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Abstract. Hydroxyl radicals (OH) are the most important tributed to an isomerization reaction of MACR-1-OH-2-O0
reagent for the oxidation of trace gases in the atmosphereand MACR-2-OH-2-O0 formed in the MACR + OH reaction
OH concentrations measured during recent field campaignas suggested in the literatu@rpunse et al]2012). This fast

in isoprene-rich environments were unexpectedly large. Aisomerization reaction would be a competitor to the reaction
number of studies showed that unimolecular reactions of orof this RGQ, species with a minimum of 150 pptv NO. The
ganic peroxy radicals (Rf) formed in the initial reaction isomerization reaction would be the dominant reaction path-
step of isoprene with OH play an important role for the OH way for this specific R@ radical in forested regions, where
budget in the atmosphere at low mixing ratios of nitrogen NO mixing ratios are typically much smaller.

monoxide (NO) of less than 100 pptv. It has also been sug-
gested that similar reactions potentially play an important
role for RG, from other compounds. Here, we investigate
the oxidation of methacrolein (MACR), one major oxidation 1 Introduction

product of isoprene, by OH in experiments in the simula-

tion chamber SAPHIR under controlled atmospheric condi-!Soprene (2-methyl-1,3-butadiene) is the most abundant non-
tions. The experiments show that measured OH concentraMethane hydrocarbon emitted by the biosphere and predom-
tions are approximately 50 % larger than calculated by thehantly removed by oxidation with atmospheric hydroxyl
Master Chemical Mechanism (MCM) for conditions of the radicals (OH) Guenther et al.2019. Unexpectedly large
experiments (NO mixing ratio of 90 pptv). The analysis of OH concentrations that cannot be explained by the current
the OH budget reveals an OH source that is not accounted fdfnowledge of atmospheric chemistry have been found in sev-
in MCM, which is correlated with the production rate of RO €ral field campaignsQarslaw et al.2001; Tan et al, 2001,
radicals from MACR. In order to balance the measured OHKUhN et al, 2007 Ren et al. 2008 Lelieveld et al, 2008
destruction rate, 0.77 OH radicalso(Zerror: +0.31) need Hofzumahaus et 812009 Lu et al, 2012 2013 Stone et al.

to be additionally reformed from each reaction of OH with 2010 Whalley et al, 2011 Wolfe et al, 2011 for high loads
MACR. The strong correlation of the missing OH source of OH reactants (often dominated by isoprene) and low con-
with the production of R@ radicals is consistent with the Centrations of nitrogen monoxide (NO). As a potential ex-
concept of OH formation from unimolecular isomerization Planation for the high OH concentrations, reformation of OH
and decomposition reactions of ROrhe comparison of ob- radicals from unimolecular reactions of organic peroxy radi-
servations with model calculations gives a lower limit of cals (RQ) that result from the reaction of isoprene with OH

0.03s'! for the reaction rate constant if the OH source is at- 12 been suggesteldeters et 312009 Peeters and Muller
201Q da Silva et al.2010. The proposed reactions involve
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1,5-H- and 1,6-H-shift reactions followed by decomposition 2 Methods
of specific isoprene RQisomers and compete with the well-
known OH reformation via reaction of HOwith NO. This 2.1 Simulation experiment in SAPHIR
reaction scheme has been applied in order to explain high
levels of OH radicals, using reaction rate constants that wer&xperiments were conducted in the atmosphere simulation
derived from quantum chemical calculatiof®eéters et gl.  chamber SAPHIR in Julich, Germany. The chamber allows
2009 Taraborrelli et al.2012. A laboratory study investi- for the investigation of the photochemical oxidation of or-
gated the product yields of the proposed reacti@r®nse ganic compounds at atmospheric conditions with respect to
et al, 2011, Wolfe et al, 2012, and direct OH measure- temperature, pressure, radiation, and concentrations of trace
ments in experiments in the atmosphere simulation chambegases and radicals. Experiments for this study were similar
SAPHIR gave evidence for OH regeneration from isopreneto those that were performed to investigate the oxidation of
RO, without involvement of NOFuchs et al.2013. Results  isoprene by OHFuchs et al.2013.
from these experimental studies are consistent with the RO The outdoor SAPHIR chamber is made of a double-wall
isomerization reaction scheme, but also showed that isomerteflon (FEP) film of cylindrical shape (length 18 m, diame-
ization reaction rate constants are smaller than those calcuer 5m, volume 270 1). Details of the chamber can be found
lated byPeeters and Mullef2010. Thus, OH regeneration elsewhereRohrer et al.2005 Bohn et al, 2005 Schlosser
from isoprene peroxy radicals alone cannot explain elevateet al, 2009. It is equipped with a shutter system which can
OH concentrations found in field campaigns. Therefore, thebe opened to expose the chamber air to natural sunlight. The
guestion arises of whether unimolecular R@actions from  FEP film has a high transmittance for the entire spectrum of
the oxidation products of isoprene may also enhance atmasolar radiation Bohn et al, 2005. Slight overpressure pre-
spheric OH. vents leakage of ambient air into the chamber. The cham-
Methacrolein (2-methylpropenal) is one of the major first- ber air is mixed from evaporated liquid nitrogen and oxygen
generation products of the gas-phase oxidation of isoprenef highest purity (Linde, purity> 99.99990 %). During all
by OH with a yield of approximately 20-30% for atmo- experiments reported here, a fan ensured fast mixing of the
spheric conditionsTuazon and Atkinsgn199Q Galloway  chamber air (mixing timez 2 min). Replenishment of cham-
et al, 201Z% Liu et al, 2013. Methacrolein (MACR) is fur-  ber air, which is lost due to small leakages and consumption
ther oxidized by OH in the atmosphere, producing hydroxy- by instruments, leads to a dilution of trace gases at a rate of
acetone, methylglyoxal, and formaldehyd&a{loway et al. approximately 4 % ht.
2011). Similar unimolecular reactions of RCas for iso- The chamber experiments aimed to simulate conditions
prene, which may produce additional OH, have also beerlike those found during several field experimerits ét al,
suggested for MACRReeters et 2009 Crounse et al. 2012 2013 in which unexpectedly large OH concentrations
2012 Asatryan et al.201Q da Silvg 2012. Recently, the  were measured. At the beginning of the experiment, the dark
product distribution from the MACR plus OH reaction for chamber only contained clean synthetic air. The water vapour
various NO concentrations has been investigated in a laboramixing ratio was increased by flushing water vapour from
tory study accompanied by quantum chemical calculationsboiling Milli-Q ® water into the chamber in the dark un-
(Crounse et al.2012. The authors of that study inferred til the relative humidity reached approximately 80 %. Then
a new reaction pathway in which hydroxyacetone is formedthe shutter system was opened to expose the chamber to
independently of the level of NO. This would be consistent sunlight. Ozone produced from a silent discharge ozonizer
with a fast unimolecular R@reaction, because hydroxyace- (O30nia) was added, resulting in a mixing ratio of approx-
tone has so far only been known as a product of the reactiofimately 50 ppbv. The initial phase (“ZA") with zero air, wa-
of RO, with NO. The new reaction path is attributed to a 1,4- ter vapour, and ozone had a total duration of 2 h. Thereafter,
H-shift isomerization reaction with concurrent reformation MACR was injected several times, increasing the mixing ra-
of OH confirmed by isotopic measurements reported in thetio by 7 ppbv each time. The maximum mixing ratio was
work by Crounse et al(2012. 14 ppbv. The experiment was performed three times in a sim-
Here, we present the investigation of the photooxidationilar way (Tablel). On 11 August 2011 OH production rates
of MACR by OH at controlled atmospheric conditions in from photolysis were highest and a large number of instru-
the simulation chamber SAPHIR in the presence of approxi-ments was available. Therefore, time series and model calcu-
mately 90 pptv NO. Measurements allow for a detailed anal-lations from this experiment are shown here. Experiments on
ysis of the OH budget. Recently proposed reaction pathwayshe other two days give similar results and are included in the
are tested by comparing time series of measurements withnalysis of the OH budget.
model calculations. The major primary source for OH in the chamber is pho-
tolysis of nitrous acid (HONO), which is released from the
Teflon film depending on temperature, relative humidity, and
strength of radiationRohrer et al.2005. HONO photoly-
sis is also the major source of nitrogen oxides. In addition,
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Table 1.Experimental conditions of the MACR oxidation experiments. Maximum values are given for MACR, and averaged values are given
for the part of the experiment when MACR was present for the other parameters.

MACR OH NOx NO O3 RH j(NOy T Date
ppbv. 1Fcm™3 ppbv pptv ppbv % 103s1 K
14 2.5 0.8 90 40 40 4 301 11 Aug 2011
7 3.5 0.7 60 50 30 4 308 29 Aug 2012
9 35 0.6 70 40 45 4.5 302 6 Sep 2012

Table 2. Instrumentation for radical and trace gas detection during the MACR oxidation experiments.

Time 1o lo

Technique/instrument resolution precision  accuracy

OH DOAS? (Dorn et al, 1995 205s 08x 108cm™3 6.5%
Hausmann et 811997 Schlosser et 312007

OH LIFP 47s 03x10°cm=3 13%
(Luetal, 2012

HOp, RO,  LIFP 47s  15x 10" cm3 16 %
(Fuchs et al.2011)

k(OH) Laser photolysis + LIE 180s 03s! o05s?
(Lou etal, 2010

NO Chemiluminescence 180s 4 pptv 5%
(Rohrer and Briiningl992

NO» Chemiluminescence 180s 2 pptv 5%
(Rohrer and Briiningl992

O3 Chemiluminescence 180s 60 pptv 5%
(Ridley et al, 1992

MACR PTR-TOF-MS 30s 15 pptv 14%
(Lindinger et al, 1998 Jordan et a).2009

HONO LOPAM 300s 1.3 pptv 10%
(Haseler et a).2009

HCHO Hantzsch monitor 120s 20 pptv 5%
(Kelly and Fortung1994

CH3CHO PTR-TOF-MS 30s 50 pptv 15%
(Lindinger et al, 1998 Jordan et a).2009

PAN GC® 600s 25 pptv 10%
(Volz-Thomas et a).2002

MPAN GC® 600s 25 pptv 20%
(Volz-Thomas et a.2002

Photolysis ~ Spectroradiometer 60s 10% 10%

frequencies Bohn et al, 2005

2 Differential optical absorption spectroscopy.

b Laser-induced fluorescence.

¢ Proton-transfer-reaction time-of-flight mass spectrometry.
d Long-path absorption photometer.

€ Gas chromatography.

acetaldehyde and formaldehyde are formed with a rate otlean air when the chamber roof was opened. They were
approximately 200 pptvh' during these experiments. The partly formed by photolytic processes. This is evident from
OH reactivity is of the order of (1-2)4 in the absence of reference experiments with CO, in which the Readical
additional OH reactants, which can be partly explained byconcentrations persisted even though OH was completely
the presence of NO, N formaldehyde (HCHO), and ac- scavenged by excess CO, and so ho R@duction is ex-
etaldehyde (CHCHO). RG radicals of approximately (1— pected from the reaction of OH with organic compounds.
2) x 108 cm~2 were immediately formed in the humidified Sources of trace gases and radicals can be well parameterized
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from reference experiments, but except for the production ofchemiluminescence instruments, and nitrous acid with
HONO they played only a minor role for the experiments af- a long-path absorption photometer (LOPAP). During one of

ter MACR had been injected. the experiments, two peroxyacy! nitrates — PAN and MPAN
— which serve as reservoirs for peroxy radicals and nitrogen

2.2 Instrumentation oxides during MACR oxidation, were detected via gas chro-
matography (GC).

Trace gas and radical concentrations were measured using

instruments listed in Tabl2. A laser-induced fluorescence 2.3 Model calculations

instrument (LIF) was used to measure OH, H@nd RQ

concentrations simultaneously in three parallel measuremenfime series of measurements were compared to calculations
cells. RQ and HGQ are detected via their conversion to OH using the Master Chemical Mechanism version 3.2 (MCM)
involving reactions with NO. The signal of the H@etec-  (Jenkin et al. 1997 Saunders et 312003, available atttp:

tion includes a small fraction of specific R@pecies, which  //mcm.leeds.ac.uk/MCMThroughout the paper “MCM” de-
can be partly converted to OH on the same timesdalelfs  notes the mechanism in its current version, 3.2. The MCM
et al, 201)). Instrument parameters were optimized to mini- provides near-explicit mechanisms of the atmospheric degra-
mize this interference. For RQvhere conversion to OH re- dation of organic compounds. In addition to the chemistry
quires more than two reactions with NO (e.g. acyl peroxy from the MCM, chamber-specific properties were included
radicals), the conversion efficiency is assumed to be low bein the model calculations. Dilution of trace gases due to the
cause of the short residence time between NO addition andeplenishment of zero air was modelled from monitored rates
OH detection in the instrumerf(chs et a].2008. The mea-  of the dilution flow. The dependence of source strengths for
sured detection efficiency for MACR-derived R@ similar HONO, HCHO, and CHCHO on radiation, relative humid-

to that of methyl peroxy radicals (i.e. they are converted toity, and temperature were taken from parameterizations de-
OH on the relevant timescales). scribed earlier Rohrer et al. 2005 Karl et al, 2006. The

OH was also detected by a differential optical absorp-source strengths were scaled in order to match formation of
tion spectrometer (DOAS) during two of the three experi- NOx, HCHO, and CHCHO during the zero-air part of the
ments. As previously shown, measurements of both instruexperiment. The part of the OH reactivity (approximately
ments (LIF and DOAS) usually agreed within their uncer- 1s-1) which could not be explained by the presence of mea-
tainties during experiments in SAPHIR that were performedsured OH reactants was treated as an OH reactant of constant
for the investigation of the oxidation of various organic com- concentration, which converts OH to H@ke CO does. The
pounds including MACR%chlosser et 312007, 2009 Fuchs  value of this “background” OH reactivity was determined
et al, 2012. This indicates that OH measurements were notfrom the measured OH reactivity at the start of the experi-
affected by unknown interferences. ment (dark chamber), when only zero air and water vapour

During the experiment on 11 August 2011, the OH mea-was present. Also, Rradicals were formed in the sunlit
surements by DOAS were 0<30° cm~3 lower than those chamber from unknown sources. A photolytic R€burce
measured by means of LIF; such a difference was not obwas implemented in the model, which was similarly parame-
served in other experiments investigating MACR oxidation terized as the empirical functions for the HONO and HCHO
(Fuchs et al.2012. For the analysis of data from 11 August sources. Test experiments with only humidified zero air in
2011 in Fig.2 and5, we chose the DOAS data, which are re- the chamber showed that R@me series can be well de-
garded to be an absolute measurement referé®cigidsser  scribed by this procedure. Effects on measurements during
et al, 2009. VOC oxidation experiments are small.

The chemical lifetime of OH was measured applying The model was constrained by measurements of temper-
a combination of (1) flash photolysis producing OH by ozoneature, pressure, calculated dilution rates, measured water
photolysis at 266 nm in a reaction cell under slow-flow con- vapour mixing ratios, and photolysis frequencies forJINO
ditions and (2) time-resolved detection of OH by LIEFo( HCHO, 3, MACR, and HONO. Photolysis frequencies and
et al, 2010. The evaluation of the pseudo-first-order de- relative humidity constrained the calculated chamber sources
cays directly gives the rate coefficient of the OH loss (OH for HONO, HCHO, and CHCHO. Photolysis frequencies
reactivity) or inverse OH lifetime. OH regeneration from that were not measured were first calculated by a MCM (ver-
subsequent chemistry can disturb measureméwts ¢t al, sion 3.1) function for clear-sky conditions and then scaled
2010, but was not observed during these experiments, beby the ratio of the measured and calculated,Nsbotoly-
cause OH was regenerated from Rfadicals on a much sis frequencies to account for reductions of the solar radia-
longer timescale (see below) compared to the timescale ofion by clouds and the transmission of the Teflon film. Con-
the OH decay in the instrument. strained parameters were re-initialized on a 1 min time grid.

Organic compounds were measured with a proton-The injection of trace gases §OMACR) was modelled as
transfer-reaction time-of-flight mass spectrometry instru-sources which were turned on for the time of the injection.
ment (PTR-TOF-MS), nitrogen oxides and ozone with The source strength for ozone was adjusted to match the
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measured concentrations right after the injection, and that foffable 3. Chemical structure of MACR and products from its oxida-

MACR was adjusted to match the change in the measuredion with OH. Acronyms are taken from the MCM.

OH reactivity. Otherwise, trace gas concentrations were cal-

culated by the model.
Modelled HGQ concentrations presented here are the sum \O

pf caIcuIated_HQ and a fraction of specific Rthat is an MACR (methacrolein) W]/\

interference in the HOY measurements HOmeasurements

(named H@ in Lu et al.(2012), and thus measurements can S(\
N

be compared to calculations. Model calculations taking RO
conversion efficiency from characterization experiments of
the instrument suggest that the contribution of this interfer-

. . MACRO2

ence to the entire HOdetection was less than 5 % for these
experiments, most of which is caused by Rtom MACR. ©0—o0
Calculated R@ concentrations that are shown in the follow- N
ing only include those R@species that are efficiently con- MACROHO2 OH °
verted to OH in the R@ measurement channel of the LIF
instrument. /l‘ﬁ(o

\O

MACO3 o
3 Results and discussion w(\OH
3.1 Time series of trace gas concentrations ACETOL (hydroxyacetone) o
o

Once the humidified clean air is exposed to sunlight, HONO O\)k
is formed on the chamber walls. Its photolysis increases the MGLYOX (methylglyoxal) AN
concentrations of N©Qand OH (Fig.1). During this ini- o
tial phase of the experiment, the OH reactivity is only ap- /[K/o
proximately 1s1, and so maximum OH concentrations of HYPERACET (hydroperoxyacetone) “oH
1 x 10’ cm2 are reached (OH concentrations in Figare p
scaled by a factor of 0.5 during this part of the experi- L om)k
ment). MACR injections increase the OH reactivity to up to 0? o~
13.5s1, and as a result OH concentrations drop to (1-1.5) MPAN (peroxy methacryloy! nitrate) o

x 108 cm~3. The maximum MACR mixing ratio after the last o

injection is 14 ppbv. OH dominantly reacts with MACR dur- /,L\ o

ing the entire experiment (e.g. 14 ppbv MACR corresponds o7 o \H/

to an OH reactivity of 10!). Reaction of OH with MACR PAN (peroxyacetyl nitrate) °

initiates a reaction chain that producesnd HQ, which

includes reactions with NO, and as a result;Rihd HOQ

concentrations increase in the presence of MACR. Similarly,

concentrations of radical reservoir species peroxyacetyl ni-

trate and peroxy methacryloyl nitrate, PAN and MPAN (Ta- model during the experiment, supporting that OH concentra-

ble3), increase after each MACR injection. These species ardions in the chamber are indeed larger than calculated. The

products of the reaction of acyl peroxy radicals with NO overprediction of MACR would change the OH reactivity by

MPAN and PAN are thermally unstabl®¢berts and Bert- only 10-15%. This change in the modelled reactivity is not

man 1992, and thus a thermal equilibrium is established. significant.

Because PAN is also formed from acetaldehyde in the sun- The decay of measured MACR concentrations can be used

lit chamber, the PAN mixing ratio starts increasing beforeto calculate average OH concentrations following the ap-

MACR is injected. The NO concentration is nearly constantproach described bPoppe et al(2007). In this approach,

over the course of the experiment, with a mixing ratio of ap- the difference of MACR concentrations between two injec-

proximately 90 pptv. tions is related to the average OH concentrations taking the
Model calculations applying MCM give OH concentra- degradation of MACR by OH and the dilution in the cham-

tions, which are approximately 50 % lower than measure-ber into account. The average OH concentrations required to

ments during the MACR oxidation part of the experiment explain the observed MACR decays are& 40P, 2.5 x 10°,

(Fig. 1). The increasing difference between measured andind 14 x 10° cm~2 between the first and second, second and

modelled MACR indicates that less MACR is oxidized in the third, and after the third MACR injection, respectively. This

+
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Figure 1. Measured and modelled time series of MAGROH), PAN, MPAN, RQ, HO,, OH, and NO for the experiment on 11 August
2011. OH concentrations prior to the addition of MACR (“ZA’, “8Q are scaled by a factor of 0.5. Model calculations applying MCM
underestimate OH concentrations. Measured and modelleddd@centrations include a small fraction of R@dicals, which show up as
an interference in the Hfdetection (less than 5% of the entire concentration), Riical concentrations shown here do not include the
class of acyl peroxy radicals, which cannot be detected by the instrument.

is again consistent with larger measured OH concentration8.2 OH budget analysis
compared to the modelled OH concentrations.

The reaction of OH with MACR produces three RO The underprediction of the OH concentration in the model
species (MCM names: MACRO2, MACROHO2, MACO3; could be caused either by an overestimation of the OH loss or
Table 3). Measured R@ radical concentrations are repro- by an underestimation of the OH production. The relatively
duced by model calculations. Acyl peroxy radicals like good agreement of the measured OH reactivity with model
MACO3 are detected by the LIF instrument with low sen- calculations (Figl) indicates that an OH source is missing
sitivity (see above). However, the good model-measuremenin the model. The missing production rate can be analysed
agreement of MPAN and PAN mixing ratios, which are by a model-independent approach by comparing the OH pro-
formed from MACO3, indicates that model calculations re- duction and destruction rates of known processiszuma-
produce MACO3 concentrations. The shape of the temporahaus et al.2009. Primary OH sources in the chamber arg O
behaviour of MPAN mixing ratios is determined by the ther- and HONO photolysis. Furthermore, OH is produced from
mal equilibrium between MPAN and MACO3, forcing the radical recycling via the reaction of HQvith NO:
fast build up of MPAN after each methacrolein injection. At

1
later times, the concentration of MPAN declines as the pro-O3 + /v — O('D) + Oz, (R1)
duction of MACO3 from MACR decreases. H@oncentra-  O(!D) + H,0O — OH + OH, (R2)
tions are slightly underestimated, but the difference is W'th'nHONO+ hv — OH+ NO, (R3)

the uncertainty of measurements (TaBle
In general, the description of radical species by the MCM HO2 +NO — OH+NO;. (R4)

during the part of the experiment before OH reactants areAII three contributions to the OH production can be calcu-

injected into the chamber is expected to be less accurate b?_ . . L
cause (1) the OH reactivity is mostly caused by unknown ated using only experimental data. Also, the OH reactivity
nd the OH concentration were measured so that the OH

species and (2) radical sources and sinks are not well define(?;estruction rate can be calculated. Fiaarshows time se-
After the initial phase of the experiment, the OH reactiv- . -9

ity is dominated by MACR. Under these conditions, a much ries of the OH produc'gon (summed up as_coloured areas)
) and of the OH destruction rate for the experiment on 11 Au-
better model-measurement agreement is expected, because

chamber-specific properties like the low OH reactivity from gust 2011. Before MACR is injected to the chamber air, the

unknown species do not play a role any longer. This can b OH production is balanced by its destruction, as expected

T . ) . Sor a short-lived species like OH under steady-state condi-
seen in similar experiments in which CO or butene was the . : -
. tions. However, during the MACR oxidation part of the ex-
dominant OH reactant. A model-measurement agreement for ~ . . .
. . .y . . : eriment, the calculated OH destruction rate is on average
radical species within 30% is achieved in these reference . . ; .
: . . wice as high as the sum of OH production from radical recy-
experiments, which are performed on a regular basis in the,. : .
chamber cling via the HGQ + NO reaction and @and HONO photol-

ysis. As discussed below, potential OH production from the

Atmos. Chem. Phys., 14, 7895908 2014 www.atmos-chem-phys.net/14/7895/2014/
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' ' ' channel missing in the MCM mechanism. The slope of the

0o

< ' za 1% 0dd MACR 2™ odd MACR! 39 odd MACR) ' k <

3 B HOz+NO : : 1 correlation would be the amount of OH that is additionally
&6 E Octhy ! ! ] produced from each RQradical. A weighted linear fit with

~ 1 O k(;OH)"[OIH] o ' Lo ] a fixed zero offset gives a value of/7 £ 0.31. Here, the &

% Lo ' °°o P @ :o°°° ] uncertainty of£0.31 is determined by theclaccuracy of

s A iocpo &% * Qp:o OOQ measurements that are included in both coordinates of the
o | | | ) correlation (Fig.3), giving an uncertainty of the slope of ap-

o 1 1 1 Lo} .

€ oL ! : proximately+40 %.

2 [ This additional reaction channel competes with the reac-
g ok ( tion of RO, with NO, which finally also regenerates OH, and

the reaction of R@with HO,, which is a radical termination

08:00  10:00  12:00  14:00 reaction forming peroxides (ROOH):

time (UTC)
Figure 2. OH budget for the experiment on 11 August 2011. Black RO, +NO —~ RO+NO;, (RS)
circles give the turnover of the OH destruction rate calculated from RO, + HO2 — ROOH, (R6)

measured OH concentrations (DOAS) and the measured OH reaRQ,(+7?) — OH+ products (R7)
tivity. Coloured areas sum up the OH production from sources that
can be calculated from measurements. OH production from the reReaction R7) could be either a unimolecular reaction or
action of acyl peroxy radicals with HOs negligible here (see dis- could involve a reaction parther whose concentration is
cussion). Because of the short lifetime of OH, the production andhigh|y correlated with the R@production. The calculated
destruction rates are expected to be equal at all times. The grey argge|d of 0,77+ 0.31 OH from each R@radical needed to
denotes the difference between calculated destruction and produgsgge the OH budget can be regarded as the fractional contri-
tion rate. Whereas the OH budget is closed befqre the injectic_)n Ofoution of ReactionR7) to the RQ loss. The large value in-
MQEE ( Z.A)’.On average half of the OH source is r.n'sse.d during dicates that this reaction channel is an important pathway for
oxidation. HQ measurements and calculations include a .. . L .
small interference from specific Rdsee text for details). conditions of these experlmgnts (NO mixing ratios less than
100 pptv and H@ concentrations less than6108 cm~3).

reaction of HQ with RO, would be low. The grey shaded 3.3 Modifications of the MACR oxidation scheme
area in Fig2 indicates the additional OH production from an
unknown source that is needed to balance the OH destruction’

(“missing OH source”). Apparently, the missing OH source A |arge discrepancy between measured and modelled OH
is linked with the degradation of MACR by OH. concentrations has been observed in several field campaigns.
In the following, the data from all experiments are collec- | order to explain the high OH concentrations in some field
tively analysed to determine the missing OH source. This iscampaigns, a generic recycling of OH radicals by a con-
justified because conditions of the experiments were siMistant amount of an unknown compound, X, was assumed that

lar (Table1). The time-resolved missing OH source shows \yqoy|d convert peroxy radicals to OH like NO does, but with-

considerable variability over the course of all experiments,q,t accompanying ozone productioHafzumahaus et al.
but no significant trend with time is seen in the data (Big. 2009 Lu et al, 2012 2013:

upper panel). This indicates that the additional OH is most
likely not produced from longer-lived first-generation or- ROz +X — HO, (R8)
ganic products of the MACR oxidation such as hydroxyace-HO, + X — OH. (R9)
tone. These products would accumulate over the course of
the experiment because they are less reactive towards ORifferent amounts of X (in units of NO equivalents) were
(Butkovskaya et a).2006). Therefore, increasing OH pro- required: Pearl River delta, 800 pptiA¢fzumahaus et al.
duction would be expected if an additional OH were pro- 2009 Lu et al, 2012; Beijing, 400 pptv Lu et al, 2013;
duced from these species_ and Borneo, 700 ppt\X/(IhaIIey et al,201]) The nature ofX,
Part of the variability of the time series of the missing OH however, remained unclear, and thus this mechanism could
production rate is caused by the variability of the produc-0nly serve as an empirical description. Recently, generic OH
tion rate of RQ formed in the reaction of MACR with OH  recycling was also applied in order to describe fast OH regen-
(Fig. 3). Here, the R production rate is calculated from eration from isoprene oxidation by OH in experiments in the
measured OH and MACR concentrations assuming that evSAPHIR chamberfuchs et al.2013. A constant NO equiv-
ery reaction of OH with MACR yields one RQadical. Plot- ~ alent of 100 pptv was required in this case. It was shown that
ting the missing OH production rate against the;R@ma-  the effect of a generic OH recycling by X had the same ef-
tion rate (Fig.3) reveals a clear correlation between both val- féct as OH production from Rfradical isomerization and
ues. This suggests that OH is formed from amR€action ~ decomposition reactions.

3.1 Generic OH recycling with X
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reaction with @ (MCM: MACRO?2). OH addition to the
internal carbon atom is less likely (yield MCM: 8 %) and
forms a different R@ radical after reaction with §(MCM:
MACROHO2). H abstraction from the CHO group of MACR
leads to the formation of an acyl peroxy radical after reaction
with O2 (MCM: MACOZ3, yield 45 %; Fig.6).

Recent work has shown that the yield of OH from the reac-
tion of HO, with acyl peroxy radicals like MACO3 could be
- : ) larger than previously thoughD{llon and Crowley 2008
3 4 5 6 Taraborrelli et al. 2012). The chemical model used in this

At (MACR injection) / h work, MCM, assumes an OH yield of 0.44 for the reaction of

A j T 3 HO, with MACQO3, whereas a yield 0£0.7 was found for
Eno MACR| slope: 0.77 | . . .
3 accuracy: £0.3 S the simplest acyl peroxy radical GBOgs (Dillon and Crow-
R: 0.65 ‘ e : ley, 2008 GroR 2014. Although the qualitative behaviour
3 . of the missing OH source would be consistent with a larger
OH vyield from the reaction of HOwith MACOS3 or other
acyl peroxy radicals (Fig3), the turnover rates of these reac-

E : tions are too low to significantly increase the OH production
‘ A rate. Doubling of the OH yield from the reaction of MACO3
1——— 1 Bk . E with HO, would increase the OH production rate by less than

0 1 2 3 4 0.1 ppbv i1 and from the reaction of CH£Osz with HO»
p(RO,) / ppbv/h less than 0.05ppbvt, much lower than the missing OH
production rate.

Quantum chemical calculations showed that,R€mer-
ization with subsequent decomposition could lead to fast

OH (lower panel). Grey dots give individual data points with statis- OH regeneration from R@)rom isoprene via 1,5-H-shift
tical errors for all three experiments (Table 1); boxes show 25 and®" 1,6-H-shift isomerization with subsequent decomQOSItlon
75% percentiles and whiskers 10 and 90 % percentiles. The valu@f the products Reeters et 31.2009 Peeters and Muller

of the linear correlation coefficient & = 0.65 shows the good cor- 2010 da Silva et al.2010. Similar reaction schemes have
relation between the ROproduction from MACR and the missing  a@lso been proposed for MACR¢eters et 812009 Crounse
OH source. The slope of a weighted linear fit (black line) suggestset al, 2012 Asatryan et al.201Q da Silvg 2012. A 1,5-

it
e
mlnmm Wl

Ap(OH) / ppbv/h

L |

Ap(OH) / ppbv/h

F==1 -

Figure 3. Scatter plot of the missing OH source £(OH)) and
(2) the time that has elapsed since the first MACR injection (upper.
panel) and (2) production of RCfrom the reaction of MACR and

that on average 0.77 OH radicals are recycled from R® condi- H shift for MACRO2 with subsequent decomposition would
tions of these experiments. The error of 0.3 is calculated from th%roduce methylglyoxal, formaldehyde, and OH. A rate con-
accuracy of measurements. stant of less than 0.008% at 303K has been calculated

(Peeters et 312009 Crounse et al.2012. Because addi-
tional OH from this isomerization reaction applies only for
Generic OH recycling by X is also tested for MACR oxi- one RGQ isomer (MACROZ2) from the OH MACR reac-

dation experiments here in order to see whether this empirition and the rate constant is relatively low, the calculated
cal mechanism can also describe observations like shown faamount of additional OH produced from this isomerization
isoprene oxidation experiments. In fact, all observations in-channel is rather low. Time series of modelled radical and
cluding those of OH and MACR can be reproduced if the trace gas concentrations are shown in Hidor this case,
mixing ratio of X is assumed to be equivalent to 50 pptv NO and Fig.5 displays the ratio of measured to modelled OH
(Figs.4 and5). This amount of X is only half of what was concentrations. The 1,5-H shift only slightly improves the
found for isoprene oxidation for similar conditionsuchs  model-measurement agreement.
et al, 2013, and is approximately 10 times lower compared In addition to the 1,5-H shift of MACRO2, a much
to the amount of X that was needed to explain the abovefaster 1,4-H shift for MACRO2 and a fast 1,5-H shift

mentioned field observations. for MACROHO2 with an isomerization rate constant of
(0.5+0.3)s ! at 296K for both reactions have been sug-
3.3.2 RO isomerization reactions gested Crounse et al2012. The 1,5-H shift of the aldehyde

H atom in MACROHOZ2 would produce hydroperoxyacetone
The reaction of OH with MACR either leads to OH addi- (MCM: HYPERACET; Table3), CO, and HQ. The 1,4-H
tion to the G=C double bond or H abstraction from the CHO shift of MACRO2 would lead to the formation of hydroxy-
group (Tuazon and Atkinson199Q Orlando et al. 1999. acetone, CO, and OHKCfounse et al2012 (Fig. 6). A labo-
OH adds dominantly to the external olefinic carbon atomratory study Crounse et a).2012 has shown that hydrox-
(yield MCM: 47 %; Fig. 6), forming an RQ radical after  yacetone concentrations which were measured in MACR
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Figure 4. Measured and modelled time series of MAGROH), PAN, MPAN, RG, HO,, OH, and NO for the experiment on 11 August

2011. OH prior to the addition of MACR is scaled by a factor of 0.5. Different model runs were performed applying the MCM, the MCM
with two additional RQ isomerization reaction schemes (case A and B; see Tajsdend MCM with additional generic OH recycling (“X”)

with an NO equivalent of 50 pptv. Only calculated hydroxyacetone concentrations are shown, because hydroxyacetone was not measurec
during experiments.
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Figure 5. Ratio of measured (DOAS) to modelled OH concentrations for the four parts of the experiment on 11 August 2011 applying
different model approaches: MCM, MCM with additional generic OH recycling (“X”), and MCM with additionaliR@merization schemes

(case A and B; see Tab%#. The grey shaded area gives the range of agreement of modelled and calculated OH concentrations that is achieved
in reference experiments.

oxidation experiments with low NO concentrations are muchthe 1,4-H shift. Also, the branching ratio of the 1,5-H shift
larger than expected. According to the studydmpunse etal. for MACROHO2 would be 95 % if the reaction rate constant
(2012, this result is consistent with the fast production of were similarly high as suggested. Figdrehows time series
hydroxyacetone in the 1,4-H-shift isomerization channel ofof concentrations and Ficd the ratio of measured to mod-
MACROZ2. Application of a temperature dependence as sugelled OH concentrations (case B) if both the 1,4-H shift of
gested in the literatureCfounse et aJ.2012) yields a rate MACROZ2 and the 1,5-H shift of MACROHO?2 are included.
constant of 0.66 at the temperature during the experi- All observations, especially OH concentrations, are matched
ment on 11 August 2011 (301 K). For conditions of this ex- in this case. Most of the additional OH is formed by the 1,4-
periment, more than 95 % of the MACRO2 would undergo H-shift reaction of MACROZ2. At the end of the experiment,
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<0.7 OH + products

ROOH MPAN
<1%[+HO, +HO, NO,
MACQO3uNO
HCHO
+MACR, 65%\\35%
+NO.
OH CH3(CO)O 4> PAN

+N K +NO *HO,
Hozss/o H3O2 <O.7 OH + products

IR
CH300H

yield: 47% yield: 45%

Figure 6. Schematics of radical recycling from the reaction of MACR with OH taken from MCM (black arrows) showing the reactions
which were of importance for conditions of these experiments. H-atom abstraction of the CHO group in MACR leads to the formation of an
acyl peroxy radical (MACO3: yield 45 %), whereas OH addition to theGCdouble bond forms two hydroxyalkoxy radical isomers gRO
MACRO?2, yield 47 %, and MACROHO?2, yield 8 % (not shown here)). Green arrows indicate the 1,4-H-shift reaction of MACRO25e

et al, 2012 (the less important 1,5-H shift is not shown here). Branching ratios are given for conditions of the experiment on 11 August
2011 (NO= 90 pptv, HQ =5 x 108cm3, 7 =301 K) if the fast unimolecular reaction is included.

the isomerization mechanism is expected to increase the hyby the yields of MACRO2 and MACROHO?2 from the re-
droxyacetone mixing ratio by 1.5 ppbv compared to MCM action of MACR with OH. This implies that the isomer-
calculations (Fig4). ization reaction is much faster than all other reaction of
For conditions of these experiments, the ozone productioMACRO2 and MACROHO2 for conditions of the experi-
rate is only a little less<€ 10 %) when the model modifi- ment. Our OH vyield of 0.77 for each OH radical consumed
cation including the R@isomerization reactions is applied by MACR (Fig. 3) is larger than the yield of 0.55 predicted
compared to the base-case MCM model run. This can be sedny the model calculation if MACRO2 and MACROHO?2 is
in the small changes in the NO mixing ratio and peroxy radi- completely converted to OH in the isomerization reaction.
cal concentrations. The missing contribution of MACROZ2 to This is, however, not a contradiction considering the relative
the ozone production when isomerization of MACRO?2 is the large uncertainty of£0.3 (1o) of our experimental value and
dominant pathway is partly balanced by the faster productiorthe uncertainty of the model. Thus, our SAPHIR experiments
of other RQ radicals such as G, which contribute to the  presented in this work do not allow an upper limit of the 1,4-
ozone production due to the enhanced OH level. For the samB-shift isomerization rate constant to be determined.
reason, the ratio of N®to-NO mixing ratios also does not In addition to thermal decomposition of RCanother re-
change much< 15 %) between the two models. action scheme has been proposed from quantum-chemical
Model calculations with variation of the 1,4-H-shift iso- calculationsda Silvg 2012 Asatryan et a].2010. This sug-
merization rate constant were performed to estimate theyests that the vibrationally excited adduct of MACR and OH
sensitivity of calculated OH concentrations for experimentsreacts with Q@ on a similar timescale as collisional deacti-
here. Decreasing the isomerization rate to a value, for whichvation of the adduct takes place. As a consequence, approxi-
the median of the difference between measured and modelleahately 20 % of the MACR—OH adduct would react with O
OH has a maximum value of 30 % (the agreement that is exand form “double-activated” RQradicals, which can then
pected from reference experiments), gives a lower limit of thedecomposeda Silva 2012). Decomposition of the double-
rate constant constant of 0.03!sn this case, the MACRO2 activated RG would lead to the formation of either methyl-
isomerization reaction would regenerate 50 % of the OH rad-glyoxal, formaldehyde, and OH or hydroxyacetone, CO, and
icals that were consumed in the MACR+OH reaction to pro- OH. In the result, this mechanism is equivalent to the 1,4-
duce MACRO2. This result is independent of the choice ofand 1,5-H-shift isomerization reactions (Tad)eand would
OH data from either the DOAS or the LIF instrument, be- be equivalent to a maximum isomerization rate constant of
cause the lower limit is determined by the slightly lower OH 0.007 51 in order to yield a branching ratio of maximum
concentrations measured by means of DOAS compared t@0 % for conditions of these experiments. As shown above,
LIF (see above). In contrast, modelled OH concentrations arenore than 50 % of MACRO2 needs to immediately regen-
insensitive to a reaction rate constant larger than suggested ierate OH in order to explain our observations, much larger
the literature Crounse et al.2012. In this case, MACRO2 than the 20 % yield of double-activated RT herefore, this
and also MACROHOZ2 radicals nearly exclusively undergo mechanism alone is not sufficient to bring calculations and
isomerization for conditions of this experiment (F&). The measurements into agreement. Nevertheless, part of the dis-
yield of OH regenerated by isomerization becomes limitedcrepancy could be potentially due to the decomposition of
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Table 4. Modification of MCM oxidation scheme for MACR. The “X” mechanism adds generic recycling of OH via reaction of peroxy
radicals with a compound, X, which behaves like NO. The two cases efi&ibnerization produces additional OH via RBomerization
with subsequent decomposition of the products.

Reaction Rate constant Reference
X RO, + X — HO, 2.7 x 10712exp360K/T) s cm®  Hofzumahaus et a{2009
HO, + X — OH 345x 10~ 12exp270K/T) s~ em®
ROy isom. A MACRO2-=>MSMM MG YOX + OH 4+ HCHO 0.0085!  Peeters et a[2009
ROyisom. B MACRO2:HSM AcETOL 4 OH4-CO 29 107 exp(—5300K/T)s1  Crounse et a2012
MACRO2 225 151 vOX + OH + HCHO 0.001851
MACROHO2 23S |y bERACET+ CO+ HO, 0551

“double-activated” RQ, because it is not possible to distin- and measurements. Model calculations are consistent with
guish between both mechanisms in our experiments. the observations within the expected agreement if the re-
The 1,4-H-shift isomerization rate constant that is re-action rate constant for the 1,4-H shift of the R@Bomer
quired to explain observations from MACRO2 isomeriza- MACRO?2 is faster than 0.03$. In this case, at least 50 %
tion (> 0.03s%) is equivalent to the reaction of MACRO2 of MACRO2 undergoes the 1,4-H-shift reaction instead of
with more than 150 pptv NO. This value is larger than the reacting with NO or H@ as assumed in the MCM. Thus,
amount of X that is needed to describe measured OH concerthe 1,4-H-shift reaction is a competitor to the reaction of
trations in the “X” mechanism (see above). In the X mech- MACRO2 with 150 pptv NO or even higher NO mixing ra-
anism 50 pptv X is equivalent to an additional RIOss rate  tios using the rate constant Brounse et al(2012.
of 0.01s 1. However, in the X mechanism, additional OHis A yield of 0.77+0.31 for additionally produced OH is
recycled by all R@ species, with the result that the overall found from the OH budget analysis in these experiments. For
impact is larger than that from MACRO2 alone. Therefore, unimolecular RQ reactions of MACRO2 and MACROHO2
the 1,4-H-shift isomerization rate constant cannot be directlyas suggested b@€rounse et al(2012, 0.55 additional OH
compared to the loss rate of MACRO2 with X in the X mech- can be explained. This value is comparable to the overall
anism. yield of OH from unimolecular R@reactions produced from
isoprene-derived REX38-45 %) for similar conditions as in-
ferred byFuchs et al(2013. However, the impact of these
4 Summary and conclusions reaction pathways is less for MACR compared to isoprene
for two reasons: (1) typical MACR mixing ratios are smaller
Measured OH concentrations during MACR oxidation exper-compared to isoprene, because MACR is a product of iso-
iments in the atmosphere simulation chamber SAPHIR argprene degradation with a yield of less than 30G@(oway
underestimated by the MCM by approximately 50% (NO et al, 2011); (2) its reaction rate constant with OH is 3.5
mixing ratios approximately 90 pptv; H@oncentrations ap- times lower, and so the MACR oxidation rate and therefore
proximately 5x 10° cm~3 and T = 301 K). The analysis of the production rate of MACR derived RQs lower; and (3)
the OH budget reveals that an additional OH source is rethe total OH production from R@isomerization reactions is
quired to balance the measured OH destruction rate. Expefimited by the yield of MACRO2 and MACROHO2.
iments allow for the overall strength of the OH source to be During field campaigns in the Amazon rainforest when un-
constrained regardless of the exact chemical mechanism th&xpectedly large OH was found, isoprene was the dominant
is responsible for the OH production. OH reactant. Measurements of the sum of methyl-vinyl ke-
Production of OH from unimolecular isomerization and tone (MVK) and MACR also indicate substantial amounts of
decomposition reactions of R@adicals Peeters et3l2009 ~ MACR (Kubistin et al, 2010. Assuming that at most half
Crounse et a).2012 Asatryan et al.201Q da Silvg 2012  of the measured MVK- MACR concentration was MACR,
and the decomposition of double-activated R@satryan ~ MACR mixing ratios were only 20% of the mixing ratio
et al, 201Q da Silvg 2012 give the same products. These of isoprene when the largest discrepancy between measured
mechanisms produce OH from R@vithout reactions with ~ and predicted OH was foundK(bistin et al, 2010. Given
NO, consistent with observations here. However, only thethe smaller reaction rate constant of MACR with OH, the
1,4-H shift Crounse et al.2012 is fast enough to bring contribution of additional OH from MACR oxidation was
observations and calculations into agreement, whereas thgignificant, but most likely much smaller compared to that
1,5-H shift and decomposition of double-activated,RDly from isoprene. Because additional OH production from iso-
slightly improves the agreement between model calculationgrene alone can only explain a smaller part of the entire gap
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between measured and predicted Giddhs et a.2013, the MACR + OH master equation, J. Phys. Chem. A, 116, 5317-
contribution of additional OH from MACR derived RQs 5324, d0i10.1021/jp303806W2012.

most likely not large enough to close the remaining gap. Dur-da Silva, G., Graham, C., and Wang, Z.-F.: Unimolecyfar
ing field measurements in China, MACR oxidation played hydroxyperoxy radical decomposition with OH recycling in the
only a minor role Lou et al, 2010; therefore the impact of photochemlc_al oxidation of isoprene, Environ. Sci. Technol., 44,
additional OH recycling from MACR-derived RQOs rather ~_ 250-256, doiL0.1021/es900924@010. .
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spheric conditions with low NO concentrations. doi:10.5194/acp-8-4877-2008008.
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