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Criegee intermediates generated from isoprene ozonolysis can react with organic

acid/peroxy radical leading to SOA.
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Abstract:

Secondary organic aerosols (SOA) can have signifielacts on atmospheric
chemistry, human health and climate forcing, bwirtliormation mechanisms via
Criegee chemistry are still poorly understood. Hesme present a comprehensive
theoretical investigation on the oligomerizationaaton of stabilized Criegee
intermediates (SCIs) with organic acid/peroxy raticby using ab initio
guantum-chemical methodologies. Our results shat ttheozonolysis of isoprene
easily leads to a series of C3 and C4 stable Céstduts larger exothermicity and
spontaneity. The formed SCIs have two isomseyst and anti-, andanti- is more
stable in energy than that sfn by about 2-5 kcal-mdl The barrier heights of
oligomerization reactions are very sensitive to $ime and structure of functional
groups near the central carbon atom site, indicating tikeap be tuned by the
substitutions. Reaction between SCls and peroxicabdontributes significantly to
the formation of oligomer which is the dominant gmnent of SOA. However, the
reaction between SClIs and organic acid plays amitapt role in aerosol nucleation
in some regions where high SCI and lowCHconcentrations occur such as in
terrestrial equatorial area. Such knowledge shda@duseful for understanding the
mechanism of SOA formation from the alkenes ozaosislyand for developing

atmospheric chemistry models.

Keywords: Isoprene ozonolysisCriegee intermediates; Oligomerization reactions,

Reaction mechanisms; Rate coefficients;
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1. Introduction

Haze pollution in China is extremely severe duric@d winter periods,
threatening the health of ~800 million people liyim a region of ~1.3 million kf
(Huang et al., 2014; Cheng et al., 2016). Long-tekmosure to polluted air is linked
to respiratory infections, chronic bronchitis, empémaheart attack and lung cancer
(Lelieveld et al., 2017Liu et al., 2015; Jimenez et al., 2009). The p&aisand
severe haze pollution event is driven to a largergxby secondary organic aerosol
(SOA) formation, which accounts for 33-77% and 444/0f the mass concentrations
of PM, s (particulate matter with a diameter of less than2n) and organic aerosol
(OA) (Huang et al., 2014).

Of all of the volatile organic compounds (VOCs) #sd into the atmosphere,
isopreneis the largest atmospheric emission of non-methaydrocarbons(~ 600
Tglyear) (Kumar et al., 2015; Sakamoto et al., 2@akamoto et al., 200P;jletic et
al., 2017; Guenther et al., 2006). Isoprene oxudaith the atmosphere is thought to be
responsible for a large amount of SOA productiothat regional and global scales
(Inomata et al., 2014). Reactions involving the roygl (OH) and nitrate (Ng)
radicals are major pathways of oxidation duringhbibe day and the night (Xu et al.,
2014; Ng et al., 2008). In addition, the ozonolysis obpeene is also the main
atmospheric oxidation pathway in the tropospheek@sioto et al., 2017; Nguyen et
al., 2016). It should be noted that the ozone reaaiccurs throughout the day and
globally removes ~ 10% of isoprene (Nguyen et2016; Johnson et al., 2008). At
emission levels of 600 Tg/year, even minor sinksoprene may exert major effects
on atmospheric pollutant concentrations (Piletialet 2017). Moreover, the ozone
reaction can couple with other oxidation processdble atmosphere (Inomata et al.,
2014). Therefore, we think that it is importantuiederstand the mechanism of SOA
formation in the gas-phase ozonolysis of isoprene.

Gas-phase ozonolysis of isoprene generatesrias of carbonyl oxides (also
called Criegee intermediates (CIs)), as reactitermediates. Nascent Cls accompany

with the considerable amount of vibrational enesgyng to the formation of primary
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ozonide (POZ) with strong exothermicity, which peed via collisional energy
transfer processes generating stabilized Criegeemediates (SCIs) (Cabezas et al.,
2017) that undergo unimolecular decomposition &bdyOH radical (Chen et al., 2016;
Kidwell et al., 2016) or occur bimolecular reacsonith atmospheric species such as
water vapour (Berndt et al., 2015; Berndt et ab14 Chen et al., 2016), peroxy
radical (Long et al., 2011) and organic acid (Nguyst al., 2016) to generate
oligomers. These oligomers have sufficiently lowusated vapour pressures and thus
contribute to the tropospheric budgets of hydrosadicals (Kidwell et al., 2016),
organic acids (Foreman et al., 2016) and SOA (Zledrad., 2015).

Formic acid (HC(O)OH) as a proxy for the organiadac which is largely
emitted from tropical forest and is contributednsiigantly to the formation of acid
rain that damage forest and farm plants (Stavrakal., 2012). Typical atmospheric
concentration of formic acid is in the range of <10 ppbv (Tobias et al., 2001,
Vereecken et al., 2014). Methyl peroxy radical ¢OF) as a prototypical example of
the alkyl peroxy radicals (Rpthat is the most important oxidant in the VOC¢wa
global production (~ 2,500 Tg/year) primarily due the daytime oxidation of
methane by the OH radical in the presence of\iller et al., 2016; Chameides et al.,
1973;Assaf et al., 2017). The bimolecular reactions GisSwith organic acid and
peroxy radical are one of the dominant chemicatsof carbonyl oxides and lead to
oligomeric hydroperoxides that have sufficientlyvlsaturated vapour pressures (~
103-10 Torr) to potentially significant contribution tdO&\ formation (Inomata et al.,
2014). In addition, there are significant litera&sirsuggesting that Criegee chemistry
at the air-water interface (Zhu et al., 2016; Kuratial., 2017; Zhong et al., 2017,
Enami et al., 2017Zhong et al., 2018) follows both concerted and wiep
mechanisms with former being the dominant mechiarpsithway.

The experimental studies have suggested that oégorontaining a SCI as the
chain units are expected to participate in secgndaganic aerosol (SOA) formation
from alkenes ozonolysis (Inomata et al., 2014; 3eylet al., 2008; Sakamoto et al.,
2013). Sakamoto et al. (Sakamoto et al., 2013) ected the ethylene ozonolysis in

laboratory experiments using a Teflon bag reacém found that CHDO can
4
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produce oligomers followed by SOA formation via agans with formic acid and
hydroperoxides in the gaseous ph&adezky et al. (Sadezky et al., 2008) proposed
that the mechanism of SCI reaction with peroxy cadd{R,O,) leading to oligomer
R10,-(SCI)-H that is involving initiation by the reaction &8CI with a RO, radical,
sequential addition of SCls, and the chain ternomaby reaction with the HO

radical. This oligomer formation mechanism is verittas follows:

R0, + SCl — R,0,-SCI (1)
Ri10,-SCI + (n-1)SCl— R;0»-(SCl).1-SCI )
R10,-(SCIh1-SCI + HGQ — R;O0»(SCl)jH + O 3)

Similar to the work mentioned above, Zhao et aha@ et al., 2015) concluded
the same from the ozonolysis experiment of tram&&ne in a flow reactor and in
static chambers in the absence and presence oHaor CI scavenger at 295 + 1 K.
They found that oligomers having SCI as the chaiih are the dominant components
of SOA, and the sequential addition ofHsCHOO to RO, radical is a favorable
reaction mode. The bimolecular reaction with orgawid can provide a new pathway
in whichthese acids are converted to low-volatility oligeiménydroperoxides and
thus contribute to the formation of SOA in the tvephere (Sakamoto et al., 2017,
Welz et al., 2014).

R,C(O)OH + SCl— R,C(O)O-SCI-H (4)

R,C(0)O-SCI-H + (n-1)SCl— R,C(O)O-(SCI)-H (5)

The theoretical investigation mentioned above nydimtuses on small carbonyl
oxides systems (e.g. GEO, syn/anti-CH;CHOO and (CH),COO) (Zhao et al.,
2017; Johnson et al., 2001gng et al., 2009), but little study has been donehe
reactivity of C3 and C4 SCls as formed in isopremenolysis toward organic acid
and peroxy radical as far as we know. It is becatls#r direct experimental
identification and characterization have provenreely difficult due to their
complicated structure, high reactivity and shofétime (Vereecken et al., 2012).

Moreover, the ozonolysis experiments cannot disisiy the syn and

5
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anti-conformers of SCIs, which have completely distirgetctivity in the formation of
oligomer (Zhao et al., 2017). To the best of ourkiedge, both theoretical studies on
the reaction mechanism between L@ and CHOO have been reported by
Vereecken et al. (Vereecken et al., 2012) and Alggkt al. (Anglada et al., 2013) by
means of different quantum-mechanical methods. Tieenmd that this reaction
proceeds initially by the formation of a strong jpeactive complex followed by a
submerged barrier for subsequent addition ok@® terminal oxygen atom to the
CH,OO central carbon atom, leading to a larger peragycal CHOOCHOO. Zhao
et al. (Zzhao et al., 2017) concluded the same frdne reactions of
hydroxyl-substituted alkylperoxy radicals with SCtisat is, the addition reaction is a
favorable reaction mode for SOA formation. The ngoal of this work is to explore
the detailed mechanism and related rate coeffioéthie oligomerization reaction of
SCI with organic acid/peroxy radical leading to tfeemation of SOA from the
ozonolysis of isoprene. We will further evaluate #ttimospheric implications of these
oligomerization reactions using kinetic modelindneTresult insights can promote a
better understanding of the atmospheric formatidn SOA from unsaturated

hydrocarbons ozonolysis.

2. Computational details

All quantum chemical calculations reported hereexecuted using the Gaussian
09 program suite (Frisch et al., 2009). Lee eflate et al., 2013) investigated the
transient infrared absorption spectrum of O, and observed that the vibrational
frequencies are more consistent with a zwitteriather than a diradical structure.
Miliordos et al. (Miliordos et al., 2016) and Chenal. (Chen et al., 2016) concluded
the same by the quantum-chemical calculations@&0OO is indeed a closed-shell
system, with its ground state minimum geometry bestesented as theEG=0*-0*
zwitterion. Previous theoretical studies have shdhat the coupled-cluster//DFT
level of theory can provide reasonable results describing the geometries,
zero-point energies (ZPE), and frequencies for g&eechemistry (Chen et al., 2016;
Nguyen et al., 2015; Su et al., 2014; Buras et8ll4; Raghunath et al., 2017; Chen

6
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et al., 2017). Thus, in the present study, the ggpes of all the stationary points on
the potential energy surfaces are fully optimizedhg the B3LYP functional (Zheng
et al.,, 2009) along with the 6-311+G(2df,2p) bas#$ (Anglada et al., 2011). The
Grimme's dispersion correction method is employeddéscribe medium range
correlation effects (Grimme et al., 2010). Harmomibrational frequencies are
performed to ascertain the nature of local miniNdMAG = 0) and saddle point
(NIMAG = 1). A scale factor of 0.986 (Buras et &Q14) is applied to scale all the
B3LYP-D3/6-311+G(2df,2p) frequencies to account fdne thermodynamic
contribution to the Gibbs free energy and enthapy?98.15 K and 1 atm. The
connectivity between the two energy minimum poirgsestablished by intrinsic
reaction coordinate (IRC) calculations (Fukui et #081; Page et al., 1988; Gonzalez
et al., 1989; Gonzalez et al.,, 1990). On the bas$ishe B3LYP-D3 optimized
geometries, the single point energies are calailatehe CCSD(T)/6-311+G(2df,2p)
level of theory (Mendes et al.,, 2013). The couptkdter approach CCSD(T)
involves single and double substitutions with atyrbative treatment of triple
excitations (Mendes et al., 2013), which is rekatd characterize electronic energies
in the present study becau$e diagnostics are all less than the critical valu@20
(Mendes et al., 2013). Finally, the kinetic paraenés$ calculated using conventional
transition state theory (TST) with an one-dimenaloBckart tunneling correction
factor (Eckart et al., 1930; Johnston et al., 19G2yrett et al., 1979) and the
thermodynamic equivalent form is employed (Zhaalgt2017).
111y =T (KT e %ij ©)

whereAG'(T) is activation Gibbs free energyis reaction symmetry numbeg;
is the Boltzmann'’s constantk;is the temperature in Kelvin; h is the Planck’'astants;
An= 1 andAn = 0 stand for the bimolecular and unimolecularctieas (Zhao et al.,
2017). The rate coefficients at the temperature8-400 K are calculated by

implementingKiSThelP program (Canneaux et al., 2014).

3. Results and discussion
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3.1 The isoprene ozonolysis

Previous experimental studies have shown that argaeroxy radicals (R&)
generated from the isoprene photooxidation primaghct with HQ radical leading
to the formation of SOAInder low-NQ conditions, while it mainly reacts through
multiple pathways, including with NO, NOand HQ forming SOAunder high-NQ
conditions (Xu et al., 2014). The reactions of R@th HO, and NQ produce low
volatile species via fragmentation of the resultaax radical (Kroll et al., 2008). In
the present study, the dihydroxy-epoxides (IEPOX) nd a
hydroxymethyl-methyk-lactone (HMML) pathways of isoprene SOA formatiare
taken into consideration, and are compared withctf@nels of isoprene ozonolysis.
Shown in Fig. S1 ia simplified scheme of the IEPOXs and HMML pathwalise
corresponding potential energy surfaces are cartstifun Figs. S2 and S3 using the
CCSD(T)//B3LYP-D3/6-311+G(2df,2p) energies.

As shown in Fig. S2, the IEPOX pathways are strpngkothermic and
spontaneous, signifying that they are feasiblentoehemically under atmospheric
conditions. Isoprene oxidation begins with the #&ddiof OH radical to the C=C
bond, sequential reactions wifD,, HO, and OH radicals forming IEPOX under
low-NOy conditions. The rate-limiting step of IEPOX pattywas the TS_R2 with the
barrier of 6.7 kcal-mdl From Fig. S3, one can see that the,Réxical (S-3)
chemistry is more complex in the presence of,M® compared with the presence of
HO, radical. The HMML pathways start with the addition reactiohisoprene with
OH radical, sequential reactions through multipé¢hrays, includingO, and NO,
forming MACR. Then, the continued reaction of MAGQfRoceeds mainly through
MAC + OHPO,/HO, pathways to form HMML. The rate-determining stépH®ML
pathways is the TS_R5 with the barrier of 30.6 koal*, in good agreement with the
value of 31.0 kcal-mdl reported by Piletic and coworker (Piletic et &Q17).
Although the barrier of therate-determining step TS_R5 is high, the large
exothermicity of the HMML pathways may provide stifnt energies to overcome

such an activation energy. Thus, the IEPOX pathwenger low-NQ conditions and

8
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HMML pathways under high-NQconditions are the important processes for isagoren
SOA formation.

As shown in Fig. 1, the barriers of isoprene ozgsislare 7.6 (R1) and 6.5 (R4)
kcal-mol* and the large exothermicity ~ 40 kcal-thaThey are large exothermicity
and low barrier, suggesting that the ozonolysigsoprene in the atmosphere are
feasible both thermochemically and dynamically. &mparing the barriers and
exothermicity of the ozone reactions, IEPOX and HMpathways, one can find that
the isoprene ozonolysis has some competition in forenation of SOA. This
conclusion implies again that it is essential teestigate the mechanism and kinetic
of SOA formation from isoprene ozonolysis. A sinfipll mechanism of isoprene
ozonolysis is drawn in Scheme 1. Optimized str@eswf all the stationary points on
the potential energy surfaces are illustrated gs F54-S7 with available experimental
and theoretical values for comparison. For the isge€H00, CHO, HC(O)OH,
H,O and @, the mean absolute deviations (MAD) between theutated values and
the experimental ones are 0.007 A (bond lengthd)a®° (bond anglesThe largest
deviations are 0.015 A for O-O bond in Molecule and 1.6° for”H-C-O angle in
CH.OO0 intermediate andZ0O-0-0O angle in @ molecule. In view of the above, we
feel that the B3LYP-D3 functional applied hereinaiscurate enough for a realistic
description of the title reaction system from bathuilibrium geometries and
characterize mechanisms. Additionally, the rotalotonstants of CH#DO are also
listed in Table S1, agree satisfactorily with theperimental and theoretical reports
(Chen et al., 2017). The relative energies plus ZRER), enthalpies AHRr), free
energies AGR), activation energiesAE,") and free energiesAG,") of elementary

reaction involved in the isoprene ozonolysis aespnted in Table S2.
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Scheme 1Brief description for isoprene ozonolysis

Shown in Fig. 1 is the relative energy diagramsofprene ozonolysis according
to the energies obtained with the CCSD(T)//B3LYP@311+G(2df,2p) method. In
this figure, the differences between the relativeefenergies and the electronic
energies for the majority of stationary points aignificant due to the large
contributions from entropy effects. Similar behasicare also observed in the
ozonolysis of other alkenes and oligomerizatiorctieas of Criegee intermediates

with organic acid and peroxy radical (see Figs).ZFéus, in the present work, unless
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mentioned otherwise, the free energy barri&t6,{) are applied to discuss in the
subsequent analysis.

There are two channels (R1 and R4) that have besereed in the bimolecular
reaction of isoprene with ozone: (i) the cycloaditof O; on the C=C bond (B1)
leading to CH=CHC(CH;)CH,03 (S3), (ii) the cycloaddition of ©across the C=C
bond (B2) forming Ch=C(CH;) CHCH,O3 (S8). Both pathways proceed initially by
the formations of strong pre-reactive complexes Isfid IM4, of 6.6 and 7.3
kcal-mol* stability. Then the complexes transform subsedyeatthe ozonides S3
and S8 with the barriers of 7.6 (TS1) and 6.5 (Ti®&#)- mol* and with exothermicity
~40 kcal-mof. The result shows that the addition of ozone oB=€ bond (B1)
forming S8 is more preferable than on another CoGdb(B2) producing S3. The
reason can be attributed to steric repulsion betwaethyl group and ozone. The
addition reactions R1 and R4 are large exotherynaniid low barrier, suggesting that
the ozonolysis of isoprene are feasible both thehemically and dynamically.
Because of their large exothermicity, the ozongly®actions leave a significant
amount of internal energy in the newly formed SUdsding to rapid bimolecular
decay (Taatjes et al., 2017).

The decomposition of ozonide S3 generated fromrm#laR1 has three pathways
(R2, R3syn and R3anti), namely the homolytic cleavage of C-C and O-Odson
leading to the formations of GBO + CH=CHC(O)CH; (S4 + S5) and C}D +
CH,=CHC(CH;)O0O (S6 + Skyranti). The Criegee intermediate S7 exists in two
conformationssynandanti. The -CH=CH group is on the same side with respect to
the O-O bond in a S3yn whereas it is on the opposite side in aaB#-{see Fig. S4).
Calculations show thaanti- is more favorable in energy thayn- by about 2.5
kcal-mol* due to hyperconjugative interaction between thel=CH, and carbonyl
groups. The product complexes IM2, IM8n and IM3anti are formed occurring
before the corresponding final products. The bigdemergies are 6.2, 3.0 and 3.5
kcal-mol* energetically higher than the separated prodacis,-10.1, -16.5 and -18.5
kcal-mol* more stable than the reactant S3. The correspgrdinsition states TS2,

TS3syn and TS3anti are predicted to lie -22.7, -24.8 and -25.8 kcal'in
11
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respectively, below the energies of the initialctaats isoprene and ozone, and 17.5,
15.4 and 14.4 kcal-mblabove the energy of reactant S3. The result shibatsthe
most favourable channel is the reaction &3 due to its lower barrier. Similar
conclusion is also drawn in the calculated resaflelectronic energies.

Equivalent to the decomposition of ozonide S3, tzenide S8 formed by
channel R4 also has three decomposition pathwaysRBsynand R6anti). It can
either lead to CEDO + HC(O)C(CH)=CH, (S4 + S9), or produce GB +
CH,=C(CH;)CHOO (S6 + S1Gynanti). The barriers of these three pathways are
15.8(R5), 19.1(R&yn and 15.7(Rénti) kcal-motl* and the large exothermicity
-15.3(R5), -14.0(R&yr) and -16.5(Réant)) kcal-mol*. The result shows that the
channel R6Gyn is less competitive compared to other two pathways both
thermochemically and dynamically. Moreover, therigas of the S1&yn reactions
with HC(O)OH, CHOO and HO are higher than that of the Sa6ti system (see Fig.
5-6, S8-S9 and S11), indicating tlaati-conformer is substantially more reactive
toward HC(O)OH, CHOO and HO than issynconformer in the atmosphere. Similar
conclusion has been obtained from tlsgn/anti-CH;CHOO reactions with
atmospheric species such as alkylperoxy radicaddemand S© (Vereecken et al.,
2014; Zhao et al., 2017; Lin et al., 20Hyang et al., 2012; Taatjes et al., 2013;
Anglada et al., 2016).

Similar to the ozonolysis of isoprene, its deconipws products
CH,=CHC(O)CH; (S5) and CR=CHC(CH;)OO (S7synanti) also react with ozone
leading to a set of C3 SCIs. The PES is construdgtedrig. 2 using the
CCSD(T)//B3LYP-D3/6-311+G(2df,2p) energies.

In Fig. 2(a), the initial association of GEHCHC(O)CH; (S5) and @ yields a
strong pre-reactive complex IM7, followed by it risforms to a excited ozonide
CH5C(O)CHCHO; (S11) with internal energy ~ 40 kcal-ifoThen, the ozonide S11
dissociates into CH¥DO + CHC(O)C(O)H (S4 + S12) with its transition state TS8
located 14.6 kcal-md] or decomposes into GB + CHC(O)CHOO (S6 +
S13synranti) with their transition states TS8nand TS%anti located 19.7 and 18.3

kcal-mol* above that of the energy of reactant S11. Thetrshows that the former
12
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reaction R8 is more advantaged than that of therlatvo pathways R9yn and
R9-anti, but its thermodynamically unfavorable comparghR9anti.

As shown in Fig. 2(b), the Santi is more stable in energy than Sylaby about
2.5 kcal-mol due to hyperconjugative effect. The addition reactbetween
CH,=CHC(CH;) OO (S7syn and Q starts with the formation of pre-reactive
complex IM10syn in the entrance channel followed by the above gnef 6.5
kcal-mol'. Then the IM10syntransforms to ozonide SBynwith the barrier of 8.0
kcal-mol* (TS10syn and with exothermicity ~ 38 kcal-mblBecause of its large
exothermicity, it may provide sufficient energies bvercome the barriers of
secondary reactions. It can either generatedH+ HC(O)C(CH)OO (S4 + S15yn)
with the barrier of 14.7 kcal-mdl or produce ChD + OOCHC(CH)OO (S6 +
S16syn with the barrier of 20.1 kcal-ml It can be found that the former pathway
is obviously preferable due to its lower barrieimiBar conclusion is also obtained
from the S7anti + O; reaction system. The detailed mechanism ofa@v-+ O3
reaction is almost the same as s§r+ O; system. In order to avoid redundancy, we
do not repeat them here in detail.

The adducts CHC(CHs)C(O)H (S9) and ChC(CH;)CHOO (S10syrfanti)
generated from channels R5 and &@fanti can further react with Qleading to
various types of C3 SClIs, which have enough highctreity to contribute the
formation of SOA. The PES of ozone reactions with &d Sl1Gynanti is
constructed in Fig. 3 using above mentioned metihbd. mechanistic details of S9 +
Oz and Sl0synanti + O; systems are quite similar to that of the S5 # and
S7synanti + O; systems. Thus, in order to avoid redundancy, wi mat be

discussed in detail for these addition reactions.

3.2 The addition reactions of SCls with organic ad

The SCls generated from isoprene ozonolysis cgmuseto better understanding
the Criegee chemistry occurring in the forest andrban environments. The formed
SClIs have two conformersyn and anti, depending upon the relative spatial

orientation of the substituent group with respectite O-O bond. From the results
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pointed out in the previous paragraph, we haveloded that the stability ainti-SCI

is much larger than that cdynSCI and is judiciously selected to study their
oligomerization reactions. The PESs of oligomermateactions osynSCls with
organic acid and peroxy radical are only displayedrigs. S8 and S9, and do not
discuss them in detail. In the present study, wecentrate on the oligomerization
reactionsof anti-SCIs with organic acid and peroxy radical, and pare to their
reactions with water vapour. The optimized georastand NPA atomic charges of
anti-SCls are displayed in Fig. 4.

The bimolecular reaction @inti-SCI with HC(O)OH can provide a new pathway
in which HC(O)OH is converted to low volatility aridghly oxidized oligomer and
thus contribute to the formation of SOA (Sakamotcale 2017). The addition of
HC(O)OH across the -COO moiety anti-SCI occurs in a concerted manner, which
leads to the exothermic formation of hydroperoxybkarboxylate (Nguyen et al.,
2016; Aplincourt et al., 2000). The correspondirigSHs shown in Fig. 5.

As can be seen from Fig. 5, the addition reactmanti-SCIls with HC(O)OH
are strongly exothermic and spontaneous, reved#tagthey are accessible pathway
thermochemically. These reactions would first gadigh the barrierless formations
of pre-reactive complexes (IM19-IM2ati) followed by the submerged energies.
These complexes are -1.7, -4.3, -5.9, -0.9, -2d5-aril kcal-mot energetically with
respect to the respective reactants. Then, thegigedrcomplexes convert rapidly to
the products hydroperoxyalkyl carboxylates. Theaibaheights predict TS19, 24nti,
2l1-anti, 22anti, 23anti and 24anti to lie 9.9, 11.8, 5.1, 11.2, 12.2 and 12.6
kcal-mol', respectively, above the energies of the sepaestetantsanti-SCls and
HC(O)OH, and 10.6, 16.1, 11.0, 12.1, 14.9 and kdal-mol* above the energies of
the respective pre-reactive complexes. The re$atvs that the energetically most
favourable channels are @O + HC(O)OH (R19) and Si#nti + HC(O)OH
systems (R2B&nt), and the barrier heights strongly depend on thecsire of
reactants. The conclusion is further supported Hey firevious literatures that the
reactivity of carbonyl oxide strongly depends ore thature and position of

substituents (Zhao et al., 2017; Anglada et al1120For CHOO + HC(O)OH
14
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reaction, the computed barrier is 10.6 kcal ‘at good agreement with theoretical
calculations at higher level (10.5 kcal- mait the CBS-QB3 level of theory) (Long et
al., 2009). The -CH=CH(S7anti), -C(O)H (S15anti) and -CHOO (S1&mnti) groups
on p-hydrogen atom and methyl group erhydrogen atom lead to significantly
higher barriers with respect to the reaction of eparcarbonyl oxide. This
phenomenon can be explained by the hyperconjugatiteraction between the
methyl group and the COO carbon (Anglada et all12@hao et al., 2017).

To gain deeper insights into the effect of ioniogerty on the reaction barrier,
we examine the NPA charges using the natural bobidab(NBO) method. And the
result is displayed in Fig. 4. In this figure, ttlearge of CHOO central carbon atom
C1 is positive (0.157 e) while its terminal oxygatom O1 is negative (-0.417 e),
indicating that CHOO intermediate indeed is a zwitterion. The mesupstituent in
the a-position induces thaccumulation of C1 atom charge with respect topduent
carbonyl oxide, which leads to the barriers of/ST5/S16anti + HC(O)OH systems
increasing by ~ 4.0 kcal- mbl This is because the electron donor characteratfiyh

group hinders the nucleophilic attack of the oxygeam of formic acid.

3.3 The addition reactions of SCIs with peroxy radial

The addition reaction of SCI with GB, radical leads to peroxide-substituted
alkyl peroxy radical and opening the possibility fioe formation of SOA (Sadezky et
al., 2008). The detailed mechanism involves thattéiminal oxygen atom of GB»
radical directly binds to the SCI carbon atom fargholigomer CHOO-(SCI). The
analysis of the wave functions shows that the foionaof the newly C-O bond occurs
by interaction of the unpaired electron of @id;0, radical with the two electrons on
the 2p and 3p molecular orbitals of SCI. The PE8ntiESClIs reactions with C#D,
radical is shown in Fig. 6.

As seen from Fig. 6, the bimolecular reactiongmti-SCls with CHO, are also
strongly exothermic and spontaneous. These reacstert with the formation of
pre-reactive loosely bound complexes in which tike tomponents are held together

by van der Waals interactions between the termixgben atom of CkD, radical
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and the central carbon atomaniti-SCIs, and by hydrogen bonds between one of the
hydrogen atoms of Ci®, radical and theanti-SCls terminal oxygen atom. These
complexes IM25-IM3@anti are stabilized relative to the respective reasténoim 2.6

to 3.8 kcal-mot, suggesting that the GB, radical is tied up in these complexes.
They convert rapidly to the respective products aviseries of transition states with
moderate barriers. The barrier heights of thesaddition reactions are decreased in
the order of 11.1 (TS28nti) > 11.0 (TS27anti) > 9.7 (TS26anti) > 8.2 (TS30anti) >
7.1 (TS28anti) > 1.7 (TS25) kcal-md} indicating that the favorable channel is the
CH,OO + CHOO reaction and the barrier heights vary considgralith size and
structure ofanti-SCls and explain in terms of conjugative, hypejegative, and
steric interactions (Anglada et al., 2011). Comgat@ the anti-SCIs + HC(O)OH
reaction mode, it can be found that the barriersaftti-Cl + CH;OO systems are
comparatively low. The result shows that the re@gtof anti-SCls toward CHOO is

the best in this title reaction system.

3.4 Kinetics and implication in atmospheric chemisty

The kinetic parameters are calculated using comwegittransition state theory
(TST), with tunneling correction factor estimatess@aming an asymmetric Eckart
potential (Chen et al., 2016; Zhang et al., 20ER). 7 presents the Arrhenius plots of
rate coefficients for the reactions ahti-SCls with HC(O)OH and C}©OO in the
temperature range from 273 to 400 K.

As shown in Fig. 7(a), the rate coefficientsamiti-SCls + HC(O)OH reactions
increase with rising temperature, and the diffeesncaise up to four orders of
magnitude depending on the carbonyl oxide. Theltrewlicates that the reactivity of
anti-SCIs toward formic acid strongly depends on sizssitppn and structure of
substituents. The substituted carbonyl oxides tdviarmic acid have low reactivity
with respect to the parent carbonyl oxide, and thélybe able to react with other
atmospheric species contributing to the formatib&©OA. For example, for CH¥DO
+ HC(O)OH reaction, the computed rate coefficien8i5x 10*°cm® moleculé* s?,

in good agreement with the upper limit experimentdue 1.0x 10*cm® moleculé
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s* from Johnson et al. via adding organic acid to @a&-methylbut-2-ene system
(Johnson et al., 2001). In Fig. 7(b), the rate fi@ehts of anti-SCls + CHOO
reactions decrease with increasing temperature ttad exhibit a slightly negative
T-dependency. The kinetic parameters vary condifleraith size andocation of
substituents, which is further supported by thenediterature reports (Anglada et al.,
2013; Anglada et al., 2011). The rate coeffici@ftanti-SCls + CHOO reactions are
much higher than that of thenti-SCls + HC(O)OH systems, indicating that the
reactivity ofanti-SCls toward CHOO radical is the best.

Considering the Criegee-water reaction is the npdatisible reaction in the
troposphere, itwould be interesting to examine whether the reastidetween
anti-SCIs and HC(O)OH/CkD, can compete well with the reactions between
anti-SCls and HO under atmospheric conditions. This is becausemapor is the
third most abundant molecule existing in the Eartitmosphere (0] ~ 7.0 x 10"
molecules cfi) (Zhang et al., 2014; Zhang et al., 2015) and ohéhe dominant
chemical sinks for SClIs is the reaction with watapour (Chao et al., 2015; Smith et
al., 2015). Although the concentration of watetha troposphere is several orders of
magnitude larger than organic acid and peroxy eddibe larger rate coefficient could
partly compensate the low concentrations of HC(O)aitdl CHOO radical. The
PESs and kinetic parametersaniti-SCIs reactions with water vapour are displayed in
Figs. S11 and S12, respectively. As shown in FiR,She differences in the rate
coefficient of different substituted carbonyl oxsd@ise up to six orders of magnitude
with respect to the parent carbonyl oxide. The Iteisulicates that the substituted
carbonyl oxides toward water vapour have low redgtiand have much longer
lifetime in the troposphere, and reactions witheottmospheric species such as
organic acid and peroxy radical may become impottacontribute to the formation
of SOA. By comparing the reaction barriers and ratefficients of anti-SCls
reactions with HO, HC(O)OH and CEDO, one can find that trenti-SCls + CHOO
reactions exhibit more obvious advantage than tiiathe analogousanti-SCls +
H,O/HC(O)OH reactions. Though the barriersaati-SCls + HC(O)OH reactions are

generally equal to thanti-SCls + HO systems, these reactions are mediated by
17
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pre-reaction complexes that are more stable thparated reactants. Therefore, the
anti-SCIls + HC(O)OH reactions could be potentially abde compete with the
reaction of water vapour in terrestrial equatoastas and in some northern high
latitude locations (Welz et al., 2014). As a restlie anti-SCIls + CHOO reactions
make a major contribution to the formation and gtowf SOA under highly humid
conditions, while theanti-SCls + HC(O)OH reactions play an important role in
aerosol nucleation in some regions, where high @icentrations and low J@

concentrations occur such as northern high latitude

4. Conclusion

The mechanisms and kinetics of oligomerization tteas of Criegee
intermediates with organic acid/peroxy radical fréime ozonolysis of isoprene are
studied usingab initio quantum-chemical methodologies in conjunction with
statistical theory calculations. The main conclosiare summarized as follows:

(@) The SCls generated from the isoprene ozonolysie hav isomerssyn and

anti-, and theanti- is more stable in energy than that syt by about 2-5

kcal-mot*.

(b) The barrier heights of oligomerization reactionsS&ls with organic acid

and peroxy radical strongly depend on the size,tipasand structure of

substituents.

(c) The rate coefficients adnti-SCls + HC(O)OH reactions increase with rising

temperature, whereas the rate coefficientsmiSCls + CHO, systems decrease

with increasing temperature. The rate coefficieftthese bimolecular reactions
vary considerably with size and structure of thésSC

(d) Reactions between SCIs and peroxy radical congilsignificantly to the

formation of SOA under the condition of high relati humidity, while the

reactions between SCIs and organic acid play anontapt role in aerosol

nucleation in terrestrial equatorial areas.
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Figure Captions:

Fig. 1. Potential energy surfaceAG and AE (italic)) of isoprene ozonolysis at the
CCSD(T)//B3LYP-D3/6-311+G(2df,2p) level of theory

Fig. 2. Potential energy surfaceAaG and AE (italic)) of ozonolysis of S5(a) and S7(b) at the
CCSD(T)//B3LYP-D3/6-311+G(2df,2p) level of theory

Fig. 3. Potential energy surfaces® andAE (italic)) of the ozonolysis of S9(a) and S10(b) at the
CCSD(T)//B3LYP-D3/6-311+G(2df,2p) level of theory

Fig. 4. The geometrical parameters (normal) and NPA clsaftgic) of anti-SCls calculated at
the B3LYP-D3/6-311+G(2df,2p) level of theory @nd g stand for the position of substituent
group)

Fig. 5. Potential energy surfacaG andAE (italic)) of anti-SCls reactions with HC(O)OH at the
CCSD(T)//B3LYP/6-311+G(2df,2p) level of theory

Fig. 6. Potential energy surfacA@ and AE (italic)) of anti-SClIs reactions with C}D, at the
CCSD(T)//B3LYP-D3/6-311+G(2df,2p) level of theory

Fig. 7. Arrhenius plots of rate coefficienk§T) (cni® moleculé' sY) for anti-SCls + HC(O)OH (a)
andanti-SCls + CHOO (b) reactions versus 1000K™) at 273-400 K

25



AG/AE(keal mol™)

M4
(-2.0)
(7.3)
o8
ST (-23)
0.0 4 M1
isoprenet+O;
¢ ¢
" 4
@ e g
c1 Q@
c1 <
e 55 g
e
CH,=CHC(CH,)=CH,
(isoprene)

TS2
(-34.4) TS3-syn
2. (-36.6)

(-24.8)
(25.8)
(-37.6)

TS3-anti

IM6-syn
(-56.9)

(-52.1)
53 Li67)
L637) . (sae N IMZ N
\ (538 . (-54.0) IM3-syn
-anti g (-66.4)
IM6-anti ~., S56+810-syn £56.7) (-59.5)
(-56.5) — " (-59.7)
S6+87-syn
IM3-anti ~

(-56.4)
S$6+S810-anti

Fig. 1

26

62..
S6+S7-anti



A AG/AE (kcal mol™)
TS7
Aaae) .
25 o B9
(a) ©9) \
S IMT b
(0.0) \
S5+0. s
: 'f. (-32.3)
g ﬁ/ﬁ\@ 5 159 0ym
4 P | '."..'m."‘:l‘SD—anti
c3 - 0, . L5334 N
i ¥ ; o
c2 “ NN
les—-<4 "'\ s ; BN
® e
CH,=CHC(O)CHj (S5) Loesen f
L (-40.2) o
SN IM9-syn
st N (-54.8)
Soendd ) S?:%lg}-syn
}:‘;g-g}..)‘.m%anu . .
) (49.2) . S4+812 (-50.4)
(-58.9) I -40])
M8 (-51.2)
(-51.0
1 $6+S13-anti
AG/AE (kcal mol™) TS10-syn
TS10-anti R
JO0585) % (e b
- 46 4 - y
20 y
(b) 7.0 .~ . IML0syn Y
A IM10-anti K 4
©.0 23 B y
ST-anti+0; sioaro, l’
% A
B y Y rstzant (-29.9)
h S B o f— (-18.2)
a ) @/@W : RS —_—
@ v Y (-26.9) o+ TSI2-syn*,
. B "- R
c K -32.5
e5 e 5 STt
@ y 1
CH,=CHC(CH,)00 (S7-anti) H Y
V- S b
@ s /o
. Sid-anti L (500
R -38.3!
S14-syn
a
f »
£
@ 3

©
CHy=CHC(CH;)00 (§7-syn)

27

Fig. 2

. S4+S15-anti
—— = o (-48.4)
(-46.9) "=,
) )
IMI11-anti 9.2)
(-49.0)

S6+S16-anti

(-50.2)
. (-40.2)
S IMIT-syn®~. (-i.;t‘:)]
— e —
(-44.8) - S4+815-syn
(-54.9) e
IM12-syn W
(-47.9,
S6+516-syn



A AG/AE (keal mol™)
TS13
s (15.0)
YT
(gf'ssz) 4 i
(a) PN B
a
0.0 b
§9+0; 5 TS15-anti
. (-33.1)
B - \ (-21.0)
c42 @A@ B TS14 . \
3 3 . (-22.5) 4 s
0; i (-34.3) "0 (-22.5) o
g . y S (-343)
o & @ Y o TSIS.syn
c2 € 4
1 p 3
- ' Vo (-50.4)
e € L (-38.5)
CH,=C(CH,)C(O)H (59) S17 ‘.:3‘-‘
"“",‘. IM15-syn
W (-55.2)
W (-44.6)
(44.7) ~ Sy
-4 YOIMI4 e -20
(-54.8) © e 509)
(-50.8) -« (-51.6)
(-60.5 .. S4+812 (-50.7)
IM15-anti .
(-55.8)
(-56.0)
1 S6+S15-anti
AG/AE (keal mol™)
TS16-anti IS165un
— R YY) I
STy
Y] 4
(1.8 (9.2) K
(b) PR T -
o IMI6-anti . B ‘
00 e % k
S10-anti+0; Stdavnt0, 'f Y TSIt
' €17.9) TS18-5vn
BT |
~ c2 28 0, "._ :
e = - i
& o
CH,=C(CH;)CHOO (S10-anti) SIs.ant L (-50.6)
W(383) *,
— H s
® ¢ Sig-syn E
4 ., IMI7-sy
u,cé P b Y (—53.63"
e : R Sy
\ 3 . 46:8) s, raldSD
o VCSL2) (5040 (-55.0) .. S4+S13-syn
@9 - IM18-syn .
[ -] (-52.7)
[iParp - - i -52.4,
CH,=C(CH;)CHOO (S10-5yn) — skrgigsyn
(-56.5)
S6+S16-anti
Fig. 3

28




CH,00 (54) CH,=CHC(CH;)00 (S7-anti)

dé;\

-0.498 0.409

ey

CH,C(0)CHOO (S13-antiy HC(0)C(CH,)00 (S15-antiy OOCHC(CH;)00 (S16-anti)

Fig. 4

29



A AG/AE (kcal mol™)

(0.5)

(12.6)
— (-0.7)
2 TS24-anti*, (11.8)

(0.8)
(12.2)

K TSZS»anti‘.‘
7 TS20-anti™,
[ — s S oY
S N
GG Y/ S¢ TS2l-amti '\,
. - .' _— ‘.t
5 ‘s CERER I N ) RS
(0.0) S Y
CH,00+HC(0)OHY, L
S7-antitHC(O)OH %, R ok
S$10-anti+HC(O)OH  *% . N
ee—— . D
S15-anti+HC(O)OH I - wenr?
St6-antirHC(O)OH (127 b

IM24oant (122

4 IM20-anti,* : ’

~—— .“ “" 4"‘:’ .'. ..‘.
43 (59 o
-14.8)  (-16.6) % B o
C148  \M2i-an , o (288

s L Nz2)

5 \ (-z{z) NN S20-anti

N L2135 N (-34.6)
S24-anti

SN (240)

Y —
kY Y. S23-anti
. —

(-24.7)

s (-35.9)

N (-43.2) S21-anti
(327

Fig. 5

30



CH,00+CH,;00
§7-anti+CH;00
$10-anti+CH;00
S13-anti+CH,00
S$15-anti+CH,00
S$16-anti+CH;00

s
|‘ '.‘
i
2 n
(-4.6) :
A
B
;

(-6.5)
2.7

(2.6)
(-5.8)
IM27-anti

31

IM30-anti 5

. (5.2
IM26-anti 175 a0

", S29-anti (-39.5)
S27-anti
. (-46.4)
-~ (-35.6)

825
Fig. 6

(-28.3)

ST 09)

(0.2)

ACCEPTED MANUSCRIPT
A " TS29-anti (13.8)
AG/AE (keal mol™) H N (2.5 -
ARG
! (1.8 NN
£ TS2T-anti

(342
W (227)
L\ Sleann
e (-35.9)
. 830-anti

Sl (-25.2)
Y (310

S28-anti



N -

]ogmlk[s/(cm“ molec™” s")]

@) 8-
(b)
-164
9
174 <, 10
fg M
S
g -l1149
-184 mE
3
—a— 54 =~ il —-—sy
—&—S7-trans = b_‘___*__k——k"“—‘x‘ Bt
_19] —&—S10-trans 2 —&— S10-trans
—¥—S13-trans -134 —¥— S13-trans
—&— S15-trans F_4__._——0———.‘—_—-_—_._‘. —&#—S15-trans
—<4—S16-trans —<4—Sl16-trans
=20 B A Y B , -14 T T T T T T d
24 2.6 28 3.0 3.2 34 3.6 38 24 2.6 2.8 3.0 32 34 3.6 38
100K/ T 100K/ T
Fig. 7

32



Isoprene ozonolysis is one of the main atmospheric oxidation pathways forming SOA.
Theoretical calculations show that this process can produce various stable SCIs.
Reaction between SCIs and CH3;O, contributes significantly to the oligomer
formation.

Oligomers containing a SCI as the chain units participate in SOA formation.

Such knowledge is useful for devel oping SOA atmospheric chemistry model.



