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Abstract

The gas-phase reaction of trans-2-pentenal (T2B) @i atoms was studied at atmospheric
pressure and room temperature. A rate coefficie(2.66+0.83)x103° cn® moleculé' s* was
obtained using the relative rate method and isapreyclohexane and ethanol as reference
compoundsThe kinetic study was carried out using a 300-Lidrebag simulation chamber
(IMT Lille Douai-France) and a 16-L Pyrex cell (UBECiudad Real-Spain), both coupled to
the Fourier transform infrared (FTIR) technique.séhase products and secondary organic
aerosol (SOA) formation were studied at UCLM usin6-L Pyrex cell and a 264-L quartz
simulation chamber coupled to the FTIR and gasfoatography-mass spectrometry (GC-
MS) techniques. HCI, CO, and propanal were idesdifas products formed from the studied
reaction and quantified by FTIR, being the molaldiof the latter (5.2+0.2)%. Formic acid
was identified as a secondary product and was dieanby FTIR with a yield of (6.2+0.4)%.

In addition, 2-chlorobutanal and 2—pentenoic acetenidentified, but not quantified, by GC-
MS as products. The SOA formation was investigaisithg a fast mobility particle sizer
spectrometer. The observed SOA yields reached memimalues of around 7% at high
particle mass concentrations. This work providesfirst study of the formation of gaseous
and particulate products for the reaction of CIhwi2P. A reaction mechanism is suggested
to explain the formation of the observed gaseooduymts. The results are discussed in terms
of the structure-reactivity relationship, and titen@spheric implications derived from this

study are commented as well.

Keywords: Unsaturated aldehyde, kinetics, mechanism, orga@msols, atmospheric

lifetimes
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1. Introduction

It is well known that non-methane biogenic volatkganic compounds (BVOCSs) account for
approximately 90% of VOCs present in the atmospH&¥OCs play an important role in the
chemistry of the troposphere since their oxidapoovides major reaction pathways for the
formation of Secondary Organic Aerosols (SOAs) (hainn et al., 1997, Griffin et al.,
1999). In addition, the reactivity of BVOCs hasimpact on the HQ(OH + HQ,), NO; (NO

+ NO,) and the tropospheric ozone budgets. Therefores important to understand the
oxidation of BVOCs in the atmosphere to assess thks in the troposphere's chemistry. This
is crucial for atmospheric models to predict thenfation of atmospheric photo-oxidants,
SOA and the HQcycle (Kanakidou et al., 2005, Rudich et al., 2007

Unsaturated aldehydes are BVOCs that may be emitted the atmosphere from the
enzymatic oxidation of linolenic and linoleic acigeesent in vegetation in response to stress
(Winer et al. 1992, Hatanaka, 1993, Heiden eR8I03, Seco et al., 2007).

They may also be formed in situ as a result of dkiglation of dienes in the atmosphere
(Orlando and Tyndall, 2002). Besides their emissimm biogenic sources, unsaturated
aldehydes are also emitted into the atmosphere fmathropogenic sources such as the
combustion of wood, polymers, tobacco and gasolMagneron et al., 2002) and from
chemical industries (Graedel and Crutzen, 1986).

Atmospheric mixing ratios of unsaturated aldehyaesin the order of ppb. For instance, the
mixing ratio of acrolein, the smallest unsaturaattehyde, in several cities was reported to be
up to 12 ppb (Seaman et al., 2006, Faroon et@3)2 Larger unsaturated aldehydes, such as
trans-2-pentenal (T2P), have also been detectdteintmosphere with mixing ratios of a few
ppb in soybean seeds after anaerobic incubatiord(®aet al., 1996). T2P is also emitted by
vegetation such as orange (Moshonas et al., 188gto (Tandon et al., 2000) and black tea

(Yamanishi et al., 1972). Besides, T2P is emittieelctly from food products such as olive oll
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(Angerosa et al., 2000, Masella et al., 2019), mikvder (Cheng et al., 2019), wine (Saison
et al., 2009, Martins et al., 2013), dry sausaghsgese and bread (Bianchi et al., 2007) or
during food preparation as clam frying (Cheng et 2019). T2P has also been detected in

human breath (Ruzsanyi et al., 2002) and cigasstteke (Hatai et al., 2019). Further, this

species is used to protect crop plants from pests and weeds (Rodriguez-Kabana et al.,

2008).

Like other unsaturated aldehydes, once emitted tiltoatmosphere, T2P is expected to be
removed mainly by reaction with OH and pf@dicals and by photolysis during the daytime
(Houk, 1976, Calvert et al., 2011). However, reatdi with chlorine (Cl) atoms may play an
important role in the removal of these specieh@dtmosphere and maybe competitive with
those due to the OH radicals. Heterogeneous gHgfnation in polluted environments has
been shown as a major route for the productioneaictive gas-phase chlorine due to
photolysis (Wang et al., 2019, Faxon et al., 20Ib)coastal areas and in polluted northern
hemisphere areas, the concentration of Cl atonzhesalx1® atoms crit (Pszenny et al.,
1993, Spicer et al., 1998, Ezell et al., 2002, B#ckt al., 2007) and 5xi@toms crif
(Hossaini et al., 2016), respectively, making tkactions of Cl with VOCs a potentially
significant elimination route in the atmospherettoese species. Therefore, the study of these
processes is necessary to assess the fate of shesees in the atmosphere and to better

evaluate the atmospheric implications of their atimh processes.

To our knowledge, the rate coefficient for the TEP+eaction, krp, was measured by
Rodriguez et al., 2005 by a relative method at reemperature and an atmospheric pressure

of air and N in a Teflon bag using the GC-FID (Flame ionizatew@tector).

The value provided by Rodriguez et al., (1.31+0¢19)° cm® moleculé' s, is the only

experimental data fokr,p. However, an estimation df.p, calculated using the Structure-
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Activity Relationships (SARs) method, 3.47xf0cm® moleculé' s?, is not in agreement
with the experimental value (Teruel et al., 2008)is value is close to the gas kinetic limit
for such a bimolecular elementary reaction. To idkte this discrepancy, the present paper
describes the determination of the rate coeffidkestand aims at evaluating the impact of the
Cl + T2P reaction in the removal of T2P in the atptwere. In addition to the kinetic
investigation, the identification and quantificatiof the gas-phase products and the SOA

formation induced by reaction R1 are provided Far first time in the present work.

2. Materialsand methods

2.1. Kinetic study

The kinetic study was carried out at 296+2 K an@+2® Torr of air by a relative method

using two set-ups described below

2.1.1. D-ASC chamber (IMT Lille Douai, France)

A detailed presentation of this experimental setap be found elsewhere (Turpin et al.,
2006), and only a brief description is given hefdae Douai Atmospheric Simulation
Chamber (hereafter D-ASC) is a 300-L Teflon baglesed inside a wooden box and
equipped with a 2-L multiple-reflection optical kalith 10 m of optical path coupled to an
FTIR spectrometer (Nicolet 550). The IR spectratltd gaseous samples (T2P and the
reference compound and/or reaction products) weserded with a resolution of 0.5 ¢nn
the spectral range 4000-650 ¢y accumulating 32 interferograms. In our experitaeCl
atoms were generated from the photolysis of moégccihlorine using 1 or 2 actinic lamps
(Philips TMX 200 LS, emitting in the range 300-46®, Amax = 365 nm), which were fixed
on the internal walls of the box. All reactions westudied in purified zero air (relative

humidity < 2 ppm, CO and GGx 80 ppb). T2P and the reference compounds wgzeta
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into the Teflon bag using syringes. The sampling weade automatically each 5 min for
analysis by FTIR. At the end of each experimeng, Tieflon bag and the optical cell were

cleaned several times by filling with zero air éalled by pumping.

2.1.2. 16-L cell (University of CastillaLaMancha UCLM - Ciudad Real, Spain)

This experimental set-up was described in detagdwhere (Ballesteros et al., 2009, Sleiman
et al., 2014), and only a brief outline is providegte. It consists of a 16-L Pyrex White-type
cell that has 96 m of the optical path. The ce#dsiipped with a Nexus 870 Thermo Nicolet
FTIR spectrometer. IR spectra were recorded witesalution of 2 crf in the IR spectral
range of 4000 to 650 ¢ The cell is surrounded by 4 actinic lamps (PhillfL-K 40 W,
Amax = 365 nm).All experiments were carried out in synthetic gwurity 99.999%, Air
Liquide). The introduction of reactants in the gdsse was done by expansion from a glass
manifold system. At the end of each experiment,cilewas cleaned by filling with air and

pumping down to 16 mbar several times.

2.1.3. Rate coefficient deter mination

The relative rate coefficient of the gas-phasetreamf T2P with Cl was measured in the
presence of a reference compound (isoprene, cycoleeor ethanol) using either the D-ASC
chamber or the 16-L cell. The experimental condgiaised in this study are summarized in
Table 1. The reactions of interest are the simalias reactions of T2P and the reference

compound with chlorine atoms, with rate coefficgeaskrp andkrer, respectively:

k
T2P + Cl — Products (R1)
Kref R2
Reference + Cl — Products (R2)
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Before starting the kinetic study, tests were earout to check the stability of T2P and the
reference compounds by quantifying dark reactitoss(onto the walls and potential reaction
with Cl;) and photolysis processes. The loss rate cogdifeidue to dark reactions and to
photolysis are defined ag/kx and k| x, where X compound could be either T2P or reference
compound. The values are summarized in Table 1rdteecoefficientsk,, accounting for all
these secondary loss processes are included ih. Hipey typically represent from 6 to 15%
of the logarithm components according to the refeee compound employed in the
experiments. The time evolution of the concentratd T2P and the reference compound is,

then, described by the following expression:

) bt (B ] e

where [T2P]o, [Reflo and [T2P];, [Ref]; are the concentrations of T2P and the reference
compound at times t=0 and t, respectively, Bpg,, andk, . are the loss rate coefficients
due to secondary processes for T2P and the referemmpound, respectively. The linear
least-square analysis at zero intercept of tng[T2P]¢/[T2P]) - k. tort against
In([Ref]o/[Ref]y) - k. ret plot yields krop/kres The rate coefficient of T2P toward chlorine

atomskrop was then calculated using the known rate coeffidig.s

During the experiments performed in the D-ASC chamisoprene was used as the reference
compound considering a Cl-rate coefficié@bpreneOf (4.80+1.25)x108° cn® moleculé' s™.
This value is the average of those provided by éRegand Finlayson-Pitts, 1997, Fantechi et
al.,, 1998 and Orlando et al., 2003h the 16-L cell, two reference compounds were
employed: ethanol kfnanot = (1.020.2)x10° cm® moleculé® s' (IUPAC, 2006) and
cyclohexanekeyciohexane= (2.90£1.12)x18° cm® moleculé' s%). This latter rate coefficient is
the average of six values given by (Atkinson andhhsann, 1985, Wallington et al., 1988,
Rowley et al., 1992, Aschmann and Atkinson, 1995and Pirasteh, 2006, Anderson et al.,

6
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2007). The error indsrepresents twice the standard deviation calcultxted the averages

of individual kget.

The reagents (T2P and the reference compound) ogign in the D-ASC chamber was
monitored as a function of time, using the followiR spectral features: 1175-1115 tand
942-855 crit for T2P and isoprene, respectively. In the 16-1, ¢ke IR spectral features
used were as follows: 1750-1700 tiior T2P, 2890-2830 crhfor cyclohexane and 930-840
cm® for ethanol. Once in the reactor, the gas mixtuas allowed to stabilize for 40 min in
the D-ASC chamber and 10 min in the 16-L cell. kdiethe stabilization time of reagents is
dependent on the volume of the reactor. The initahcentrations of T2P, reference
compounds and ghlwere obtained based on the injected amounts (D-A8QGhe pressure

measurements (16-L cell) and are summarized ineThbl

The overall errovkssp in the individual rate coefficient comes from sttal errorsAakyop

(stat)and systematic errortkrop (Syst)as follows:

Aszp = \/AkTZP (Stat)z + AkTZP (SySt)z (Eq- 2)

Statistical errorgtkr,p(stat) are calculated according to the following equation

Ak tat) A(Sl Ak
r2p (Stat) _ (Slope) n Ref (Eq.3)
kr2p Slope Kres

A(Slope)comes from the determination of the slope in Egnd results from the least-squares
analysis of Figure 14kget is the uncertainty on the rate coefficient of theed reference
compounds. In this work, this value represents stamdard deviations obtained from the
averaging of several values kf.; found in the literature, as explained above. Syate
errorsdkrop(syst)are estimated to 10%hey come mainly from the uncertainty in measuring

the concentrations of the reagents (measurementiseofireas of the spectroscopic peaks,
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possible interference, and temperature instahilitg) minimize this error, 32 IR spectra were

recorded for each experiment.

2.2. Mechanistic study

In independent experiments without adding a refs@ecompound, the products formed
during the gas-phase reaction of T2P with chloatmens were identified and quantified using
two different detection methods: FTIR spectroscopyupled to the 16-L cell described
above, and GC-MS technique, coupled to the 264-keychamber (Ciudad Real-

Atmospheric Simulation Chamber, CR-ASC), describeldw.

In the 16-L Pyrex cell, the concentrations of T2f #he formed products were followed in
situ by monitoring the evolution of their IR abstbop bands. The IR spectral features used
for this analysis were as follows: 1180-1120cfar T2P, 875-817 cihfor propanal, 1840-
1780 cn for formic acid, 2230-2060 cffor CO and 3100-2600 chfor HCI. Examples of
measured spectra are shown in Figure S1. The fbation of the products was done using

standard reference libraries of IR spectra.

The CR-ASC set-up was presented in detail elsew{iabesteros et al., 2009), and only a
brief description is provided here. It consistsac264-L Pyrex cylindrical reactor with four
quartz windows on the sides. The chamber is sudediy a set of 8 actinic lamps (Philips
BL TL 40W/10 1SL/25, emitting in the range 340-4@®, Anax = 365 nm) used to generate
Cl atoms from the photolysis of £IA GC-MS apparatus (Thermo Electron, Trace GCaJltr
and DSQ II) was employed to analyze the gas mixttmen the chamberThe Solid-Phase
Micro-Extraction (SPME) technique was used for stmgpthe mixture using a 50/3m
divinylbenzene/carboxen/polydimethylsiloxane fikes an absorber. The coated fiber was

exposed to the gas mixture during an optimized wing5 min. The fiber samples were then
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thermally desorbed in the heated (at 523 K) GCctige port, and the products were analyzed
by GC-MS by using temperature ramps that rangedvdsst 313 and 573 K. The
identification of the reaction products was carriedt by using the electronic impact
ionization mass spectrum of each retention time ddnsumption of T2P and the formation
of the products were examined by monitoring theasref corresponding chromatographic
peaks observed at a certain retention time. Theliioncentration of T2P and Qlised for
the mechanistic study are summarized in Table aniptes of a chromatogram and obtained

mass spectra of the detected products are shofigune S2.
2.3. Secondary Organic Aerosol (SOA) study

2.3.1. Experimental apparatus

The set-up used has already been presented else(#miiolo et al., 2019). Hence, only a
brief description will be given here with a spe@atphasis on the specificities of the present
work. The study of the SOA formation in reaction Was carried out at 296+2 K and 730+20
Torr of synthetic air using both the CR-ASC and 1iteL cell described above. Ranges of
initial concentrations of T2P and Clvere (1.56-9.23)x18 molecule cnt and (1.55-
15.8)x13* molecule crit, respectively. The loss of T2P, necessary to dfyahe SOA vyield,
was measured using the FTIR spectrometer desciibbeskection 2.1.2. Cl atoms were

generated in the CR-ASC as described in sectian 2.2

A Fast Mobility Particle Sizer (FMPS) spectrome(éSl 3091) was used to measure the
number of particles formed with diameters rangimgween 5.6 and 560 nm. Although it
allows a time resolution of 1 s, averaged valueslfanin were considered in the present
investigation. Mass concentrations were determinsidg an SOA density of 1.4 g.&n

which corresponds to the recommended value of Hialigt al., 2009.
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The gas mixture from the CR-ASC chamber enteratlerFMPS through a im cut cyclone

at a 10 L miff flow rate, and a 10 L mihfiltered exhaust flow rate from the FMPS was then
directed to the 16-L cell for FTIR measurements drah again to the CR-ASC, closing the
circuit and allowing mixing of the gases in thetsys. Data were recorded with both FTIR
and FMPS typically during 80 min as follows: 10 nbefore starting the reaction (dark

measurements), 50 min under irradiation, followg@0 min in dark conditions.
2.3.2. Deter mination of the SOA production

The SOA yieldYsoais defined by the following equation:

Mgo,
= Eg. 4
Y504 A[T2P] (Eq.4)

From the time evolutions of the SOA mass producttyya and the reactant consumption
A[T2P], it is possible to plovMsoaas a function o[ T2P] and determin&soafrom the slope.
Both Msoa and 4[T2P] were corrected to account for their loss in thekdahen no CI
reaction is taking place, as explained in a previsudy (Antifiolo et al. 2019). The loss of
MsoaWwas characterized during the last 20 min of eagfeement under the dark conditions
from the FMPS measurements, and its rate coeffisi@s in the (5.22—6.97)x10s* range.
A[T2P] was corrected considering the FTIR measuremeni®bfin the first 10 min of the
experiment under dark conditions from which it vpassible to detect a loss rate coefficient
within the (1.16-20.8)x10 s* range. Tests were also done to confirm that no S@&

formed during the Gldark reaction or exposure of T2P under the light.

In each experimeniVisoareaches a maximum valbésoamax Which is directly correlated to
the SOA vyieldYspoa Indeed, SOA formation can be described by theproduct model
proposed by (Pankow, 1994) for which the followemuation was recommended by (Odum

et al., 1996):

10



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

aKk.

P > (Eq.5)

Ys04 = Msoamax (1+M—K
SOAmaxp

wherea is the mass-based gas-phase stoichiometric ceetffiof a model product, ar,
represents its gas-particle partitioning equilibriconstant. The present study allows us to

obtain these coefficients as explained in the disicun section 3.3.

2.4. Chemicals

The reagents employed were obtained from the fatigwsources: T2P>05%, Sigma-
Aldrich), isoprene (99%, Sigma-Aldrich), cycloherar{99.9%, Sigma-Aldrich), ethanol
(>99.5%, Sigma-Aldrich), GI(10% in N, Air Products) at IMT Lille Douai and €[(99.8%,

Sigma-Aldrich) at UCLM.

3. Results and discussion

3.1. Kinetic study

The plots ofIn([T2P]o/[T2P]y)-k_ 120t Vvs. In([Ref]o/[Ref];)-k_ret are presented in Figure 1.
Relative rate coefficients were obtained for eaference compound. Individual and average
kotp are summarized in Table 3. The good linearity waittorrelation coefficient greater than
98% and an intercept close to zero for all theregfee compounds indicates that no other
secondary reactions occur. The error reported emvierage rate coefficient shown in Table 3
Is two standard deviations. The overall emdtp in the individual rate coefficient values

ranges from 24 to 42%.

Two determinations for the rate coefficient of #tadied reaction exist in the literature: an
experimental value, (1.31+0.19)x1bcn?® moleculé' s* (Rodriguez et al., 2005), and a rate

coefficient estimated using the SAR method, 3.47%16m* moleculé' s* (Teruel et al.,

11
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2009). The present value of (2.56+0.83)%1@m® moleculé' s* lays between these two

values.

krop Obtained in the present work is found to be highan that provided by Rodriguez et al.,
also obtained using a relative method, by abouwatctof of 2. In Rodriguez et al.’s work, the
losses of T2P and the reference compounds (etipaoggene and 1-butene) were monitored
by GC-FID detection. The source of discrepancy Rthdriguez et al.’s work is not clear.
First, the Cl-rate coefficients for the referenoenpounds used by Rodriguez et al. cannot be
the reason for this discrepancy. These rate caémfic (in cmi moleculé® s*) were
(5.85+0.55)x10™ (Hitsuda et al., 2001), (2.31+0.29)x1d (Stutz et al., 1998) and
(3.00+£0.40)x10™ (Orlando et al., 2003) for ethane, propene anditeére, respectively.
Indeed, a re-evaluation of the value obtained byirRpiez et al., fokrp using the rate
coefficients recommended by IUPAC, 2006 for ethame propene (5.9x1t and 2.70x10°
cm® moleculé* s, respectively), givekrp = 1.39 x10' cn?® moleculé’s™, which remains
within the error bars given by these authors. Tihlg difference that we can find between the
two works, apart of the used technique, is tha&aariguez et al.’s work the losses were not
corrected although that wouldn’t explain the dipagcy. It is important to note that in the
present work, the rate coefficient of the reactminT2P with Cl was measured in two
different set-ups under different conditions. Velyse rate coefficients values were obtained
making our reported value reliable. The rate cogffit of the reaction of T2P with Cl atoms
estimated by Teruel et al., 2009 using the SAR oteth 25% higher than that determined in
the present work. The source of this discrepangyrabably the uncertainties of the SAR
method that aims to estimate rate coefficients dbase the reactivity of other compounds

considering only their structure.

12
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As generally observed for VOCs, Cl atoms are meeetive than OH radicals toward these
species because they are stronger electrophilesQkbradicals. As expected, then, the rate
coefficient for reaction R1 is almost 1 order ofgnawude greater than the rate coefficient for
the OH + T2P reaction, 3.33x1bcn® moleculé' s* (average from (Davis et al., 2007) and

(Albaladejo et al., 2002)).

In Table 4, the rate coefficients of the reactiofiea series of &C; unsaturated aldehydes
with Cl atoms are displayed. Our result confirmattthe structure of unsaturated aldehydes
has a very small impact on their reactivity towaisatoms, as was previously observed
(Ullerstam et al., 2001, Colmenar et al., 2015)pagite to their reactivity towards OH and
NO; radicals (Tables S1 and S2). The reactivity towa&tiseems to be fairly independent of
the substitution on the olefinic carbons for unested aldehydes, as stated by Blanco et al.,

2010.

To evaluate the effect of the —CHO group on thectreity, a comparison between the
reactions of Cl with a series of unsaturated aldebyto those with the corresponding alkenes
would be useful. Unfortunately, no data are avélab the literature for the reaction of ClI
with trans-2-pentene, the corresponding alkene of T2P. Howelata for other unsaturated
aldehydes and their corresponding alkenes areadl@ilThe rate coefficients of the reactions
of Cl with crotonaldehyde and 3-methyl-2-buterssg Table 4) are 34% and 36% lower than
those withtrans-2-butene (3.58xI0° cm® moleculé® s provided by Kaiser et al., 2007) and
2-methyl-propene (3.38xI¥ cn® moleculé® s* provided by Blanco et al., 2010),
respectively. This may be due to the negative itideceffect of the carbonyl-containing
group, which may deactivate the double bond towhed Cl atom addition. However, this
decrease in reactivity due to the electron-withdngveffect may be compensated by the fact

that the —CHO group is a reactive site. This wascudised in the study carried out by
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(Thévenet et al., 2000), where the rate coefficiehtthe reaction of Cl with acrolein
(2.2x10* cm® moleculé® s %) was compared to that for propene (2X2@m® moleculé® s™)
and was shown to be slightly higher within uncertias showing that the —CHO group is a
reactive site, although H abstraction from the —Clg@up remains a minor channel
compared to the Cl-addition to the double bond,chs likely to be the major one as stated

by these authors.

3.2. Mechanistic study

3.2.1. Molar yields of reaction products

This work represents the first mechanistic studytrenT2P+Cl reaction. It has been carried
out at 296+2 K and 73020 Torr of total pressurg. IR, HCI, CO, propanal and formic
acid were identified and quantified as productsnied from the studied reaction (Figure S1).
Figure 2 shows a typical concentration vs. timdfilgrdor the consumption of T2P and the
formation of products. The plots of tfferoduct]; vs.A[T2P] for propanal and formic acid are
shown in Figure JProduct]; is the product concentration at a timg[T2P] is the consumed
concentration of T2P at a tinte For propanal, a correction of its concentraticssvadone
according to the method described by Ceacero-Vegh €012) and considering the IUPAC
recommendation for the rate coefficient of the @iation of propanal: 1.3xI8 cm?®

moleculé' s* (Atkinson et al. 2006).

The molar yields obtained from the slopes of tlot gépicted in Figure 3 are: (5.2+0.2)% and
(6.2+0.4)%, for propanal and formic acid, respestiv The overall errors in the formation
yields are due to systematic erresg:mentioned above and statistical errors resultioghfa
least-squares analysis of tfRroduct]; vs. A[T2P] plots. CO is expected to be formed as a
primary product and also as a final product from $tudied reaction and may be generated in

the oxidation of other species in the mechanisnr. tRat reason, a molar yield for this
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compound is not reported in this work. HCI yieldnist reported either because it may be a
primary product, or it can be generated in the Bhagtion of other reaction products.
Propanal is expected to be formed as a primaryyatofilom the reaction of T2P with CI.
Formic acid may be produced through the very rapidation of other species generated in
the oxidation of T2P or as a consequence of hetaemus reactions on the chamber walls
though no evidence of this phenomenon was obsednvedr experiments. The residual IR
spectrum presented in Figure S1 shows peaks théd correspond to ketene in the 2200-
2100 cni region, according to Wallington et al. (1996), @hdhlorobutanal considering the
peak typical for a carbonyl group (1750 &nthe bands due to C-H bending and stretching
(1500-1000 cnf and 3000-2800 cify respectively) and the band that can corresporttieo
C-Cl stretching (1000-650 chr. However, none of these two compounds could Inéircoed

by FTIR or quantified given the lack of standaréishese products.

Three of the peaks observed in the chromatogramirest by GC-MS could be assigned to
reaction products (Figure S2). The peak detectetiO® min, for which the mass spectrum
(MS) shows peaks at m/z = 106 (molecular ion, M),and 80 (fragment M-CO or M-8,

for the two Cl isotopes), 77 (M-C(O)H), and 41k{s), could be assigned to 2-chlorobutanal,
and that would confirm the observations made byRFA chlorinated product that could not
be identified was observed at 5.09 min retentioretiits MS shows the isotopic pattern for ClI
in the 77 and 105 peaks, although it was not ptesstbclearly identify the molecular ion.
The last peak in the chromatogram, at 5.82 min, atbuted to 2-pentenoic acid, given that
in the MS there are peaks at m/z =100 (M), 82 (MDPHand 55 (M-C(O)OH). This
identification was confirmed by comparing the refeze MS library installed in the CG-MS
software used in this study. The quantificatiorth@se products was not possible due to the
lack of standards. However, based on the areaeoflbserved peaks in the chromatogram and

assuming the same response for all of them, it sekat the yield of 2-chlorobutanal and the
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unidentified chlorinated product is higher thanttha 2-pentenoic acid (Figure S2). The
carbon balance was calculated considering onlygrapand CO. The obtained value was
shown to not exceed 15% at the end of the reastiomwing that additional formed oxidation

products could not be detected or quantified.

3.2.2. Proposed reaction mechanism

As other unsaturated aldehydes (Canosa-Mas et2@D], Orlando and Tyndall, 2002,
Magneron et al., 2002), the degradation of T2Raitatl by Cl atoms is expected to proceed
via two basic mechanisms: abstraction of the hyelnogtom from the -CHO group and/or
addition to the C=C double bond. In Scheme 1, #ation pathways that may justify the
observed products are shown. The addition of at@hamay occur on two sites of the C=C
double bond: adjacent to the —C(O)H groupdr on the double-bonded carbon furthest from
the aldehydic group Bj. As seen in Scheme 1, the-addition forms the
CH3CH,CHCHCIC(O)H radical, which will react with ollowed by a reaction with RCo
lead to the corresponding chloroalkoxy radical 3CH,C(O)HCHCIC(O)H. The
decomposition of this chloroalkoxy radical may pred via two channels. The first one leads
to the formation of propanal (GBH,C(O)H), 2-oxoacetylchloride (CIC(O)C(O)H), formyl
chloride HC(O)CI and CO. Propanal may further reath Cl atoms to form HCI and
CH3CH.C(O) radicals (Le Crane et al., 2004). The secdrahoel leads to the formation of
chloromalonaldehyde (C(O)HCHCIC(O)H) and acetaldehyCHC(O)H. Among these
products, only propanal and CO were observed aadtdied in this work.

The p-addition mechanism proceeds through thegCHCHCICHC(O)H radical, which will
react with Q followed by a reaction with ROto lead to the CHCH,CHCIC(O)HC(O)H
radical. This radical may decompose to lead to themation of 2-chlorobutanal
(CH3CH,CHCIC(O)H) identified by GC-MS, but not quantifi@ahd further to the formation

of CO identified and quantified by FTIR. The decaspion of the
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CH3CH,CHCICOHC(O)H radical may also lead to the formatadnglyoxal (C(O)HC(O)H)
and 1-chloropropanal (GEH,C(O)CI) after the conversion of the reaction of the
chloroperoxy radical CRCH,C(O)HCI with RO, Glyoxal (C(O)HC(O)H) and 1-
chloropropanal were not observed in this work, gstjgg that this channel either does not
occur in the timescale of the experiments or isronroute in the mechanism. Note also that
glyoxal may be readily photolyzed under UV irratiat The CHCH,CHCIC(O)HC(O)H
radical may react with Dto form chloropropylglyoxal (CECH,CHCIC(O)C(O)H). This
product may be the unidentified one observed byMECbut could not be confirmed.

The H-abstraction from the —C(O)H group may forre @HCH,CHCHC(O)radical and
HCI. In the presence of Pthe CHCH,CHCHC(O)radical may be converted to the peroxy
radical CHCH,CHCHC(O)Q, which generates 2-pentenoic acid CH,CHCHC(O)OH)
and ozone in the presence of HQ@-pentenoic acid was detected in SPMS/GC-MS aisaly
On the other handhe CHCH,CHCHC(O)Q radical may also react with R@nd generates
the CHCH,CHCHC(O)O radical. This radical can decompose tbaa dioxide (CQ) and
ethylvinyl radical (CHCH,CHCH), which is converted to the GEH,CHCH(GO;) radical in
the presence of OThe reaction of this later with R@nay lead to the formation of butanal
(CH3CH.CH,C(O)H) not observed in this work. The reaction dfizCH,CHCH(O,) with
RO, may also lead to propanal and CO formation, botimtjfied by FTIR in this work.

In the light of the discussion above, the relatogmtribution of addition and abstraction
channels in the suggested mechanism could not teentieed. In fact, the product formed
only through the-addition channel and observed in this work (2-aiiboitanal) could not be
quantified. Among the products expected to oconmfthea-addition channel, only propanal
and CO were detected in this work. These produetg atso be formed through the other

channels, as mentioned before.
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3.3. SOA study

Figure S3 shows the relationship between thealndoncentration of T2P and LWith
Msoamax A clear dependency dflsoa maxon the amount of Glintroduced in the system was
observed, whereas no obvious correlation can betifeel with the initial concentration of

T2P.

Typical aerosol size distributions at several rieactimes for given initial concentrations of
T2P and Gl are presented in Figure S4. In Figure 4, the SG&stoncentratioMsoa is
plotted as a function of the consumed T2P. The @A Ysoais obtained from linear least-
squares analysis. The values ®§on are summarized together with the experimental
conditions in Table 5. Despite the data scatteriRggure 5), the calculated ¥, fits
reasonably well to a one-product model (Odum et18196), given by Equation 5. A least-
square regression on the data gives the followmgrpeterso = (9.95+2.52)% and K=
(6.00+2.68) x 10 m® pg . Uncertainties are statistics and represent tandstrd deviations

(20).

Many products result from the oxidation of a VOGtkis fitting allows for easy comparison
of yield curves, but, as reported by Cai and Grjf2006, the fitted parameters provide no
specific information about the real oxidation protduand ascribing meaning to them should

be avoided.

The SOA formation yields for the reaction of othesaturated compounds with Cl have been
previously determined. Fdrans2-methyl-2-butenal)Ysoa were recently determined to be
between 0.26 and 1.65% (Antifiolo et al., 2020).SEh8O0A vyields are a little lower than the

values determined in the present work for the reaaf Cl with T2P.
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4. Atmospheric implications and conclusion

The atmospheric lifetime: of T2P due to its reaction with Cl is estimatedhirer,p obtained

in this work according to the following equatioft; = 1/(krzp X[CI]) . [CI] represents the
global tropospheric concentration of Cl of 1%1ftoms cri? averaged over 24 hours
(Wingenter et al., 1999). With this valuera of 44 days is calculated. The reaction of T2P
with CI may become significant in coastal areas @ngolluted northern hemisphere areas
where the concentration of Cl atoms can reach 1widlecule crif (Singh et al., 1996) and
5x10" atoms crit (Hossaini et al., 2016), respectively, yieldingatdifetime shorter than 1
day which makes the reaction of T2P with Cl a poédlg significant elimination route in the
atmosphere. The calculated lifetime of T2P dudéstogaction with OH is 7 hours using a 24-h
average concentration of 1¥1olecules ciifor OH (Atkinson et al., 1997) and the average
of the rate coefficient values reported in theréitare by (Davis et al., 2007) and (Albaladejo
et al., 2002) (3.33x18 cn?® moleculé s*). A short lifetime (5 hours) of T2P is calculatied

its reaction with N@ radicals showing that this process is an impontamtoval pathway for
T2P during nighttime (Kalalian et al., 2019). Thesghors provided a lifetime of 9 days
towards reaction with ozone. The troposphericitiietconsidering the four chemical removal
pathways, is shorter than 3 hours. Further, thedbgs-sections of T2P have been recently
determined by Kalalian et al., 2019. A lower liroit44 min was provided by these authors
for the T2P lifetime due to photolysis in the UVlaoactinic region. This value was
calculated using a quantum yield of unity and atplysis rate corresponding to June 30 at
midday for Paris (zenith angle = 26°). It shouldrim#éed however that the overall quantum
yield in the actinic region for T2P are not knowmdahat for smaller unsaturated aldehydes
such adrans-crotonaldehyde it has been found to be quite ssiatle Magneron et al., 2002

obtained an upper value of 0.03 for this species.
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The degradation products (and molar yields) of T2the presence of air were HCI, CO, and
propanal (5.2+0.2%). Besides, chlorinated produwsiish as 2-chlorobutanal, were identified
as reaction products of the T2P + CI reaction lmuticc not be quantified. Highly oxidized

compounds, such as 2-pentenoic acid and formic (&2+0.4%), were also detected in this
work. Formic acid can be produced as a consequehdeterogeneous reactions on the

chamber walls.

Given the formation of HCI, the T2P + CI reactiomyrcontribute to the acidity of marine
atmospheres. On the other hand, in polluted ategs-NG, conditions), the formation of CO
may contribute to photochemical pollution via itsl@eaction, which produces G@nd H
atoms that quickly combine with,@o form HQ radicals regenerating OH and producing O
in the troposphere. It is important to note thapatluted areas, the reaction of T2P with CI
may be a source of other toxic molecules such ds §pe species. In addition, the chemical
mechanism displayed in Scheme 1 for ,Nfee conditions will evolve by including RGr

NO and RG + NO, reactions.

As observed in this work, the high particle masscemtration was due to the large amount of
T2P present in the system (22.5 ppm). In a reabsgpinere, the mixing ratio of T2P is at ppb
levels. Considering the small SOA yield formedhe fT2P + Cl reaction (36a < 7%), it is
not expected that T2P could contribute to the fdiwnaof ultrafine particles in clean
atmospheres. The dependence gbawith the maximum SOA mass is well-described by a
one-product absorptive model that yielded the Oduyparametergr andK,, the latter being
two orders of magnitude lower than the one repoited-pinene,-pinene and d-limonene
(Cai and Griffin, 2006). Even though the unceriamtin Ysoa are high due to the lack of

knowledge in the SOA density, among other assumgtibat were made, the determined
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SOA vyields are in the order of magnitude of thasgorted for the CI + toluene reaction (Cai

et al., 2008) and other similar biogenic compousgissoprene (Wang and Ruiz, 2017).

Additionally, insights in the reaction mechanisnt tbe degradation of T2P initiated by ClI
atoms were reported here. From the obtained reshédirst step of the reaction mechanism
seems to proceed mainly by H-abstraction of thehatdic group and by-addition of CI
atoms to the double bond. The carbon balance eazlin this study did not exceed 15% at
the end of the reaction showing that additionadatibn products could not be detected or
quantified. Further studies, with complementaryedi&bn techniques, are clearly needed to
better understand the mechanism and accuratelyateaithe carbon balance and the relative

contribution of addition and abstraction channelthis mechanism.
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Tables

Table 1.Experimental conditions used during our kinetidgtu

Reactor | Lamps Compound Initial concentration kwixt 042 kex £ 0,2
(x 10* molecule cm3) (x10-5 s71) (x10-5 s71)
D-ASC 1-2 T2P 5.04 -15.10 1.73 +£0.06 - 1.85+0.10 -
6.55+0.39 6.43 £0.41
Isoprene 5.90 - 14.80 0.50£0.12 - 0.54 £0.16 -
2.42 £ 0.07 2.68£0.12
Cl 25.00 - 37.26
16-L cell 4 T2P 46.20 — 93.00 0.48£0.15 - 295+0.13 -
1.02 £ 0.08 3.57 £0.07
Cyclohexane 57.60 — 66.00 0.11+0.09 -
1.07 +0.21
Ethanol 74.40 - 110 1.72 +0.07 -
2.08+0.40
Cl 66.00 — 132

a: uncertainty is 1o.




Table 2.Experimental conditions used during the mechansdtidy.

Reactor Lamps Compound Initial concentration range

(x 10" molecule cm)

16-L cell (4 runs) 3 T2P 2.78-5.91
Cly 8.34-9.97

CR-ASC (2 runs) 8 T2P 9.05-9.64
Cl, 8.34-8.76

Table 3. Rate coefficients for the reaction of T2P with @ras at 29& 2 K and 730+ 20

Torr.
krzp + Akryp®
Reactor Reference compound Krap/Kges
(x 10*° cm® molecule* s%)
D-ASC Isoprene (6 runs) 0.50+£0.04 2.40+0.82

Cyclohexane (2 runs) 0.79 £0.01 2.29+0.92

16-L Pyrex cell
Ethanol (3 runs) 2.99+0.08 2.99+0.69
Average 2.56+0.83

Kisoprene= (4.8+1.25)x10"” cnt’ moleculé’ s* (see section 2.1.3)
Kethano= (1.0£0.2)x10° cn?® moleculée' s* (see section 2.1.3)
Keycionexane= (2.90+1.12)x18° cn?® moleculé' s* (see section 2.1.3)
@uncertainty calculated according to equations (4-5)

Ptwo standard deviations



Table 4. Summary of the rate coefficients for the reactiohs series of &C; unsaturated

aldehydes with Cl atoms.

Unsaturated aldehyde Ker Reference

(x 10*° cm® molecule® %)

Acrolein 22+0.3 (Thévenet et al. 2000)
(CH,=CH-CHO) 22+0.3 (Canosa-Mas et al. 2001)
1.8+0.3 (Ullerstam et al. 2001)
25+0.7 (Wang et al. 2002)
Crotonaldehyde 26+0.3 (Thévenet et al. 2000)
(CH;-CH=CH-CHO) 22+04 (Ullerstam et al. 2001)
3.2+0.9 (Wang et al. 2002)
3-methyl-2-butenal 248 +0.71 (Blanco et al. 2010)

(CH3)20=CH'C(O)H

Trans-2-pentenal 1.31+0.19 (Rodriguez et al. 2005)
(CHs-CH,-CH=CH-CHO) 3.47 (Teruel et al. 2009) (SAR
Estimation)
2.53+0.83
This work
Trans-2-hexenal 1.92 +0.22 (Rodriguez et al. 2005)

(CH3'CH2'CH2-0H=CH'CHO)

Trans-2-heptenal 2.4+£0.29 (Rodriguez et al. 2005)

(CHg-CHZ'CHz-CHz-CH:CH'CHO)




Table 5.Experimental conditions and results obtained ferSWA study.

[T2P]o [Cl2o A[T2P] M soa max
YSOAa
(x 10 pg m°) (x 10 pg m°) (x 10 pg m°) | (x 107 pg %)
(%)

8.03 1.86 1.80 1.20 0.82 +0.02
9.39 2.43 1.75 1.75 1.15 +0.02
13.14 4.28 3.08 3.42 1.34 £ 0.02
3.30 3.16 1.56 3.39 2.07 £ 0.09
12.62 8.45 4.75 9.11 2.15 £ 0.02
2.23 2.43 0.88 2.56 2.470.08
5.75 8.07 3.36 8.18 2.59 + 0.05
3.05 8.07 1.67 8.20 2.79%0.08
2.99 8.33 1.62 9.72 3.7940.10
5.75 7.89 2.19 8.97 3.79+0.10
9.32 13.74 2.79 13.48 4.26+0.11
6.69 12.41 4.31 15.89 4.62 £ 0.27
2.23 7.00 1.35 9.88 4.77+0.28
7.89 18.97 4.89 21.56 5.17 +0.39
6.59 16.10 4.43 16.62 5.24 +0.54
9.32 17.34 2.46 19.00 6.16 £ 0.10

%Yo is determined from the slope Mikoa max VS. Yoou. Errors are @.




Figure and Scheme Legends

Figure 1. Plot of In([T2P]o/[T2P])-Ki 126t vs. In([Ref]o/[Ref]¢)-KL ret according to Eq. 1. Data obtained using the D-ASC (isoprene) and the 16L-

cell (Cyclohexane and Ethanol).

Figure 2. Concentration-time profiles for T2P and the major products observed by FTIR using the 16-L cell.. Initial concentrations: 5.91x10"

molecule.cm™ for T2P and 9.09x10" molecule.cm™ for Cl,.
Figure 3. Product yields for HC(O)OH and propanal.

Figure 4. SOA mass concentration Mspa produced from the T2P+Cl reaction as a function of the consumed T2P with an initial concentration of

4.03x10" molecule.cm™ for T2P and 6.72x10"* molecule.cm™ for ClL,. The SOA yield Ysoa is obtained from a linear least-squares analysis.
Figure 5. Plot of SOA yield Ysoa as a function of Msoa max for the reaction between T2P and Cl.

Scheme 1. Proposed mechanism for the reaction of T2P with Cl atom: a-addition (a), -addition (b) and H-abstraction (c).
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Figure 5. Plot of SOA yield Ysoa as a function of Mspa max for the reaction between T2P and Cl.
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Scheme 1. Proposed mechanism for the reaction of T2P with Cl atom: a-addition (a), B-

addition (b) and H-abstraction (c).



A rate coefficient of (2.560.83)x10™° cm?® molecule™ s™* was obtained for the
reaction of T2P with Cl atoms under atmospheric conditions.

This work is the first study of the gas-phase products and the SOA formation
from the reaction of T2P with Cl.

The T2P + Cl reaction may contribute to the acidity of marine atmospheres.
The T2P + Cl reaction proceeds mainly by H-abstraction of the aldehydic group
and by B-addition of Cl atoms to the double bond.

Atmospheric lifetimes of T2P toward chemical removals are of few hours.
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