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Abstract. It is now accepted that one of the important path- ous phase that proceeds via radical oligomerization of MVK
ways of secondary organic aerosol (SOA) formation oc-on the olefin part of the molecule. This mechanism high-
curs through aqueous phase chemistry in the atmospheréights in our experiments the paradoxical role of dissolved
However, the chemical mechanisms leading to macro-O2: while it inhibits oligomerization reactions, it contributes
molecules are still not well understood. It was recently shownto produce oligomerization initiator radicals, which rapidly
that oligomer production by OH radical oxidation in the consume @, thus leading to the dominance of oligomeriza-
aerosol aqueous phase framdicarbonyl precursors, such tion reactions after several minutes of reaction. These pro-
as methylglyoxal and glyoxal, is irreversible and fast. cesses, together with the large range of initial concentrations
Methyl vinyl ketone (MVK) was chosen in the present investigated show the fundamental role that radical oligomer-
study as it is amx,B-unsaturated carbonyl that can undergo ization processes likely play in polluted fogs and atmospheric
radical oligomerization in the aerosol aqueous phase. Weaerosol.
present here experiments on the aqueous phase OH-oxidation
of MVK, performed under various conditions. Using NMR
and UV absorption spectroscopy, high and ultra-high reso-
lution mass spectrometry, we show that the fast formationl Introduction
of oligomers up to 1800 Da is due to radical oligomerization
of MVK, and 13 series of oligomers (out of a total of 26 Although secondary organic aerosol (SOA) represents a sub-
series) are identified. The influence of atmospherically rele-stantial part of organic aerosol, which affects air quality, cli-
vant parameters such as temperature, initial concentrations ahate and human health, the understanding of its formation
MVK and dissolved oxygen are presented and discussed. lpathways and its properties is still limited due to the com-
agreement with the experimental observations, we propose plexity of the physicochemical processes involved. It is now
chemical mechanism of OH-oxidation of MVK in the aque- accepted that one of the important pathways of SOA forma-
tion occurs through aqueous phase chemistry (Hallquist et
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6474 P. Renard et al.: Radical mechanisms of methyl vinyl ketone oligomerization

al., 2009; Carlton et al., 2009; Ervens et al., 2011). In par-carbon-carbon double bond) that is likely to play a major role
ticular, a number of studies have observed the formation obn radical chemistry and oligomer formation, as it was pre-
large molecular weight compounds in atmospheric aerosoléiminarily shown by Liu et al. (2012). The reactivity of olefin
(see for example Claeys et al., 2004, 2010; Baduel et al.compounds has been scarcely studied in the aqueous phase
2010; Liao and Seinfeld, 2005; Naxk et al., 2006) and in  up to now, although a number of field measurements have
cloud/fog droplets (Herckes et al., 2002, 2007). observed them in atmospheric waters: unsaturated diacids
Recent studies have shown that (aerosol) aqueous phaseere detected in rain and fog samples (7-14 % of the total
chemistry of glyoxal (Volkamer et al., 2007, 2009; Er- mass of diacids: Kawamura and Ikushima, 1993; Satp
vens and Volkamer, 2010; Lim et al., 2010), methylglyoxal and Kawamura, 1994; Kawamura et al., 1996) and in ma-
(Tan et al., 2012), pyruvic acid (Guzm et al., 2006; Tan rine aerosols (2—7 % of the total mass of diacids; Fu et al.,
et al., 2012) glycolaldehyde (Ortiz-Montalvo et al., 2012), 2013). In clouds, it was observed that 1-18 % of the total
methacrolein and methyl vinyl ketone (El Haddad et al., mass of carbonyls were unsaturated carbonyls (among which
2009; Liu et al., 2012) can produce significant amounts ofmethyl vinyl ketone) (van Pinxteren et al., 2005), and in bio-
SOA. In particular, Volkamer et al. (2007, 2009) and Er- genic aerosols, unsaturated polyols (C5-alkene-triols) repre-
vens and Volkamer (2010) have shown that SOA produc-sented 2-5 % of the total mass of identified polyols (Claeys
tion can occur via cloud and aerosol agueous phase preoet al., 2010). Finally, using NMR spectroscopy, Decesari et
cesses of glyoxal in deliquesced particles named wet aerosoél. (2005) detected that 10—-35% (respectively 7—-37 %) of
where ambient relative humidity (RH) ranges from 50 to the organic chemical functions were unsaturated in fog sam-
80%. These findings give an extremely large set of con-ples (respectively aerosols) in the Po Valley. In view of these
ditions where organic aqueous phase processes can occumimbers, one can reasonably suppose that 2—20 % of the or-
i.e., from rain drop, cloud and fog droplet to wet aerosol, ganic matter concentration is unsaturated in atmospheric wa-
for which atmospheric lifetimes<{1 min — days), liquid wa-  ters. Therefore, assuming total water soluble organic com-
ter content (LWC~ 10°—1 ugnt3), surface area of a par- pounds (WSOC) concentrations of 0.01—1 pM in rain drops,
ticle, drop or droplet 4 = 7 D? ~ 1072-101%cn¥), parti-  1-100 uM in cloud droplets, 1-100 mM in fog droplets and
cle number concentration(10-4-10* cm~3) and individ-  1-10M in wet aerosol, one obtains a range of unsaturated
ual organic and inorganic chemical concentrationd (- organic compounds of 0.0002-0.2 uM in rain drops, 0.02—
10° uM) vary over orders of magnitude (Ervens and Volka- 20 uM in cloud droplets, 0.02—20mM in fog droplets and
mer, 2010). In their review, Lim et al. (2010) report that 0.02-2 M in wet aerosol.
aerosol phase reactions of glyoxal with OH radicals per- The aim of the present study was to determine the radical
formed under high initial concentrations tend to be faster andnechanisms involved in the oligomerization of MVK, and
form more oligomers than non-radical reactions. They con-to identify the oligomers formed via this chemistry. MVK
clude that in clouds/fog conditions (i.e., diluted concentra-was used as a model compound for unsaturated organic com-
tions of 102-1 mM), radical reactions yield organic acids, pounds present in atmospheric waters, its initial concentra-
whereas in wet aerosols (i.e., concentrated conditions ofions were varied from 0.2 to 20 mM, thus representing the
10 mM-10 M) they yield large multi-functional species, or total concentrations of unsaturated organic compounds in fog
oligomers, formed via radical-radical reactions. An oligomer droplet and wet aerosol. In order to determine the atmo-
is a molecule that consists of a few monomer units (from 2 tospheric relevance of this radical chemistry, the influence of
up to 30). Lim et al. (2010) and Tan et al. (2012) propose thatemperature and dissolved oxygen concentrations were stud-
radical-radical reactions to form oligomers are alkyl-alkyl ied.
radical additions, which always compete with @ddition
reactions. This explains why oligomer formation is observed
only at high initial precursor concentrations, inducing high
alkyl radical concentrations (after initial OH-oxidation of the 2 Experimental
precursor) which are required for radical-radical reactions to
take place in competition with the reaction of.®However, A photoreactor was used to simulate the aqueous phase pho-
Oz concentrations were supposed to stay constant at saturéeoxidation of MVK. HO radicals were generated from
tion (i.e., Henry's law equilibrium) in these studies, as they H,O, photolysis. In order to determine the reaction mech-
were only measured and the beginning and at the end of thanism, a complete set of analytical strategies was used to
reaction. identify the oligomers produced. Aqueous aliquots sampled
In the present study, in order to determine the atmospheriat different photoreaction times were analyzed by mass spec-
relevance of radical reactions, the radical mechanisms anttometry, UV absorbance spectroscopy and NMR. In order
the influence of @ concentrations on this chemistry is ex- to test our radical mechanism for MVK oligomerization,
plored in details, using a different precursor, i.e., methylits aqueous phase photooxidation was studied under various
vinyl ketone. This compound is ang-unsaturated carbonyl conditions of temperature, MVK initial concentrations, and
that is water soluble, it bears a highly reactive function (i.e.,above all, dissolved oxygen concentrations.
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2.1 Photoreactor 2.2.2 Initial concentrations of reactants

. . Tan et al. (2010) have shown the important impact of initial
The photoreactor set-up is based on the one described by Yag ' . . )
Liu et al. (2009) and Liu et al. (2012) with some modiﬁca_aconcentranons on oligomer formation ferdicarbonyls. The

tions'. It is a 450 crh Pyrex thermost'ateq photqreactor.. The iéﬁiggfg;ﬁgﬁi?é;?&fg rﬁll\J/T \;v:g ;’8 ?&S(m\ézgggfé_
000 xonon arc armp (LSB 851 Lot Orcl. A lase fiter ™8 © 9:6 10 960 Mg C LY, which can be regarded as rep-
(ASTM 892 AM 1.5 stzgndard) waé used to rém(gve the UV resentative qf the total concentrations of unsaturated organic
) L y S . . compounds in fog droplet and wet aerosol (see Introduction).
irradiation below 300 nm, resulting in an irradiance spectrum

. The ratio [H0O2]o/[MVK] o =20 was chosen to favor
comparable to th"?‘t of the sgn at sea.level, for a #aedith HO* reaction toward MVK over its reaction with2®, (Re-
angle, but approximately twice more intense.

. ction R2, in Table S1) by more than 90 %. Under these con-
Compared to the set-up used by Yao Liu et al. (2009) anda. . . . :
Liu et al. (2012), the photolysis rate constant ofQ4 in- ditions, HO concentrations were estimated to approximately

creased by an order of magnitude due to the more powerfur 10-14M, which fall in the range of the estimated values
y magnitude due pow or cloud and fog droplets (Herrmann et al., 2010; Ervens and

lamp used (Table 1). This resulted in higher Hédncentra-

: ) S ; Volkamer, 2010).

tions using lower HO; initial concentrations, and thus led

to faster MVK degradation and kept artifacts due teCH

reactivity to a minimum.

A 50 mL gas space was left over the liquid level. The loss . .
of aqueous MVK to the gas phase was insignificant, base(;{emperature, pH and dissolved oxygen concentrations were

. ) gy . ontinuously monitored in the solution using a Consort
on its Henry's law constant (4_1Matrﬁ at25°C; lraci et 3000 multi-parameter analyzer. Three relevant tempera-
al., 1999) and on control experiments.

tures were tested, &, 9°C and 25C. The pH of the un-
buffered solution decreased from 6 to 3 within 90 min of pho-
2.2 Experimental conditions toreaction (Experiments A, B and C: [MVK} 20mM, at
25°C, 9°C and 5°C; Table 1).

At 25°C, in experiments where dissolved oxygen concen-
All experiments started with irradiation of UHQ water trations were not constrained (Experiments A, B, C, Eand F
(18.2Mcm, Millipore), then HO, (30 %, non-stabilized, i Taple 1), these concentrations were at Henry’s law equi-
Acros) was introduced, photolysed for 10 min until pho- |iprium with atmospheric @in UHQ water. After B0, in-
tostationary conditions were reached. MVK (99 %, Sigma roduction the dissolved £concentrations were supersatu-
Aldrich) was finally introduced at time noted O min. The ex- (ated by a factor of 155 % (corresponding to 400 uM efil®
perimental conditions (UV-visible irradiation, temperature, experiment A), due to bD, photooxidation (Reactions R3
concentrations) were chosen in order to be representative &nd R4 in Table S1), and then they decreased down to nearly
fog droplet and/or wet aerosol conditions. Additionally, a g during MVK photooxidation. Thus, for these experiments,
detailed study of the influence of oxygen initial concentra- o, was supersaturated (by a factor of 155 %) when MVK was
tions was performed, in order to determine its role on radicalintroduced (called “supersaturated initia4 Gncentrations”
chemistry, and its atmospheric relevance. experiments in the following). Due to this high variability,
and also because oxygen is known as a radical polymeriza-
tion inhibitor (Odian, 2004), the influence of initial dissolved
oxygen concentrations were investigated.

To complete the investigation of the role of oxygen, we
To check that the observed products resulted from the aquealso performed experiments with low initialo@oncentra-
ous phase OH-oxidation of MVK, two control experiments tions (experiments D) by bubbling a flow of argon in the so-
were conducted: (1) MVK (20 mMH4- H20, (400 mM) lution before injecting MVK in order to evacuate as much O
under dark conditions, and (2) direct photolysis of MVK as possible before the reaction started. Then the argon flow
(20mM). MVK was not significantly consumed either in was stopped in order to prevent MVK from evaporation, and
presence of b0, in the dark (1) or under direct irradia- the samples were collected using a syringe through a septum
tion (2). Additionally, we performed (3) direct photolysis of to avoid atmospheric £entering the reactor.

H20, (400 mM) in absence of MVK, and the observed de-

crease of HHO, concentrations allowed us to determine its 2.3 Mass spectrometric analyses of the solution

photolysis rate constant (Table S1). We used UPLC-UV at

265 nm for HO, detection. The duration of these three con- An ultra-high performance liquid chromatographic column
trol experiments was 300 min, consistent with the reactioncoupled to a time of flight mass spectrometer equipped with
time of the actual MVK photooxidation experiments. a soft ionization electrospray source was used (Synapt-G2

2.2.3 Temperature, pH and dissolved oxygen

2.2.1 Control experiments

www.atmos-chem-phys.net/13/6473/2013/ Atmos. Chem. Phys., 13, 646434, 2013
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Table 1. Experimental conditions of OH-oxidation of MVK, and comparison with our previous work, the study by Liu et al. (2012). In all
studies, all experiments were unbuffered (free pH).

Exp. name/ Ref. [MVK} [H205]g O» conditions [Oo] (uM)at  Temp. Lamp J [HO*19(M)  Tiite Analysis (number of
(mM) (mM) (02]o UM, %P Henry's law (°C) (W) s (min)® experimental repetitions)
equilibriunf
Liuetal. (2012) 20 1000 Supersaturated 258 25 300 Bx107 86x10715 262  HPLC-ESI-MS
(1700, 659 96
A 20 400 Supersaturated 258 25 1000 &x10% 43x10714 52 UPLC-ESI-MS (12)
(400, 155 %} ESI-UHRMS (1)
UV-spectroscopy (3)
NMR-spectroscopy (1)
B 20 400 Supersaturated 361 9 1000 &x10°% 43x101 52 UPLC-ESI-MS (1)
(580, 161 %}
C 20 400 Supersaturated 399 5 1000 &x106 43x1014 52 UPLC-ESI-MS (4)
(656, 164 %}
D 20 400 Low 258 25 1000 &x10% 43x101 52 UPLC-ESI-MS (4)
(60, 23 %Y
E 2 40 Supersaturated 258 25 1000 &x10°% 43x101 52 UPLC-ESI-MS (2)
(320, 124 9%} UV-spectroscopy (1)
F 0.2 4 Supersaturated 258 25 1000 &x10° 43x10°1 52 UPLC-ESI-MS (2)
(280, 108 %3 UV-spectroscopy (1)

@ Dissolved G concentration at time 0 (i.e., MVK introduction), in presence o0, surrounded by ambient air;

b pissolved Q concentration at time 0, in presence of®p, after 30 min of argon flow bubbling into the solution;

€ Theoretical [Q] (uM) at Henry’s law equilibrium in ambient air before;B, addition from Benson and Krause (1984);
2xJ x [H202]

d i i imati .
The HC concentrations were calculated assuming the steady state approximation at[(bhg B'kMVK XIMVKI+4p x[F1203]

€ MVK life time towards OH-oxidationzje = m

HDMS, Waters). It is noted UPLC-ESI-MS hereafter. This dient elution was performed at a flow rate of 600 pL rrin
instrument enabled us to demonstrate the oligomerization dedsing 5 to 95 % of B within 7 min and held at 95 % of B for
pendence on oxygen, and to follow the oligomerization ki- 1.5 min. The sample injection volume was 10 L.

netics. One of the experiments A (at 5, Table 1) was The ESI source of this instrument contains two individ-
performed using an ultra-high resolution mass spectromeual orthogonal sprays. One spray is for the column eluent,
ter coupled to an electrospray ionization source, noted ESland the other one is for the internal standard called lock-

UHRMS (LTQ-Orbitrap-XL, Thermo). mass. During each chromatographic run, leucine enkephalin
(2ng pL1, CrgH37Ns507, MW 555.27, Waters Q-ToF prod-
2.3.1 UPLC-ESI-MS analyses uct) was used for lock-mass correction to obtain accurate

masses for each organic component eluting from the column.
Aqueous samples (taken from the photoreactor) were anafhe lock-mass syringe pump was operated at 7 ul-thin
lyzed for organic species using Quadrupole-Time-of-FlightA solution of sodium formate (C&HNa, Waters Q-ToF
Mass Spectrometry and lon Mobility Spectrometry (Synaptproduct) was infused daily in the ESI source to calibrate
G2 HDMS, Waters, MA, USA) combined with electrospray the instrument. Optimum ESI conditions were found us-
ion (ESI) source and coupled with an Acquity UPLC systeming a 2.5kV capillary voltage, 40V sample cone voltage,
(Waters). The mass spectrometer was used in its resolutiod50°C desolvation temperature, 120 source temperature,
mode, up to 18000 FWHM (Full width at half maximum) 20Lh~! cone gas flow rate and 800 Lh desolvation gas
at 400 Da and allowed the determination of elemental com{low rate. The ESI source has been optimized directly with
position of some organic species, using the I-FIT software.the samples. These parameters allow increasing the signal to
The I-FIT isotope predictive filtering is a strategy to reduce noise ratio, keeping soft ionization technique.
the number of proposed elemental compositions using algo- Data were collected from 50 to 1800 Da in the positive
rithms to estimate the number of carbon, oxygen or sulfurand negative ionization modes. All products were detected as
atoms in an unknown molecule based on the mass of théheir protonated molecules ([M- H]™) or sodium adducts
molecular ion and the relative intensity of the 1st and 2nd([M + Na]™) in the positive mode, and their deprotonated
isotopes (Hobby, 2005). molecules ([M— H]7) in the negative mode.

The chromatographic separations were carried out on a For experiments A (Table 1), complementary analyses
HSS T3 UPLC column (Waters Acquity High Strength Silica were performed using MS/MS fragmentation to confirm
T3, 21x 100 mm, 1.8 pM) at 40C. The mobile phases con- the structure of the products. MS/MS experiments (below
sisted in (A) 0.1% formic acid in water (Fluka, 98 %) and 200 Da) were carried out with a trap collision energy ramp
(B) Acetonitrile (CAN; Optima LC-MS, Fischer). The gra-

Atmos. Chem. Phys., 13, 6473491, 2013 www.atmos-chem-phys.net/13/6473/2013/
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from 5 to 20 eV. Additionally, traveling wave ion mobility Kendrick series was also checked against isotopic patterns.
allowed us to separate ions which had the same elementdlypical standard deviation of the Kendrick mass defect in
formula. The main parameters were the IMS Wave Velocity any such identified series was lower than 0.5 mDa, which en-

650ms ! and the IMS Wave Height 40 V. sures the proper attribution of all the members of a series to
within less than 1 mDa in the full mass range explored (i.e.,
2.3.2 ESI-UHRMS analyses 50-1500 Da).

One of the experiments A (at 2&, Table 1) was performed 2.4 Spectroscopic analyses of the solution
using an ultra-high resolution mass spectrometer coupled
to an ESI source (LTQ-Orbitrap-XL, Thermo). Aqueous 2.4.1 UV Spectroscopy
aliquots sampled from the photoreactor were diluted by a
factor of 2 with ACN, and directly infused into the ESI UV absorption spectroscopy (Agilent 8453) was used in a
at a 3uL min! flow rate. Using a mixture (11) of ACN wavelength range from 190 to 400 nm to monitor MVK con-
and aqueous samples helps the desolvation process in tleentrations and chemical structure changes during the reac-
ESI source, thereby ensuring more stable operations. ACNion. Diluted in water, MVK shows, like alk,3-unsaturated
was chosen against methanol as this latter was shown to odetones (Yadav, 2012), an intense absorption band (K-band;
casionally induce esterification during the ionization (Bate- 7 — 7* transition) at 211 nmep11 = 7692 M~1cm™1) and
man et al., 2008). Each sample was measured in the nega weak absorption band (R-band;— =* transition) at
tive and positive ionization modes, with the following opti- 296 nm €295 =30 M~1cm™1). Because the absorbance of
mized settings: source voltage — 3.5kV: capillary tempera-H,0, below 240 nm is intense (i.esp11 = 100 M~ tcm™1),
ture — 275°C; tube lens voltage — 50 V in the positive mode; it was interfering with ther — =* transition of MVK under
and source voltage — 3.7 kV; tube lens voltage — 90V andour experimental conditions, whe v%]g = 20.
same capillary temperature in the negative mode. A volume of catalase from bovine Hlver (C 3155, Sigma
Transient acquisition time was set to 1s, which corre-Aldrich) was added to each sample to quench efficiently the
sponds to a nominal resolution of 100 000 at 400 Da, and tdH>0, absorbance signal within a few minutes (Li and Schell-
observe individual peaks resolution (FWHM) typically bet- horn, 2007).
ter than 200 000 at 200 Da. Each spectrum was obtained by
averaging 20 min of acquisition time, so as to increase the2.4.2 NMR spectroscopy
S/N ratio of the lower intensity peaks. Acquisition was per-
formed over two overlapping mass ranges: 50-300 Da an®ne of the experiments A was analyzed using NMR spec-
150-1500 Da. This method overcomes transfer limitationstroscopy (Table 1). The instrument used was a Bruker Avance
of very wide mass ranges in the ion optics which guide 500 MHz equipped with a 5mm inverse-triple tuned (TXI)
the molecular ions through the LTQ to the Orbitrap mass!H/23C/A5N with z gradient coil probe. For 1-BH-Spectra,
analyzer. 128 scans were collected with an impulsion time of 7.5 s, a
External mass calibration was made daily by infusing relaxation delay of 5s, an acquisition time of 4.67 s, a spec-
a calibration mixture (L-methionine-arginyl-phenylalanyl- tral window of 5000 Hz and 64 K data points zero filled to
alanine, caffeine, and ultramark: MSCAL 5-10EA Supelco) 128 K before Fourier transformation with 0.3 Hz line broad-
having peaks in the range 195 to 1921 Da. The obtained massning. For 2-D homonuclear (COSY and TOCSY) and het-
accuracy was as low as 2-5 ppm, and better for peaks with aronuclear YH/13C HSQC and HMBC) experiments were
relative intensity above 0.5 % (Makarov et al., 2006). performed with quadrature phase detection in both dimen-
For our moderately complex mixture-@000 peaks), con-  sions, using state-TPPI or QF detection mode in the indirect
taining only O, C, H, and Na, unambiguous elemental for-one. For each 256 (homonuclear experiments) or 512 (het-
mula assignments were established below 350 Da withireronuclear experiments) increments in the indirect dimen-
1 mDa using a custom computer software (Attributor v1.05) sion, 2K data points were collected and 16 or 32 transients
developed by Orthous-Daunay (2011) and described in Danwere accumulated in the direct dimensidAC decoupling
ger et al. (2013). It is based on a suite of scripts that allow(GARP) was performed during acquisition time for heteronu-
to evaluate the most probable attribution of a high resolutionclear experiments. Ar/2 shifted square sine-bell function
peak, based on its mass, the presence and relative intensityas applied in the indirect dimension before Fourier trans-
of isotopic peaks, as well as chemical rules (nitrogen rule formation. Spectra were treated with Topspin version 2.0. Al
even electron ions, etc.) Using a Kendrick analysis (HugheyNMR spectra were recorded at 25.
et al., 2001) based on the MVK pattern (i.e4HgO) found Aliquots of 540 pL of the aqueous solution sampled from
by Liu et al. (2012) and on the unambiguous attribution of the photoreactor (at 5, 10, 25, 70 and 90min of reac-
most peaks below 350 Da, series of regularly spaced peakson) was supplemented with 60puL of a buffer contain-
were identified in the spectrum, and used to extend the foring 100 mM phosphate and 5mM of sodium tetra deuter-
mula attribution toward higher masses. This extension intoated trimethylsilyl propionate (TSRkd Eurisotop). TSP4

www.atmos-chem-phys.net/13/6473/2013/ Atmos. Chem. Phys., 13, 646434, 2013
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Fig. 1. Mass spectrum (obtained using UPLC-ESI-MS from 0 to 1800 Da) for the retention time range 0 to 7 min, in the positive mode, at
t = 50 min of experiment C. The most intense series (S174) is highlighted in red. Each group of peaks represents a degree of polymerization

(DP). Left zoom: main series detected for BR. Right zoom: MVK

regular pattern of mass differences of 70.0419 Da. Another regular

pattern of mass difference of 2.0157 Da corresponding to 2 H is also observed (in green in the left zoom).

constituted a reference for chemical shifts (0 ppm) and quan3.1.1 Series of oligomers evidenced by mass

tification. Final volumes of 600 pL of prepared samples were

put in 5 mm-diameter NMR tubes.
Additionally, an aliquot of 5mL sampled at the end of the

spectrometry and NMR spectroscopy

kinetic (90 min of reaction) was freeze-dried, re-suspended-igure 1 shows a mass spectrum (obtained using UPLC-ESI-

in 600 pL of CDC} and transferred in a 5mm NMR tube for
further 1-D and 2-D NMR analysis. {® and CDC} were
used for locking and shimming.

3 Results and discussions

3.1 Evidence for the formation of oligomers by radical
oligomerization of MVK

The aqueous phase OH-oxidation of MVK leads to the for-

by Liu et al. (2012). Furthermore, the whole set of analyse
showed that the produced oligomers were formed by radi
cal oligomerization of MVK, as discussed below. The ionic
oligomerization of MVK (through carbocations or carban-
ions) was unlikely under our experimental conditions be-
cause the protic and nucleophilic characters of the solven
(water) inhibit oligomerization by reacting instantly with car-
bocation and carbanion initiators (Odian, 2004).

Atmos. Chem. Phys., 13, 6473491, 2013

S

MS) for the retention time range 0—7 min, recorded in the
positive mode, at 50 min of MVK photooxidation at6 (ex-
periment C in Table 1). Spectra typically contain hundreds
of peaks in both modes, and it was out of the scope of this
study to explore their full complexity. Yet, oligomer systems
are clearly visible, with very regular spacing of 70.0419 Da,
which correspond to the exact mass of the precursor, MVK,
as confirmed by the ESI-UHRMS analysis. These systems
extend up to 1800 Da, thus containing up to 25 monomers.
Using a lower intensity xenon lamp, and a lower resolution
mass spectrometer (Table 1), Liu et al. (2012) also found

Yligomer series at the same nominal masses, with slightly dif-
of our solutions, and is in good agreement with the study g ’ ghtly

ferent intensities. The main differences observed here were
the kinetics. The maximum intensity was reached around

50 min here at 258C, instead of 20 h previously (Liu et al.,
2012) at the same temperature, certainly due to the higher
HO* concentrations obtained here with a more powerful ir-
{adiation lamp (Table 1).

Experiment A was repeated 12 times and analyzed using
the same UPLC-ESI-MS conditions. The exact masses mea-
sured for the oligomers were very repeatable, as was the ki-
netics of their appearance and of MVK consumption.

Experiment A was also monitored once usittg NMR
spectroscopy (Table 1). Figure 2 shol#$ NMR peaks res-
onating at 2.36 ppm (s), 6.13 ppm (dd), 6.37 ppm (m) and

www.atmos-chem-phys.net/13/6473/2013/
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Fig. 2. Monitoring experiment A by 1-BH NMR (recorded in phosphate buffer containing 10 ¥3). The intensities of oligomer structures
increase with time, to the detriment of MVK.

6.39 ppm (M) that were assigned to thé of MVK. These ~ MVK was largely converted into oligomer forms and that
1H peaks decreased with time while néW NMR signals ~ most of the signals of €C bonds have disappeared at 70
resonating at 1.15-1.88 ppm and 2.13-2.34 ppm increasednd 90 min of reaction, thus indicating that the oligomers are
with time, indicating the formation of reaction products, to mostly aliphatic.

the detriment of MVK. These signals are very wide and are Using UV absorption spectroscopy from 190 to 400 nm
consistent with the presence of overlapping signals due to auring experiment A, the evolution of the two intense ab-
variety of oligomers (Alarifi and Aouak, 2009; Ziaee et al., sorption bands of MVK are shown in Fig. 4. During the
2009). Overall, both mass spectrometry and NMR measurephotooxidation process, the— 7 * transition (Fig. 4a) was
ments indicate that a wide variety of oligomers was formedclearly shifted to shorter wavelengths (blue shift; i.e., from
from the reactivity of MVK and that this formation of high 296 nm at time 0 to 269 nm at 90 min of reaction), with in-
mass oligomers occurs through an extremely fast mechaereasing absorption intensity. The— 7* transition did not

nism, as in radical propagation systems.
3.1.2 Indications on the chemical structure of
the monomers according to NMR and
UV-spectroscopic measurements

show any shift (in the range of the investigated wavelengths)
(Fig. 4b), but a clear decrease of its intensity (at 211 nm) was
observed. The observed blue shift shows that, in the reaction
products formed, the corresponding transition needs higher
energy (than in MVK) to get excited (i.e., at shorter wave-

lengths). This can be due to the loss of the conjugation, prob-
In order to identify the structure of the oligomers observedably due to the loss of the vinyl function, in good agreement
by H NMR spectroscopy in Fig. 2, the sample taken at thewith the NMR analyses. Furthermore, the absorption inten-
end of the reaction (experiment A at 90 min) was freeze-sity at 211 nm was directly proportional to the MVK concen-
dried and re-suspended in CQ¥Geading to a concentrated trations during the reaction, as it was verified with NMR
solution of the oligomers allowing the measurement of 1-(at 2.36 ppm) and with mass spectrometry.
D and 2-D NMR spectra (Fig. 3). The analysis of thé
NMR resonances in the 1-BH NMR spectrum (Fig. 3a)
and of thelJ'H-13C correlations present on the 2-{M-
13C HSQC NMR spectrum (Fig. 3b) allowed proposing as- The observed kinetics of the MVK degradation (Fig. 5) were
signments of CH, Chl and CH functional groups of the characteristic of those of the monomers in radical polymer-
putative oligomeric structure shown in Fig. 3. Long range ization (Pearce et al., 1982). During the initiation step of the
Jin_13c correlations observed on the 24B-13C HMQC reaction ¢~ 13 min at 28 C), MVK was slowly degraded, and
NMR spectrum (Fig. 3c) clearly demonstrated the pres-low molecular weight reaction products were formed, such
ence of G=0 functional groups belonging to the proposed as acetate as observed by HDNMR (at 1.90 ppm, Fig. 2).
oligomeric structure. NMR experiments also showed thatMore generally, organic acids were produced, as denoted by

3.1.3 Time profiles of MVK, and reaction products

www.atmos-chem-phys.net/13/6473/2013/ Atmos. Chem. Phys., 13, 646434, 2013
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Fig. 4. UV absorption spectra of the solutions sampled during experiment A (with catalase added prior to af@)y$iem 240 to 360 nm;
and(B): diluted by 100 from 191 to 241 nm.

the fast decrease of the pH, from 6 to 4, during this step. Af-3.1.4 Comparison of the oligomers formed by

ter 13 min, oligomerization started, and the kinetics of MVK OH-oxidation of MVK with a synthetic

degradation significantly increased (Fig. 5). The maximum oligomer of MVK

of oligomers intensity was reached at 50 min of reaction, for

the major series. After 90 min of reaction, more than 95% ofln order to confirm the radical MVK oligomerization

MVK was consumed and the oligomers started to decrease.during OH-oxidation, oligomers of MVK were synthe-
sized using a water-soluble radical initiator (V50: 2,2'-
Azobis(2-methylpropionamidine) dihydrochloride, Wako)
which forms two symmetric radicals by thermal homoly-
sis (Reaction 6 in Supplement Table S2), under oxygen-free
conditions at7 > 50°C and similar initial concentrations

Atmos. Chem. Phys., 13, 6473491, 2013 www.atmos-chem-phys.net/13/6473/2013/
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Fig. 5. MVK time profile (as measured by UV Spectroscopy) and mass spectra (obtained using UPLC-ESI-MS for the retention time range
conditions).

0-5min in the positive mode) at 5, 10 and 50 min of reaction, during experiment A (MVK 20 mR&; 28nder supersaturated @hitial

of MVK as in our photooxidation experiments (Table S2). 3.2 Proposed mechanism of radical oligomerization
[MVK] o/[V50]p ratio was kept constant at 80 (Table S2) of MVK

and UV absorption spectra were monitored at the beginning
(r = 0min) and after the reactiom £ 120 min).

UV absorption spectra obtained during the OH-oxidation
of MVK in the aqueous phase (Fig. 4) and after the synthe

sis of MVK oligomers in the aqueous phase (Fig. S1) both

In view of the observations performed in Sect. 3.1, we pro-
showed the same blue shift on the> 7* transition band

posed a simple chemical mechanism of radical oligomeriza-
tion of MVK that is likely to occur during its OH-oxidation
in the aqueous phase (Fig. 6). In the initiation step, the re-
L : - _activity of MVK towards the HO radical yields (directly or
(from 296 nm), and a significant decrease of the intensity atmdirectly: see below Sect. 3.4) initiator radicals ifddian,
211 nm. .
. . . 2004). Each radical adds on another MVK molecule by open-
The mass spectra obtained for the synthesized oligomer ~.7" . . .
. L ; . ing its vinyl double bond, leading to the formation of an-
(Fig. S2) were very similar to those obtained during the OH- : : )
A ) . . other radical, iR-MVR which can then add to another MVK
oxidation of MVK in the aqueous phase (Fig. 1). Figure S2 ; .
: - " molecule in the same way, and so on, leading to the forma-
shows very regular spacing of 70.0419Da, and a Poisson
distribution, typical of polymers (Pearce et al., 1982). Ad-
ditionally, the method used to identify the initiator radicals

tion of a large radical, iR-(MVK)-MVK *. The propagation
(see Sect. 3.2 below), applied to the high resolution ma

keeps on increasing the chain length, until the radical termi-
S
spectrum obtained from the synthesized oligomers, aIIowe(j

nation. Termination occurs by bimolecular reaction between
us to determine the chemical formula of the initiator radical

wo radicals, by coupling or by disproportionation (Fig. 6),
hus vyielding, for each initiator radical fRtwo oligomer
. : series including one saturated and one unsaturated terminal
lfoc:;r:g:]tf?angléhgz\)léo molecule (Reactions 6 and 7 in Su " group (Gibian and Corley, 1973).
Overall, this comparison confirms the radical character of
the MVK oligomerization during its OH-oxidation in the
agueous phase under similar conditions.

This chemical mechanism is in very good agreement with
our experimental observations. The regular mass spacing of
70.0419 Da observed in mass spectra (Fig. 1) corresponds
exactly to the mass of the monomer MVK in the mech-

anism. Radical oligomerization is in good agreement with

a very fast propagation with prompt growth of the chain
www.atmos-chem-phys.net/13/6473/2013/
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H,0, — = 2 HO' different tacticities of oligomers. After = 5, the peaks be-
come sharper and their area decreases, indicating that one
way of oligomerization may be privileged due to steric hin-

HsC. o . . . .
’ /+ " - drance for example. In this series, which is one of the most
P ' intense ones, oligomers with a DP up to 23 23) were
e detected.
MVK
HsC o HsC o - L. .
N a4 , HaC 0 [HsC O 3.3 Effects of initial conditions on the oligomer
+ Initiation Propagation T -
R T MK . formation
b mH C/\)‘ |R—/CH i e
2 |
. . n . .
MVK IR-MVK iR-(MVK),-MVK” The parameters varied, oxygen concentrations, temperature
Termination and MVK initial concentrations were chosen because they
via disproportionation are known to significantly influence radical polymerization

(Odian, 2004). A second reason for testing the influence of

HaC O [Hsc_O HaC 20 [Hic_0 the initial concentrations of MVK was that organic concen-
trations can vary by orders of magnitude in the atmosphere
" = - from cloud droplet to wet aerosol (see Introduction).
n n Dissolved Q is known as a major inhibitor of radical poly-

. . . . .__merization, and also atmospheric dissolvegl é@ncentra-
Fig. 6. Scheme of the proposed mechanism of radical oligomeriza-,. ]
tion of MVK in the aqueous phase, initiated by OH-oxidation® iR tions in the condensed phase are not "”OWT" butare supposed
is an initiator radical; MVK is the monomer or the repeating umit, to be_ Sat_urated' Tempe_rature is known to influence not only
is the degree of polymerization. For clarity, only the external radical (e Kinetics of the reactions but also the oxygen Henry's law
additions are shown. equilibrium (Table 1). The results of these experiments al-
lowed us to confirm the mechanism of radical oligomeriza-
tion of MVK, and also to identify a number of radical initia-

to high molecular weight oligomers after an initiation step tors (Sect. 3.4).
(Fig. 5). The MVK oligomerization is in good agreement
with the significant loss of the vinyl group observed in Figs. 2
and 3, which is correlated with a significant loss of double
bond conjugation as observed in Fig. 4. Additionally, this is
in agreement with the fact that oligomerization of carbon—Between experiments A, E and F (Table 1), initial concentra-
carbon double bonds is by far more likely than carbonyltions of MVK varied from 20 to 0.2 mM with identical tem-
groups because of the polarized nature of the latter (Odianperature (25C) and similar initial dissolved ©concentra-
2004). tion (supersaturated). These three experiments show that dif-

Finally, the termination step of the mechanism is in goodferent initial concentrations of MVK induced important ef-
agreement with the observation of the same degree of polyfects on the oligomer formation, as observed by UPLC-ESI-
merization (DP) (i.e.x = number of monomers) for series of MS (Fig. 7). The same major series of oligomers were ob-
oligomers in mass spectra distant by 2.0156 Da (Fig. 1). served at the three initial concentrations, but the chain length

The scheme of the proposed mechanism (Fig. 6) onlyincreased with the initial MVK concentration. For example,
shows radical additions on th&-carbon of MVK for clar-  for the series depicted in red in Fig. 1 and in Fig. 7, the ob-
ity. Although both«-g-additions are possible at each step, served DP was 23 at 20 mM initial MVK concentration, 9 at
B-additions are likely favored because resonance with the2 mM, and 4 at 0.2 mM. This correlation between the DP and
carbonyl group gives it a stronger positive character. Theséhe initial concentration of MVK is in very good agreement
additions lead to the formation of a number of isomers thatwith the kinetic chain length of a radical chain oligomeriza-
grows exponentially with the DP. This is clearly observed in tion (Odian, 2004).
Fig. S3 showing the extracted UPLC-ESI-MS chromatogram Finally, Fig. 7 clearly shows that for the high initial MVK
of one of the most intense series of oligomers R-OH-(MYK) concentrations (2 and 20 mM), the main reaction products
(S174 colored in red in Fig. 1) formed during OH-oxidation were the oligomers (up to 800 and 1800 Da, respectively),
of MVK after 50 min of reaction. The retention time of the while at the low initial MVK concentration studied (0.2 mM),
oligomers regularly increases with the DP, certainly due tolow molecular weight reaction products were mainly formed
the growth of the corresponding molecules. Additionally, the (up to 230 Da). It is probable that at the latter initial concen-
width of the chromatographic peaks increases with the DRration, the observed formation of initiators recombined be-
(from n = 1 to n = 5) unambiguously indicating that there cause the MVK concentration was too low to propagate the
are different products at the same mass, probably because addical oligomerization to higher chain lengths.

3.3.1 Effect of initial concentrations of MVK

Atmos. Chem. Phys., 13, 6473491, 2013 www.atmos-chem-phys.net/13/6473/2013/
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Fig. 7. Mass spectra (obtained using UPLC-ESI-MS, for the retention time range 0-5 min, in the positive mode) during experiments A, E and
F (i.e., at 25 C, for different initial MVK concentrations and at different reaction times (corresponding to the maximum oligomers intensity):
5 min for 0.2 mM; 15 min for 2 mM and 50 min for 20 mM. The most intense series (S174) is highlighted in red, as in Fig. 1).

3.3.2 Effects of initial concentrations of dissolved
oxygen and temperature

ature (25°C), with very different initial dissolved @con-
centrations: supersaturated and low initialé@ncentrations,

havior of MVK time profiles between “low initial @ con-
centrations” and “supersaturated initiap ©oncentrations”
conditions. Under “supersaturated initia} @oncentrations”,

Experiments A and D (Table 1) were performed under thetWo Kinetic steps were observed: a slow one during which the
same initial concentrations of MVK (20 mM) and temper- oligomers were poorly formed, followed by a fast one where

oligomers were actively formed (Figs. 5 and 9b). In contrast,
under “low initial G, concentrations”, the kinetic of MVK

respectively, i.e., higher and lower than Henry's law equi- cOnsumption was fast from the beginning (only one step was
librium (by a factor of 1.7 and 4.5, respectively; Table 1). observed), and oligomerization started as soon as MVK was

The results showed that the initial dissolved €éncentra-
tions had a drastic effect on oligomerization, and on the ki-

introduced (Figs. 9a and 8).
Figure 9 also shows the behavior of dissolveg uhder

netics of MVK consumption, in very good agreement with a three different conditions (experiments D, A and C). For all
mechanism of radical oligomerization of MVK. Dissolved Of these conditions, before the injection 0}®b, dissolved

O, is known to inhibit free radical photo-oligomerization Oz Was atits Henry’s law equilibrium with ambienp the
by reacting with radical species to form chain terminating 928 Phase. WhenJ®, was added, dissolved @oncentra-

oxygenated compounds such as hydroperoxides (Decker af#Pns increased due to the self reaction of Hemd/or @~
Jenkins, 1985). In our experiments, a strong inhibition ofradicals in the aqueous phase (see Reactions R3 and R4 in

the oligomer formation by 155% supersaturated dissolved@Ple S1). Then, as soon as MVK was introduced, the time

O2 was observed (Fig. 8a): at low initialx&zoncentrations

profiles of @ concentration followed those of MVK, thus in-

(experiment D), the whole oligomer series developed withindicating that @ reacted with the radicals formed from MVK,
5min of reaction, while only first elements of the series ap-€ven when oligomerization was the dominant pathway. In-
peared at the same reaction time under “supersaturated inferestingly, under “supersaturated initia} €oncentrations”,
tial O, concentrations” (experiment A). This phenomenon, the oligomerization acceleration started whenddncentra-
which was observed for all the other series of oIigomers,tionS were depleted from their initial values, but still they

shows that the reactivity of the initiator radicals ()Runder-

were higher than their Henry’s law equilibrium (by a fac-

went a competition kinetic between their reaction towargs O tor of 120% and 140% at 25 and’6, respectively), thus
and towards MVK for further oligomerization propagation. showing the atmospheric relevance of these oligomerization

When G was present, iRconsumed @ very rapidly (i.e.,
faster than @ renewal from the gas phase and fromQd

processes (see atmospheric implications).
Experiments A, B and C differ for the temperature (i.e.,

reactivity), and when @concentration was sufficiently low, 25°C, 9°C and 5'C) with identical initial concentrations
the competition furthered the oligomerization pathway which ©f MVK (20mM) and similar dissolved & concentration
was extremely fast. Figure 9 shows a very contrasting be{Supersaturated). The kinetic decay of MVK was clearly

www.atmos-chem-phys.net/13/6473/2013/
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Table 2. Oligomer series identified by UPLC-ESI-MS and ESI-UHRMS in positive and negative modes.

Series iIR-(MVK),—1 Aintensityd
Namé Formula$ Formula$§ m/z (Da)°

5138 [CgH1002, +H]T  139.0759 +13%
s1a0  MVKAMVK), [GH120, +H]*T  141.0916  +30%
S156 o [CgH120s, +H]™  157.0865  +12%
s R-(MVK), [GH140s, +Na]*  181.0841  +10%
S154 [CeH1003, —H]~  153.0552  —19%
sise  MVK-OH-(MVK) , [CeH1203, —H]~  155.0708 —6%
S190  R-(MVK),-OOH [CgH1405, +NaJt  213.0739 —6%
S172 [CgH1204, —H]™ 171.0657 —-16%
s174  R-OH-(MVK), [GH1404, +Na]*  197.0814 2%
S128 - [CeHgOs, —H]~  127.0395  —39%
s130  (Aceticacid)-(MVK), [GH1003, —H]~  129.0552  —17%
S140° [C/HgOs, —H]~  139.0395  —28%
sia2  (Methylglyoxal-(MVK), e 0 Hp- 1410852 —12%

2 For each series, the name is given by “S” followed by a number corresponding to the nominal mass of the first
oligomer, i.e., iR-(MVK): = 1.
b The chemical structures are given in Fig. 10.d®rresponds to the radical:

>/~CH.

0" “\—oH

C lons (and corresponding/z) identified by UPLC-ESI-MS and/or ESI-UHRMS in experiment A;
d Intensity ratio of the series after 50 min of OH-oxidation of MVK (20 mM):

TSl ow Oy _TS|supersaturatedp
TSlsupersaturated®

Aintensity= , with: TSI = total Series’ intensity

influenced by the temperature during the initial step (Fig. 9btheir series names. The latter are also reported in Table 2 to-
and c). Additionally, the lower temperature induced highergether with the corresponding/z and chemical formulas
initial dissolved Q concentrations, and both these phenom-obtained for the first oligomen(= 1) of each series (i.e., iR-
ena explain the time delay of the acceleration of oligomer-(MVK) ,—1) by UPLC-ESI-MS and ESI-UHRMS analyses.
ization at C compared to 25C (at around 25 and 13 min, The identification was performed on the smallest oligomer
respectively). In contrast, the fast decay of MVK was not of each series because the resolution and sensitivity of both
influenced by the temperature, thus showing that the radicainstruments are optimum for 160m /z < 350 Da. The iden-
mechanism of oligomerization of MVK at 20 mM is the dom- tifications of the most intense peaks were further confirmed
inant pathway for MVK consumption at this step, and it has by MS/MS analyses. This method of identification, applied
a very small activation energy. to the synthetic oligomers of MVK formed from the V-50
Finally, when most of the MVK was consumed, all initiator, allowed us to identify the most intense series of
oligomer series reached their maximum intensities, witholigomers as the one shown in Reaction (R7) (in Supplement
slight differences from one condition to the other as illus- Table S2), thus showing the robustness of the method. The
trated for one series in Fig. 8b. These slight differences aradentification of the longer chain oligomers £ 2) was fur-
particularly interesting to investigate the comprehension ofther completed by the Kendrick analysis based on the MVK

the initial steps of the radical mechanism. (C4HgO) pattern, using the method mentioned in Sect. 2.3.
The oligomers were likely formed according to the mecha-
3.4 Identification of oligomers and their initiator nism shown in Fig. 6, each one being initiated by an initiator
radicals radical iR formed from the OH-oxidation of MVK (Fig. 10).

The OH-oxidation of MVK proceeds via OH-addition (1a)

In Fig. 10, starting from the known mechanism of OH- 4 1 apstraction (1b). For clarity, only OH-addition on the
oxidation of MVK in the aqueous phase (Liu, 2011; Zhang B-carbon of MVK is fully developed in Fig. 10, as it is

etal., 2010; Huang et al.,, 2011), the possible oligomerizayyqre jikely thane-addition, due to resonance with the car-

tion developments were added according to the experimenbony| group, and steric hindrance. Furthermore, bo#nd
tal observations discussed above. The chemical structures_,itions lead to isomeric forms of oligome;s with the

of the identified oligomers are shown in Fig. 10 as well as

Atmos. Chem. Phys., 13, 6473491, 2013 www.atmos-chem-phys.net/13/6473/2013/
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S174 up to 1200 Da (obtained using UPLC-ESI-MS, for the re- ¢4 ¢ @
tention time range 0-5 min, in the positive mode) af#&) 5 min g ¢ 300
and (B) 50 min of OH-oxidation of MVK (20 mM) in the aque- 5 * °
ous phase at 28C, under initial low Q conditions (in green: "\ °
[O2]o = 60 uM), and under initial supersaturated €nditions (in 0 ®e * S * 4
black: [Gy]g = 400 pM). 2 1 o 20 40 60 80 100 120
H,0; introduction Reaction time (min)

Fig. 9. Time profile of MVK and dissolved @concentrations un-

same masses which could not be discerned by mass speger different temperalture_ a_n_dlinitialgcaoncen_traﬁonsA) experi-
trometry. In the proposed mechanism, each step leads to tH8" P (25°C, under low initial G concentration: 60 uMXB) ex-
formation of a radical iR, which undergoes either Caddi- periment A (25°C, under supersaturated initiab@oncentration:
. i e " h MVK. | d ith 400 pM); (C) experiment C (5C, under supersaturated initiabO
tion or o Igomerlzatlon W't, 1N 990 agreemgnt wit concentration: 400 uM). Time MVK introduction (red line).
our experimental observations. A detailed description of the

mechanism is shown for pathways 1a and 1b (Fig. 10).

3.4.1 Pathway la series (S188) showed a very weak signal by both mass spec-
trometers (below 1/100 of the most intense series shown

OH-addition leads to the formation of radicat,Rvhich un-  in Table 2). ROO radicals can also undergo self reaction

dergoes either oligomerization with MVK (2a) orn@ddi- (4a) leading to a tetroxide which decomposes to form low-

tion (2b). Pathway 2a leads to the formation of radicals R-molecular-weight compounds (LMWC) oxygenated molec-
(MVK)» which terminate either directly to form R-(MVK)  ular compounds (as those observed by Zhang et al., 2010)
(i.e., series S156 and S158) via the disproportionation mech¢sc), and RO radicals (von Sonntag and Schuchmann, 1997)
anism indicated in Fig. 6 or afterCaddition (3a) followed  (5a). ROO radicals can also react with MVK (or Hp

by H-abstraction (on H§) MVK or an oligomer) to form  (4b) to form hydroperoxides ROOH. The latter can be pho-
hydroperoxides R-(MVK)-OOH (series S190) (Decker and tolyzed (5b) to yield H® and RO radicals. These alkoxy
Jenkins, 1985). An isomer of the latter oligomer seriesradicals undergo either rearrangement (6a) or decomposi-
(S190) may also be produced from the oligomerization oftion (6b). The rearrangement of alkoxy radicals in agueous
ROO radicals, which proceeds via the disproportionation medium is a well-known process (Schuchmann and von Son-
mechanism (Fig. 6). However, this pathway (not shown) isntag, 1984), it produces (via pathway 6a) more stable radicals
of minor importance because the corresponding unsaturate(R-OH)* which undergo either &reactivity (leading to some

www.atmos-chem-phys.net/13/6473/2013/ Atmos. Chem. Phys., 13, 646434, 2013
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Fig. 10. Proposed scheme of the chemical mechanism of OH-oxidation of MVK in the aqueous phase with implementation of radical
oligomerization pathways (for clarity, only external OH-addition on MVK is developed). RadKK, HO3 or molecular reaction products
(in red). Radicals (in blue). LMWC: low-molecular-weight compounds.

of the oxygenated molecular compounds observed by Zhan§.4.2 Pathway 1b

et al.,

2010) or oligomerization with MVK via the dispro-
portionation mechanism (Fig. 6) and form R-OH-(MVK)

H-abstraction leads to an unsaturated radical, MMihich

(series S172, S174). The decomposition (pathway 6b, deean also be formed via pathway (4b), as mentioned above.

tailed in Zhang et al.,

2010) produces smaller oxygenatedMVK * radicals undergo either oligomerization with MVK

compounds, such as methylglyoxal and acetic acid. The latvia the disproportionation mechanism (Fig. 6) and terminate

ter products react further with HQadicals to form radicals
(as described by Tan et al., 2012) which undergo eithae©
activity or oligomerization with MVK via the disproportion-
ation mechanism (Fig. 6) and form series S1d0d S142,

and series S128 and S130, respectively.

Atmos. Chem. Phys., 13, 6473491, 2013

(7a) into (MVK)-(MVK),, (series S138 and S140) op@d-
dition (7b) and further react to produce MVK-OH-(MVK)
(series S154 and S156

In this mechanism, the formed low-molecular-weight
compounds (LMWC, such as formaldehyde, methylglyoxal,
glyoxal, oxalic, formic, pyruvic, malonic and acetic acids,
observed by Zhang et al. (2010) during the OH-oxidation of

www.atmos-chem-phys.net/13/6473/2013/
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" Hﬁ{ * ® - 100% 4 Atmospheric implications
L
ﬁ%ﬂ{ . ¢ t . The proposed mechanism allowed for explaining the partic-
" { = * ’ ular role of dissolved @under our experimental conditions.
t ¢ A Each iR radical underwent competition kinetics between O
: S v [ 60% g addition (Reaction R1) and oligomerization (Reaction R2):
[ ] ° ° 2
v o %, +5156 R-(WVKn §  iR°+02— LMWC &gy (R1)
. 15190 R-(MVK)n-OOH [40% g . .
:’ R 5142 (Methylglyoxal)-(MVK)n & iR®* +n(MVK) — oligomers kr2 (R2)
5 L] L
* * + 5130 (Reetc acdy (V) 2 Supersaturated (by a factor of 155 %) initiaj Goncentra-
. ¢ . tions inhibited radical oligomerization by fast addition of iR
o “:000300 o © 1;0 Bl resulting in the formation of LMWC (such as acetic acid and
Photoreaction time (min) methylglyoxal), which were further OH-oxidized and formed

other iR radicals. The fast @addition reactions resulted

in a fast decrease of {xoncentrations in the vessel, faster
than Q renewal from the gas phase and from the reactivity
%ff H205, and even faster than MVK consumption. At initial
MVK concentrations higher than 0.2 mM, the decreaseof O
concentrations resulted in the dominance of Reaction (R2)
after several minutes, and oligomerization started, even when
MVK under similar conditions) can also further react with O, concentrations were still higher than Henry's law equi-
HO* and produce other iRradicals, which can oligomer- librium with atmospheric @ The paradoxical role of ©

ize. However, the corresponding oligomers were observedesides in the fact that while it intensely inhibits oligomer-
here only for acetic acid and methylglyoxal, which were ization, it produces more iRradicals, which contribute to
among the major low-molecular-weight products observedO, consumption, and thus lead to oligomerization. These
by Zhang et al. (2010). A confirmation of these observationsprocesses, together with the large ranges of initial concen-
was brought by two extra experiments’(@nd A’) where trations investigated (60-656 pM of dissolved énd 0.2—

2 mM of methylglyoxal and acetic acid (Sigma Aldrich), re- 20mM of MVK concentrations) show the fundamental role
spectively, were injected in the vessel at the same time athat O likely plays in atmospheric waters. In order to scale
MVK injection. The results showed a significant increase (bythe relative importance of Reactions (R1) and (R2) from the
42 % and 77 %, respectively) of the corresponding oligomerlaboratory to the atmospheric conditions, one has to compare
series (S140and S142 and series S128 and S130, respecthe rates of Reactions (R1) and (R2):

tively), compared to experiment A. Furthermore, experiment )

C (performed at 5C) allowed us to clearly observe the ki- VR1=kR1 X [IR*] x [Oz]

netics of oligomer formation (Fig. 11). The series R-(MYK) _ D

(5156) were directly formed, immediately followed by the vR2 = kr2 > [IR7] X [MVK]
series R-(MVK),-OOH (S190) (which require £addition), ~ The dominance of oligomerization ovep @ddition is deter-
and the series (Methylglyoxal)-(MVK)(S142) and (Acetic ~mined by 82182 [Hit] vee ez, [WWE) - Assuming that

Fig. 11. MVK kinetics and time profile of main oligomers series
(obtained using UPLC-ESI-MS, for the retention time range O—
7 min, in both modes) at®C. The series intensity is the sum of the
peaks intensity. Each series intensity is expressed as a percentage
its maximum.

. ; VR1™ kR1 VR1™ kR1
acid)-(MVK), (S130) were formed later, in very good agree- the ratioi—ii does not vary from the laboratory conditions to
ment with the proposed mechanism (in Fig. 10). the atmospheric ones, one can simply predict the oligomer-

The role of molecular @was evidenced by the intensities jzation to occur from the [MVK][O>] ratio. In our experi-
of the identified series (Table 2). Comparing experiments Aments, the detailed study of the time profiles gfadd MVK
and D (i.e., from supersaturated to low initia¢ ©onditions,  together with the kinetics of oligomer formation allowed us
respectively), after 50 min of reaction, a systematic increaseo determine that radical oligomerization dominates over O
of the intensities of all series not requiring @ddition were  addition for [MVK]/[O>] ratios (in MM~1) equal or higher
observed, as well as a systematic decrease of those requirinflan 32 (at 3C) and 54 (at 25C). In atmospheric waters, as-
O addition. This observation is also in very good agreementsuming that dissolved £concentrations are saturated (i.e.,
with the proposed mechanism (Fig. 10) described above, anglt Henry’s law equilibrium) everywhere from 0 to 5km in
it shows the prevailing role of oxygen on the processes. altitude, and from—20 to +25°C, gives a range of 190—
391 uM for [Q]. Furthermore, taking the concentrations of
unsaturated organic compounds ([UNS]) in atmospheric wa-
ters as stated in the introduction, one obtains [UNS}]
ratios as indicated in Fig. 12 (Ervens et al., 2012). In this fig-
ure, radical oligomerization occurs when [UNED,] ratios

www.atmos-chem-phys.net/13/6473/2013/ Atmos. Chem. Phys., 13, 646434, 2013
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Fig. 12. Estimated ranges of the ratios of unsaturated dissolved organic carbon concentration to oxygen concentration’(iinMam
mospheric waters. The straight lines delimit the values for which radical oligomerization dominates@adition, as determined by the
present work (see text).

Table 3. Comparison of MVK atmospheric lifetimes between its gas phase reactivity only and its multiphase reactivity, taking into account
its air/water partitioning at Henry’s law equilibrium, its gas and aqueous phase reactivity: oligomerization is considered only in fogs and
aerosol media, withgjigo values derived from our experimental results.

Gas Multiphase in cloud Multiphase infog Multiphase in aerosol

OHgasconcentration (moleccr?)  10P 100 108 106
OHag concentration (M) - 1013 10712 10711
O3 concentration (ppbV) 50 50 50 50
Radical oligomerization reactions No No Yes Yes?
Henry’s law constant (M atm?) - 410 41b 7106
LWC (g m—3) - 5 1 0.4 0.1 5x107°
Atmospheric lifetimes (h) at 298 K 12 104 11.6 104 115 11.8
% impact of aqueous phase reactivity @ — —13% —-3% —13% —-4% —2%

2 koligo = 8 1074 s7L; P Iraci et al. (1999)° Noziere et al. (2006).

are equal or higher than 32 or 54. It is thus concluded thataqueous phase reactivity may impact its overall atmospheric
radical oligomerization will always occur in wet aerosols, lifetime. In Table 3, MVK atmospheric lifetimes are com-
and in sometimes in fogs: in the most polluted fogs, wherepared between its gas phase reactivity only (taking into ac-
[UNS] > 6 mM. This result, added to the fact that the lifetime count both OH-oxidation and ozonolysis) and its multiphase
of wet aerosols in the atmosphere are several days, shows theactivity. The latter takes into account MVK air/water par-
extreme relevance of radical oligomerization of unsaturateditioning at Henry’s law equilibrium, and its aqueous phase
organic compounds in the atmosphere. reactivity: oligomerization is considered only in fogs and
Another point of view for atmospheric implications is the aerosol media. Table 3 shows that aqueous phase reactiv-
fate of MVK. In general, aqueous phase OH-oxidation is ity impacts the overall atmospheric lifetime of MVK by 2
known to drastically reduce WSOCs atmospheric lifetimes,to 13 %. Compared to these numbers, the rate of heteroge-
compared to their gas phase reactivity (Monod et al., 2005)neous ozonolysis of MVK on Sigor «-Al,03 particles un-
As it was shown in the present study, once in the aqueousler various relative humidity(= 1019 to 10°°, Shen et
phase, MVK can undergo OH-oxidation. In fogs and wet al., 2013) calculated for a number of 100 nm particles of
aerosols, it can additionally undergo oligomerization with 5000 particles cm3, would deplete its atmospheric lifetime
a first order kinetic rate constant @fjigo = 7.6 (+0.3) x by less than 0.00006 %. Thus, aqueous phase photooxidation
10~*s71, (which is not temperature dependent between 5seems more efficient, but this needs to be confirmed by more
and 25°C) as derived in the present work from the MVK studies of both bulk and heterogeneous reactivity of olefin
decay during oligomerization, under all conditions (Figs. 5 compounds.
and 9). Although MVK is weakly water soluble, its (aerosol)

Atmos. Chem. Phys., 13, 6473491, 2013 www.atmos-chem-phys.net/13/6473/2013/
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The results obtained in Fig. 12 and Table 3 show the at- and Oceanography Inc., Department of Physics, Amherst Col-
mospheric relevance of (aerosol) aqueous phase reactivity of lege, Amherst, Massachusetts, USA, 1984.
unsaturated water soluble organic compounds (even for lovicarlton, A. G., Wiedinmyer, C., and Kroll, J. H.: A review of Sec-
soluble ones like MVK), and their ability to activate radi- ~ ondary Organic Aerosol (SOA) formation from isoprene, At-
cal oligomerization chemistry, which is extremely fast and rznooosé Chem. Phys., 9, 4987-5005, 40i5194/acp-9-4987-2009
is able to form macromolecules as high as 1800 Da in pol- : .
luted fogs and wet aerosols. For an unsgaturated compour?d 1%|aeys‘ M., Wang‘_ W. lon, A. C., Kourtchey, I., Ge!ee:sA., and
times more soluble than MVK, it is anticipated that its over- M aenhautc, -: Formation of §eco_ndary organic aerosols fro-m

e ' isoprene and its gas-phase oxidation products through reaction

all atmospheric lifetime would be depleted by 13 to 79%,  jth hydrogen peroxide, Atmos. Environ., 38, 4093-4098, 2004.
thus showing the need for further studies of oligomer forma-cjaeys, M., Kourtchev, 1., Pashynska, V., Vas, G., Vermeylen, R.,
tion from other relevant unsaturated compounds. In partic- Wang, W., Cafmeyer, J., Chi, X., Artaxo, P., Andreae, M. O., and
ular, the influence of other unsaturated compounds such as Maenhaut, W.: Polar organic marker compounds in atmospheric
methacrolein on the chemistry detailed here is currently un- aerosols during the LBA-SMOCC 2002 biomass burning experi-
der study (G. Salque et al., personal communication, 2013). mentin Ronénia, Brazil: sources and source processes, time se-
Furthermore, relevant mixtures of unsaturated compounds 'ies, diel variations and size distributions, Atmos. Chem. Phys.,
should be studied to investigate cross-polymerization reac- 10 9319-9331, ddl0.5194/acp-10-9319-2012010.
tions that are likely in the atmosphere. Finally, further stud-2n9er. G- Orthaus-Daunay, F. R, de Marcellus, P., Mod-
ies are also needed to investigate the oligomer yields, their ica,P, Vuitton, V., Duvernay, F., Flandinet, L., Le Sergeant

idizi dthei . F Siek | | d’Hendecourt, L., Thissen, R., and Chiavassa, T.: Character-
oxidizing states, and their aging (F. Siekmann et al., persona ization of laboratory analogs of interstellar/cometary organic

communication, 2013). residues using very high resolution mass spectrometry, Geochim.
Cosmochim. Ac., accepted, 2013.
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