 ppb HONO. Simulated profiles for NO

and NQ, are assumed to include quantitative contributions from HONO and PANs (see Sect. 4.1). Product profiles can be compared with
mlz data in Fig. 3 of Lee et al. (2006b), as follows: BCKET wittiz 207, 189; C116CHO withw/z 211; C141CO withn/z 223; BCAL

with m/z 219; and sum of mass 252 with/'z 253, 235. Broken line in BCKET panel is the result of a senstivity test considering potential
interfering signals (see text).

189). An illustrative simulation of their experimental con- chemistry in the system. HONO was reported to contribute to
ditions was therefore carried out, using the chamber modethe measured Nfsignal, and the results of sensitivity tests
with some variations as described above in Sect. 4.1. Lee atarried out here imply that it needed to account for about
al. (2006b) included an unspecified mixing ratio of reagent40 % of the NG signal at the start of the experiment to allow
HONO as a photolytic source of OH radicals to initiate the simulation of3-caryophyllene, NQ and G profiles that are
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Fig. 21. Simulated SOA composition for ACES photo-oxidation experiment 03-07-08, using the MCM v3.2 scheme, with a 6 % yield of
OH (and co-radicals) frong-caryophyllene ozonolysis. The upper panel shows the simulated time dependence of the contributions of
first and higher generation products to SOA. The lower panel shows the contributions of the top 13 simulated contributors, averaged over
the experiment, these accounting fe82 % of the total simulated SOA mass loading. N.B.: C143NO3, C133N03, C1310NO3, C133CO

and C143CO have minor first-generation contributions, but are formed predominantly as higher generation products. The displayed values
indicate the molecular masses of the products.

broadly comparable with those observed (see Fig. 20). Thection with G and 38 % due to reaction with OH (compared
simulations showed a reduced sensitivity to the primary OHwith 60 % and 40 %, respectively, withoR = 10 %).

yield from the reaction of @with g-caryophyllene (Bn), Figure 20 shows the simulated profiles for a series of
owing to the use of reagent HONO as a primary source of OHMCM v3.2 species, which were assigned above to the same
radicals. However, for consistency with the appraisal of theset of product ions as detected by Lee et al. (2006b). A simu-
ACES experiments above, these simulations were also calated profile for HCHO is also shown. The shapes of these
ried out with a value of 6 % for §4. Under these conditions, profiles are all entirely consistent with those presented in
B-caryophyllene removal was simulated to be 62 % due to refig. 3 of Lee et al. (2006b), providing additional support for
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the series of assignments discussed above. In contrast to tfe4 Simulated composition of SOA
ACES comparisons above, the shape of the simulated pro-
file for g-nocaryophyllone (BCKET) is in good agreement Figure 21 shows the time evolution of the simulated charac-
with that reported fom/z 207 and 189 by Lee et al. (2006b), terizable SOA mass loading for the example of ACES photo-
showing a peak mixing ratio about 30 minutes into the exper-oxidation experiment 03-07-08, with the collective contribu-
iment, followed by a rapid decay comparable to that observedions made by first- and higher-generation products identi-
for B-caryophyllene. As discussed above, the lifetimes offied. Consistent with the above appraisal of the gas phase
these species are expected to be similar, owing to the reeomponents using ACES CIR-TOF-MS data, this simulation
tention of the reactive endocyclic double bond in BCKET assumes thatdp; = 6 %, [walller = 1.5 mg nT2 and that par-
and its associated high reactivity towards. o account titioning into the SOA phase is constrained by the observed
for this rapid decay, the present simulations suggest that anass loadings (i.e., as in Fig. 12, simulation (iii)). The re-
few ppb of G must be present in the early stages of the ex-sults logically show an initial dominant contribution from
periment for bothg-caryophyllene and BCKET to be sig- first-generation products, but with a progressively increas-
nificantly shorter-lived than the other detected products ining contribution from higher-generation products, which are
the system (as was observed); and indeed it is not possiblsimulated to account for over 80 % of the SOA by the end
to suppress simulatedsdormation with significant opera- of the experiment. The SOA composition becomes gradu-
tion of the OH-initiated chemistry in the presence of NO ally more oxidised, with an average molecular formula of
It is noted, however, that the(profile reported by Lee et Ci474H236503.84N0o.31 (MW = 266.6) after 30 minutes, and
al. (2006b) shows it to be completely suppressed for the firstC14.21H229005.64No.62 (MW = 292.7) by the end of the sim-
90 minutes of the experiment. This one aspect of the resultsilation.
could not be recreated or explained by the present simula- The top 13 simulated contributors, averaged over the sim-
tions. ulation, are also shown in Fig. 21, with these collectively ac-
The differences in the shapes of thez 207 temporal counting for 92 % of the total SOA mass loading. Similarly
profile reported by Lee et al. (2006b) and that observed into the dark ozonolysis conditions considered above (Sect. 5),
the ACES experiments (Fig. 15) suggest that the potentiallytwo of the most abundant simulated contributors under these
interfering contributions discussed above in Sect. 6.3.1 arghoto-oxidation conditions are the first-generation prod-
less important for the experimental conditions employed byuct, g-caryophyllonic acid (C141CO2H), and the second-
Lee et al. (2006b). Because of the significant formation ofgeneration produci3-nocaryophyllonic acid (C131CO2H),
C141CO2H and BCAL under both sets of chamber experi-which collectively account for just over 40 % of the aver-
mental conditions, the differences in any interferences fromaged SOA composition. C141CO2H has been reported to be
the respective fragment ions, Mi#HCOOH) and MH (- an important SOA contributor under photo-oxidation condi-
HCHO), can only be attributed to differences in the PTR- tions by Chan etal. (2011) and recently, for the same series of
MS operating conditions, leading to less significant forma- ACES experiments considered here, by Alfarra et al. (2012).
tion of these fragments in the Lee et al. (2006b) study.These studies also reported detection of C131CO2H and/or
However, the potentially interfering contributions from the its isomeric first-generation produgt-caryophyllinic acid
species C131CO, C137CO and C141NO3 (as shown for th¢C137CO2H). As discussed in Sect. 2.1.1, formation of
ACES experiments in Fig. 15), are reduced to some extenC137CO2H is strongly-inhibited in the presence of N©®
under the chamber experimental conditions employed by Le¢he MCM v3.2 chemistry, and it makes a negligible simulated
et al. (2006b), as shown in the BCKET panel of Fig. 20. contribution for the conditions of these experiments.
Noting that BCKET is formed exclusively from the OH-  The present simulations also predict a number of multi-
initiated chemistry, and these interfering species at least parfunctional carbonyls or hydroxycarbonyls to be in the top 20
tially from the Gs-initiated chemistry, this can be explained SOA contributors (with a total contribution of about 6 %).
partially by the greater importance of the OH-initiated chem- These include the doubly ring-opened species C133CO and
istry under the conditions employed by Lee et al. (2006b),C143CO (shown in Fig. 21), and als®-nocaryophylion
compared with those in the ACES experiments. However,aldehyde (BCLKET) ang-caryophyllon aldehyde (BCAL).
the generally higher N&NO ratios throughout the Lee et These species thus show some overlap with those reported by
al. (2006b) experiment also tend to inhibit the formation of Chan et al. (2011) and Alfarra et al. (2012), or are isomeric
C131CO C137CO and C141NO3, through favouring the for-to or isobaric with species reported in those studies.
mation of the related PAN species, C131PAN, C137PAN and The remaining significant SOA contributors are simulated
C141PAN and extending their lifetimes (e.g., as shown forto be multifunctional species containing oxidised nitrogen
C141PAN in relation to C141NO3 in Fig. 8). groups, with these species accounting for just over 50 % of
the averaged SOA composition. Their abundance increases
throughout the simulation, with the oxidised nitrogen groups
themselves contributing 7.6 % to the SOA mass after 30
minutes, and 13.6 % by the end of the simulation (average
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10.9%). This includes contributions from nitrate (-ONO the basis of the simulated temporal profiles of the more

and peroxynitrate (-OON&£) groups, which account for av- abundant MCM v3.2 species, and their probable fragmen-

erages of 8.7 % and 2.2 % of the SOA mass, respectively. Itation patterns. The evaluation studies demonstrate that the
is noted that this level of contribution of nitrate groups is MCM v3.2 mechanism provides an acceptable description

comparable with the range 6-15% reported by Rollins etof g-caryophyllene degradation under the chamber condi-

al. (2010) for SOA formed from the photo-oxidation @f tions considered, with the temporal evolution of the observ-

pinene, 3-carene, limonene and tridecane in the presence ables identified above generally being recreated within the

NOx. The most important simulated oxidised nitrogen con- uncertainty bounds of key parameters within the mechanism.
tributors are shown in Fig. 21. These show some structurallhey also illustrate that the mechanism is necessarily not
similarities to the series of species reported recently by Chamexhaustive, such that the chemistry may need to be supple-
et al. (2011), but generally lie in a lower range of molec- mented with additional processes to explain the formation of

ular weight, possibly due in part to the role of condensedall species that may be observed in experimental studies, or
phase reactions (as described by Chan et al., 2011). Howto recreate their precise temporal dependences.

ever, evidence for the formation of C151NO3 (and/or pos- This work has highlighted a number of areas of uncertainty

sibly its isomer BCSOZNO3) was reported, with a hydrated or discrepancy, where further experimental and/or theoretical
form of C151NO3 making a notable contribution at lower investigation would be valuable to help interpret the results

aerosol acidity (Chan et al., 2011).

of chamber studies and improve mechanistic understanding.

These include the following specific areas:

7 Summary and conclusions

A degradation mechanism f@-caryophyllene has recently
been released as part of version 3.2 of the Master Chem-
ical Mechanism (MCM v3.2), describing in moderate de-
tail the gas phase chemical processes involved in its com-
plete atmospheric oxidation, as initiated by reaction wigh O
OH radicals and N@ radicals. The complete mechanism
consists of 1626 reactions of 591 closed-shell and radical
species, and incorporates kinetic and mechanistic informa-
tion reported in a number of experimental and theoretical
studies ofg-caryophyllene degradation (see Sect. 2). This
information was supplemented by the rules summarised in
the MCM construction protocols (Jenkin et al., 1997; Saun-
ders et al., 2003), and the mechanism necessarily contains a
number of associated simplification measures to help limit
its size. The mechanism can be viewed, and downloaded in
a variety of formats, at the MCM websitht{p://mcm.leeds.
ac.uk/MCM).

The performance of the mechanism has been evaluated
in chamber simulations in which the gas phase chemistry
was coupled to a representation of the gas-to-aerosol parti-
tioning of 280 multi-functional oxidation products. This ex-
ercise considered data from a number of chamber studies
of either the ozonolysis oB-caryophyllene, or the photo-
oxidation of g-caryophyllene/N@ mixtures, in which de-
tailed product distributions have been reported. The most ex-
tensive evaluation made use of the results of a recent series
of photo-oxidation experiments performed in the University

of Manchester aerosol chamber, also reported here, in which —

a comprehensive characterization of the temporal evolution
of the organic product distribution in the gas phase was car-
ried out, using CIR-TOF-MS, in conjunction with measure-
ments of NQ, Oz and SOA mass loading. The CIR-TOF-
MS measurements allowed approximately 45 time-resolved
product ion signals to be detected, which were assigned on
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— Quantification of the yield and stability of the secondary

ozonide (BCSOZz), formed frompg-caryophyllene
ozonolysis, and elucidation of the details of its fur-
ther oxidation, including whether the products retain
the “ozonide” functionality. Because of the importance
assigned to BCSOZ formation in the first-generation
chemistry, and the relative volatility of species contain-
ing the ozonide functionality, these species were simu-
lated to dominate the gas-phase profiles corresponding
to a number of detected CIR-TOF-MS ion signals. Their
yield and persistence therefore also influences the SOA
forming potential ofg-caryophyllene. It is noted that,

if the high rate coefficients reported very recently for
the reactions of CHDO with NGO, and (possibly) HO
(Welz et al., 2012), also apply to the Criegee interme-
diates, BCAOO and BCBOO, the formation of BCSOZ
would be more inhibited than simulated here using the
rate coefficients currently applied in MCM v3.2;

Investigation of the impact of N on the B-
caryophyllene ozonolysis mechanism, in particular
its effect on the formation of8-caryophyllinic acid
(C137CO2H), and elucidation of the details of its for-
mation mechanism. The provisional gas phase mech-
anism applied in MCM v3.2 predicts inhibition of
C137CO2H formation in the presence of N®@ecause

it requires significant operation of peroxy radical per-
mutation reactions and/or reactions of peroxy radicals
with HO;

Routine independent identification gfcaryophyllinic
acid (C137CO2H), and its potentially significant iso-
mer B-nocaryophyllonic acid (C131CO2H). The simu-
lations presented above predict C131CO2H to be an im-
portant second-generation product under both ozonoly-
sis and photo-oxidation conditions, and a major SOA
component.

www.atmos-chem-phys.net/12/5275/2012/


http://mcm.leeds.ac.uk/MCM
http://mcm.leeds.ac.uk/MCM

M. E. Jenkin et al.: Development and chamber evaluation of the MCM v3.2 degradation scheme 5305

— More precise quantification of the primary yield of Atkinson, R. and Arey, J.: Atmospheric degradation of volatile or-
OH, and the co-radicals BCALAO2, BCALBO2 and  ganic compounds, Chem. Rev., 103, 4605-4638, 2003.
BCALCO2, formed fromg-caryophyllene ozonolysis. Aumont, B., Szopa, S., and Madronich, S.: Modelling the evolution
OH formation leads to secondaprcaryophyllene re- of organic carbon durin.g. its gas-phase tropospheric oxiQation:
moval in chamber systems. This is amplified in the pres- development of an explicit model based on a self generating ap-
ence of NO, such that the chemistry in photo-oxidation ~Proach. Atmos. Chem. Phys., 5, 2497-25d41,10.5194/acp-5-

. . ¢ . 2497-20052005.
systems is potentially very sensitive to the primary Bahreini, R., Keywood, M. D., Ng, N. L., Varutbangkul, V.., Gao, S.,

OH yield. The chgmistry of the co-radicals genera}tes Flagan, R. C., Seinfeld, J. H.,Worsnop, D. R., and Jimenez, J. L.:
a number of multifunctional products, some of which  \easyrements of secondary organic aerosol from oxidation of
were simulated to make important contributions to first-  cycloalkenes, terpenes, and m-xylene using an Aerodyne aerosol
generation SOA. mass spectrometer, Environ. Sci. Technol., 39, 5674-5688, 2005.

ificati f the vields of the fi ion h Barley, M. H. and McFiggans, G.: The critical assessment of vapour
— Quantification of the yields of the first-generation hy- pressure estimation methods for use in modelling the formation

droxy nitrates (BCANO3, BCBNO3 and BCCNO3) atmospheric organic aerosol, Atmos. Chem. Phys., 10, 749—
from the OH-initiated chemistry in the presence of NO 767,d0i:10.5194/acp-10-749-2012010.
The formation of these species controls the chain-lengthslake, R. S., Wyche, K. P, Ellis, A. M. and Monks, P. S.: Chem-
of the OH-initiated chemistry, which influences the tem- ical ionisation reaction time-of-flight mass spectrometry: Multi-
poral development of photo-oxidation systems. The hy- reagent analysis for determination of trace gas composition, Int.
droxy nitrates were also simulated to be important com- J. Mass Spectrom., 254, 85-93, 2006.
ponents of SOA. Blake, R. S., Monks, P. S., and Ellis, A. M.: Proton transfer reaction
mass spectrometry, Chem. Rev., 109, 861-896, 2009.
In addition, further studies in general that improve the iden-Calogirou, A., Kotzias, D., and Kettrup, A.: Product analysis of the
tification and quantification of products formed from both  gas-phase reaction of beta-caryophyllene with ozone, Atmos. En-
ozonolysis and photo-oxidation would be valuable, including  viron., 31, 283-285, 1997.
confirmation of the simulated formation of multifunctional Carlton, A.G., Bhave, P. V., Napelenok, S. L., Edney, E. D., Sarwar,
species containing hydroperoxide groups, and their impor- G., Pinder, R. W., Pouliot, G. A., and Houyoux, M.: Model repre-

tant contribution to SOA under ree conditions. sentation of secondary organic aerosol in CMAQv4.7,. Environ.
Ner Sci. Technol., 44, 8553-8560, 2010.
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