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Abstract. The photo-oxidation chemistry of isoprene (ISOP; 1 Introduction

CsHg) was studied in a continuous-flow chamber under

conditions such that the reactions of the isoprene-deriveddy abundance, isoprene (ISOPsH) is the dominant non-
peroxyl radicals (R@) were dominated by the hydroper- methane biogenic volatile organic compound (VOC) in the
oxyl (HO,) pathway. A proton-transfer-reaction time-of- atmosphere, and its reactive chemistry plays an important
flight mass spectrometer (PTR-TOF-MS) with switchable role in the oxidative cycles of the atmosphere (Poisson et al.,
H3O+ and NO" reagent ions was used for product anal- 2000) Isoprene oxidation is typlcally initiated by the addi-
ysis. The products methyl vinyl ketone (MVK;48¢0) tion of a hydroxyl radical (OH) across a double bond fol-
and methacrolein (MACR; §HgO) were differentiated using  lowed by rapid reaction of the alkyl radical with molecular
NO* reagent ions. The MVK and MACR vyields via the HO 0xygen (Q), resulting in the production of a series of iso-
pathway were (3.8 1.3) % and (2.5 0.9) %, respectively, meric hydroxyl-substituted alkyl peroxyl radicals (ISOPOO;
at +25°C and< 2 % relative humidity. The respective yields HOCsHgOO) (Fig. 1). The subsequent chemistry of the
were (41.4+5.5) % and (29.6- 4.2) % via the NO pathway. 1SOPOO radicals proceeds along several competing path-
Production of MVK and MACR via the H@pathway im- ~ ways: (i) reactions with nitric oxide (NO) (e.g., Tuazon and
plies concomitant production of hydroxyl ((6432.1) %) and ~ Atkinson, 1990), (ii) reactions with hydroperoxyl radicals
hydroperoxy| ((63: 21) %) radicals, meaning a H@ecy- (HOz) (e.g., Paulot et al., 2009), (lll) self- and cross-reactions
cling of (12.6:+4.2) % given that H@ was both a reactant With other organic peroxyl radicals (R (Jenkin et al.,
and product. Other isoprene oxidation products, believed tct998), and (iv) possible unimolecular isomerization reac-
be mostly organic hydroperoxides, also contributed to thetions (Peeters etal., 2009; da Silva et al., 2010; Crounse et al.,
ion intensity at the same mass-to-chargg/q) ratios as the ~ 2011). For atmospheric conditions, the NO andHgath-
MVK and MACR product ions for H@-dominant condi- Ways are the major competing reaction pathways affecting
tions. These products were selectively removed from the ga#he fate of ISOPOO (Crounse et al., 2011). The reaction with
phase by p|acement of a cold tra.pz(OOC) inline prior to the NO dominates in poIIuted, urban regions of the planet. Many
PTR-TOF-MS. When incorporated into regional and global isoprene source regions, particularly remote tropical forests,
chemical transport models, the yields of MVK and MACR have sufficiently low NQ concentrations (e.g., Lelieveld et
and the concomitant HOrecycling reported in this study al., 2008; Hewitt et al., 2010) that the H@athway dom-
can improve the accuracy of the simulation of the H®-  inates. The HQ pathway is estimated to account globally
action pathway of isoprene, which is believed to be the fatefor one half of the reactive fate of ISOPOO (Crounse et al.,
of approximately half of atmospherically produced isoprene-2011).

derived peroxy radicals on a global scale.
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There remain significant uncertainties in the branching 015 % OROMOL) s
ratios and principal products of isoprene photo-oxidation %H\) — N
for the HGQ, reaction pathway. Mechanisms employed in on &
many regional and global models, including the near-explicit ISOPAOO ISOPAO
Master Chemical Mechanism (MCM v3.2) (Jenkin et al.,
1997; Saunders et al., 2003), treat the reaction of Mdh o 9 NorosHO,) G docomp. €
ISOPOO as a radical-termination reaction, as follows: - ?v - %v %)J\/
ISOPOO+ HO, — ISOPOOH+ O, (R1a) )\/ oH.0, IC:(')PBOO e -
in which  organic  hydroperoxides  (ISOPOOH; ~ _~
HOCsHgOOH) are formed with 100% vyield. A com- &NH NO/RO,/HO,(?) OH
peting, less investigated pathway, however, might also be N N
important (Dillon and Crowley, 2008) (Reaction R1b): o6 6

ISOPCOO ISOPCO

ISOPOO+ HO2 — ISOPO+ OH+ Op (R1b)
This pathway produces alkoxy radicals (ISOPO, [CENN A)H NO/RO,/HO,(?) MH decomp, %
HOGCsHgO*) and OH. Given that the oxidation path- !
way was initiated by OH attack on isoprene, the production oo o
of OH implies a recycling of the reactant. This type of 'Izocf:sz 'ISSC::(: MACR

reaction has been demonstrated in the laboratory for some

organic peroxyl radicals (Sulbaek Andersen et al., 2003rjg 1. Mechanism of isoprene oxidation to produce MVK and
Hasson et al., 2004; Jenkin et al., 2007, 2008; Dillon andvAcR as first-generation products. Results are shown for NO and
Crowley, 2008). Theoretical studies suggest that this reactioiRo, pathways, as represented in MCM v3.2. Branching ratios to
is favored for peroxyl radicals having the forms RCHXOO specific products are shown in parentheses. The present study evalu-
and RCHXCHOO that can pass through a hydrotetroxide ates the extent, represented by the question mark, to which ISOPOO
intermediate, where X is an electronegative atom (Hassorglkyl peroxy radicals might react with HOto produce ISOPO

et al., 2005). The internal hydrogen bonding between thealkgxy radicals (Reaction R1b) and thereby MVK and MACR (Re-
hydrotetroxide and atom X lowers the transition state energyactions R2 and R3).

Two ISOPOO isomers, namely ISOPBOO and ISOPDOO,

accounting together for 75% of ISOPOO based on the ) )

MCM, have this chemical form (Fig. 1). was the dominant fate of the ISOPOO species, as opposed

Methyl vinyl ketone (MVK, GHgO) and methacrolein to the competing NO, R&) and isomerization pathways.
(MACR, C4HgO) can be produced by the decomposi- The concentrations of MVK and MACR were measured us-

tion of the ISOPBOO and ISOPDOO isomers. as follows INd @ proton-transfer-reaction time-of-flight mass spectrom-

(cf. Fig. 1): eter (PTR-TOF-MS) with switchable reagent ion capability
(H30™, NO™), for which the NO™ mode was used to distin-

ISOPBO-22 MVK +HCHO+HO, (R2) guish between MVK and MACR.

ISOPDO-% MACR + HCHO+ HO, (R3)

2 Experimental

Radical termination by Reaction (R1a) does not produce
MVK or MACR. Hence, the yields of MVK and MACR can The reaction conditions for seven different isoprene photo-
serve as tracers for the occurrence of Reaction (R1b). Thexidation experiments are listed in Table 1. Experiments #1
experimental strategy of the present study is to take advanto #6 correspond to H&dominant conditions and Experi-
tage of MVK and MACR as indicators of Reaction (R1b), ment #7 to NO-dominant conditions. For Experiments #1 to
compared to Reaction (R1a), to assess the importance of th#6, the reaction of KO, with OH radicals was used to pro-
former as a reaction channel of ISOPOO with HBurther-  duce HQ radicals: OH + HO2 — HO>+ H20. For Experi-
more, HQ is also a product of Reaction (R1b) followed by ment #7, a flow of NO into the chamber in the absence of
Reactions (R2) and (R3), implying a recycling of this reac- HoO», was used, so that the H(athway was not important
tant. Taken together, Reactions (R1b), (R2), and (R3) indi-under these conditions. Experiment #1 was the main experi-
cate possible significant recycling of the ki@mily in this ment. For Experiments #2 through #6, the value of one cham-
reaction sequence. ber parameter was halved or doubled relative to Experiment

The isoprene photo-oxidation experiments described#1 as an approach to validate experimentally (i) that MVK
herein were conducted in a continuous-flow chamber. Effortsand MACR were first-generation products (cf. Sect. 3.2)
were made to ensure and to verify that the H@athway  and (ii) that the HQ pathway was dominant (cf. Sect. 3.3).
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Table 1. Summary of experimental conditions and results.

Mixing ratio at steady state (pp&) Yield (%) 4
Chamber NG mode HOT mode
Conditiorf D ISOP MVK MACR ISOP MVK + MVK MACR
MACR

#1 Main experiment? 16.0£0.6 1.3+0.1 0.8+0.1 15.8+1.4 2.1+0.2 46+07 3.2+0.6
#2  0.57ef 25.4+1.1 1.1+0.1  0.8+0.1 252+2.2 2.0+0.2 43+0.7 3.4+06
#3  27pef 95+04 1.6+0.2 0.8+0.1 9.3+0.9 2.4+0.2 6.6+1.2 4.3+0.9
#4 0.5 [HOo]in ref 16.9+0.7 17402 1.14+0.2 17.3:1.4 27+0.3 6.140.9  4.44+0.8
#5 2 [HaO2]in ref 15.8+0.7 1.3+0.2 0.7+0.1 16.2+1.4 2.0+0.2 45+09 2.8+06
#6 2 [ISOP} ref 345+1.4 21+02 1.6+0.2 34.1+3.0 3.6+0.4 3.7+05 3.2+05
#7  NO-dominant® 18.3+0.7 10.3+0.8 7.9+0.4 18.4+1.7 18.1+1.8 41.4+55 29.6+4.2

@ Experiment #1 is the main experiment. For the other experiments, chamber conditions varied with respect to Experiment #1 argjiggedjidbents the inflow
mixing ratio of species M for the the main experimemng; is the mean residence time in the chamber for the main experiment. For examplezoﬁ Herin

Experiment #4 indicates that the inflowpB, mixing ratio for Experiment #4 was half that of the main experiment. Other experimental conditions remain unchanged.
@ condition for main experiment: [ISOR]ref = 59 ppb; [HO2]in,ref = 16 ppm; no injection of N and measured NO less than minimum detection limit (70 ppt);

t =3.7h; 25°C; < 2% relative humidity.

3 chamber condition for NO-dominant experiment: no injection e0; [NOJi, =28 ppb; other conditions same as those of the main experiment.

@ (mean valuej}t (2 x standard deviation) for mixing ratios and yields. The uncertainties were estimated by Monte Carlo methods.

Experiment #7 for NO-dominant conditions facilitated com- to elevated NQ in the bag. Compared to earlier experiments
parison of the present study’s results to those reported predsing the HEC (King et al., 2010), an updategld injection
viously in the literature for the yields of MVK and MACR system was used to improve stability. An®} solution was

under high-NQ conditions. continuously introduced by a syringe pump into a warmed
glass bulb. The syringe pump was housed in a refrigerator
2.1 Harvard Environmental Chamber (HEC) at 4°C to avoid HO, decomposition. Dry air at a flow rate

of 1-4sLpm was blown through the bulb to evaporate the
injected HO> solution and carry it into the chamber bag.
Within the CMFR, photolysis of b0, by ultraviolet light
produced OH radicals, initiating isoprene oxidation. For the
' NO-dominant experiment (#7), NO (1.02 ppm NO in nitro-
gen with 0.01 ppm N@impurity; Scott Specialty Gases) was
injected in place of KO, to produce an inflow concentration
of 28.2 ppb NO and 0.03 ppb NOCoupled NQ and HG
photochemical cycles were initiated by photolysis of NO
The injected NO contributed to increasing the OH concen-
tration by promoting the conversion of H@ OH according

to the reaction: He+ NO — OH + NOy.

The outflow from the HEC was sampled by a PTR-TOF-
MS, a condensation particle counter (CPC, TSI 3022A), an
ozone monitor (Teledyne 400E), and a high-sensitivity,NO
analyzer (Eco Physics CLD 899 Y). The CPC instrument
was used to measure the background number concentration
of particles in the HEC, which was below 0.5 thduring
the experiments. This low particle number concentration in-
Sdicated insignificant new particle production. The NO con-
centration was below the instrument detection limit ®f
70 ppt for Experiments #1 to #6. The ozone monitor was used
to estimate the D, concentration in Experiments #1 to #6
y using the ratio of the absorption cross-section gOpl

The experiments were carried out in the Harvard Envi-
ronmental Chamber (Fig. S1). Detailed descriptions of the
chamber were published previously (Shilling et al., 2009;
King et al., 2009, 2010). The chamber was operated as a con
tinuously mixed flow reactor (CMFR), with balanced inflows
and outflows. A new polyfluoroalkoxy (PFA) Teflon bag with
a volume of 5.3 Mwas installed for these experiments. The
mean reactor residence time was varied from 1.8 to 7.4h
Temperature and relative humidity were held att25°C
and < 2 %, respectively. Ultraviolet irradiation was provided
by forty-six Sylvania 350BL blacklights (40 W) affixed to the
walls (King et al., 2009). They had negligible emission for
wavelengths below 310 nm.

For the HQ-dominant experiments (#1 to #6), isoprene
(50 ppm in nitrogen, Scott Specialty Gases), hydrogen per-
oxide, and dry air (pure air generator, Aadco 737) were con-
tinuously injected. Depending on reaction conditions, iso-
prene concentrations were 59 to 118 ppb in the inflow to the
chamber bag and 10 to 35 ppb in the outflow (Table 1). A
commercially available ultrapured®, solution (31.50 wt %,
TraceSELECT® Ultra, Fluka) was used to avoid nitrogen-
containing impurities that are present, often as EDTA ligand

to stabilize trace metal impurities that enhance the decompo o that of G (254 nm) under the assumption that absorption

carty experments, tho obeervations showed tha nigen 125 Gominated by §Dz. The FOz concentration measired
Y €Xp 9 by this method was 6.7 to 26 ppm for Experiments #1 to #6.

purities in the typical HO, solutions ultimately contributed
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The expected concentration based on in-flow concentrationfitting of the asymmetric peak shapeNér et al. approxi-
but not accounting for physical and reactive losses inside thenated the peak shape using the superposition of four Gaus-

chamber bag was 8.0 to 32 ppm. sian peaks, but this method did not work well for the peaks
of the present study, possibly because of different instrument
2.2 Mass spectrometry tuning. Instead, several strong single-ion peaks (e.g., the peak

for H180* ion for H3O™ mode) were used to produce an em-
A proton-transfer-reaction time-of-flight mass spectrome-pirically derived reference peak shape, which was then used
try (PTR-TOF-MS 8000, lonicon Analytik GmbH, Austria) globally in the peak fitting routine.
equipped with switchable reagent ion capacity was used to
measure the concentrations of gaseous organic species in t#e3 Low-temperature trap

chamber. For sampling, chamber air was pulled through a . ,
PFA sampling line at 1.25sLpm. The PTR-TOF-MS sub- 'N€ reactions of ISOPOO with Hcan produce & prod-

sampled from this flow at a rate of 0.25 sLpm, resulting in ucts that have multiple functional groups, including organic

a transit time of 4 s between the chamber and the instrumenflydroperoxides ISOPOOH and its further oxidation prod-
The PTR-TOF-MS was described by Jordan et al. (2009aUCts dihydroxyl epoxides (IEPOX; cf. Fig. S2) (Paulot et
b) and Graus et al. (2010). In the present study, eith@H al'., 2009). These products possibly fragmept after c9|l|3|on

or NO* reagent ions were generated in the ion source andVith H30" or NO* in the PTR-TOF-MS (Smith angiparél,
used to selectively ionize organic molecules in the sample?005), and the resultant fragment ions may have the same
air. The use of NO reagent ions allowed separation of iso- /< Values as the product ions of MVK and MACR because

meric aldehydes and ketones (Blake et al., 2006), specificalljey @l inherit the carbon skeleton from isoprene. As an
MVK and MACR. The chemical ionization reaction by NO ~ @PProach to separate possible ISOPOOH and IEPOX prod-
or HsO™" is soft, typically resulting in little fragmentation, UCts from MVK-and MACR, prior to injection into the PTR-
although relatively weakly bound species still have the pos-1OF-MS the outflow from the HEC was passed through a
sibility for some fragmentation in the drift tube (Smith and 1M PFA coil (inner diameter 3/16 inch =4.76 mm) that was

éparél, 2005). The high-resolution TOF detector (Tofwerk immersed in a low temperature qu_uid-bath. As the temper-
AG, Switzerland) was used to analyze the reagent and prod@ture of the bath was decreaseq in discrete steps from +25
uct ions and allowed for exact identification of the ion molec- 10 —40°C, molecules of progressively lower vapor pressures
ular formula (mass resolution 4000). sequentially condensed in the coil and were thereby removed
A calibration system was used to establish the instru-TOM the gas flow. This approach is particularly suited to
ment sensitivities to ISOP, MVK, and MACR. Gas standards S€Parating low-volatility compounds such as ISOPOOH and
(5.12 ppm ISOP and 5.26 ppm MVK inNand 5.27ppm EPOX from high-volatility species like MVK and MACR.
MACR in N2; Scott Specialty Gases) were added into the The quantification of MVK and MACR was based on PTR-

sample flow at controlled flow rates. In each experiment, thel OF-MS measurements downstream of the trap-40°C
inlet flow was switched to dry air from the pure air generator (Cf- Sects. 3.1 and 3.6 for further discussion).
to establish background intensities. . .

Settings of the drift tube were optimized to measure MVK 2.4 Modeling with MCM v3.2
and MACR at high sensitivity. The instrument was oper-

] ' - The contribution by different reaction pathways was esti-
ated with a drift tube temperature of 60 and a drift

" ! mated for each experiment using a kinetic box model (Chen
tube pressure of 2.2mbar. Ing®" mode, the drift tube o 51 2011). The kinetic scheme for isoprene chemistry
voltage was set to 520 V, resulting in &N =118Td \ a5 extracted from the MCM v3.2 via websitetp://mcm.

(E, electric field strengthy, number de7n3|ty gf air in Jtrhe leeds.ac.uk/MCMJenkin et al., 1997; Saunders et al., 2003).
drift tube; unit, Townsend, Td; 1 Td = 16’V em?). In NO™  Model runs were initialized using the conditions of each ex-
mode, a drift tube voIt_age of 300 V was us_ed_, re_sultmg in periment (Table 1), with the exception of the® concen-

an E/N =68Td. At this reduced/N ratio, ionization of  t-4tion . Instead of using the4®; injection rates as shown in
MVK and MACR led to distinct product ions while retaining  tapje 1. the spectroscopically measured steady-sta@ H

a highly sensitive instrument response. , _concentrations of each experiment were used as a constraint
PTR-TOF-MS spectra were collected at a time resolutioni, the model. The one-sun photolysis rates of the MCM

of 1 min. A custom data processing package was developeg,,qe| were scaled by 0.3 to match the lower light intensity
in Mathematica(ver 8.0, Wolfram Research, USA) to ana- ¢ the HEC.

lyze the recorded mass spectra. Using this package, the rela-
tive mass deviation was less than 10 ppm over the spectrum.
The package consisted of several sub-routines: peak shape
fitting, mass calibration, peak assignment, and signal anal-
ysis (cf. Supplement). Compared with the analysis method
reported in Miller et al. (2010), the main difference was in

Atmos. Chem. Phys., 13, 571%73Q 2013 www.atmos-chem-phys.net/13/5715/2013/
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3 Results and discussion NO" lonization

The results and discussion section is organized as follows. 107 054 i Zero Alr

Section 3.1 presents the separation of MVK and MACR us- 5 00— '

ing the NO" reagent ion and the quantification of the con- 69.04  100.04

centrations of ISOP, MVK, and MACR. Section 3.2 explains 0 - - - -

how the yields of MVK and MACR Ymvk andYuacr) were 104 O'S_Jj\ i 1SOP Standard

obtained from the concentration measurements. The quars 5 0014 '

titative uncertainties of\ywk and Yuyacr were also estab- & 69.04 100.04

lished. Section 3.3 presents the qualitative evidence that thesg 0 1 - - T o

yields were recorded under conditions of Bi@ominantre- @ 107 5 _A MVK Standar

actions for the ISOPOO species (Reactions R1, R2, and R3). 5. 0—t ,

Section 3.4 explains how to constrain the minor contribution 69.04  100.04

of the NO pathway to¥myk and Yuyacr using the yields 0 T T T ™

measured under varying experimental conditions, yielding 109 5-J\\ - MACR Standard

a best estimate for the yields of MVK and MACR via the 5 AN NIAN

HO; pathway {mvk, Ho, andYmacr, Ho,). Section 3.5 pro- 69.04  100.04 ’

vides a comparison of the results of the present study to those O
60 70 80 ey 100 110

reported previously in the literature. Section 3.6 presents
evidence of chemical interferences for MVK and MACR
that without precaution can confound the analytic method
(cf. Sect. 3.1) and that these species are organic hydrope
oxides.

Mass-to-Charge Ratio (m/2)

Fig. 2. Mass spectra of zero air, ISOP, MVK, and MACR mea-
sured using PTR-TOF-MS with NO reagent ion. Insets show
expansions neam/z 69 andm/z 100, corresponding ati/z
69.0335 to GH50™ contributed by MACR and ISOP, at/z
3.1 Quantification of ISOP, MVK, and MACR 69.0654 to G13CHg™ contributed by ISOP, and at/z 100.0393

to C4HgO"NO™ contributed by MVK and MACR.
The NO" mass spectra recorded for zero air, ISOP, MVK,
and MACR standards are shown in Fig. 2. The dominant
product ion of the reaction of ISOP £Bg) with NOT was  the mixed composition present in the chamber outflow. The
the charge-transfer ionsBlg™ (m/z 68.0621), in agreement small contribution of MACR to the gHgO*NO™ cluster ion
with Karl et al. (2012). NG reacted with the aldehyde was corrected for algebraically (cf. Egs. S1-S3).
MACR (C4HgO) to yield mainly the dehydride ionElsO™ The sensitivities of the PTR-TOF-MS to ISOP, MVK, and
(m/z 69.0335) and a small amount of theHgO'NO™ MACR determined for trap temperatures of +25 amD°C
cluster ion f:/z 100.0393). NG reacted with the ketone are listed in Table 2. To account for possible matrix effects,
MVK (C4HgO) to produce mainly the f6gO"NO™ clus-  calibrations for both HO*T and NO" were carried out for
ter ion. lon-molecule clustering reactions are favorable wherneach experiment by standard addition to the outflow air from
no other exothermic channel is available, as is especiallythe chamber (i.e., prior to the low-temperature trap). For both
the case for the reaction of NOwith ketones $parél et  the HO™ and NO" modes, the sensitivities did not depend
al., 1997). The hydride ion (F) transfer reaction is favor- on trap temperature. This temperature independence indi-
able for aldehydes because extraction of theibh from a  cates that ISOP, MVK, and MACR did not condense at a trap
-CHO moiety requires less energy than from a hydrocarbortemperature of~-40°C. Hence, MVK and MACR were ef-
chain. These ionization patterns have been observed for kdectively separated from other oxidation products of lower
tones and aldehydes using NOn selective-ion flow-tube volatility by use of the trap at-40°C (cf. Sect. 3.6). The
studies £/N =0Td) (éparél et al., 2002). In comparison, 1SOP, MVK, and MACR concentrations reported herein were
the proton transfer reaction of MVK and MACR witheB™ based on NO ionization and using the-40°C trap prior to
gave rise dominantly to £H;0™" (m/z 71.0492). the PTR-TOF-MS.

In an iterative process, thE/N value was optimized to As a comparison point, the sensitivity of isoprene in™NO
isolate the product ions of MACR from those of MVK while mode measured in this study agreed with the value reported
retaining high instrument sensitivity (cf. Fig. S3). Com- by Karl et al. (2012) for similaE /N ratios (cf. Supplement).
pared with an earlier drift tube study using N@Blake et  With respect to the g0t mode, the sensitivities of ISOP,
al., 2006), less fragmentation was observed in the presentVK, and MACR differed from the theoretically expected
study, both for MVK and MACR, possibly because of the values by less than 10 % (Zhao and Zhang, 2004; de Gouw
lower drift tube energies used here (i.E/N = 68Td com-  and Warneke, 2007). The signal foglls™ (m/z 41.039), an
pared toE /N = 165 Td). The good separation achieved with isoprene fragment in #0™ mode, was 6 % of the main iso-
NOT enabled separate quantification of MVK and MACR in prene signal and lay within the range of 3 % to 16 % reported

www.atmos-chem-phys.net/13/5715/2013/ Atmos. Chem. Phys., 13, 58/ 2013
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Table 2. Sensitivities of the PTR-TOF-MS to ISOP, MVK, and MACR.

NO™* mode HO* mode
Species Chemical Product Sensitivity Product Sensitivity
Formula  ions (ncps ppbh) D ions (ncps ppbl)
+25°C@  —40°Cc®@ +25°C  —40°C
ISOP  GHg CsHg™ 15.740.49 159406 GHo™  16.8+14 16.2t1.1
MVK ~ C4HgO  CsHgO'NO+ 23.1+1.8 23.7£1.2 GH70T  30.6+£29 29.2£15
MACR C4HgO  CsH50™ 15.0+0.8 15.0£0.4 GH70T  30.0+2.8 28.7+£2.2
C4HgO'NOT  8.840.8 8.9+ 0.5

@ The unit ncps is the measured counts per second (cps) normalized to a primary ion sigRap. 10
@ sensitivities were determined for trap temperatures of +25-a4@PC.
3 Measurements are represented as (mean va&l(@x standard deviation) based on sensitivities determined across Experiments #1 through #7.

in the literature (e.g., Ammann et al., 2004; McKinney et al., sion for the yield of MVK, as follows:

2011).

k OH 1 k MVK
Table 1 presents the steady-state concentrations of ISORvk = ( MVK+2H[ ]SSEH/ ! +| s\ga”)[ Jss 2)
MVK, and MACR measured in NO mode as well as 1s0P+OH [OH]ss[1SOPlss

the steady-state concentrations of ISOP and MVK + MACR For Yuacr, a direct analogy to Eq. (2) exists.

measured in KOt mode determined from the data at For use of Eq. (2), values dfisop+on and kmvk+OH
—40°C. The combined concentration of MVK and MACR including their uncertainties, were taken from the I[UPAC
measured using 407 ionization agreed with the sum of the database (Atkinson et al., 2006). A value /gfa = 0s!
speciated measurements using NiOnization for all exper-  was used based on the results of wall-loss experiments for

iments. ISOP, MVK, and MACR that were performed separately in
the HEC (cf. Supplement). The value of [Qkljvas calcu-
3.2 Yields of MVK and MACR: Ywvk and Ymacr lated based on measurements of the isoprene concentration

prior to the reaction (i.e., dark conditions) and at steady state

The yield of MVK (MACR) is equal to the sum of the math- (i.e., during photo-oxidation), as follows:
ematical product of (i) the branching ratio leading to the pre-0 _ E[ISOFﬂ- 3)
cursor ISOPBOO (ISOPDOO) in the initial reaction of iso- = \ ¢ n sources
prene with OH and (ii) the branching ratios to the channels 1
forming ISOPBO (ISOPDO) in the subsequent ISOPBOO — (kISOFLFOH [OH]ss[ISOPss+ —[lSOFﬂss>
(ISOPDOO) reactions (cf. Fig. 1). The reactant and prod- t
uct concentrations in the CMFR at steady state can be incorin which [ISOP], was the inflow concentration of isoprene to
porated in an analysis to determine MVK (MACR) product the HEC. The steady-state OH concentration inferred by use
yields. The relationship of mass balance for the sources an@f Eq. (3) varied from 1.8 to 2.8 10° cm~2 for Experiments
sinks of MVK (MACR) is given by the following equation: ~ #1 to #6.

Yields of MVK and MACR for each experiment are listed
in Table 1. In the case of Experiment #1, the MVK and

sinks

0= vk k'SOHOH[OH]SS[ISOHS:‘LS)S"“’CGS @ mMacr yields by Eq. (2) and its analog were (4:®.7) %
— (kmvk +-0H [OH]ssIMVK Jss+ —[MVK Jss and (3.2+0.6) %, resp_ec_tively, for reaction at 26 and
T < 2% RH. The uncertainties §3 for Yyyk andYuacr were

+ kwall [MVK Jsg)sinks estimated using a Monte Carlo method in which the values of

all input parameters in Egs. (2) and (3) were sampled from
in which [M]ssis the steady-state chamber concentration ofprobability density functions of their individual values (i.e.,
compound M Yuvk is the yield of MVK from isoprene ox- their individual uncertainties). An example of the input and
idation for one set of chamber conditionsis the mean res-  output uncertainties is presented in Table S1. The uncertain-
idence time in the chambétsop+onandikmvk+on are the  ties in the concentrations were based on calibrations. The
reaction rate constants of ISOP and MVK with OH, &g uncertainties in the reaction rate coefficients were obtained
is the steady-state wall loss rate coefficient of MVK. Control from the IUPAC recommendations. A 6 % incertainty
experiments show that a photolysis sink for MVK (MACR) was used for the chamber residence time based on the stan-
was negligible, at least for the conditions of the conducteddard deviation in measured residence times for multiple ex-
experiments. Rearrangement of Eq. (1) leads to the expregperiments. The ensembles of results gk and Ymacr,
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which can be approximated by normal distributions (Fig. S4), 6

were the basis of the reported statistical errors to the mean * ® ©
values. g 41 iL iL

In the case of Experiment #7 for NO-dominant conditions, &
MVK and MACR were produced in high yields as a re- >* 27
sult of the reaction of ISOPOO with NO (e.g., Tuazon and
Atkinson, 1990). Ozone produced as part of the,Nio- 0 I ’ ’ I
tochemical cycle also reacted to a small extent with ISOP, _ iL %
MVK, and MACR in this experiment. Equations (1)-(3) < 5-
were therefore expanded to include this chemistry, with rate>_§
constants taken from the IUPAC database (cf. !Eqs. S4-S6). ol |l | aal Lagl s sl | s
The ozone concentration (65 ppb) measured in the cham- : : : : : :
ber outflow was used, resulting in a calculated OH concen- Half Ref Double Haf Ref Double Ref Double
tration of 1.5x 10° cm~2 with ozone correction. For these Residence Time Inflow H,0, Inflow |SOP

concentrations, 90 % of isoprene reacted with OH and 10 %
with Os. The ozonolysis of isoprene also provided an ad-Fig- 3 Yields of MACR (top) and MVK: (bottom) for HQ-
ditional source term for MVK and MACR. This term, with ?I'SVT'Qg:é;?trr‘:t'it;%”g?éga”gi/;?zg;“frﬁlgwi?ngs:‘ﬁgi'nn'of
MVK and MACR yields taken from Aschmann and Atkin- ISOP. The labeled experi?ﬁent numbers refer to Table 1
son (1994), was also included in the calculation (cf. Egs. S4— '
S6). The resulting MVK and MACR vyields (Table 1) were
(36.8+4.4) % and (31.& 3.9) % without ozone correction
and (41.4+5.5) % and (29.6-4.2) % with the correction. 3.3 \Verification of HO2-dominant fate for ISOPOO
The source term in Eq. (1) is written assuming that MVK radicals

is not produced through any process other than as a first-
generation product of OH reaction with isoprene. SecondaryThe dominant regime for the fate of the ISOPOO radicals,
oxidation processes of some isoprene oxidation productswhether that of HQ, NO, RQG,, or isomerization reactions,
like ISOPOOH (GH1003) and IEPOX (GH1003), could was assessed both computationally with the assistance of
conceivably also produce some MVK and MACR and there-MCM simulations and experimentally by empirical observa-
fore represent an additional source term. For example, théion of the effects of varying the reaction conditions on the
MCM suggests that photolysis of ISOPOOH can lead toresults. The H@ and) RO, concentrations modeled by the
ISOPO and hence MVK and MACR, although the modeled MCM, in conjunction with the upper limit of NO concentra-
contribution of ISOPOOH photolysis is 1% of the com-  tion based on measurement, were used to calculate the contri-
bined production rate of MVK and MACR in Experiment #1. bution of each pathway to the fate of ISOPOO in each exper-
As one test of the data against the possibility of additionaliment. The results are presented in Table 3. For Experiment
production by secondary sources (photolysis and otherwise)#1, the modeled concentrations of bi&nd>» RO, were 540
experiments were conducted for halved (#2; 1.9 h) and douppt and 17 ppt, respectively, and the measured NO was below
bled (#3; 7.4 h) chamber residence times relative to Experithe detection limit (70 ppt), resulting in a calculated contribu-
ment #1. As expected, for an increase (decrease) in chambéion of > 93 % from the HQ pathway,< 6 % from the NO
residence time, the steady-state concentration of isoprene dgathway, and 1% for the RCand isomerization pathways.
creased (increased) while those of its oxidation products in-The calculated contribution from the HGathway repre-
creased (decreased). The MVK and MACR yields were ex-sents a lower limit because as a stringency test the calcu-
pected to remain constant only in the absence of significantation used an upper limit for the NO concentration (70 ppt).
secondary production. That is, significant secondary producActual NO concentration was likely lower because of titra-
tion would lead to non-linearity in the yields with respect to tion by HO,, perhaps on order of 3 ppt based on the MCM
residence time. For halving the residence time (Experimentmodel simulation or 14 ppt based on inversion analysis (cf.
#2, Table 1; Fig. 3a), however, these changes in concentratio8ect. 3.4).
left the yield unchanged compared to Experiment #1. Dou- The titration of NO by HQ was verified experimentally. A
bling the residence time (Experiment #3, Table 1; Fig. 3a) didflow of 0.5 ppb NO was introduced with the chamber inflow
increase the MVK and MACR vyields. Therefore, secondaryfor the same experimental conditions as Experiment #1. No
processes seemed to produce significant quantities of MVKchange was observed in the NO signal (below detection limit)
and MACR only forz > 3.7 h, and shorter residence times or the PTR signals for major product ions (Fig. S5). The
such as in Experiment #1 produced yields representative oNOx concentration increased as expected, implying that NO
first-generation products. was titrated by excess HQo produce NQ. This observa-

tion is consistent with the MCM simulations, which suggest

a steady-state NO concentration of 6 ppt in the presence of an
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Table 3. Modeled relative importance of competing reaction pathways for Experiments #1 to #7.

Mixing ratios Reaction rates with Contribution by
(ppt) ISOPOO (102 s~1)® pathway (%)

NOD  HOP Y ROP NO HO, RO, ISOM NO HO, RO, ISOM

#1 <70 541 17 15 23 0.1 02 <6 93 0.3 0.8
#2 <70 532 23 15 23 0.1 02 <6 93 0.4 0.8
#3 <70 540 13 15 23 0.1 0.2 <6 93 0.2 0.8
#4 <70 354 25 15 15 0.1 02 <9 89 0.7 1.2
#5 <70 795 12 15 34 0.1 02 <4 95 0.1 0.6
#6 <70 500 35 15 21 0.2 0.2 <7 92 0.7 0.9
#7 910 28 25 20 1.2 0.1 0.2 93 6 0.5 0.9

@ value measured by NQanalyzer, which had a detection limit of 70 ppt.

@ value simulated using MCM v3.2 for the employed reaction conditions.

(3 Reaction rate coefficients of ISOPOO used herex818~12 cm3 molec 1 s~1 for NO and 1.74< 10~11 cm3 molec ! s~1 for HO,

(Atkinson et al., 2006). A single effective reaction rate coefficient with value ok1.8~12 cmd molec1 s=1 was used for the Rfamily.

This value represents the average reaction rate coefficient of the ISOROO isomers weighted by their respective branching ratios in MCM
v3.2. The isomerization rate coefficient measured experimentally (0:092y Crounse et al. (2011) was used. A higher contribution of
isomerization pathway (4 % for Experiment #1) was expected using the rate coefficient predicted by Peeters and Mulié}) (2010).

inflow NO concentration of 0.5 ppb. Another line of evidence increased the MVK and MACR vyields (Experiment #4, Ta-
is that the nitrate-containing ion observed in the highyNO ble 1).
experiment (Experiment #7), which was the protonated ion Experiment #6 was designed as a further empirical test
of peroxyacetyl nitrate (8H4NOs™) (Hansel and Wisthaler, of the importance of the ROpathway relative to the HD
2000), was absent in all other experiments (Fig. S6). pathway. Doubling the isoprene inflow concentration in Ex-
The accuracy of the foregoing modeling analysis, repre-periment #6 increased the steady-state concentration of RO
sented by Table 3, is subject to the uncertainties of the ki{cf. Table 3), yet the MVK and MACR yields did not increase
netic scheme of MCM v3.2 as well as pathways not included(Fig. 3c), supporting the conclusion that the R@athway
in the scheme, such as possible unaccounted-for wall loswas not significant in Experiment #1.
rates or photolysis rates of reactive intermediates, principally Two other possible reaction pathways of ISOPOO include
ISOPOO. Experiments #4 to #6 were designed to supplewall collisions (i.e., leading to possible depositional loss or
ment the modeling analysis by providing empirical verifica- heterogeneous reaction) and photolysis. McMurry and Gros-
tion that there was no significant contribution to Experimentjean (1985) provided a formulation to estimate the lifetime
#1 from pathways other than HO of gas-phase species in a chamber against wall collisions. For
Experiments #4 and #5 employed halved and doubledhe experimental conditions of the present study, the estimate
H,05 inflow concentrations, respectively, thereby changingwas on order 19s. By comparison, the lifetime of ISOPOO
the steady-state concentration of H(af. Table 3). As rep- against HQ was 5s for the conditions of Experiment #1,
resented in the MCM (v3.2), the yields of MVK and MACR suggesting that wall collisions were at most of minor impor-
are 41.5% and 26.5 % via the NO pathway and 35.5 % andance for the fate of ISOPOO.
24.5% via the R@ pathway, and the respective yields are  Although the absorption spectrum of ISOPOO radicals
predicted as 16 % and 9% via the isomerization pathwayis not known specifically, oxygen-substituted organic per-
(Peeters and Muller, 2010). The observed yields in the-HO oxy radicals typically absorb across the range 200 to 300 nm
dominant experiments in the present study were much lowe(Lightfoot et al., 1992; Wallington et al., 1992). By compar-
than expected yields from any of the other pathways. Henceison, the employed lamps had negligible photo emission for
in the case that other pathways significantly competed withwavelengths shorter than 310 nm. The data analysis therefore
HO,, the MVK and MACR yields would have increased (de- omits a photolysis channel. Even so, a caveat is that there is
creased) with a decrease (increase) of th®Hand hence at least one case, represented by thgCid)CHOO radi-
HO; concentrations. As shown in Fig. 3b, doubling thelH cal, for which absorption above 300 nm was reported (Cox et
concentration (Experiment #5, Table 1) did not decrease thal., 1990).
yield compared with Experiment #1, implying that pathways The results of the high-NOexperiment (#7) also pro-
other than the H®channel were not important for Experi- vide evidence that wall collisions and photolysis were unim-
ments #1 and #5. These other channels did start to have goortant for the fate of ISOPOO. The yieldsvk,no and
influence when the FD- concentration was halved, which Ymacr,No agreed with those reported in the literature for
a wide range of reaction conditions (cf. Sect. 3.5). This
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agreement suggests an absence in Experiment #7 of signif-
icant ISOPOO wall collisions or photolysis. The lifetime of
ISOPOO against NO (0.9 ppb) was 5s for Experiment #7.
Because the lifetime of ISOPOO against #for Experiment

#1 was also 5s, the logical inference is that wall collisions
and photolysis were also unimportant fates of ISOPOO in
that experiment.

Yield (%)

3.4 Best estimate foYmvk,Ho , and Yuacr,Ho,

m observed Yk observed Yyacr
The MCM simulations and empirical experiments both sup- 14 —— optimized Yk optimized Yyacr

port qualitatively that there was a dominant contribution of -~ - optimized Yyyknop -~ - optimized Yyacr oz

T T T T
0 500 1000 1500 2000 2500
HO, (ppt)

HO, pathway to the fate of ISOPOO for Experiment #1
(Sect. 3.3). The present section provides a quantitative as-
sessment of the possible effects of minor contributions from

other pathways and the best estimate ivikHo, and  Fig. 4 Optimization ofYyyk Ho, andYuacr Ho, Using the yield

YmacrHo,- The focus of the analysis is on the competing gata of MVK and MACR according to Eq. (6).

NO pathway, established in Sect. 3.3 as the most significant

pathway competing with H®for the conditions of the ex-

periments. where knot+Ho, IS the reaction rate coefficient of NO and
The possible minor contribution of the NO pathway to HO,. Combining Egs. (4) and (5), we have:

the yields of MVK and MACR in the H@-dominant exper- ) 3

iments was estimated by constructing a kinetic model hav-YMVK — Yumvk HO <1+ k ) (6)

ing branching ratiogno, andéno for the fate of ISOPOO 2 [Hoz]gs

with HO2 and NO, respectively, and then applying a fit of the 2\ 1

model to the observed yields from the three experiments us- +Ymvkno | 1+ [HO2lss

ing various KO, concentrations. The model is constructed ' k'

as follows. In the case that MVK was produced only by HO L L

and NO reactions/yvk = Ymvk,Ho, £HO, + YMvkNo Eno.  Wherek’ = kHO’:?rslzgggiN%TSOz' There is an analogous equa-

For the case of ISOPOO loss only by these reactions, theéion (not shown) to Eq. (6) fo¥macr.

branching ratios can be expanded, and the observed yield Regarding Eq. (6), known terms includgyk no as de-

Ymvk of MVKis then as follows: termined in the high-NQ experiment (#7)Yuvk that was

measured, and [Hfssthat was simulated by the MCM (Ta-

ble 3). Unknown terms ar&wvk Ho, andk’. Experiments

#1, #4, and #5 represent three realizations of Eq. (6). Simi-

larly, there are three realizations fBiacr,Ho, andk’. Over-

all, there are therefore six statements of equality and three

An analogous equation exists f&uacr. Terms in Eq. (4)  termsYmvk,Ho,, YMACRHO,, andk’. These terms were nu-

include the yieldsYmvk,no and Ymvk,no, of MVK for merically optimized by the Levenberg—Marquardt algorithm

the NO and HQ pathways, the reaction rates coefficients so as to minimize the sum-of-the-square of differences of the

kno+isorPoo and kHo,+isopoo Of ISOPOO with NO and  equality statements of the six realizations. Uncertainty esti-

HO,, and the steady-state concentratifi®]ssand[HO]ss mates (2) in Ymvk,Ho,, YMACR,HO,, andk’ were obtained

of NO and HG. by a Monte Carlo method of sampling from the uncertain-
Any NO contamination in the chamber was taken to haveties in the input parameters and reevaluating the values of

a zero-order source terkg,no independent of reactions con- the optimized parameters (Fig. S7). An uncertainty of 30 %

ditions. For instance, there can be NO present in the inflomvas used for the simulated H@oncentrations based on the

air (i.e., what passes through the pure air generator), or NQuncertainties in the reaction rate constants of the dominant

can diffuse from the outside chamber environment throughsource and sink of H®

the walls of the Teflon bag into the reaction zone. Because The fits after numerical optimization are shown in Fig. 4

NO was produced slowly but reacted quickly with the excessfor Eq. (6) compared to the data. Optimized values are as

HO,, we invoke the steady-state approximation and write:  follows: Ymvk Ho, = (3.8+ 1.3) % andYvacr,Ho, = (2.5+

0.9) %. The steady-state NO concentrations, corresponding
0= ko,No — kno+HO,[NOlsd HO2]ss () to the obtainedk’ value (7.53%10° ppf), were 2133

1472, and 93 ppt for the conditions of half, reference, and
double B0, respectively. For these results, Eg. (6) implies

¢ = YivkHO, kno,+1sopodHO2]ss 4)
"% kHo,+1soPod HO2]ss+ kno+isopod NOlss
kno+1sopodNO]ss
kno,+1sopodHO2]ss+ kno+isopod NOlss

Ymv

+YMmvK,NO
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Fig. 5. Comparison of the MVK and MACR yields from ISOP photo-oxidation in this study with those in earlier studies for conditions
described in those studies as “low NCGnd “high NOy” (bar) and with those of R@ HO,, or NO pathways represented in MCM (line).

The inset triangle diagram represents environmental factors that can affect the dominant reaction pathways of isoprene-derived ISOPOQO
radicals in the atmosphere and in the laboratory studies. The isomerization pathway is not included due to its small contribution in most
laboratory studies, although it could be important in remote atmospheric conditions. Cited studies: Tuazon and Atkinson (1990), Miyoshi et
al. (1994), Paulson et al. (1992), Benkelberg et al. (2000), Ruppert and Becker (2000), Sprengnether et al. (2002), Lee et al. (2005), Karl et
al. (2006), and Navarro et al. (2011). The modeled ratio 0RO, is 0.1 and 1 in Navarro (2011) Exp a and Exp b, respectively.

that the branching ratios of ISOPOO to the H&nd NO  son et al., 1992; Miyoshi et al., 1994; Ruppert and Becker,
pathways are 0.97 and 0.03, respectively, for Experiment #12000; Benkelberg et al., 2000; Sprengnether et al., 2002; Lee
et al., 2005; Karl et al., 2006; Paulot et al., 2009; Navarro et
3.5 Comparison with the literature al., 2011; Crounse et al., 2011). Figure 5 shows a comparison
of the yields of MACR and MVK via the H@and NO path-
Laboratory studies investigating isoprene oxidation chem-way quantified in this study to the yields reported in earlier
istry generally have been categorized as either “high:N® ~ “low-NOy” and “high-NO,” experimental studies and also
“low-NOy” experiments (Tuazon and Atkinson, 1990; Paul- the yields represented in the MCM. The yields of MVK and
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MACR via the NO pathway quantified in the NO-dominant 3.6 Organic hydroperoxides and epoxides
experiments are in good agreement with the yields reported
in earlier “high-NQ,” experiments and also the yields used Changes in the signal intensities o§lz™, C4H50™, and
in the MCM for the NO pathway. C4HgNO,™ ions produced using the NOreagent ion are
The yields of MVK and MACR reported herein for the shown in Fig. 6 for stepwise decreases in trap temperature
HO, pathway are 60—90 % lower than the yields reported infrom +25 to —40°C. Results are shown for Experiments
other “low-NQ;” experiments (Miyoshi et al., 1994; Rup- #1 and #7, representing H@ominant and NO-dominant
pert and Becker, 2000; Benkelberg et al., 2000; Lee et al.conditions, respectively. The ion intensities plotted in Fig. 6
2005; Navarro et al., 2011). Several factors may contribute tanominally represent ISOP, MACR, and MVK: the data show
this difference. For all of the cited literature studies, theRO that in the H@-dominant experiments additional species
pathway was expected to have a significant or even dominantontributed to these ions for trap temperatures warmer than
contribution to the ISOPOO chemistry because initial iso- —30°C. The more general formulas8sNO,™ is therefore
prene concentrations of 1 to 100 ppm were used, compared tosed in place of gHgO'NO™ because specific formulas of
the < 0.1 ppm concentrations of the present study. Miyoshithe additional species are not known.
et al. (1994) found that the yields of MVK and MACR in- The signal intensity for the £Hg™ ion did not depend on
creased for higher isoprene 8, ratios, an experimental trap temperature for either dominant oxidation pathway. The
parameter which regulated the ratio of R0 HO,. Navarro  implication is that there was no chemical interference for iso-
et al. (2011) observed that the yields of MVK and MACR prene detection via thesElg™ ion. Likewise, the signal in-
dropped as the ratio of HOto RO; increased from 0.1 to  tensities of the gHsO™ and GHgNO,™ ions did not depend
1. Higher yields of MVK and MACR are expected from the on temperature for the NO-dominant experiments, implying
RO, pathway than from the HOpathway according to cur- that these ions represented the instrument response to MACR
rently accepted mechanisms, including the MCM (Fig. 5). and MVK in those experiments. By comparison, the signal
Hence, these findings suggest that both the Bl the HQ intensities of the nominal fHs01 and GHgNO>1 ions de-
channels contributed to the observed MVK and MACR pro- pended strongly on temperature from 0+®&0°C in the
duction in these “low-N@’ experiments. Another issue for HO,-dominant experiments, implying the presence of other
some “low-NQ,” studies is that the background NO concen- molecular products that were removed at low temperature.
tration was typically not well measured, e.g. 100 ppb of  The signal intensities were independent of temperature from
NOy reported in the study by Ruppert and Becker (2000).—30 to—40°C, meaning that the interference products were
NOx and HONO off-gassing have been observed in manyfully removed from the gas phase at the trap temperature be-
chamber systems (Carter et al., 2005; Rohrer et al., 2005). Inow —30°C and hence the f£s0" and GHgNO,™ ions
jection of HO2 could also increase the measured,Nével at —40°C represented the instrument response to MACR
in the reactor depending on the concentration of nitrogen im-and MVK. Temperature-dependent patterns of signal inten-
purities in the HO, solution, as found in the present study. sity using the HO' reagent ions (Fig. S8) were similar to
An unaccounted contribution from the background NO in the results shown in Fig. 6 for the NQreagent ions.
the earlier “low-NQ” experiments, therefore, could be an-  For the HQ-dominant experiments, the signal intensities
other reason for the higher reported yields. The present studgf the GHs0" and GHgNO,™ ions were stable at tempera-
achieved low NO concentrations (verified experimentally to tures warmer thanTC. As the trap temperature cooled below
be below the detection limit of 70 ppt and inverse modeled0°C, the signal intensities first decreased and then returned
as 10 to 20 ppt) by use of a high-purity,8> solution, of a  to the original level. This dip-recovery behavior suggests ad-
chamber bag never exposed to high concentrations gf NO sorption on the cold inner walls of the trap coil followed by
and operation in a CMFR configuration. thermodynamic equilibration between partial and vapor pres-
Paulot et al. (2009) probed the H@athway using ppb- sures with time. As the trap temperature decreased further,
level isoprene concentrations and negative chemical ionizathe dip in signal intensity increased and the rate of recov-
tion mass spectrometry (CIMS). A combined yield of MVK ery decreased, consistent with a longer approach to equilib-
and MACR was reported because the CIMS instrument didrium for decreased vapor pressures at lower temperatures.
not separately measure isomeric MVK and MACR. This For —30°C, recovery was no longer observed, suggesting
yield was (12t 12) % via the HQ pathway, with the large that the surface uptake process transitioned from adsorption
uncertainty dependent on an initial amount of Ni@ the  to condensation.
chamber (Paulot et al., 2009). The result of the present study, With high plausibility, the condensing species can
(6.3+2.1) % for the combined yield of MVK and MACR, is be inferred to be a mixture of organic hydroperoxides
consistent with the yield range of that study. (ISOPOOH) and possibly epoxides (IEPOX) based on their
physical properties and the dominant chemical pathways.
There are two lines of evidence. (1) The condensing species
were absent for the NO-dominant experiments, implying that
the condensing products were produced exclusively by the
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Signal:  —— CgHy™ — = CHO" CJHNO,” fpllowing the procedure of Zhang et gl. (2912). The ioniza-
5 — —— tion ofﬁ-IEPQX mf':unly led to @H7O+_ ions in I—_t;OJr mode
< 20 HO,-dominant NO-dominant and GHgO™ ions in NOF mode, which are different from
S o 1 the product ions of MVK and MACR. Under the assump-
g 204 | tion of similar fragmentation patterns for all the isomers of
g \—\_ IEPOX, the conclusion is that IEPOX was not the condensing
= 407 = = = — ' = = = species that contributed to the samgz ratio as the MVK
300 B PRI g e S b g0 and MACR ions.
— Because no ISOPOOH standards were available, tert-
é s vt butyl hydroperoxide (M=@gH1003) was instead tested
= 2001-,,.,,.‘,“‘.,,,,_ T as a proxy compound. The main product ions included
s 1 it e r v v o (M-(OOH))*, (MH-(OH)-(CHg))*, and (MH-(HO))* in
100 L T the KO mode. For the NO® mode, (M-(OOH)} and
L RN (M*NO-(OH)-(CHz))* were observed. As presented in Re-
0 . . —T . . . . action (R4), the production of (MIO-(OH)-(CHs))™in the
0 100 200 300 4000 50 _ 100 150 200 NO* mode might be due to a loss ofacarbon and an -OH
Time (min) Time (min)

from the -OOH group to produce a carbonyl compound upon

Fig. 6. Time series of (top) trap temperature and (bottom) signal"€action with NO". A similar pathway can produce (MH-
intensities of GHg™ (m/z 69.0654), GH5O™ (m/z 69.0335), and  (OH)-(CHg))™ in H3O* mode. Under the supposition that
C4HgNO5> T ions (n/z 100.0393). These ions nominally represent Similar chemical processes can occur for M=1SOPOOH,
ISOP, MACR, and MVK, respectively, when using the N@agent  the product ions are identical to those produced by MVK
ion (cf. Fig. S8 for KO™). Results are shown both for BOand ~ and MACR in the PTR-TOF-MS analysis (Reactions R5 and
NO-dominant conditions (Experiments #1 and #7). R6). A further line of evidence in favor of hydroperoxides
is the variation of signal intensities with chamber residence
time (cf. Fig. S9). The equivalent concentrations of the in-
HO, pathway. ISOPOOH (§H1003) and IEPOX (GH1003) terference for MVK and MACR (defined as the difference
are oxidation products formed exclusively by the H@ath-  in the concentrations of MVK and MACR quantified at the
way. Paulot et al. (2009) reported a yield sf70% for trap temperature of 258C and those at-40°C) were higher
ISOPOOH from the reaction of HG- ISOPOO and a yield for shorter residence times, suggesting that the contributing
of > 75% for IEPOX from further oxidation of ISOPOOH compounds are first-generation products, i.e., hydroperox-

by OH. (2) The condensing species had lower volatilitiesides rather than epoxides.
than MVK and MACR because neither MVK nor MACR

condensed at-40°C (Table 2). Compared with MVK and NO* .
MACR, the ISOPOOH and IEPOX species have multiple —> [ %0 NO
functional groups as well as an additional carbon atom. Cor- 0-4-OH

respondingly, their vapor pressures are lower than MVK and  ¢(.c,1,00H C;H,0-NO*

MACR (Pankow and Asher, 2008).

The expected PTR-MS product ions of ISOPOOH and HO-$-O
IEPOX assuming no fragmentation were not observed in the NO* .
chamber air using either3®™ or NO" reagent ions. There- )J\/ - NO
fore, either thermal decomposition in the instrumenty@)

. e OH

or fragmentation following ionization occurred to these two .
compounds in both modes. A set of experiments was car- ISOPBOOH C4HeO-NO

ried out to investigate how the operating parameters of the

PTR-TOF-MS might influence the fragmentation or the de- . NO*
composition of the species that had condensed in the low- oH

temperature trap. The results are included in the Supplement
The conclusion of the analysis is that ionization processes are
the better explanation than thermal decomposition.

To further assess whether ISOPOOH and IEPOX can frag- 0-$-OH
ment to ions at the same/z ratio as the product ions
of MVK and MACR, the fragmentation patterns for proxy
compounds or authentic standards were tesgetEPOX
(cf. Fig. S2), which is the most abundant IEPOX isomer pro-
duced from isoprene (Paulot et al., 2009), was synthesized

ISOPDOOH

(R4)

(RS)

(R6)
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4 Conclusions and atmospheric implications production, according to Reaction (R1b). Therefore, the

MVK and MACR yields via the HQ pathway imply a con-
Photo-oxidation experiments of isoprene were conducted ircomitant yield of hydroxyl radical from Reaction (R1b) of
a steady-state chamber for BH@ominant and NO-dominant (6.3+ 2.1) %. The total OH yield from Reaction (R1b) could
conditions. The concentrations of ISOP, MVK, and MACR in be higher because only recycling of ISOPBOO and ISOP-
the chamber were measured with a PTR-TOF-MS equippedOO are evaluated here. This value is consistent with the
with switchable HOT and NO" reagent ion capacities. study of Taraborrelli et al. (2012) which constrained the OH
The use of NO allowed separate quantification of isomeric yield from Reaction (R1b) to< 15 %. Reactions (R2) and
MVK and MACR, which was not possible usingsB* (R3), which are subsequent to Reaction (R1b), producg HO
alone. For both the §0™ and NO" modes, some other ox- at a yield of (6.3 2.1) % of the ISOPOO and HOnitially
idation products produced under the H@ominant condi- reacted. Therefore, the HQecycling by the channel inves-
tions fragmented to ions having the samg; ratios as the tigated in the present study is (12:61.2) %, given that OH
product ions of MVK and MACR. and HQO are both reactant and products.

These results have implications for the use of PTR-MS A growing body of observational evidence suggests sig-
instruments to elucidate isoprene chemistry in clean atmonificant discrepancies in modeled and measured OH con-
spheric environments, which are typically characterized bycentrations in atmospheric environments having high iso-
high HO, : NO concentration ratios (i.e., favoring the IO  prene emissions and high HONO ratios (e.g., Lelieveld et
dominant pathway) (Fig. 5). The4&870" ions in HRO™ al., 2008; Stone et al., 2011). An OH-recycling channel for
mode have been exclusively attributed to MVK and MACR the reaction of ISOPOO and HB(Reaction R1b) was pro-
(de Gouw and Warneke, 2007; Blake et al., 2009). The reposed to explain the discrepancy. Recycling of 200—-300 %
sults of the present study, showing interference compound®©H radicals (i.e., amplification) was needed to close the gap
for the HG-dominant conditions, indicate that analytical er- between model predictions and atmospheric measurements
rors may occur. The interference compounds, plausibly atover the coastal Amazon rainforest (Lelieveld et al., 2008;
tributable to organic hydroperoxides, have low volatility and Butler et al., 2008) as well as in a Southeast Asian rainforest
were removed by adding a low-temperature trag@°C) in (Stone et al., 2011). Therefore, the present study’s result of
the sampling line prior to the PTR-TOF-MS. (12.6+4.2) % recycling of HQ is insufficient to close the

With respect to the yields of MVK and MACR, a steady- gap. Not all possible OH-recycling mechanisms for isoprene
state approach was used in this study’s analysis (Eq. 2)photo-oxidation are considered here, however (Peeters et al.,
This approach was validated by the good agreement be2009; Crounse et al., 2011). Furthermore, a recent report on
tween the yields measured under highsNénditions and  instrumental issues suggests that the gap between actual and
those reported in the literature. For the low-NEnditions  modeled OH concentrations may not be as large as originally
of the present study, both kinetic modeling and inferentialreported in some studies (Mao et al., 2012).
experimental evidence were consistent with the,H@th-
way as the dominant fate of ISOPOO. Small contributions
from other pathways to the measured MVK and MACR Supplementary material related to this article is
yields were assessed using experimental data, resulting in @vailable online at: http://www.atmos-chem-phys.net/13/
yield for MVK of (3.8+1.3)% and a yield for MACR of 5715/2013/acp-13-5715-2013-supplement.pdf
(2.5+ 0.9) % for isoprene photo-oxidation via the Hath-
way for the present study.

These reported yields for the H@athway are 60 to 90 %
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