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Observations of speciated isoprene nitrates in Beijing:
implications for isoprene chemistry
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Abstract. Isoprene is the most important biogenic volatile organic compound in the atmosphere. Its calculated impact
on ozone (Os) is critically dependent on the model isoprene oxidation chemical scheme, in particular the way the
isoprene-derived organic nitrates (IN) are treated. By combining gas chromatography with mass spectrometry, we have
developed a system capable of separating, and unambiguously measuring, individual IN isomers. In this paper we use
measurements from its first field deployment, which took place in Beijing as part of the Atmospheric Pollution and
Human Health in a Chinese Megacity programme, to test understanding of the isoprene chemistry as simulated in the
Master Chemical Mechanism (MCM) (v.3.3.1). Seven individual isoprene nitrates were identified and quantified during

the campaign: two B-hydroxy nitrates (IHN); four &-carbonyl nitrates (ICN); and propanone nitrate.

Our measurements show that in the summertime conditions experienced in Beijing the ratio of (1-OH, 2-ONO_)-IHN to
(4-OH, 3-ONOy)-IHN (the numbers indicate the carbon atom in the isoprene chain to which the radical is added)
increases at NO mixing ratios below 2 ppb. This provides observational field evidence of the redistribution of the
peroxy radicals derived from OH oxidation of isoprene away from the Kinetic ratio towards a new thermodynamic
equilibrium consistent with box model calculations. The observed amounts of 3-ICN demonstrate the importance of
daytime addition of NOs to isoprene in Beijing but suggest that the predominant source of the 5-ICN in the model
(reaction of NO with &-nitrooxy peroxy radicals) may be too large. Our speciated measurements of the four 3-ICN
exhibit a mean C1:C4 isomer ratio of 1.4 and a mean trans:cis isomer ratio of 7 and provide insight into the isomeric
distribution of the &-nitrooxy peroxy radicals. Together our measurements and model results indicate that propanone
nitrate was formed from the OH oxidation of 5-ICN both during the day and night, as well as from NOs addition to

propene at night.



45

50

55

60

65

70

75

80

This study demonstrates the value of speciated IN measurements in testing understanding of the isoprene degradation
chemistry and shows how more extensive measurements would provide greater constraints. It highlights areas of the
isoprene chemistry that warrant further study, in particular the impact of NO on the formation of the IHN, and the NOs
initiated isoprene degradation chemistry as well as the need for further laboratory studies on the formation and the

losses of IN, in particular via photolysis of 3-1CN and hydrolysis.

1 Introduction

Isoprene is the most important biogenic volatile organic compound (BVOC) in the atmosphere, with its emissions
accounting for around 500 Tg yr?, about half of the global biogenic non-methane VOC emissions (Guenther et al.,
2012). It is emitted by vegetation primarily during the daytime as a function of temperature and solar radiation and is
readily oxidised by the hydroxyl (OH) and nitrate (NOs3) radicals and ozone (Os). Through its degradation chemistry,
isoprene impacts Os and the formation of secondary organic aerosols (SOA), which together impact the oxidising
capacity of the atmosphere and radiative forcing. Global and regional model studies have shown that the calculated
impact of isoprene on Og is critically dependent on the model isoprene oxidation chemical scheme, in particular the way
the isoprene-derived nitrates (IN) are treated (e.g. Emmerson and Evans, 2009; Fiore et al., 2005; Squire et al., 2015;
von Kuhlman et al., 2004; Wu et al., 2007; Bates and Jacob, 2019; Schwantes et al., 2020). Much of the uncertainty in
this chemistry is related to the yield and fate of IN, in particular whether NOx (nitrogen oxides) and radicals, which are

tied up in the nitrates, are later recycled or lost from the atmosphere.

First generation IN are formed following oxidation of isoprene by either OH or NO3; (Wennberg et al., 2018) (Fig. 1).
On oxidation by OH, peroxy radicals are formed which when they react with nitric oxide (NO) can lead to the formation
of hydroxy nitrates (IHN). These are dominated by B-IHN, but some 3-IHN are also formed. Depending on the fate of
the peroxy radicals formed following NO; addition, a variety of IN can be produced: isoprene hydroperoxy nitrates
(IPN); isoprene dinitrates (IDN); isoprene carbonyl nitrates (ICN); as well as IHN. The fate of first generation IN is
poorly understood but much advancement in recent years has been made through new laboratory studies following the
synthesis of some of the IN (Jacobs et al., 2014; Lee et al., 2014; Lockwood, et al., 2010; Teng et al., 2017; Xiong et al.,
2016), but these are still limited to specific IN isomers (six IHN and one ICN) and reaction rate constants for others are
based on extrapolation and structural activity relationships. The IN are lost via reaction with OH, Oz and NOg3
(Wennberg et al., 2018) and by photolysis (Xiong et al., 2016; Miller et al., 2014) and deposition (Nguyen et al., 2015),
and have lifetimes of the order of a few hours. Reactions of the IHN and ICN with OH can lead to the formation of
carbonyls and release of NO- as well as the formation of shorter chained nitrates such as methyl vinyl ketone nitrate,
methacrolein nitrate, propanone nitrate (acetone nitrate) and ethanal nitrate, with the ratio between these two pathways
differing for specific IN isomers (Wennberg et al., 2018, hereafter referred to as W2018). More details of the chemistry

of IN are given in Sect. 1 of the Supplementary Information (Supp. Info.).

In this study we deploy a new gas chromatography (GC) negative ionisation (NI) mass spectrometry (MS) system (Bew
et al., 2016; Mills et al., 2016) in the field for the first time. By separating and unambiguously measuring individual
IHN and ICN isomers along with propanone nitrate during a field campaign in Beijing, we are then able to test the
isoprene chemistry of the MCM using a box model. We examine how the ratios of the IHN, primarily the B-IHN, can
provide insight into the peroxy radicals (ISOPOO) derived from the OH oxidation of isoprene and in particular their

relationship with NO (left hand side of Fig 1a), and we use data on ICN, IHN and propanone nitrate to provide insight
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into the chemistry of the 3-nitrooxy peroxy radicals (INO,) formed from NO; addition to isoprene and the (right hand
side of Fig 1a).

2 Nomenclature

In this paper when naming the IN we have followed the nomenclature described by W2018. We assign numbers to the
carbons of isoprene based on the conjugated butadiene backbone being comprised of carbons 1-4, with the methyl
substituent (carbon 5) connected to carbon 2. We refer to these carbons as “C#” without subscripts (e.g., “C2”). For
functionalized isoprene oxidation products, we drop the “C” when describing substituent positions; for example, (1-OH,
2-ONOy)-isoprene hydroxy nitrate (IHN) has a hydroxy group at C1 and a nitrooxy group at C2. This is different to the
way we named the IN in Mills et al. (2016) in which the IHN naming followed that of Lockwood et al. (2010) and the
ICN were named similarly to the equivalent IHN, except they have “—al” as a suffix. We referred to acetone nitrate as

NOA in Mills et al. (2016) whereas here we refer to it as propanone nitrate.

3 Field campaign and measurements
3.1 Field campaign overview

The GC-NI-MS system was deployed at the Institute of Atmospheric Physics (IAP, Chinese Academy of Sciences) in
the summer of 2017 (21% May to 22" June) as part of the Atmospheric Pollution and Human Health in a Chinese
Megacity (APHH-Beijing) programme (Shi et al., 2019). The AP is located at 39.97° N, 116.38° E in a residential area
between the 3™ and 4™ North ring roads of Beijing. The site contained small trees and grass, with roads 150 m away.
During the campaign air quality was poor (Fig. S1) with average concentrations of PM_s of ~30 ug m and average
mixing ratios of NO, of 15 ppb, CO of 450 ppb and O3 of ~45 ppb (Shi et al., 2019). Details of the isoprene nitrate
measurement technique are provided below, whilst details of instrumentation used for the supporting data are provided

in the Supp. Info.

3.2 Isoprene nitrate measurement method

Seven individual isoprene nitrates were identified and quantified during the campaign (Figs. 1 and S2): two B-IHN ((1-
OH, 2-ONOy)-IHN, (4-OH, 3-ONO2)-IHN); four ICN (E-(1-ONO;, 4-CO)-ICN, Z-(1-ONO,, 4-CO)-ICN, E-(4-ONO,,
1-CO)-ICN, Z-(4-ONO,, 1-CO)-ICN); and propanone nitrate.

Measurements were made approximately hourly. Air was drawn at 10 L min™* down a 2.5 m heated inlet (3/8” PFA and
45 °C) mounted on the roof (a height of approximately 3 m above the ground) of a mobile laboratory. Three different
instrument setups were employed: (1) From the start of the measurements to 31 May, samples of 500 ml were taken off
the inlet line down a 0.3 m length of 0.53 mm ID MxT-200 transfer line held at 50 °C and preconcentrated on a Tenax
adsorption trap at 35 °C and 50 ml min, and injected onto the column via a metal six port Valco valve by heating to
150 °C (Mills et al. 2016). A 30.5 m, 0.32 mm (internal diameter (ID)) combination column was used which was
comprised of 28 m of Rtx-200 followed by 2.5 m of Rtx-1701 column. The GC oven was temperature profiled from 40
°C to 200 °C, with a constant column flow of 4.5 ml min-* of helium; (2) Between 10" June and 16™ June, the system
was operated without a trap but instead direct injection of a 3 ml sample through a plastic Valco Cheminert valve
connected to a short 0.32 mm ID combination column (2.5 m of Rtx-200 joined to 0.5 m of Rtx-1701). The GC oven

was temperature programmed from 10 °C to 200 °C and cooled with carbon dioxide (CO;). A constant flow of 6.5 ml
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mint of helium was used as the carrier gas; (3) From 18" June to the end, the system again used the 30 m column and
Tenax trapping as described above but the metal valve was replaced with the Cheminert valve that was used for the

direct injections.

Of the compounds reported here, all but those of (1-OH, 2-ONO2)-IHN and E-(1-ONO,, 4-CO)-ICN were confirmed by
injection of known isomers (Mills et al. 2016) post campaign. (1-OH, 2-ONO,)-IHN was identified based on its
expected elution just before (4-OH, 3-ONO2)-IHN (Nguyen et al., 2014) and the similarity of the observed ions to those
of (4-OH, 3-ONO2)-IHN. The E-(1-ONO, 4-CO)-ICN peak was identified by its relative elution position compared to
the other ICN (Schwantes et al., 2015), its expected retention time estimated from the relative retention times of known

8-1HN on this system and their aldehydic equivalents, and the similarity of observed ions to the other ICN.

During several comparisons of samples measured immediately before and after the valve was changed from metal to
plastic and vice versa (1 h between samples), it was evident that the (4-OH, 3-ONOy)-IHN and the ICN were lost to
varying degrees on the metal valve as suggested by Crounse (J. D. Crounse, personal communication 2016), while
simple alkyl nitrates were not. To account for this, all data obtained with the metal valve were scaled by the ratio of
peak areas from the samples on either side of the valve changes to give results equivalent to those obtained when using

the Cheminert valve.

Calibrations for (4-OH, 3-ONO,)-IHN and propanone nitrate were derived from the relative sensitivity of the compound
to that of n-butyl nitrate (Mills et al., 2016) corrected for the relative ion abundances of the specific measurement ions
used for each compound (m/z 71 and 73, respectively). M/z 73 is a relatively minor ion for propanone nitrate, but we
were unable to use a more major ion due to interferences from other compounds. N-butyl nitrate calibrations were
performed every few days by attaching the transfer line to the standard in place of the inlet. We were unable to measure
the relative sensitivities of (1-OH, 2-ONO,)-IHN and the ICNs to n-butyl nitrate directly. To obtain an estimate, we
have assumed that the ICN and propanone nitrate all have the same total ion yields compared to those of n-butyl nitrate
and scaled this relative total ion yield by the fraction of the ion yield that the measurement ion represents. Similarly we
have assumed that the total ion yields of (1-OH, 2-ONO_)-IHN and (4-OH, 3-ONOy)-IHN are the same (and thus the n-
butyl nitrate m/z 71: total IN ion ratio) and scaled this to reflect the proportion of the total ions that m/z 101 represents
for (1-OH, 2-ONO,)-IHN.

3.3 Isoprene nitrate measurement uncertainties

We had previously determined the uncertainty for the measurement of the INs in the laboratory (including the GCMS
precision and calibration uncertainties) to be +14 % (Mill et al, 2016), which includes an uncertainty of 5% for the
GCMS precision. For determination of propanone nitrate in the field, we had to use a minor ion, and, with much smaller
peaks, the precision was worse than it had been in the laboratory using more abundant ions. Based on the signal to noise
on a peak, we estimate that the precision was 10% rather than the 5%. We obtained ion counts per ppt of NOy for three
isoprene nitrates: (4-OH, 3-ONO,)-IHN (2030), propanone nitrate (2202) Z-(4-OH, 1-ONO,)-IHN (2365). Using this
range, we assume an additional uncertainty of 17% for the electron capture / ionisation efficiency of (1-OH, 2-ONO,)-
IHN and the ICN. During the campaign, we swapped between a metal and plastic valve twice. Using the peak areas for
the last sample with the old valve and first sample with the new valve we calculated loss correction factors as well as
the uncertainties in these correction factors of: (4-OH, 3-ONO,)-IHN (£5.2%), propanone nitrate (£6.4%), E-(1-ONO,
4-CO)-ICN (£14.8%), E-(4-ONO,, 1-CO)-ICN (%9.0%), Z-(1-ONO, 4-CO)-ICN (£7.5%) and Z-(4-ONOy, 1-CO)-ICN
4
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(£9.2%). Loss corrections were applied to the data collected with the metal valve, and these additional uncertainties
included in the overall uncertainties calculated for the periods when the metal valve was used. Based on Mills et al
(2016) the detection limit (DL) of our system with the column and trap is 0.1 ppt, but this increased to 1 ppt when run
with direct injection. Combining these uncertainties, we get overall uncertainties for the measurements of the IN as
shown in Table 1.

When determining the uncertainties in the ratios between IN, we first calculated the uncertainties for each individual IN
measurement excluding the calibration uncertainties that were common to both. We then combined the uncertainties in
these to derive overall uncertainties in the ratios. We only assessed the ratios of 4-OH, 3-ONOy)-IHN : (1-OH, 2-
ONO2)-IHN in period 2, when we the used the plastic valve and direct injection. l.e. for the ratio (4-OH, 3-ONOy)-IHN
. (1-OH, 2-ONOy)-IHN, we considered the GCMS precision of 5% for each B-IHN and the additional 17% uncertainty
for the electron capture / ionisation efficiency of (1-OH, 2-ONOy)-IHN, plus the 1 ppt for the DL. We only assessed the
ICN ratio in period 3 when we the used the plastic valve, along with column and trap. l.e. we considered the GCMS
precision of 5% and the additional 17% uncertainty for the electron capture / ionisation efficiency for each of the ICN
and 0.1 ppt for the DL.

4 MCM Box model set up

A zero dimensional box model, utilising a subset of the chemistry described within the Master Chemical Mechanism,
MCMv3.3.1 (Jenkin et al., 2015), was used to calculate the concentrations of the various isoprene nitrates for the
campaign. The MCMv3.3.1 includes an update of the isoprene degradation chemistry to reflect findings of recent

laboratory and theoretical studies.

The model was constrained by measured values of water vapour, temperature, pressure, NO, NO,, NOs, O3, CO, SO,
HONO and HCHO. Speciated VOC measurements of alcohols, alkanes, alkenes, dialkenes (including isoprene), multi-
functional aromatics, carbonyls and monoterpenes were included as further model constraints. The concentrations of H,
and CH,4 were held constant at 500 ppb and 1.8 ppm, respectively. The photolysis rates for j(OD), j(NO2) and
J(HONO), calculated from the measured actinic flux and published absorption cross sections and quantum yields, were
included as model inputs. Other photolysis frequencies used in the model were calculated. For UV-active species, such
as HCHO and CH3CHO, photolysis rates were calculated by scaling to the ratio of clear-sky j(O'D) to observed j(O'D)
to account for clouds. For species able to photolyse further into the visible the ratio of clear-sky j(NO.) to observed
J(NO2) was used. The variation of the clear-sky photolysis rates (j) with solar zenith angle () was calculated within the

model using the following expression:

j =lcos(y)™ x e~"sec) (3)

with the parameters I, m and n optimised for each photolysis frequency (see Table 2 in Saunders et al. (2003)).

The model was run for the entirety of the campaign (215 May 2017 — 25" June 2017) in overlapping 7 day segments,
with the model constraints updated every 15 minutes. By this method, a model time-series was produced which could

be directly compared with observations and, from which, diel averages were generated. There was a spike of very high
5
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concentrations of isoprene in the early hours of the morning of 16™ June 2017, which led to extremely high
concentrations of modelled ICN, propanone nitrate and (4-OH, 1-ONO,)-IHN. These have been removed from the diel
averages presented in this paper. Fluxes through each reaction were calculated for every 15 minute period to allow an

analysis of the production and loss terms of the chemical species.

The loss due to mixing of all non-constrained, model generated species, including the speciated isoprene nitrates, was
parametrised and evaluated by comparing the model-predicted glyoxal concentration with the observed glyoxal
concentration. Applying a loss rate proportional to the observationally-derived mixed layer height (Fig. S4), the model
was able to reproduce glyoxal observations reasonably well (Fig. S4). As a result of this first order loss process, the
partial lifetime of the model generated species was ~2 h at night, then decreased rapidly to a lifetime of <30 min in the
morning as the mixed layer grew, effectively simulating ventilation of the model box. With the collapse of the mixed
layer in the late afternoon the model lifetime with respect to ventilation of glyoxal (and other model generated species)
increased. However, the model has a tendency to underestimate glyoxal concentrations between 4 pm and midnight.
This underestimation suggests that either the lifetime with respect to ventilation should be even longer or that the model
is underestimating oxidation processes that lead to glyoxal production at these times. We do not consider uptake of
glyoxal onto aerosol, the rate of which is highly uncertain (Volkamer et al., 2007; Washenfelder et al., 2011; Li et al.,
2016). Including one would have led to use of a slower ventilation rate. The same first order ventilation loss was
applied to all species and no specific assumptions were made about the background concentrations. Consequently, the
rate of mixing may be overestimated for longer-lived species with significant background concentrations and

conversely underestimated for shorter-lived species.

5 Results and Discussion
5.1 g-1HN

Figs. 2 and S3 compare the measured and modelled B-IHN. The shaded areas in Fig. 2 represent =1 s.d. in the data for
each hour of the day and illustrate the large day-to-day variability in the mixing ratios of B-IHN. Note that for (1-OH, 2-
ONO_)-IHN there are only 6 days of data, hence why the average diel patterns are strongly affected by the day-to-day
variability. This is particularly the case for the measurements where three of the hourly bins contain just one

measurement, and the rest have between three and eight measurements.

The observed B-IHN exhibit diel patterns that are broadly in agreement with those modelled and consistent with
daytime formation from OH oxidation of isoprene and a shift in competition from the reactions of isoprene-derived
peroxy radicals (ISOPOQ) with NO to reaction with HO, as mixing ratios of NO decline from an early morning peak
(Fig. S5) and those of the peroxy radicals maximise in the mid-afternoon (Whalley et al., 2020). The observed B-IHN
peak around midday and these levels are mostly maintained until around sunset when they decline to reach minimum
values just after sunrise. This pattern is also broadly similar to that of total IHN observed during the Southern Oxidant
and Aerosol Study (SOAS) (Xiong et al., 2015).

The absolute values of the observed (1-OH, 2-ONO,)-IHN daytime mixing ratios are very similar to those modelled
(Figs. 2 and S3). On some days, the observed and modelled (4-OH, 3-ONO,)-IHN mixing ratios are reasonably similar,
but on a few days the model simulates considerably larger mixing ratios than observed (Fig. S3) such that the mean

daytime observed mixing ratios tend to be lower than modelled and exhibit far less day-to-day variability (Fig. 2). The
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observed evening mixing ratios of both B-IHN are higher than modelled suggesting that, like glyoxal, the model
overestimates their loss with respect to ventilation. Alternatively, there may be greater production or slower chemical
loss than simulated. It is worth noting that the MCM assumes 8% of the OH addition to isoprene occurs at the C2 and
C3 positions instead of the C1 and C4 positions so reducing the potential to form (1-OH, 2-ONOy)-IHN or (4-OH, 3-
ONOy)-IHN, whereas W2018 recommend that the C2 and C3 addition are negligible.

To limit the impact of ventilation on the comparison between the model and observations Figs. 3 and 4 compare the
ratios of (1-OH, 2-ONO,)-IHN to (4-OH, 3-ONO2)-IHN. When looking at the times series (Fig. 3) of this ratio the
model and measurements often agree within the measurement uncertainties, although there are times when the observed
values are greater than modelled. The shaded areas in Fig. 4 represent £1 s.d. in the data for each hour of the day. The
large variability in the observed data is caused by some hours having very few data points, sometimes affected by a
single high value (Fig. 3). The observed mean ratios are generally higher than the modelled mean, although there is

often agreement within the day-to-day variability.

It should be noted that the ratio we obtain from our measurements is not based on an independent calibration for (1-OH,
2-ONOy)-IHN, but based on the assumption that the analytical system has the same sensitivity to (1-OH, 2-ONO,)-IHN
as it does to (4-OH, 3-ONO,)-IHN. We have tried to account for this in the uncertainty calculations by assuming that
the error in this sensitivity is equal to the percentage range of sensitivities that we observed for the other IN (see Sect.

3.3). It is possible that this is an underestimate.

There are four main factors that determine the ratio of the B-IHN: 1) the yields of their respective peroxy radicals
(ISOPQOO) following oxidation of isoprene by OH addition (¢); 2) the fraction of the respective ISOPOO that reacts
with NO (y); 3) the branching ratios for the formation of the IHN from the reaction of NO with the ISOPOO (a); and 4)

the relative loss rates of the B-IHN, including via deposition.

For the first two factors, the concentration of NO is largely the determining influence. The adducts formed from OH
addition to a specific C in isoprene can form a f-ISOPOO and either an E or Z 3-ISOPOO on reaction with O, (Fig. 5).
These reactions are reversible and, since the lifetimes of these peroxy radicals differ, they interconvert within two
subgroups defined by the position of the OH (i.e. C1 on the left hand side of Fig. 5 and C4 on the right hand side). NO
is often present in large amounts (Figs S2 and S5) so reaction with it is the dominant loss process for the ISOPOO.
However, at low NO mixing ratios, other losses of the ISOPOO become relatively more important and, in particular, the
different rates of 1,6 H atom shift isomerisation of the Z-(1-OH, 4-O0)-ISOPOQ and Z-(4-OH, 1-00)-ISOPOO means
that redistribution of the ISOPOOQ within each sub-group differ such that (1-OH, 2-O0)-ISOPQOO increases relative to
(4-OH, 3-00)-ISOPOO. Consequently, at lower NO mixing ratios the modelled ratio of ¢-(1-OH, 2-00)-ISOPOO to
@-(4-0OH, 3-00)-ISOPOO becomes larger (Fig. 6a). For mixing ratios of NO greater than ~2 ppb the ratio of the values
of ¢ decreases approximately linearly from around 2 to about 1.7 at 100 ppb of NO. The ratio of the kinetic yields in
the MCM is 1.58, which is the ratio of the values of ¢ that we get if we switch off the reverse pathway of the O,
reactions. This implies that even at 100 ppb of NO, the ratio of the yields of the (1-OH, 2-0O0)-ISOPQOO to (4-OH, 3-
00)-1SOPOO is shifted to values slightly greater than the kinetic ratio. At NO mixing ratios less than ~2 ppb the ratio
of the values of ¢ increase with decreasing NO, such that at a few 10s of ppt of NO the ratio is typically between 2.5
and 4.
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The rates at which the ISOPOO are assumed to be lost via the reactions with NO, HO, and NOs are the same for both 3-
ISOPOO. However, the rate constants for reaction of (1-OH, 2-O0)-ISOPOO with RO, and for its rate of isomerisation
are slower than those of (4-OH, 3-00)-ISOPOO. At lower NO mixing ratios, these reactions become relatively more
important and so the modelled value of y is lower for (4-OH, 3-O0)-ISOPQO than for (1-OH, 2-O0)-ISOPQO, and the
ratio of y-(1-OH, 2-O0)-ISOPOO to y-(4-OH, 3-00)-ISOPOO is larger (Fig. 6b). This is further enhanced as the
concentrations of RO, can also be much greater at the lower NO concentrations, particularly below 1 ppb of NO (Fig.

6¢), which leads to the ratio in the y values being considerably greater than 1 at NO concentrations below a few 10s of

ppt.

It should be noted that the MCM model underestimates the measured RO, mixing ratios (Whalley et al., 2020). This
will lead to underestimation of the ratio of y-(1-OH, 2-O0)-ISOPOO to y-(4-OH, 3-00)-ISOPOO, primarily at mixing
ratios of NO below ~2 ppb. This might explain some of the differences between the MCM modelled and observed B-
IHN ratios.

The net effect of these relationships is that the modelled ratio of (1-OH, 2-O0)-ISOPOO to (4-OH, 3-00)-ISOPOO
increases with decreasing NO (Fig. 6d), i.e. for NO mixing ratios greater than 2 ppb the ratio is around 1.7-2.0, but at
NO mixing ratios less than 2 ppb the ratio increases up towards a value of around 4. The ratio of the rate of production
of (1-OH, 2-ONOy)-IHN to (4-OH, 3-ONOy)-IHN will have the same relationship with NO as the ratio of their
precursor ISOPOO since the MCM assumes that the branching ratios for the formation of the two B-IHN from the
reaction of NO with the ISOPQOO (i.e. a, third factor) are the same. However, there are still considerable uncertainties

in these branching ratios (Sect. S1.1).

As for the loss processes of the B-IHN (fourth factor), the dominant loss in the model is the mixing term which is set at
the same rate for both B-IHN. Photolysis is assumed to be faster for (1-OH, 2-ONOy)-IHN than for (4-OH, 3-ONOy)-
IHN in the MCM, but is only a minor loss process. However, (1-OH, 2-ONO2)-IHN reacts with both OH and O3 more
slowly than does (4-OH, 3-ONO;)-IHN and since the dominant chemical loss process for the B-IHN are by far their
reactions with OH, the net effect of these loss processes is to increase the ratio of (1-OH, 2-ONO,)-IHN to (4-OH, 3-
ONO2)-IHN above their production ratio. The diel pattern in OH (Fig. S5) will tend to increase the ratio of (1-OH, 2-
ONOg)-IHN to (4-OH, 3-ONOy)-IHN during the daytime.

Overall, this means that the modelled ratio of (1-OH, 2-ONO2)-IHN to (4-OH, 3-ONOy)-IHN increases with decreasing
NO mixing ratios (Fig. 6e) (as also seen by Jenkin et al. (2015) in a box model using the MCM), and generally does not
drop below the ratio of the B-ISOPOO (Fig. 6d). In the conditions modelled for Beijing it ranges from between 1.75 and
2.0 at NO mixing ratios above ~30 ppb rising up to typically between 2 and 3, but sometimes up to 4 at NO mixing
ratios below 1 ppb. There are several cases at these low NO mixing ratios when the ratio of the B-1HN is below the ratio

of the B-1ISOPOO, but these occur at night when the production rates and the mixing ratios of the B-IHN are very small.

In comparison, the observed ratios of (1-OH, 2-ONO3)-IHN to (4-OH, 3-ONO,)-IHN show a similar, but weaker,
relationship with NO (Fig. 6f). The strength of the observed relationship is limited by the number of data points and
uncertainties in the measurements but shows a tendency for relatively more (1-OH, 2-ONQO)-IHN at NO mixing ratios

of less than 1 ppb.
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Newland et al., (2020) point out that during the campaign a high NOx environment existed in the morning but then
switched to a low NOx environment in the afternoon. The mean hourly NO mixing ratios were typically above 2 ppb
between 06:00 and 12:00 local time, but mostly below this value in the afternoon (Fig. S5). The relationship between f3-
IHN and NO as illustrated in (Fig. 6e) largely explains why the modelled ratio of the B-IHN (Fig. 4) is ~2 and exhibits

little variability between about 06:00 and 09:00 and then rises up to around 2.5 in the afternoon.

Our mean observed (1-OH, 2-ONO,)-IHN to (4-OH, 3-ONO,)-IHN ratio of ~3.4 is higher than the daytime values
reported by Vasquez et al. (2018) in the PROPHET campaign (~2.6) and in Pasadena (~1.4), but their data show a
similar pattern to ours in that the ratio is higher in the low NOx environment of PROPHET compared to the high NOx
environment in Pasadena. We cannot rule out calibration differences affecting this comparison and, like us, Vasquez et
al (2018) relied on relative calibrations estimates. Also, differences in the observed f-1HN ratios may be due to the
amount and reactivity of the peroxy radicals present in the different studies. However, the ratio of 1.4 observed for
Pasadena is lower than the kinetic ¢ ratios of 1.58 and 1.85 based on MCM and W2018 kinetic yields, respectively.

Xiong et al. (2015) calculate a ratio ranging from 2.6 to 6.0 based on the conditions experienced in SOAS.

5.2 6-ICN

The MCM assumes all of the 6-ICN formed can be represented by a single species, (1-ONO,, 4-CO)-ICN, called
NC4CHO. We shall therefore compare the sum of the observed 3-ICN with the modelled NC4CHO and then look at

the speciation as exhibited in the observations.

Both the observed and modelled total 5-ICN peak at night but the observed was typically less than modelled (Fig. 7 and
S6), particularly on occasions at night (Fig. S6). This is also illustrated by the large day-to-day variability in the
modelled diel patterns not seen in the observations (Fig. 7). The observed diel patterns in the ICN can be seen more

clearly in Figs. 8 and S5 and show maximum values in the early night and minimum values during the daytime

The source of 5-1CN is via the addition of NO3 to isoprene followed by addition of O.. This produces 3-nitrooxy peroxy
radicals (INO,) (NISOPO?2 in the MCM) and, in the conditions simulated for Beijing, the major loss of INO; is reaction
with NO to form NO; and a 3-nitrooxy alkoxy radical (NISOPO in the MCM), which then reacts rapidly with O, to
form the 8-1CN. Other production pathways for 3-ICN exist in the MCM, but the reaction of INO, with NO is by far the
dominant source of 3-ICN in our simulations. There are some nights when the model simulates large sources of INO,
but typically the modelled production of INO, maximises in the mid-afternoon. The model is constrained by the
observed concentrations of isoprene and NO3 and in the mid-afternoon the observed isoprene mixing ratios are still high
and NOgs is around 2 ppt (Fig. S5).

The dominant loss of 3-1CN in the model is the ventilation term, which is greatest during the daytime when the mixed
layer is fully developed. The next most important loss processes for 3-ICN are simulated to be photolysis and reaction

with OH, which are also both predominantly daytime losses.

The net effect of the production and loss terms is that the modelled 5-1CN increases during the afternoon and maximises

during the night-time and the observed 3-1CN are broadly consistent with this (Fig. 7, S5 and S6). We observed around

1-2 ppt of E-(4-ONO3, 1-CO)-ICN during the daytime and this requires a significant daytime source assuming a lifetime

of around 30 minutes with respect to photolysis (based on a value of 4.6 x 10 s* for a solar zenith angle of 0° (Xiong
9
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et al., 2016) and adjusting for latitude, time of year and time of day). This source is consistent with the observed
presence of NO3 during the daytime. However, the considerably larger modelled mixing ratios of 3-ICN compared to
the observed suggests that the modelled source via NO3 oxidation of isoprene might be too fast, or the loss processes

too slow.

The same ventilation process has been applied to all model generated species (Sect. 4). For glyoxal, (1-OH, 2-ONO2)-
IHN and (4-OH, 3-ONOy)-IHN, the model tends to overestimate the decrease in concentrations from late afternoon
onwards suggesting that the lifetime with respect to ventilation should be longer at these times but increasing the
lifetime of 3-ICN would lead to their further overestimation. Applying the same loss term to all model species is of
course an approximation, not least because the dilution term depends on the concentration of the species in the diluent

air.

The MCM uses a photolysis frequency for 3-ICN based on that measured for propanone nitrate, which is equivalent to
3.16 x 10 s for a solar zenith angle of 0°. Xiong et al. (2016) determined a higher rate of 4.6 x 10 s for (4-ONO,, 1-
CO)-ICN for a solar zenith angle of 0°. Increasing rate of photolysis in the model would not only reduce the daytime

increase in 6-ICN but would also reduce the amount of modelled &-1CN that would persist into the night.

Reaction with OH constitutes a similar size loss for 3-1CN as photolysis in the model. The MCM treats all the 3-ICN as
(1-ONOy, 4-CO,)-ICN and uses a rate constant for reaction with OH of 4.16 x 10! cm?3 s, W2018 suggests a lower
rate constant for reaction of OH with (1-ONO3, 4-CO)-ICN (3.4 x 10°** cm?® s2) but a similar rate for (4-ONO, 1-CO)-
ICN (4.1 x 10°** cm?® s1). Therefore, treating the two separately in the model and using the W2018 recommended rate

constants would, overall, reduce the loss of 6-ICN with respect to OH, increasing discrepancy with the model.

Night-time losses of 5-1CN are reaction with Oz and NOs. The MCM uses a rate coefficient of 2.4 x 10" cm® s for the
reaction of 3-ICN with O3, which is 5 times faster than the value of 4.4 x 1028 cm® s recommended by W2018, giving
a partial lifetime on the order of 12 hours for an O3 mixing ratio of 40 ppb. On the other hand, the MCM uses a rate
constant for the reaction of 5-1CN with NOz which is 10 times slower than that recommended by W2018, but even so
the lifetime of 6-ICN with respect to reaction with NOs as estimated by W2018 is of the order of 4 days, so this loss

pathway would have to be much faster to reduce the modelled night-time 3-1CN close to that observed.

Of the observed 5-ICN, the two trans (E) isomers have the highest mixing ratios with E-(1-ONO,, 4-CO)-ICN being the
most abundant (Fig. 8 and S2). Focusing on the last four days (three nights) of the campaign (Fig. 8), when we have
most confidence in the data (i.e. when the plastic valve was used (Sect. 3.2)), we see that the observed ICN C1:C4
isomer ratio, exhibits a diel cycle with higher values at night (mean of 2.0, standard deviation (s.d.) of 0.3) and an
overall mean of 1.4 (s.d. of 0.6). These values are considerably lower than would be expected based solely on the
addition of NOjs to isoprene occurring in the C1 and C4 positions in a ratio of 6 (C1:C4) (W2018). Our observed ratios
are more comparable to the C1:C4 isomer ratio of 2.8 reported in Schwantes et al. (2016) for their environmental
chamber, although in their experiment the ICN mostly came from RO, + RO; reactions (see Sect. S1.2) because the NO
and NOs concentrations were low. Turning to the E:Z ratios, we observed the E-ICN isomers to dominate over the Z-
ICN isomers. The (1-ONO2, 4-CO)-ICN isomers exhibit a mean night-time E:Z ratio of 8 (s.d. of 1.4), whilst the (4-
ONO3, 1-CO)-ICN isomers exhibit a mean night-time E:Z ratio of 11 (s.d. of 1.5), giving an overall mean night-time
E:Z ratio of 9 (s.d. of 1.0). These values are far greater than the trans:cis ratio of 1 presumed by W2018 for the reaction
10
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of NO; addition to isoprene, based on the OH addition to C1 of isoprene calculated by Peeters et al. (2009). However, it
should be noted that the peroxy radicals formed from the reaction of the adducts with O, may be in a different ratio as

these reactions are reversible, similar to those for peroxy radicals formed following OH addition to isoprene.

As noted above, the ratios of C1-ICN to C4-ICN ratios exhibit diel patterns (Fig. 8). The ratios are higher at night and
lower in the daytime. The evening ratios are driven by the preferential addition of NO3 to the C1 position as discussed
above. The decrease in this ratio during the morning could be explained if the lifetime of C1-ICN were shorter than for
the other isomers. However, the rate coefficients for reaction with OH recommended by W2018 are about 20 % slower
for C1-ICN than for C4-ICN. Photolysis is expected to be the largest daytime sink, but Xiong et al (2016) only
determined this for E-(4-ONO, 1-CO)-ICN.

5.3 Propanone nitrate

Figures S6 and 7 show the time series and diel patterns of the measured and modelled propanone nitrate. The observed
mixing ratios are generally higher than the modelled values. The chemical lifetime of propanone nitrate is calculated to
be around 10 hours during the daytime and considerably longer at night, so transport is expected to play an important
role in the distribution of propanone nitrate. The mixing term dominates the modelled lifetime and the resulting mixing
ratios are highly dependent on the assumptions regarding this term. As discussed in Sect. 4, the same first order mixing
loss rate is used for all species. As significant concentrations of propanone nitrate are expected to remain in the residual
layer, this may lead to an overestimation of the mixing, but reducing this would worsen the comparison with the
observed propanone nitrate. Despite these issues the model can still provide insight into the dominant chemical

production processes.

The primary source of propanone nitrate in the model is the OH oxidation of 8-ICN, which is formed from NO;
oxidation of isoprene. Consequently, the modelled propanone nitrate and 3-1CN time series share many similarities (Fig.
S6). As discussed above, the production of 6-ICN and its loss via OH oxidation occur mostly during the daytime, so this
source of propanone nitrate is predominantly during the daytime. On nights when OH is present even at low
concentrations it can be a sizeable source due to the relatively large amounts of 5-1CN at night. Propanone nitrate is also
formed from oxidation of 3-ICN by Os. This is a relatively small source except on nights when Oz was present (Fig.
S1). Propanone nitrate can also be produced following the NO3 addition to propene. Overall, the model results suggest
this to be a relatively small source, but is often calculated to be the dominant source of some of the night-time peaks in

propanone nitrate.

Both the modelled and observed propanone nitrate reflect the fact that production of propane nitrate can occur both
during the daytime and at night (Figs. S6 and 8). Fig. 8 shows the temporal variation of the observed propanone nitrate,
along with (4-ONO2, 1-CO)-ICN for the last four days of the campaign. Propanone nitrate exhibits three peaks: two on
the nights of the 19-20/06/2017 and 20-21/06/2017, and one during the daytime on the 21/06/2017. These peaks are
replicated, but to a lesser extent by the model, which suggests that the peak on the night of the 19-20/06/2017 was OH
oxidation of 3-ICN and, to a lesser extent, NOs addition to propene. The next night NOs addition to propene was
modelled to be the dominant source of the propanone nitrate with OH oxidation of 5-1CN being the main source during
the following day. The consequence of this pattern in sources is that both the observed and modelled mixing ratios show

no clear diel cycle, possibly a weak bimodal pattern in the mean, and large day-to-day variability (Fig. 7).
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The modelled propanone nitrate is generally less than the 3-ICN. In contrast the observed propanone nitrate is typically
a lot greater than total 5-1CN. This might, in part be due to the model being unable to simulate the mixing correctly, but,
as discussed in Sect. 5.2, the model simulates considerably larger amounts of 3-ICN than observed and getting the
wrong balance between the various production and loss terms of the 3-ICN will likely impact the modelled propanone
nitrate.

5.4 6-1HN

Four 5-IHN can be formed from the OH addition to isoprene in the C1 and C4 positions: E-(1-OH, 4-ONOy)-IHN, Z-(1-
OH, 4-ONO3)-IHN, E-(4-OH, 1-ONO2)-IHN) and Z-(4-OH, 1-ONOy)-IHN) (Fig. 5). The MCM treats the trans and cis
8-IHN isomers as a single species and so considers two 6-IHN: (1-OH, 4-ONO)-IHN and (4-OH, 1-ONOy)-IHN. The
modelled two 8-1HN are simulated to have very similar mixing ratios during the daytime with peaks values of around 1
ppt (Figs. 9 and S7). Whilst we have previously demonstrated that our system can measure the four 5-IHN (Mills et al.,
2016) we found no evidence of them in Beijing despite the modelled daytime mixing ratios being above our detection
limit of 0.1 ppt.

The model also simulates enhancements of (4-OH, 1-ONO)-IHN of around 15-30 ppt on several nights coincident with
enhanced mixing ratios of the 3-ICN (Figs. 9 and S7), because (4-OH, 1-ONOy)-IHN is also formed when the INO;
radicals react with organic peroxy radicals. As discussed in Sect. 5.2, INO; is mostly produced during the daytime, but
on some nights INO, mixing ratios were simulated to be high leading to these elevated mixing ratios of both (4-OH, 1-
ONOy)-THN and 5-1CN. We were only making measurements on a few of the nights when the model simulates these
enhancements in (4-OH, 1-ONOy)-IHN, but again we did not detect it and although we saw small enhancements in 8-
ICN they were far smaller than modelled.

6 Conclusions

Following OH oxidation of isoprene, the concentration of NO is critical in determining the lifetime, fate and
redistribution of the isoprene-derived peroxy radicals, ISOPOO. Measuring IHN, products of the reactions between NO
and ISOPOOQ, provide observational insight into this chemistry. Our measurements show that in the summertime
conditions experienced in Beijing the B-IHN ratio ((1-OH, 2-ONO,)-IHN to (4-OH, 3-ONO_)-IHN) increases at NO
mixing ratios below 2 ppb providing observational field evidence of the redistribution of the ISOPOO away from the

Kinetic ratio towards a new thermodynamic equilibrium consistent with box model calculations.

There are absolute discrepancies between the modelled and observed ratio of B-IHN, with the observed values being
higher. Some of this might be resolved with a more accurate calibration of (1-OH, 2-ONO,)-IHN. However, there may
be issues with the chemical scheme and it is noteworthy that the model underestimates the measured RO, mixing ratios,
for both those classed as simple and those as complex, the latter which include ISOPOO (Whalley et al., 2020). Whilst
an underestimation of the B-ISOPOO might impact the absolute mixing ratios of modelled B-IHN, an underestimation
of the total RO, can affect the B-IHN ratio as the rate constant for the reaction of RO, with (1-OH, 2-O0)-ISOPOO is
slower than that for reaction of RO, with (4-OH, 3-O0)-ISOPOO and this contributes to the higher B-IHN ratios at the

lower NO mixing ratios.
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The diel pattern in observed NO (along with OH and peroxy radicals) in Beijing suggests that the ratio of (1-OH, 2-
ONOy)-IHN to (4-OH, 3-ONO>)-IHN should have increased during the afternoon, but, unfortunately, we were unable to
make enough measurements to observe this given the day-to-day variability in atmospheric composition. However, our
observations demonstrate that more extensive measurements of individual B-IHN should provide insight into the -

ISOPOO speciation, and how it changes under different chemical regimes.

Like the B-IHN, &-IHN are formed following OH addition to isoprene in the C1 and C4 positions and their rates of
production are dependent on the kinetic yields of their respective ISOPOO from O, reaction with the C1 and C4
adducts, and redistribution amongst the ISOPOO. The rapid isomerization of the Z-3-ISOPOO leads to a greater B:8
ISOPQOO ratio than the Kkinetic one. Whilst the model strongly favours production of B-IHN over the &-IHN it still
suggests that there should be enough 8-1HN present during the daytime for us to detect with our measurement system.
However, we found no evidence of their presence, which may suggest that the model underestimates the p:6 ISOPOO
ratio, or underestimates the 5-1HN losses.

The observed amounts of 8-ICN demonstrate the importance of daytime addition of NOs to isoprene in Beijing.
Hamilton et al. (2021) have also shown this source of organic nitrates to be important for the formation secondary
organic aerosol in Beijing. We did, however, observed far less 5-ICN than we modelled which may suggest that the
predominant source of the 5-1CN in the model (reaction of NO with 3-nitrooxy peroxy radicals) is too large or the sink
too small. The main source of propanone nitrate in the model is the OH oxidation of 3-ICN so the atmospheric budgets
of these two nitrates are linked. Observations of propanone nitrate suggest it can be a marker of this chemistry, although
other sources, such as the NO; addition to propene and the transport of propane nitrate need to be taken into
consideration. The model suggests that reaction of the &-nitrooxy peroxy radicals with organic peroxy radicals is a
significant source of (4-OH, 1-ONOy)-IHN at night, but one that is not supported by our observations.

Our speciated measurements of the four 5-ICN isomers provide insight into the isomeric distribution of the 5-nitrooxy
peroxy radicals. The two trans 3-1CN isomers are observed to have the highest mixing ratios, with E-(1-ONO,, 4-CO)-
ICN being the most abundant. However, the mean C1:C4 isomer ratio is 1.4, which is considerably lower than would be
expected based solely on the addition of NOj3 to isoprene occurring in the C1 and C4 positions in a 6:1 ratio. This raises
the question as to whether it is appropriate to represent the 3-ICN by a single C1 nitrated isomer, as done in the MCM.
We observed the trans-ICN isomers to dominate over the cis-ICN isomers with a mean ratio of 7, far greater than the
trans:cis ratio of 1 presumed by W2018 for the reaction of NO3 addition to isoprene. This suggests that thermodynamic

redistribution of the 8-nitrooxy peroxy radicals may also be important.

This study demonstrates the value of speciated IN measurements in testing understanding of the isoprene degradation
chemistry and more measurements would provide more robust constraints. One reason for the limited data was the need
for a different instrument set up for the measurement of (1-OH, 2-ONO,)-IHN. Resolving this would increase data
capture and provide concurrent measurements of a range of speciated IN that can be used to test different aspects of the
isoprene degradation system simultaneously, including the balance between OH and NOs oxidation of isoprene.
Observations of speciated IN in a wide range of NO/VOC chemical space at different times of day would provide
greater constraint on their chemistry, in particular the isomeric distribution and fate of the peroxy radicals. The
chemistry of the isoprene degradation chemistry is complex involving multiple species and reactions. Analysis of field
measurements of IN can help constrain aspects of this, but interpretation would be enhanced by simultaneous
13
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measurements of other chemical species (e.g. other products of the nitrooxy-peroxy radicals), as well as improved
quantification of several reaction rate constants. Further laboratory studies are required to improve quantification of the
IN lifetimes, in particular with respect to photolysis of the ICN, deposition and hydrolysis, and to better constrain the

peroxy radical reactions, including the branching ratio of the NO reaction that leads to IHN.
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670

Table 1: Uncertainties in the measurements of the isoprene nitrates

Isoprene nitrate

Period 1 (metal valve,

column and trap)

Period 2 (plastic valve

and direct injection)

Period 3 (plastic valve,

column and trap)

(4-OH, 3-ONOy)-IHN
(1-OH, 2-ONOy)-IHN
E-(1-OH, 4-ONOy)-ICN
E-(4-OH, 1-ONOy)-ICN
Z-(1-OH, 4-ONOy)-ICN
Z-(4-OH, 1-ONOy)-ICN
Propanone nitrate

15% + 0.1 ppt
27% + 0.1 ppt
24% + 0.1 ppt
23% + 0.1 ppt
24% + 0.1 ppt
18% + 0.1 ppt

14% + 1 ppt
22% + 1 ppt

14% +0.1 ppt
22% +0.1 ppt
22% +0.1 ppt
22% +0.1 ppt
22% +0.1 ppt
17% +0.1 ppt
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Figure 1. (a) Formation of IN (red boxes) from isoprene oxidation by OH and NOs: isoprene hydroxy nitrates (IHN):

675 isoprene hydroperoxy nitrates (IPN); isoprene dinitrates (IDN); isoprene carbonyl nitrates (ICN); and propanone nitrate.
(b) The skeletal formula of the specific IN discussed in this paper. Box colours: Green - measured in Beijing; Pink -
measured by the analytical system previously in the laboratory, but not discernible in Beijing.
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points are the means and the shaded areas represent £1 s.d. in the variability of values for each hour of the day.
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the shaded areas represent +1 s.d. in the variability of values for each hour of the day.
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700 OH, 3-ONO,)-IHN (error bars are the measurement uncertainties (see Sect. 3.3 for details)). In panel e the orange line is
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of one hundred NO mixing ratios. This same line is plotted in panel f for comparison with the observed data. The blue
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ONOg, 1-CO)-ICN). (b) Diel pattern of propanone as modelled using the MCM and measured. Data points are the

710 means and the shaded areas represent +1 s.d. in the variability of values for each hour of the day.
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