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Abstract. Photolysis is shown to be a major sink for and model estimations must rely on analogies with struc-
isoprene-derived carbonyl nitrates, which constitute an im-turally similar compounds for which those parameters are
portant component of the total organic nitrate pool over veg-known from experiment. In the case of multifunctional or-
etated areas. Empirical evidence from published laboratonganic compounds, it is common practice even in the most de-
studies on the absorption cross sections and photolysis ratdailed chemical mechanismSgunders et 3l2003 Capouet
of a-nitrooxy ketones suggests that the presence of the niet al, 2008 to treat each functionality independently of the
trate group (i) greatly enhances the absorption cross sectionsther functional groups, i.e. the total photorate is calculated
and (i) facilitates dissociation to a point that the photolysis as a sum of independent contributions. Exceptions are pro-
quantum vyield is close to unity, with O—NQ@lissociation as  vided by the cases af-dicarbonyls, for which both cross
a likely major channel. On this basis, we provide new recom-section and quantum yield data are availaBitkinson et al,
mendations for estimating the cross sections and photolysi2006 Sander et al2011), andx-nitrooxy ketones, for which
rates of carbonyl nitrates. The newly estimated photo ratesross sections were measured Rgberts and Fajef1989
are validated using a chemical box model against measuredndBarnes et al(1993. In both cases, interactions between
temporal profiles of carbonyl nitrates in an isoprene oxida-the two neighbouring functional groups appear to strongly
tion experiment by Paulot et al. (2009). The comparisons forenhance the absorption cross sections. A similar effect is ex-
ethanal nitrate and for the sum of methacrolein- and methybpected for-nitrooxy aldehydes, but is not taken into account
vinyl ketone nitrates strongly supports our assumptions ofin models due to a lack of data.
large cross-section enhancements and a near-unit quantum Regarding the photodissociation quantum yields of car-
yield for these compounds. These findings have significanbonyl nitrates, quite arbitrary assumptions are currently made
atmospheric implications: the photorates of key carbonyl ni-in chemical mechanismssaunders et gl2003 Xie et al,
trates from isoprene are estimated to be typically betweer2013 resulting in potentially large errors in the photoly-
~ 3 and 20 times higher than their sink due to reaction withsis rates and product distributions. The difficulty resides in
OH in relevant atmospheric conditions. Moreover, since thethe large disparity between the quantum yield of monofunc-
reaction is expected to release N@hotolysis is especially tional nitrates, usually assumed to be unity, independent of
effective in depleting the total organic nitrate pool. wavelength, and the quantum yield of carbonyls, which is
very variable between different compounds and frequently
very low at atmospherically relevant wavelengths (i.e. above
) ca. 310nm) Atkinson et al, 200§. However, recent pho-
1 Introduction torate measurements of severatitrooxy ketones in the lab-
oratory Suarez-Bertoa et aR012) appear to imply near-unit

Photolysis is recognized as a significant atmospheric Sinkquantum yields for these compounds, and cast new light on

If)r meSt oxyger;ated corg}poundsl gﬁnerateq in the Ox'zafhe photodissociation process. Note that near-unit quantum
lon of prominént non-methane volalile organic compoundsy;q|q jn the photolysis of bifunctional carbonyls is not a nov-

such as ISOprene. _Hc_Jwever, direct laboratory measuremen ty in itself: recent theoretical workPgeters et 312009
of the photodissociation parameters are most often lacking,
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Table 1. Isoprene-derived carbonyl nitrates considered in this Thea-nitrooxy carbonyls MVKNO3 and MACRNOS3 are

study. major second-generation nitrates formed in the oxidation of
isoprene by OH, primarily through the OH- and Oxida-
Formula Notation tion of the 8-hydroxy-nitrates from isoprene (ISOPBO2 and
nitrooxy ketones ISOPDO2 in MCMv3.2). HMVKANO3 is a comparatively
CH3COCH,(ONO,) NOA more minor nitrooxy ketoneRaulot et al.2009. NC4CHO
CH3COCH(ONG)CH,0H MVKNO3 is a first-generation nitrate generated in the oxidation of iso-
CH3COCH(OH)CHONO, HMVKANO3 prene by NQ. ¢-Nitrooxy acetone (NOA) is likely the most

abundant individual carbonyl nitrat®¢aver et al. 2012,

nitrooxy aldehydes due to its relatively long photochemical lifetime and because

OCHCH(ON NO3CH,CHO o . . .
OCHC%f—Q)(ng)OZ)CHZOH MA%:RI\?O3 it is produced (as a second- or third-generation product) in
both the OH- and N@initiated oxidation of isopreneXie
nitrooxy enal etal, 2013.

OCHCH=C(CHz)CH,ONO,  NCACHO In current mechanisms, low quantum yields are generally

assumed for carbonyl nitrates 0.3 above 310 nm for NOA
in MCMv3.2), and NOA is often used as model compound
Peeters and Muller2010 confirmed by laboratory experi- for most a-nitrooxy carbonyls (including the aldehyde ni-
ments Wolfe et al, 2012 has shown that isoprene-derived trates), despite the much higher cross sections of (monofunc-
hydroperoxy enals (HPALDs) photodissociate with a quan-tional) aldehydes compared to ketones in the atmospherically
tum yield of unity, i.e. more than two orders of magnitude relevant wavelength rangéitkinson et al, 2006. As a re-
higher than in the photolysis of monofunctional enones andsult, the role of photolysis is very likely strongly underesti-
enals such as methacrolein (MACR). mated in models for those compounds. An improved assess-
Furthermore, photolysis was shown (theoretically and ex-ment of this role is the main purpose of this study.
perimentally) to result in the breakup of the weakly bonded New recommendations for the estimation of the cross sec-
—OOH function and formation of OH radical. This example tions and photolysis quantum yields of carbonyl nitrates are
demonstrates that photon absorption by one chromophore ipresented in the next sections, based on the available ev-
a multifunctional compound might cause rearrangement angdence. A detailed isoprene oxidation mechanism largely
dissociation in another part of the same molecule that is in dased on MCMv3.2 is used in Sedtto evaluate the impact
sufficiently weakly bonded functional group. of the new photorate estimation against the observed tem-
Examples of such groups are the hydroperoxide andoral evolution of products in the isoprene oxidation experi-
peracid groups, but also — of relevance here — the nitrooxyment at high NQ presented byaulot et al(2009. To that
group, with its RO-NQ@ bond dissociation energy of only end, the rates of critical reactions of organic nitrates will be
about 40 kcal mott, similar to RO-OH. also reevaluated, given their importance in determining the
Carbonyl nitrates constitute a sizeable fraction of the totaltemporal evolution of isoprene oxidation products. The at-
pool of organic nitrates (RONg) over regions dominated by mospheric implications and conclusions of the new findings
biogenic NMVOC emissionsBeaver et al.2012. The role  will be presented in Sect5.and6.
of organic nitrates as NQOreservoirs or sinks, and their im-
portance to ozone production, has been recogniedrifig _
et al, 2013. Differences in the model representation of their 2 Cross sections
chemistry are estimated to cause substantial differences in ) .
model simulations of tropospheric ozora(llot etal.2013 Ve define the cross-section enhancemegf a carbonyl
and other oxidants such as the hydroxyl radical OH. The phoitrate as the ratio of its absorption cross sectigr)(to the
tochemical lifetime and N@recycling of these nitrates are sum of the cross sections of closely swmlar monofunctional
therefore key parameters needed for an accurate descripti(ﬁpmpounds' namely a ketone k and a nitratéeidSi):
of tropospheric chemistry. Of particular relevance are sev-
eral carbonyl nitrates known to be isoprene oxidation prod-rnk =
ucts identified in laboratory experimenigulot et al.2009
Kwan et al, 2012 as well as in the fieldReaver et al.2012  |deally, the monofunctional nitrate (n) should be the com-
Perring et al.2013. These compounds are listed in Taltle  pound nk in which the ketone group is replaced by,Cihd
along with their notation in the Master Chemical Mechanismthe ketone (k) should be the compound nk in which the ni-
(MCM) version 3.2 Gaunders et al2003. Note thatthe iso-  trate group is replaced by a hydrogen. Note that as a gen-
mers MVKNO3, HMVKANO3 and MACRNOS3 cannot be eral rule, S, « Sk at atmospherically relevant wavelengths
distinguished using current experimental techniqigilot (> 310 nm).
etal, 2009 Beaver et a].2012. The enhancement ratioy, is represented in Figl
for three a-nitrooxy ketones, namelw-nitrooxy acetone,

Snk
Sn + Sk

@
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the forbidden nature of the:( 7*) transition in carbonyls
causes the transition probability (governed by the overlap of
the ground state and excited state wave functions) to be very

10f CH,COCH,(ONO,) small but also very sensitive to even small changes in these
CH,COCH(ONO,)CH, wave fu_nctions_, e.g. due to inductive or pola_lriza_tion effects
by a neighbouring group such as Opl@ue to its high elec-
CH,CH,COCH,(ONO,) tron affinity (Ea=3.94 eV). It follows that the enhancement

seen fore-nitrooxy ketones is very likely a common feature
for all @-nitrooxy carbonyls.

Given the absence of experimental data denitrooxy
aldehydes, we propose to calculate their absorption cross sec-
tions (Sna) following

cross section ratio

Sna= (Sn+ Sa) - k. (2)
1 T i 1 1 1 .
270 280 290 300 310 320 330 340 where S, and S5 are measured cross sections of a mono-
wavelength (nm) functional nitrate and a monofunctional carbonyl both struc-

turally similar to the nitrooxy aldehyde under consideration,
Fig. 1. Cross section enhancementy) of several nitrooxy ke-  andrnk is the enhancement ratio (ED. of a nitrooxy ketone
tones, i.e. ratio of their cross sectiashk) to the sum of the cross  (nk) most similar to na. This procedure is illustrated in FRig.
sections of structurally similar monofunctional compousSgls- Sk. for the case of two isoprene-derived nitrooxy aldehydes:
NO3CH,CHO and MACRNOZ3 (cf. Tabl&). The monofunc-
tional compounds used in this estimation are acetaldehyde
3-nitrooxy-2-butanone and 1-nitrooxy-2-butanone, for whichand ethyl nitrate (for ethanal nitrate) amebutyraldehyde
cross-section measurements are available fBames et al.  and terz-butyl nitrate (for MACRNO3). The enhancement
(1993. The cross sections of the following monofunctional ratios of NOA and 3-nitrooxy-2-butanone (Fifj.were used
compounds (obtained fronAtkinson et al.(2006) were  for ethanal nitrate and MACRNOS, respectively. The impact
used: acetone andpropyl nitrate (for NOA), methyl ethyl  of the cross-section enhancement on the photolysis rdtes (
ketone andi-propyl nitrate (for 3-nitrooxy-2-butanone), ins™!) can be calculated with
methyl ethyl ketone and-propyl nitrate (for 1-nitrooxy-2-
butanone). Note thatpropyl nitrate was used due to lack J = /0(/\) “q(A) - 1(A)dA, (3
of data for CHCH,CH(ONGQO,)CHgs, which should not be of
any consequence except at the shorter wavelengths, wheMdth A the wavelength (nm)y (1) (cn? molec) andg ()
Sn becomes dominant. Although it is difficult to assign er- the cross section and quantum yield, anch) the ac-
ror bars to the ratios shown in Fit, the largest uncertainty tinic flux (quantacm?s=*nm~1). Assuming wavelength-
likely concerns the cross sections,) of the nitrooxy ke-  independent quantum yields, and using the Tropospheric Ul-
tones. The uncertainty was estimatedBaynes et al(1993  traviolet and Visible (TUV) model from NCARMadronich
to be larger (80%) for NOA (due to its thermal instabil- 1993 (for overhead sun, 348 DU ozone), thievalues of
ity) and for 1-nitrooxy-2-butanone (due to its relatively low NO3CH2CHO and MACRNO3 are increased by factors of
vapour pressure) than for 3-nitrooxy-2-butanone (20 %), buttbout 3 and 4, respectively, compared to a calculation using
such a large difference between the two butanones does ndha= (Sn+ Sa).
appear justified by recent vapour pressure estimation meth- The inductive effects of a nitrate group are expected to de-
ods Compernolle et a]2011). Note that the cross sections of crease when the distance between the functional groups in-
NOA measured in a previous laboratory stuioberts and ~ Creases, as observed, for example, in the well-documented
Fajer, 1989 were only slightly lower than those d&arnes  effect of ONG on neighbouring C—H bond&\eeb 2000.
et al. (1993: by about 12% on average between 310 and!n the absence of experimental datafenitrooxy carbonyls,
330 nm. we will assume that their cross sections are also significantly
Figurel clearly demonstrates a significant enhancement inaffected by the presence of the nitrate group, if only more
the cross sections induced by the interaction between the twioderately (assumed factor of 2 increase).
functional groups. The effect is especially pronounced in the Note that the presence of a hydroxy group (as often found
cases of NOA and 3-nitrooxy-2-butanone, with > 5 for in isoprene-derived nitrates) is known to also have a signif-
both compounds around 330 nm. Since the enhancement i§ant, although variable, effect on the cross sections of both
largest at the higher wavelengths, where absorption by th&arbonyls Messaadia et 312012 and nitratesRRoberts and
nitrate chromophore is very small, it is clearly the absorptionFajer 1989. This effect will be generally neglected here for
by the carbonyl chromophore which is enhanced due to théhe sake of simplicity, although its possible significance will
neighbouring nitrate group. This high sensitivity is expected: be briefly discussed in Seet.4.
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Fig. 2. Cross sections of acetaldehyde aruuityraldehyde (dashed
lines) recommended h#tkinson et al.(2006, and cross sections
of ethanal nitrate (NQCH>,CHO) and MACRNO3 (cf. Tabl&) es-
timated using Eq.9) (solid lines).

Although very uncertain, considering the wide range of
enhancement ratios observed for different nitrooxy ketone
(Fig. 1), the high photorates implied by the procedure above
in combination with the quantum yield estimates discussed i
the next section appear consistent with the nitrooxy carbony
measurements in the isoprene oxidation experimeRtofot
et al.(2009, as shown in Sectl.

3 Quantum yields

N

n
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Table 2. Isoprene-derived intermediates discussed in the text.

Formula Notation

isoprenyl hydroxyperoxy radicals

HOCH,C(CHg)= CHCH,0, ISOPAO2
CHy = CHC(CHs)(O2)CH,0H ISOPBO2
HOCH,CH = C(CHz)CH,0; ISOPCO2
CHy = C(CHg)CH(O,)CH,0OH ISOPDO2

peroxy radicals from isoprenyl hydroxy-nitrates

HOCH,C(CHs)(O2)CH(OH)CH,(ONO,)  INAO2
HOCH,C(ONO,)(CH3)CH(O,)CH,OH  INB10O2
HOCH,CH(O,)C(CHg)(OH)CH,(ONO,)  INCO2
HOCH,C(0,)(CH3)CH(ONO,)CH,OH  INDO2

The near-unity quantum yield of nitrooxy ketones can
be rationalized by mechanisms similar to that proposed for
the hydroperoxy enals HPALD®€eters and Mille2010.
Photon absorption by the carbonyl chromophore yielding
the excited S1 state and fast intersystem crossing (ISC) to
the triplet T1 state may be followed, via spin exchange, by
avoided crossing of the T1 surface with the repulsive T2 sur-
face of the O—NQ@ chromophore, resulting in fast dissocia-
tion of the weak (ca. 40 kcal mot) O-NO;, bond. Alterna-
ively, a chemical rearrangement of the excited T1 state may
lead to either indirect dissociation to the same final products
Pr to multistep decomposition yielding NO, a carbonyl and
an acyloxy radical. Another possible mechanism is internal
conversion (IC) of the initially excited singlet state S1 to
the ground state SO, followed by prompt dissociation of the
weakest bond, i.e. O-—NQdue to the high vibrational en-
ergy. Indeed, in the photodissociation dynamics of ketones,
IC of S1 to SO is expected to compete effectively with ISC

Using high-pressure Xenon arc lamps as the irradiationof S1 to the triplet T1 state=avero et al.2013. Due to the

source in the indoor simulation chamber CESA8yarez-
Bertoa et al(2012 determined the photolysis rates of three
a-nitrooxy ketones, including two compounds-gitrooxy

competition with collisional stabilization, this latter mech-
anism can only be effective for molecules that are not too
large, allowing dissociation on the SO surface still faster than

acetone and 3-nitrooxy-2-butanone) for which the absorptionl09 s L.

cross sections are knowBdrnes et a).1993. On this basis,

In any case, a quantum yield not much below unity is likely

near-unit quantum yields were inferred for these compoundsilso for other carbonyl nitrates, including tHenitrooxy ke-

(Suarez-Bertoa et al2012. Using Eq. 8) with the lamp
spectrum and N@ photolysis rate given irBuarez-Bertoa
et al. (2012, we estimate the average quantum yield to be

tone and nitrooxy aldehydes of Taldlein particular the enal
NCA4CHO structurally very similar to HPALDs (replacing
ONO, by a hydroperoxy group). For simplicity, we will as-

0.9 for NOA and 0.75 for 3-nitrooxy-2-butanone, with an sume a value of unity in the calculations presented in the
estimated error of ca. 0.2. The value of 0.9 is a factor of 4next section, and O—Ngbreakup will be assumed to be the
higher than the MCMv3.2 averaged quantum yield for NOA, only photolysis channel considered. Typical photolysis rates
weighted by the cross section and actinic flux for overheadof key carbonyl nitrates from isoprene implied by the above
sun, surface conditions. Also, for comparison, the (weightedyecommendations for cross sections and quantum yields are
average quantum vyield of the simple ketones acet8tiz(  given in Table3.

et al, 20049 and methyl ethyl ketoneB@aeza-Romero et al.

2005 are 0.06 and 0.25, respectively. Even much lower val-

ues ( 0.01) were determined for enones and enals, such

as methyl vinyl ketone (MVK) and methacrolein (MACR)

(Sander et a]201% Pinho et al.2005.

Atmos. Chem. Phys., 14, 2492508 2014 www.atmos-chem-phys.net/14/2497/2014/
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Table 3. Sink rates of carbonyl nitrates due to photolysiy&nd re-
action with OH kop - [OH]), and overall lifetimer = 1/(J + koR -
[OH]). koy taken as the average bleeb (2000 and MCMv3.2.
[OH] =5 x 10% molec. cnT3. Photolysis rates calculated with TUV
for 30° solar zenith angle and 300 DU ozone. Hydroxy group ef-
fects in MVKNO3, MACRNO3 and HMVKANO3 photolysis were
neglected in this calculation.

Compound J koH - [OH] T

s s (h)
NOA 35x10° 4x10°° 7.1
MVKNO3 56x10°> 8x10% 43
HMVKANO3 32x107® 1x10° 6.6
NO3CH,CHO 15x10°% 1.2x10° 1.7
MACRNO3 35x 104 1.6x10° 0.76
NC4CHO 5.6x107% 2.1x10% 0.36

4 Evaluation against isoprene oxidation experiment of
Paulot et al. (2009

2501

4.1 General lines of isoprene mechanism

The chemical degradation mechanism of isoprene at high
NO is largely based on the MCMv3.2tfp://mcm.leeds.ac.
uk/MCMY/), with a number of updates. Inorganic reaction
rates were revised based on the JPL recommend&amder
etal, 2011).

Due to the high initial NO level and moderate temperatures
(291.5-296.5K) in the experiment &faulot et al.(2009,
the isomerization reactions proposedmseters et a{2009
for Z-8-hydroxyperoxy radicals from isopres®H and by
Crounse et al(2012 for B-hydroxyperoxy radicals from
MACR + OH were both too slow (of the order of 15or
less) to compete with their reaction with NO, and are there-
fore neglected here. The only non-negligible unimolecular
reactions of the isoprenyl peroxy radicals are theirl@ss
reactions, with rates of the order of 10'sfor the least sta-
ble radical (at 292 K, the temperature prevailing in the iso-
prene consumption stage which lasted 20 migdters and
Mduller, 2010. Because the &-hydroxy peroxys from iso-
prene decompose faster than thgihydroxy counterparts,

Thanks to the chemical ionization mass spectrometrythe net effect of the @elimination and re-addition reactions

(CIMS) technique, a wide range of products could be mon-

itored in the isoprene oxidation experimentRdulot et al.
(2009, although interpretation is made difficult by the pos-

is to increase the yield g#8-hydroxy peroxy products such
as MVK, MACR and theg-hydroxy-nitrates, at the expense
of the §-hydroxyperoxy products, including thiehydroxy-

sible confusion between different isobaric compounds conmitrates. Although this effect is estimated to be substantial in

tributing to the same signal. With that limitation in mind,
Paulot et al.(2009 analysed the different signals to con-

atmospheric conditions, as it reduces thbydroxyperoxy
product yield by an order of magnitudedeters and Miller

strain a large number of mechanistic parameters (branching10), it is very small at the high NO levels ¢faulot et al.

ratios and kinetic rates) in a detailed, quasi-explicit chemi-

(2009 and is therefore not considered here.

cal mechanism. To a large extent, those new constraints are \We adopt the MCMv3.2 branching ratios for the formation
adopted in the mechanism described in the next subsectiorf the different hydroxyperoxy radicals from isoprer@H,

The photolysis of organic nitrates was, however, essentiallyyhich

neglected byPaulot et al.(2009, since the very low pho-
torates of simple alkyl nitrates<(10-®s~1 in the Caltech

include the B-hydroxyperoxys ISOPBO2 and
ISOPDO2 and the §-hydroxyperoxys ISOPAO2 and
ISOPCO2 (Table?). Note that OH addition to the central

chamber) were adopted for carbonyl nitrates. Reaction withcarbons of isoprene is ignored, as it represents only about
OH being the only other sink for those compounds, their ratesy 95 of the total Park et al. 2004. Whereas the overall

adjusted byPaulot et al(2009 on the basis of the CIMS sig-

nitrate yield in the reaction of first-generation isoprene

nals were found to be substantially overestimated compare@eroxys with NO is relatively well constrained £83 %)

to both structure—activity—relationships (SARSs) (eNgeh

by experimental dataAtkinson et al, 2006, the yields of

2000 and, in the case of the nitrooxy ketones, recent lab-individual nitrates are much more uncertai@rfando and

oratory measurements for very similar compour@isarez-
Bertoa et al.2019). A reevaluation of the respective roles of

Tyndall, 2012. We adopt here the yields derived Byaulot
et al. (2009: 6.7 % for thes-hydroxyperoxys and 24 % for

photolysis and OH oxidation of carbonyl nitrates is thereforethe 5-hydroxyperoxys, slightly higher than in a previous

clearly needed.
The experiment was conducted at high NaGing HO>
photolysis as OH source, withi(H,0,)=3.1x 10 6571,

experimental studyGiacopelli et al.2009. Note that those
much higher yields fo- compared tos-hydroxyperoxys
appear to be at odds with previous findings showing that

The lamps are blacklights (GE350BL) irradiating above 1 4-substitutions tend to reduce the nitrate yield, as discussed

300 nm, with a maximum at 354 nnKioll et al., 2006
Cocker et al. 2007). Initial conditions are 500 ppbv NO,
94 ppbv isoprene and 2.1 ppmvo®8,. Our chemical box
model uses the Kinetic Preprocessor (KPP) pack&gadu

et al, 2006 with its embedded Rosenbrock solver of order
4.

www.atmos-chem-phys.net/14/2497/2014/

by Orlando and Tyndal{2012. An alternative choice (8 %)
for the yield of §-hydroxy-nitrates will be therefore also
tested with the model.

Atmos. Chem. Phys., 14, 24%08 2014
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4.2 Pathways to carbonyl nitrates radicals, the difference between the SAR-predicted barrier
heights {ereecken and Peeter2009 for the two possible
Carbonyl nitrates are formed from both the further degradachannels is small (1-2 kcal mdl) implying that H-bonding
tion of the first-generation hydroxy-nitrates (see below) andeffects — not accounted for in the SAR but possibly exceeding
the oxidation of the major products MVK and MACR by OH 2 kcal mol! — could decide the real branching fractions.
and @. MACRNOS is, for example, formed from OH ad-  Upon OH/Q addition to ISOPANO3, reaction with
dition to the external carbon of the double bond in MACR, NO of the resulting peroxy radical INAO2 (Tablg)
followed by O addition and reaction with NO. MVKNO3 forms an oxy radical decomposing to hydroxy_acetone
(HMVKANOR) is formed from the major (minor) OH addi- and (upon @ addition) an «-hydroxyperoxy radical
tion to MVK, namely to the external (internal) carbon of the HOCH(G,)CH»(ONO,) expected to readily eliminate HO
double bond, followed by @addition and NO reaction. We = and thus form ethanal nitrate. An additional decomposition
adopt here the nitrate yields in those NO reactions estimate@athway (to HCHG-HCOOH+NO3), representing 70 % of
by Paulot et al(2009: 15% for MACRNO3 and 11% for  the total, was invoked byaulot et al.(2009 in order to
MVKNO3+HMVKANO3, consistent with a previous labo- reduce the yield of ethanal nitrate and match its measured
ratory study Chuong and Steven004. The branching ra-  concentrations in their experiment. This unusually involved
tio for addition to the terminal carbon of MVK is 85 %, based pathway must be invoked On|y under the assumption of a
on the SAR ofPeeters et al2007), as validated for similar  high nitrate yield (0.24) in the reaction éfperoxynitrates
enone compounds b@rlando et al(1999 andOrlando and  with NO. It is therefore not considered in model runs assum-
Tyndall (2003). ing a low nitrate yield (8 %).

The first-generation hydroxy-nitrates from isoprene can Finally, the reaction with NO of the peroxy radical
undergo reaction with OH and Dwhereas photolysis is (INCO2) formed upon OH/@ addition to ISOPCNO3
very slow (ca. 108s1 or less). According to MCMv3.2, produces an oxy radical decomposing to NOA
the ozonolysis of each major hydroxynitrate (ISOPANO3, and glycolaldehyde. The alternative pathway pro-
ISOPBNO3, ISOPCNO3 and |SOPDNO3) generates a dif-posed by Paulot et al. (2009, ie. decomposition to
ferent carbonyl nitrate (N§CH,CHO, MACRNO3, NOA  dihydroxybutanone HCHO+NO,, is predicted to face a

and MVKNO3, respectively) at overall yields of 0.55-0.6. ca. 8kcalmot?! h|gher barrier \(/ereecken and Peeters
Since, as will be shown in Seet.3, the reaction with ozone 2009 and is therefore neglected.

plays only a minor role in the experimental conditions of
Paulot et al(2009, the following discussion focuses onthe 4.3 Constraining the OH- and O reaction rates of

OH-degradation mechanism. the B-hydroxy-nitrates from isoprene
OH addition to ISOPBNO3 and ISOPDNO3 proceeds pri-
marily by terminal addition (85 %)Reeters et 812007, fol-  paulot et al(2009 inferred a low OH-addition rate constant

lowed by & addition to the internal C. The NO reaction of for the g-hydroxy-nitrates, 1.% 10-**cm® molec:1s2,

the resulting peroxy radicals (INB1O2 from ISOPBNO3 and found necessary to match the evolution of the CIMS sig-

INDO2 from ISOPDNO3; see Tabl@) generates oxy radi- nal of the isoprene hydroxy-nitrates. It is unclear why this

cals (INB10O and INDO), each decomposing following two rate is so different from the OH-addition rate to the

possible pathways: hydroxy-nitrates, 9.5 10-11 in Paulot et al.(2009 and
6.9x 10t cm®molec: s in MCMv3.2. We adopt the

INB1O — ACETOL + HOCH,CHO+ NOz, (R12)  pcmva.2 value for thes-hydroxy-nitrates; the precise value
was found to have little influence on the modelling results.
Although ozonolysis is relatively unimportant for tlie
INB1O — MACRNO3+ HCHO, (R2b) hydroxy-nitrates due to their high reactivity towards OH
(Paulot et al. 2009, it might play a significant yet uncer-
and tain role for theg-hydroxy-nitrates. Rates of the order of
10~ cm® molec:1s1 were assumed bgiacopelli et al.
INDO — ACETOL +HOCHCHO+ NO;, (R1b) (2005 andPaulot et al(2009 based on previous measure-

ments for terminal alkenes. However, a much higher ozonol-

ysis rate was recently determined in the laboratory bgk-
INDO — MVKNO3 + HCHO. (R2b)  wood et al.(2010 for the 1,2-hydroxynitrate ISOPBNO3

(10.6x 10" cm®molec—1s™1), about twice higher than
We adopt the branching ratios proposed Baulot et al. the measured rate for the 1,4-hydroxynitrate ISOPCNO3
(2009 consistent with their experimental results: 60% (5.3x 10~ cm® molec—1s~1). Those values were adopted
for both Reaction (R1a) and Reaction (R1b). Note thatin MCMv3.2 and in recent global model studiesi€ et al,
in MCMv3.2, path Reaction (R2a) is ignored and Reac-2013 Mao et al, 2013 for all isoprenes- ands-hydroxy-
tion (R2b) is largely dominant~90%). For both oxy nitrates, respectively.
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1002 CsHe 0a—BLOH s00—— 05 tained in the simulation using the lowest value fass
[ 200 (0.5x 1077 cm® molec:1s71).
80
0.3 00
3 % %02 3 200 4.4 Sinks of carbonyl nitrates: photolysis vs.
40 200 OH reaction
20 0.1 100
: e (saturated) carbonyl nitrates from isoprene can undergo
Oo 2 4 6 810 00o 2 4 6 810 oo 2 4 6 810 Th t_ ted b I_t tes f - d ;
Time (hour) Time (hour) Time (hour) photolysis and H abstraction by OH radicals. Photolysis is

Fig. 3. Calculated mixing ratios ofa) isoprene,(b) OH and assumed to eliminate NOMerging the initial photolysis re-
() ozone in the experiment dfaulot et al(2009. The reported action with the fast subsequent unimolecular reaction of the

measurements of isoprene are shown as black crosses. oxy co-product (and possibly reaction wit)Jyields

NOA+hv — NO, 4+ CH3CO3 + HCHO

Figure 3 shows the calculated time profiles of isoprene,

OH radical and ozone in the isoprene oxidation experimentpmyKNO3 + v — NO, + CH3COz + HOCH,CHO
Those results are very similar to the modelling results of

Paulot et al.(2009. Isoprene is entirely consumed within

the first 2 h. Whereas OH concentrations show only moderatélMVKANO3 +/v — NOz + MGLY +HCHO+HO;
variagg)ns, ranging3 between 0.2 and 0.3 pptv (or about 5 and

7 x 10° molec. cnm®), ozone is predicted to increase contin-

uously from near zero to about 500 ppbv after 10 h. OW-NO3CH2CHO+hU = NOz +HCHO+CO+HO,
ing to their short chemical lifetime<(1 h), theé-hydroxy-
nitrates are expected to be consumed within the first 4 hMACRNO3+4v — NO, + ACETOL + CO+ HO»,

At later times, the temporal profile of the isoprene hydroxy-

nitrates (Fig4) is controlled solely by the reactions of the where MGLY denotes methylglyoxal. The photolysis reac-
hydroxy-nitrates with OH and ©1In the first hours, however, tions of the other carbonyl nitrates generated in the oxi-
the profile is also dependent on the respective yielgs ob. dation of isoprene are given in the Supplement. The OH-
8-hydroxy-nitrates. For this reason, we show model resultsoxidation mechanism is obtained from MCMv3.2. The OH-
obtained using either a higlt{ =0.24) or low s =0.08) reaction rates are taken either from the SARNeb(2000
value for the nitrate yield in the reaction&hydroxyperoxys  or from the MCMv3.2, itself based on previous SARSs. In
with NO. both cases, the rates are substantially lower than the val-

In the first case (left panel of Figl), the sensitivity cal- ues determined byaulot et al.(2009 for NO3CH,CHO,
culations are fully consistent with the conclusionsPafulot MACRNO3 and MVKNOS based on the CIMS profiles, very
et al. (2009 - the best results are obtained when using lowlikely due the underestimation of photolysis in their analysis.
values for both rate coefficients of thiehydroxy-nitrates:  The analysis byNeeb(2000 of kinetic measurements for a
kon=1.3x 10" and ko, =1 x 107" cm®molects™1.  large number of alkyl nitrates indicates that the presence of
Adopting the very high ozonolysis rate lhpckwood et al.  the ONGQ group reduces drastically the H-abstraction rate
(2010 (VH run) leads to an almost complete disappear-on botha- and g-carbons. The OH-reaction rates of three
ance of the hydroxy-nitrates after only 4 h due to the shortnitrooxy ketones, namely-nitrooxy acetone, 3-nitrooxy-
chemical lifetime & 30min after 4h of experiment) im- 2-butanone and 3-methyl-3-nitrooxy-2-butanone, were mea-
plied by the high reaction rate. The chemical sink af- sured recently bjguarez-Bertoa et 82012, with values, in
ter 6h is overestimated by more than a factor of 5 inunits of 10-12cm® molec:1s™1, of 0.67+0.25, 1.06+ 0.41
this simulation. Even a moderately high ozonolysis rate ofand 0.26t 0.09, respectively. These values fall between the
3x 10 cm® molec1s 1is clearly incompatible with the  estimates bjNeeb(2000 (0.58, 0.68 and 0.24, respectively)
data. As can be seen in Fij.these conclusions are indepen- and the MCMv3.2 (1.0, 1.2 and 0.34). These SAR estimates
dent on the choice ofs and should therefore be considered always lie within the experimental error bars, except in the
as robust. case of MCMv3.2 for NOA.

When a low yield oB-hydroxy-nitrates is adopted, the best  The difference between MCMv3.2 anNeeb (2000
results are obtained when using a higher OH-reaction ratés large in the case of nitrooxy aldehydes, e.g. for
for the B-hydroxy-nitrates (2.% 10-1cm®molec:1s™1),  ethanal nitrate N@CH,CHO: ko = 1.2x 10712 (Neeb)
which compensates for the lower share of the short-livedvs. 3.4x 10-22cm®molec-1s1 (MCM). Nevertheless,
3-hydroxy-nitrates to the CIMS signal in the first hours of the impact of this difference is relatively small on the
the experiment. As a result of the highkpn, the pro-  modelled temporal profile of NCH,CHO, as seen in
file shape at later times requires a further lowering of Fig.5. Whichever SAR estimate is used for the OH-
the ozonolysis rate, explaining the better agreement obfeaction rate, the low photorate estimated by MCM
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ISOPN  Y,=0.24 ISOPN  Y,-0.08

konkos ¥ MAD kowkos * MAD

L L 0.997 0.073
L H 0993 0.275
0.790

L L 0964 0259 |
L H 0.988 0.197
L VH 0.953 0.739 1

normalized
normalized

0.997 0.063 |

4 6 8 10 0 2 4 6 8 10
Time (hour) Time (hour)

0 2

Fig. 4. Calculated mixing ratios of the normalized sum of first-generation isoprene nitrates weighted by their calibration factors in the
experiment ofPaulot et al(2009. The reported measurements are shown as black crosses. The assumed nitrate yield in the reaction of
8-hydroxyperoxy radicals from isoprene is either 0.24 (left panel) or 0.08 (right). The model runs differ in the assumed reaction rates of
isopreneB-hydroxy-nitrates with OH and © The values fokop are 1.3x 10~11 (L) and 2.2x 10~11 (H) cm® molec1s~1. The values

for ko, are 0.5< 10717 (L), 10717 (L), 3x 1017 (H) and 10.6x 10~%7 (VH) cm®molec1s™1. The (squared) Pearson correlation
coefficients and mean absolute deviations (MAD) are also indicated.

(JMem =1.7x 1078s71) leads to a strong underestimation NO3CH2CHO
of the decay of NQCH,CHO after the concentration peak, 0.8 T T T

i.e. at timest > 2-3 h. In contrast, the high photolysis rate
(Jrast= 4.4x 107°s71) calculated using enhanced absorp-
tion cross sections (Se@) and a unit quantum yield leads

to a far better agreement with the observed temporal profile.
More precisely, a near-perfect fitat- 5 h is obtained when
adopting eithekoy from Neeb(2000 andJ = Jsast OF koH

from MCMv3.2 andJ = 0.75- Jizst (not shown in the fig-
ure). The measurements therefore validate both the strongly

normalized

4 r’=0.493 %
. . 2
enhanced cross sections (Sedjtand the assumption of a 0.2} r'=0.203
near-unit quantum yield (Se@) for ethanal nitrate.
The choice of the OH-reaction SAR (Neeb or MCM) r’= 0.949

has very little influence on the temporal profile shape of 0.0
the methyl vinyl ketone- and methacrolein nitrates (MV- 0 2 4 6 8 10
KNO3+HMVKANO3+MACRNO3), as seen in Fig. As Time (hour)
{;rce;rhb%nn?/llr:;{?z;teéstr;)?os\;irggI:t::?erj[tse??;trz;]n\?vi?hf?ﬁ;F::E)c;tgrl\zzl(}%ig' 5. Calculated mixing ratios of ethanal nitrate in the experi-

. . _ ment ofPaulot et al(2009. The reported measurements are shown
temporal profile. The model results appear to be further im-

: | as black crosses. The model runs differ in the OH-reaction and pho-
proved by the use of a higher OH-reaction rat@dfydroxy-  (gysis rates. The OH-reaction rates are obtained either from the

nitrates (Fig.6b), which was found consistent with the hy- pmcmMy3.2 (full lines) or fromNeeb (2000 (dashed lines). Indigo

pothesis of a low yield oB-hydroxy-nitrates (see Figl). and blue curves: MCM photolysis; orange and red: fast photolysis

Reasons for the remaining discrepancy between the models described in this article.

and the CIMS measurements might be multiple, including,

for example, still-underestimated photolysis rates or an un- ) )

derestimated production rate of the short-lived MACRNO3 tion, as shown by the higher cross sections offtHeydroxy

compared to the comparatively longer-lived MVKNO3 and ketone CHC(O)CH,CH,OH (Messaadia et al2019 com-

HMVKANO3. For example, an excellent agreement with the Pared to methyl ethyl ketone (MEKA(kinson et al, 2009

data ¢2 = 0.99) can be achieved by doubling the photolysis @P0ove 320nm. Although measurement uncertainties might

rates of all three compounds. be significant at those wavelengths, the observed strong en-
Higher photorates for MVKNO3 and MACRNO3 might hancement (exceeding a factor of 5 above 330 nm) might be

be explained by the effect of their hydroxy group in beta posi-€Xplained by (i) a red shift in the cross sections due to a low-
ering of the energy difference between the ground state SO
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Fig. 6. Calculated mixing ratios of the normalized sum of MVKNO3 and isomers (HMVKANO3 and MACRNO3) in the experiment of
Paulot et al(2009. The reported measurements are shown as black crosses. The assumed OH-reaction rate of the-lsyn@nenitrates

is either(a) 1.3x 10~11 (left) or (b) 2.2 x 1011 em® molec—1 s~ (right). The model runs further differ in the OH-reaction and photolysis

rates of the carbonyl nitrates. Indigo and blue curves: MCM photolysis; orange and red: fast photolysis as described in this article. The
OH-reaction rates are obtained either from the MCMv3.2 (full lines) or fiterb(2000 (dashed lines). The (squared) Pearson correlation
coefficients are also indicated.

and the excited state S1, resulting from a stronger H bondJnited States in summeRgén et al.2008, the clear-sky pho-
in S1 compared to SO between the carbonyl O and the hytorates are estimated to be betweefl and 20 times higher
droxy H, and (ii) the so-called hot bands, i.e. excitations ofthan the sink due to reaction with OH, even when neglecting
vibrationally excited levels of SO, expected near the 0 K ban-hydroxy group effects. This has important consequences re-
dlimit (ca. 335nm). The significance of the latter effect is garding the role of isoprene nitrate formation on the budget
made clear by the case of 3-hydroxy 3-methyl 2-butanone: itof NOy, because whereas photolysis is expected to release
cross sections were found Messaadia et a{2012 to be al- NO,, the nitrate group is very often retained in the reaction
most an order of magnitude higher than those of 3-hydroxy 2-of carbonyl nitrates with OH, leading to a variety of com-
butanone around 335 nm, indicating that the increased numpounds including aldehydes, peroxyacyl nitrates and hydro-
ber of low-frequency vibration modes due to the additional peroxides, all bearing the nitrate group. Needless to say, the
CHs group causes a substantially increased absorption neaubsequent degradation of those compounds is complex and
the O K bandlimit. uncertain, and therefore difficult to represent in large-scale
In contrast, the presence of a hydroxy group in alphamodels. Photolysis, on the other hand, is more effective in
position in HMVKANOZ3 is expected to decrease its cross depleting the total organic nitrate pool, and it leads to a gen-
sections based on the measured cross sections of hydroxgrally much simpler chemistry, as seen in the cases of the
acetone Atkinson et al, 200§ and 3-hydroxy 2-butanone isoprene nitrates considered in Set#. The dominance of
(Messaadia et al2012. Nonetheless, since this compound photolysis as a sink for carbonyl nitrates, and particularly for
represents only a minor<(10 %) fraction of the sum MV- the a-nitrooxy aldehydes (Tabl8), should therefore facili-
KNO3+HMVKANO3+MACRNO3, the overall impact of tate the elaboration of reduced chemical mechanisms for use
the hydroxy group on the photolysis rates is very likely a in large-scale models.
significant enhancement, consistent with the above model re- The estimated lifetimes of the key secondary isoprene ni-
sults. trates (Table8) can be compared to the lifetime of the first-
generationg-hydroxy-nitrates from isoprene, between 2.4
and 3.8h (assuming 35 ppbvz@nd 5x 10f molec. cnT3
5 Atmospheric implications OH, and usingkony and ko3 determined in Sect4.3). The
5-hydroxy-nitrates are comparatively much shorter lived
Photolysis is found to be, by far, the dominant sink of (0-5h) but are expected to be unimportant in atmospheric
isoprene-derived carbonyl nitrates in relevant atmospheri€onditions because their yields are predicted to be re-
conditions, as seen in Tab& Adopting a concentration of duced by about one order of magnitude due to the fast
OH (5x 108 molec. cnm3) typically measured during day- mtlgrconversmn of isoprene hydroxyperqu@_eéters gnd
time over Amazonial(elieveld et al, 2008 and the eastern Muller, 2010. Note that this yield reduction is consistent
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with the absence of atmospheric measurements for theffects might exist for other bifunctional carbonyls, includ-
Cs-hydroxyaldehydes (produced alongside thaydroxy- ing hydro-peroxides and peracids, and should be explored.
nitrates) known to be formed in high yields in the oxida- A reduced chemical mechanism incorporating those effects
tion of isoprene by OH at very high NQAtkinson et al, should be elaborated and implemented in atmospheric chem-
2006. From these considerations, and since nitrooxy acedistry models in order to evaluate the impact of mechanistic
tone is essentially not formed from thghydroxy path-  assumptions and rate estimations against field campaigns.
ways, the photochemical lifetime of the major secondary

nitrates from isoprene+OH in atmospheric conditions (i.e.

mostly MVKNO3 and MACRNO3) is estimated to be rela- Supplementary material related to this article is

tively similar, or even possibly lower, than the lifetime of the available online athttp://www.atmos-chem-phys.net/14/
first-generation £-)hydroxy-nitrates. This is broadly con- 2497/2014/acp-14-2497-2014-supplement.pdf

sistent with the CIMS measurements of primary and sec-

ondary isoprene nitrates during the BEARPEX 2009 cam-

paign in California, which indicate about twice higher con-

centrations of first-generation hydroxy-nitrates compared to _
second-generation nitrateBeaver et al.2012. In contrast, AcknowledgementsThis research was supported by the PRODEX

a Lagrangian model studyérez et a).2009 using an up- project A3C (2011-2013) and by the project BIOSOA (SD/CS/05A,

. . . 2011-2014) funded by the Belgian Sci Policy Office.
dated version of MCMv3.1 predicted that second-generation ) funded by the Belgian Science Policy Office

nitrates should be about 6 times more abundant than the firsk yjteq by: P. O. Wennberg
generation hydroxy-nitrates, due to the assumed high reac-
tivity of the latter and neglected photolysis of the former.
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