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We thank the anonymous referees for reading the paper carefully and providing thoughtful comments, which have 
resulted in improvements in the revised version of the manuscript. We reply to each comment below in bold text. 

Anonymous Referee #1 

General comments 
This paper presents an experimental investigation of the OH-initiated oxidation of isoprene under atmospherically relevant 5 
conditions in the SAPHIR chamber. The main focus of the study is the important subset of the chemistry, usually referred to 
as the Leuven Isoprene Mechanism (LIM1: Peeters et al., 2014), involving the reversible addition of O2 to OH-isoprene 
adducts, and the unimolecular isomerisation reactions of a subset of the isomeric HO-isoprene-O2 peroxy radicals formed. 
These provide direct regeneration routes for HOx radicals (OH and HO2), which are of particular significance at NOx levels 
that are characteristic of the remote pristine boundary layer. The experimental observations of the concentrations/mixing 10 
ratios of a number of species (OH, HO2, RO2, CO and the sum of methylvinyl ketone, methacrolein and isoprene 
hydroxyhydroperoxides), and the OH reactivity, are used to test the rate parameter values currently applied to the LIM1 
chemistry in the Master Chemical Mechanism (MCM v3.3.1: Jenkin et al., 2015) and the Caltech explicit isoprene 
mechanism (Wennberg et al., 2018), and adjustments are recommended that allow the model-measurement agreement to be 
optimised. 15 
The chemistry of the two di-hydroperoxy carbonyl peroxy radicals (di-HPCARP-RO2) is given some consideration, these 
being formed in the LIM1 mechanism from the 1,6-H shift reactions of the Z-1,4- and Z-4,1 HO-isoprene-O2 peroxy radical 
isomers. The results of theoretical studies for di-HPCARP-RO2-I (formed from the 1,4- branch) are presented. These allow 
full elucidation of the detailed chemistry, with the overall effect being confirmed as dominant formation of OH, CO and the 
corresponding di-hydroperoxy carbonyl product (DHP-MVK) under relevant atmospheric conditions. This has essentially 20 
the same effect under relevant conditions as existing more simplified representations (e.g. as in MCM v3.3.1), although the 
precise mechanism differs. However, the chemistry for di-HPCARP-RO2-II (formed from the 4,1- branch) remains 
unresolved, with further study required for the subsequently-formed tri-hydroperoxy acyl radical. 
This is an important and informative piece of work, providing new experimental information to test and help optimise 
current understanding of atmospheric isoprene degradation chemistry under relevant conditions, with some new insights 25 
from theoretical studies also being presented. It is therefore appropriate for publication in ACP. However, a number of 
comments are given below which the authors should consider and address in producing a revised version of the manuscript. 
 

Specific comments 

1) The LIM1 mechanism: Because the main focus of the work is the LIM1 mechanism, more information and background 30 
should be given to the origin of the parameter choices applied by the developers of MCM v3.3.1 and the Caltech mechanism 
(i.e. as represented in run M1), and their overall effect characterised as a phenomenological or “bulk” isomerisation rate for 
the important 1,6 H shift reactions. Specifically, the following points should be considered: 
 
Line 57: In the discussion of the factor of 5 adjustment to the rate coefficients applied to the reversible addition reactions of 35 
O2 to OH-isoprene adducts in MCM v3.3.1, it could be pointed out that this was following a review recommendation by a 
LIM1 author (Peeters, 2015), informed by preliminary Caltech results (Crounse et al., 2014). As written, this comes across as 
an arbitrary unsupported assumption, with its origin unexplained. In the ensuing description, it could also be pointed out that 
the systematic differences applied to the reversible HO-isoprene + O2 rate coefficients and the Z-delta-RO2 isomerisation 
rates in MCM v3.3.1 are related, the latter being optimised so that the phenomenological bulk isomerisation rate matches 40 
reported experimental data for HPALD formation (Crounse et al., 2011). Again, this was partly based on the review 
recommendation of Peeters (2015). 
 
The authors acknowledge the suggestion of the referee and added the motivation for the change as well as the 
references to the comment and the preliminary results from Caltech. 45 
The following sentences were included in the revised manuscript: 
“…This change was prompted by preliminary results from Caltech (Crounse J. D., 2014) and the review by one of the 
LIM1 authors (Peeters, 2015)…” 
“…This change was suggested by one of the LIM1 authors (Peeters, 2015) to maintain the phenomenological bulk 
isomerization rate in agreement with previous experimental results on hydroperoxy aldehyde (HAPLD) formation 50 
(Crounse et al., 2011)…” 
 
Line 59: The description of the rate coefficients applied to the reversible addition reactions of O2 to OH-isoprene adducts in 
the Caltech mechanism (as applied in run M1) is also a bit weak. Rather than Wennberg et al. (2018) simply “suggesting” 
use of the Teng et al. (2017) values, a statement something like “Wennberg et al. (2018) applied their experimentally 55 
determined/optimised parameters, as reported by Teng et al. (2017)” would seem more appropriate and accurate. If possible, 
it would also be useful to include a qualitative statement about the relative magnitude of the Teng et al. (2017) and LIM1 
parameters, to help the reader place them relative to the MCM v3.3.1 values. This is not provided in Table 2, and is not easy 
judge from the information in the supplement. 
 60 
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The sentence as suggested by the referee was added to the revised manuscript. Table 1 includes a full list of the 
reversible O2 reactions, so the readers can compare all models discussed in detail. The text now also contains a 
statement that the rate coefficient differences are up to a factor of 35, which, combined with the updated text and the 
table, should give the authors a clear idea of the relative values.  
 65 
As above for MCM v3.3.1, it would also be helpful if some information was given for the Caltech mechanism on the overall 
effect of the parameters for the HO-isoprene + O2 reactions and the Z-delta-RO2 isomerisation reactions, in terms of a 
phenomenological bulk isomerisation rate. Given the general close agreement of the MCM v3.3.1 and M1 simulations for 
almost all conditions, it appears that the two representations probably give very similar bulk isomerisation rates, despite the 
differences in the parameters applied to the component reactions in the mechanism. This is likely because they are both 70 
optimised to similar (Caltech) data for HPALD formation. This would seem to be a really important point to make, because 
the present study is recommending adjustments to the component parameters that likely give a higher bulk isomerization rate 
and which may therefore not be consistent with the Caltech results. 
 
The phenomenological bulk isomerization rate for each model tested in this study was calculated for the condition of 75 
the low NO experiment (Figure 4) and the average value was included in table 2 and discussed at the end of section 4. 
“…When comparing the phenomenological bulk isomerization rate among the different models tested within this 

study calculated for the low NO experiment (Table 2) a similar value is observed for both MCMv3.3.1 and M1 

models. This is to be expected as both models are optimised to reproduce the phenomenological bulk isomerization 

rate as measured from the formation rate of HPALD (Crounse et al., 2011). In addition, in a study by Jenkin et al. 80 

(2019) MCMv3.3.1 and M1 models are compared for different NO values and show no significant differences, as also 

observed within this study. On the other hand, the value obtained from this study is in good agreement with the 

LIM1 theoretical calculations and is needed to bring measurements and model results in agreement. Between these 

two groups of models, the bulk rate differs by a factor of 3 to 4. …” 

Lines 81, 93 and 356: The authors appear to be overlooking that the 0.4 yield of HPALD adopted by Wennberg et al. (2018) 85 
is made up of 0.25 delta-HPALD + 0.15 beta-HPALD, based on Teng et al. (2017), where delta-HPALD is the species being 
discussed in the present work. Unlike delta-HPALD, the beta-HPALD isomer is not expected to photolyse rapidly because 
the C=O and C=C bonds are not conjugated. 
This will likely delay and reduce OH formation from that portion of the chemistry. This distinction should be discussed in 
the present work, and its effect should be examined in a sensitivity test. 90 
 
As shown with M2 in figure 7, the largest majority of OH radicals following the 1,6-H shift originates from the much 
faster aldehyde-shift and products rather than from δ-HPALD photolysis (70% and 12%, respectively). Given the 
large uncertainty in the assignment of the β-HPALD as the GC-MS-detected peak from the study by Teng et al. 
(2017), the large uncertainty on the yields of both di-HPCARP-RO2 and δ-HPALD and the uncertainty on the 95 
following-up chemistry of the β-HPALD, our choice was to keep the mechanisms similar to the MCMv3.3.1. One test 
run was performed as suggested by the referee with no OH radical expected to be formed from the β-HPALD as a 
lower limit case. Less than 5% reduction of OH radicals was observed. In addition, recent theoretical work on 
photolysis of α-hydroperoxy carbonyls (Liu et al., 2018) suggests that their photolysis rate could be as fast as for δ-
HPALD therefore prompting fast OH radical formation.  100 
The presence of two distinct HPALDS as suggested within the Caltech mechanisms together with our reasons for 
keeping the model  similar to both MCMv3.3.1 and LIM1 (with only δ-HPALD) is added to the revised version of the 
manuscript. 
 
2) Other comments 105 
Line 50: The description of the chemistry presented here only includes the products of OH addition to the terminal carbon 
atoms in isoprene. Addition to the central carbon atoms is minor, but still significant. For completeness, this should either be 
described, or some qualification should be included that you are describing only the major addition routes that collectively 
account for about 90 % of the reaction. It should probably also be pointed out that minor addition to the central carbon atoms 
is represented in MCMv3.3.1, but excluded in the other sensitivity tests. 110 
 
The MCMv3.3.1 is the skeleton model for all the sensitivity tests so that the additions to the central carbon are 
included in all model runs (excluding M0). This has been clarified in the revised version of the manuscript. 
 
Lines 143 and 173: The instrumentation summary is in Table S9 (rather than Table S1), in section E of the supplement. The 115 
authors could consider making this more prominent. 
 
The table was added to the main revised manuscript. 
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Line 165: A single level of HO2 signal interference from isoprene-derived RO2 is given. Presumably, this was determined 120 
from experiments similar to those reported by Fuchs et al. (2011) for the current configuration, with the RO2 generated in a 
calibration radical source from the OH + isoprene reaction in synthetic air. However, the distribution of the isomeric RO2 
radicals in the calibration source likely differs from those in the experiments, because the distribution changes with the rate 
of competing bimolecular reactions (as first pointed out by Peeters et al., 2014). The distribution will also vary over the 
ranges of [NO] and temperature that are considered in the experimental studies. Although all the RO2 isomers form RO that 125 
decompose, was any consideration given to possible differences in interference between the different isomers, and any 
systematic variation that might occur with experimental conditions?  
 
This issue was considered in some detail. Across the conditions in the experiments, the RO2 speciation does 
not change overly dramatically, being bracketed between the nascent and the equilibrium populations, 130 
without reaching the latter. As noted by the referee, all alkoxy radicals formed in the measurement cell are 
decomposing, and the expected variations across the relevant RO populations in overall rate and products 
are again not extreme. Furthermore, even when changing the modeled interference five-fold (from 0.1 to 
0.5), much larger than expected from isomeric redistribution, the difference in the predicted HO2* model 
concentration is only 8%, small to negligible compared to the measurement uncertainty. Hence, the RO2 135 
isomeric population is not a determining factor in the signal interference. 
 
Related to this, all RO2 formed from OH addition to double bonds are expected to lead to HO2 interference, e.g. as 
demonstrated for MVK and MACR by Fuchs et al. (2011). Why were interferences from RO2 formed from OH + MVK, 
MACR (and other unsaturated products) not taken into consideration? 140 
 
The RO2 interferences from OH + MVK and MACR were also considered and this was clarified in the revised 
manuscript. 
 
Line 175: Measurements of NO2 using conventional chemiluminescence analysers are notoriously subject to interferences 145 
(e.g. from HONO and PANs). Was this taken into account? 
 
The NO2 instrument in use at the SAPHIR chamber uses a photolytic converter and not a molybdenum converter 
where the latter can have large interferences from both HONO and PAN. The instrument in use at SAPHIR was 
tested for both interferences which were found to be both negligible at the concentrations encountered during the 150 
experiments performed. 
 
Line 204: As indicated, the OH + ISOPOOH reactions are believed to regenerate a high yield (> 90%) of OH promptly, and 
therefore do not count towards the OH reactivity. However, this is also partly the case for other ROOH (e.g. when H 
abstraction adjacent to an -OOH group occurs). There are many species formed with -OOH substituents C5 during isoprene 155 
degradation, and OH can also be regenerated rapidly in selected other cases (e.g. OH + glyoxal). Are these reactions 
included in the modelled OH reactivity total? If not, it is probably an upper limit. 
 
The reaction of isopoohs with OH regenerates OH radical fast enough so that the OH reactivity measurement has to 
be corrected for it. This was observed with the LP-LIF instrument in use at the SAPHIR chamber during specific 160 
isopooh experiments and for completeness it was included in this study. Still, despite the relative large concentration 
of isopooh expected at the condition of the experiments, the change in reactivity was at max 7%. Other reactions were 
not included as the uncertainty on the predicted concentrations together with the uncertainty on the efficiency in OH 
regenerations (as these species were not directly tested within the instrument) will not bring any improvement in the 
results of the study.      165 
 
Line 343: The concentration of MVK + MACR + ISOPOOH is also influenced by the removal rates of these species (i.e. not 
only by the processes of specific interest to the current study). Whereas the removal reaction rate coefficients for MVK and 
MACR are well studied, those for ISOPOOH are likely subject to some uncertainty. Have uncertainties on other processes 
(e.g. OH + ISOPOOH) been considered that could help reconcile model-measurement differences? 170 
 
The contribution of the modelled ISOPOOHs to the sum of MVK+MACR+ISOPOOH measured signal is, at max, 
10%. A test run with a factor of 10 faster rate coefficient for the reaction of ISOPOOHs and OH radical decreased 
the modelled sum of MVK+MACR+ISOPOOH within the MCMv3.3.1 model by only 7% with no change in the 
modelled results for the species investigated in this study. Therefore we feel that the inaccurate distribution of the 175 
isoprene-RO2 conformers the MCMv3.3.1 and M1 models is the main cause for the disagreement between model 
results and observations.   
 
General comment: Some of the parameter choices made in the previous mechanisms have been influenced by the 
requirement to take account of reported MVK/MACR ratios in addition to many other reported observables. The reported 180 
measurements in the present study quantify the sum of the two isomeric species (plus interference from ISOPOOH), and 
therefore the discussion focuses on the ability of the mechanisms to recreate that lumped observable. It would be useful if the 
authors also demonstrated how well the preferred optimised parameters recreate reported MVK/MACR ratios, and other 
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observables, e.g. Caltech HPALD production rates referred to above. In this latter case, might this help with drawing 
conclusions about the HPALD vs. di-HPCARP-RO2 yields? 185 
 
As stated in the paper, the MVK and MACR data in our study is uncertain due to the ISOPOOH 
interference on the measurements, making the MVK/MACR ratio less reliable for a direct numerical 
intercomparison. Most of the experimental data (see table 7 in Wennberg et al. (2018)) was obtained at 
high NO, where the MVK/MACR ratio is determined predominantly by the initial OH and O2 addition 190 
site-specificity, and are thus of less interest for the current investigation. Our model predicts a small 
increase (12%) in the MVK to MACR ratio when going from high NO (~ 1 ppbv) to low NO (0.2 ppbv) 
conditions; comparing this to figure 4 in the study by Jenkin et al. (2015) suggests we are in the flat section 
of the MVK/MACR curve. The phenomenological bulk isomerization rate obtained for the low NO 
condition of our study is faster than what obtained from the MCMv3.3.1 and Caltech model runs (see table 195 
2 in the main paper); these latter models were optimized to the HPALD formation rate obtained from the 
study by Crounse et al. (2011). It is difficult to compare the bulk rate from our model with the study by 
Crounse et al. (2011) as the conditions of the experiments (NO and radical concentrations) are not known 
to us, and might differ from our conditions. Still, given that the MCM/Caltech mechanisms were optimized 
to Crounse et al. (2011), it is reasonable to assume that the bulk rate obtained from our optimized model 200 
for the Crounse et al. conditions will likewise be larger than those in the MCM/Caltech mechanisms. There 
is however no obvious reason why the two experimental studies (this work; Crounse et al. (2011)) would be 
in disagreement, and any difference in model prediction of our model compared to MCM/Caltech is thus 
related to the already presented evidences in our study showing that the latter models do not represent 
correctly the measured species. Our bulk rate coefficient on the other hand are very similar to the LIM1 205 
data (see table 2 in the main paper), and we see overall an extremely good agreement (see figures S5 in the 
SI) between these two models, suggesting that we would obtain a similar MVK/MACR ratio across a wider 
NO range. The very good agreement between the M2 model and LIM1 was underlined in the conclusion of 
the manuscript. 
 210 
 
Lines 294-309: Although full characterisation of the chemistry of di-HPCARP-RO2-II and the subsequently-formed tri-
hydroperoxy acyl radical is beyond the scope of the present work, can the authors provide any interim guidance to 
mechanism developers here? In the absence of this, I suspect formation of OH, CO and DHP-MACR will necessarily be 
assumed. 215 
Related to this, line 213 states “The chemistry of di-HPCARP-RO2 as investigated within this study was implemented in the 
model”. What was applied in the case of di-HPCARP-RO2-II? 
 
The theoretical estimate for di-HPCARP-RO2-II, based on di-HPCARP-RO2-I theoretical calculations 
and literature data, indicates competition between CO elimination and O2 addition. To keep the 220 
mechanism manageable in size, and to avoid introducing too much unproven chemistry, we opted to 
implement di-HPCARP-RO2-II subsequent chemistry the same as for di-HPCARP-RO2-I, i.e. only 
decomposition by CO elimination, leading to formation of OH, CO, and DHP-MACR. Once should bear in 
mind that the acylperoxy channel could later be shown to be more important, but unfortunately our 
experiments are not sensitive to the branching ratio, and additional theoretical calculation and 225 
experiments are needed to resolve this issue. 
 
Line 394: As indicated, the modelled RE is a lower limit because not all possible processes are included in the total. Looking 
at Fig. 11 in Jenkin et al. (2015), and because the MCM v3.3.1 reaction scheme is being used, it might be possible to include 
one or two more that may contribute to the small shortfall at low NOx, namely (i) the higher-generation 1,4 H shift 230 
isomerisation reactions (e.g. from MACRO2) and (ii) the RC(O)O2 + HO2 = RC(O)O + OH + O2 reactions. 
 
The higher-generation 1,4-H shift isomerization reaction from MACRO2 is already included in the aldehyde-H shift 
label (Table S6). This has been clarified in the revised manuscript. There are a large number of additional reactions 
which also contribute to the OH radical regeneration and which are not included (e.g. fast decomposition of RO2) as 235 
the purpose is to focus on the main regeneration paths which, alone, can more or less explain the observations. 
 
Abstract, Line 19: The effect of temperature over the range 25-41 C is not at all apparent in the discussion of the results. 
Indeed, I do not think temperature is mentioned again in relation to the experimental study and its interpretation (i.e. it is 
only mentioned in relation to the model set-up and the theoretical calculations). 240 
 
The referee is correct and the remark in the abstract was removed. 
 
Minor comments 
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First two sentences of abstract: The terms "previously" and "early" used here are very vague. Presumably, "previously" 245 
means prior to Peeters et al. (2009) (rather than prior to the present work), and “early” means Lelieveld et al. (2008). 
 
The sentence was rephrased. 
 
Line 210: Should “methoxy” should be “methyl peroxy, CH3O2”? 250 
 
Yes. 
 
Line 397: It would be clearer to use a multiplication sign rather than “x” in Eq. (2), particularly as one of the variables is a 
lower case “y”. 255 
 
Done. 
 
Line 541: The modelled/measured ratio given for the sum of MVK, MACR and ISOPOOH appears to be 
measured/modelled. 260 
 
Yes, it was corrected accordingly. 
 
Supplement: The red text is apparently missing in Table S2. 
 265 
It was added in the revised version. 

 

Anonymous Referee #2 

This publication presents a set of chamber studies carried out under representative ambient atmospheric conditions in the 
outdoor SAPHIR chamber on the photooxidation of isoprene. A comprehensive set of measurements (including radicals 270 
HOx and ROx) were made over a range of VOC/NOx conditions, so that the sensitivity of “low-NO” peroxy radical 
isomerization reactions and subsequent radical regeneration chemistry can be mapped out in order to evaluate the detailed 
isoprene degradation chemistry described in the detailed MCMv3.3.1 and Caltech isoprene mechanisms. The chamber 
measurements and modelling were supported by detailed theoretical calculations focusing on the chemistry of the di-
HCARP-RO2 species. The experimental and theoretical work here have been used to recommend updates to the chemistry in 275 
both mechanisms and highlight where further research into the low NO isoprene chemical mechanism (i.e. HPALD vs. 
diHCARP yields and further chemistry) needs to be focused. 
 
This is an interesting and valuable detailed study into the sensitivity of isoprene photooxidation chemistry over a range of 
NOx conditions, under atmospherically relevant conditions, providing an important dataset with which to evaluate and 280 
optimise our current mechanistic understanding of the atmospheric chemistry, providing future focus in which the chemical 
uncertainties lie. The manuscript is generally written well, with a few spelling and grammatical errors which need to be 
fixed. I recommend publication in ACP after the following points are addressed. 
I agree with the anonymous Referee #1 that more detail on the development of the MCMv3.3.1 and Caltech isoprene 
chemical mechanisms need to be brought out in the introduction and place into context of how the developments of these 285 
schemes stem from the original LIM1 mechanism, with the further developments of the chemistry applied so that they fit a 
range of atmospheric conditions. For example, the development of the MCMv3.3 to MCMv3.3.1 comes from detailed 
discussions between the MCM and LIM1 development teams, using the latest experimental data at the time to scale various 
rate constants that a very pertinent to the current study (i.e. why the equilibrium rate constants between the isoprene - RO2 
species are increased by a factor of 5 (Line 57) and why the 1,6-H shift RO2 isomerisation rates are reduced by a factor of 5 290 
(Line 67)). Much of this developmental discussions is given in the ACPD responses section (https://www.atmos-
chemphys.net/15/11433/2015/acp-15-11433-2015-discussion.html ), and should be referenced appropriately. One more thing 
to note is that the MCMv3.3.1 and the main updates to the Caltech isoprene mechanism (including evaluated in the kinetics 
and products of 1,6 H-shift reactions of Z-δ-hydroxy peroxy isomers and of first-generation β-hydroxy peroxy isomer + HO2 
reactions) have been evaluated over a range of NOx conditions in Jenkin et al., (2019) 295 
(https://doi.org/10.1016/j.atmosenv.2019.05.055), showing some differences in the HPALD and di-HCARP-RO2 formation, 
as well as RONO2 formation, with general agreement over the different NO ranges looked at deemed acceptable. 
 
The reference to the comment by one of the author of LIM1 (Peeters, 2015) to the MCMv3.3 manuscript was added 
to the introduction of the paper together with the reasoning behind the choices made (please refer to the answer to 300 
the first comment of Referee #1). 
The reference to the study comparing the MCMv3.3.1 and the updated Caltech mechanisms was added to the end of 
section 4. 
“…In addition, in a study by Jenkin et al. (2019) MCMv3.3.1 and M1 models are compared for different NO values 
and show no significant differences, as also observed within this study…” 305 
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In the Model Calculations section, add at line 182 that “… with newly updated isoprene chemistry in line with LIM1 
chemistry, updated/optimised to recent experimental results, as described in Jenkin et al., (2015)” 
 
Done 310 
 
Line 330. The statement about an overprediction of ISOPOOH is not backed up by the measurements here, unless you can 
estimate the relative fractions of MACR, MVK and ISOPOOH that make up the mass signal in the PTR. 
 
The sentence was removed and rephrased later in the section to underline how the MCMv3.3.1 and M1 models, by 315 
having a different distribution of isoprene-RO2 conformers, predict a larger concentration of ISOPOOH compared to 
the model M2.  
“…In addition, both MCMv3.3.1 and M1 models predict a larger concentration of ISOPOOHs compared to the 
optimized model M2 due to the different distribution of isoprene-RO2 conformers. This will cause a larger expected 
concentration of new particle formed during the oxidation of isoprene due to the subsequent degradation products of 320 
ISOPOOHs which includes epoxides (St. Clair et al., 2016)…” 
 
Line 379. Consider putting the additional model run described here in the Supplementary 
 
A figure containing M2, M3 and LIM1 was added to the supporting information (Fig. S5). 325 
 
Line 455. So the additional global model run includes M3 chemistry? 
 
That is correct and it was clarified in the revised version of the manuscript. 
 330 
Figure 5. Consider adding the MCMv3.3.1 model simulation to Figure 5, for a direct comparison with Figure 4. 
 
The MCMv3.3.1 model was added to Figure 5. 
 
The Supplementary Material pdf consists of 1074 pages!! The majority of this consists of the raw quantum chemical and 335 
theoretical kinetic database. Please place this information into an online data store (github) or a supplementary zip files as 
this data (all though important) is only really relevant/useful to specialist QM chemists. 
 
As suggested, the raw quantum chemical and theoretical kinetics data will be separated from the supporting 
information and provided as a supplementary zip file. We prefer not to put the data in a separate data repository as it 340 
is not too large, and can thus easily be kept together. 
 
Minor Comments 
- Abstract – is “disregarded” the right word here? I would use “unrecognised” or “undiscovered” here, or re-write the 
sentence to say that they were previously not thought to be important under atmospheric conditions… 345 
 
Changed as suggested. 
 
- Define “parts per billion” earlier, when first used 
 350 
Done. 
 
- Line 27 - “aldehydic hydrogen” 
 
Done. 355 
 
- Throughout the main text and supplementary, please refer to “MCMv3.3.1” and not “MCM 331”. 
 
Done. 
 360 
- Line 165 – define “ROx” 
 
Done. 
 
- Line 210 – “{10 % methyl peroxy radical and 30% RO2 radicals from isoprene)”- give a 365 
reference for these numbers 
 
Done. 
 



7 
 

- Line 216 – Link bullet points to Table 2 or expand into a better version of Table 2 370 
 
Done. 
 
- Line 235 -Link changes to the isoprene chemistry to Table S7 
 375 
Done. 
 
- Should “DHP-MVK” be “DHP-MEK” throughout the manuscript (Figures 2 and 3)? 
 
The authors decided to use the name as in use in the study by Wennberg et al. (2018) as MVK is formed from the OH 380 
addition to C1. 
 
- Line 557. Define OH additions on C4 and C1 – “radical formed from initial OH attack 
at the C4 and C1 positions…” 
 385 
The reference to figure 1 was added. 
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Abstract. Theoretical, laboratory and chamber studies have shown fast regeneration of hydroxyl radical (OH) in the 440 

photochemistry of isoprene largely due to unimolecular reactions which were previously thought not to be important under 

atmospheric conditions. Based on early field measurements, nearly complete regeneration was hypothesized for a wide range 

of tropospheric conditions, including areas such as the rainforest where slow regeneration of OH radicals is expected due to 

low concentrations of nitric oxide (NO). In this work the OH regeneration in the isoprene oxidation is directly quantified for 

the first time through experiments covering a wide range of atmospherically relevant NO levels (between 0.15 and 2 ppbv 445 

(parts per billion by volume)) in the atmospheric simulation chamber SAPHIR. These conditions cover remote areas partially 

influenced by anthropogenic NO emissions, giving a regeneration efficiency of OH close to one, and areas like the 

Amazonian rainforest with very low NO, resulting in a surprisingly high regeneration efficiency of 0.5, i.e. a factor of 2 to 3 

higher than explainable in the absence of unimolecular reactions. The measured radical concentrations were compared to 

model calculations and the best agreement was observed when at least 50% of the total loss of isoprene peroxy radicals 450 

conformers (weighted by their abundance) occurs via isomerization reactions for NO lower than 0.2 ppbv. For these levels of 

NO, up to 50% of the OH radicals are regenerated from the products of the 1,6 α-hydroxy-hydrogen shift (1,6-H shift) of Z-

δ-RO2 radicals through photolysis of an unsaturated hydroperoxy aldehyde (HPALD) and/or through the fast aldehydic 

hydrogen shift (rate constant ~10 s-1 at 300K) in di-hydroperoxy carbonyl peroxy radicals (di-HPCARP-RO2), depending on 

their relative yield. The agreement between all measured and modelled trace gases (hydroxyl, hydroperoxy and organic 455 

peroxy radicals, carbon monoxide and the sum of methyl vinyl ketone, methacrolein and hydroxyl hydroperoxides) is nearly 

independent on the adopted yield of HPALD and di-HPCARP-RO2 as both degrade relatively fast (< 1 h), forming OH 

radical and CO among other products. Taking into consideration this and earlier isoprene studies, considerable uncertainties 

remain on the oxygenated products distribution, which affect radical levels and organic aerosol downwind of unpolluted 

isoprene dominated regions.  460 

1 Introduction 

The hydroxyl radical (OH) is the main daytime oxidant controlling the removal and transformation of gaseous pollutants in 

the atmosphere (Levy, 1974). Its high efficiency in the oxidation of trace gases is based on the effective regeneration of OH 

by radical chain reactions, in which nitric oxide (NO) is oxidized to nitrogen dioxide (NO2), linking the OH chemistry to the 

formation of the tropospheric pollutant ozone (O3). Because high levels of OH radicals were observed in field experiments in 465 

mainly forested environments with large concentrations of isoprene (Tan et al., 2001; Ren et al., 2008; Hofzumahaus et al., 

2009; Kubistin et al., 2010; Whalley et al., 2011), a large number of investigations over the last decade focused on the OH-
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initiated isoprene chemistry, including laboratory and chamber studies (Crounse et al., 2011; Berndt, 2012; Wolfe et al., 

2012; Fuchs et al., 2013; Teng et al., 2017; Berndt et al., 2019), theoretical calculations (Peeters et al., 2009; Da Silva et al., 

2010; Peeters and Müller, 2010; Peeters et al., 2014; Wang et al., 2018; Møller et al., 2019) and global model impact 470 

(Lelieveld et al., 2008; Taraborrelli et al., 2012; Bates and Jacob, 2019; Møller et al., 2019; Müller et al., 2019). The 

observed OH levels could only be explained if an OH radical regeneration mechanism exists independent from NO and thus 

without formation of O3. It is now widely accepted that unimolecular isomerization reactions of peroxy radicals (RO2) 

formed during the oxidation of organic compounds can contribute to the regeneration of radicals, in particular if they become 

competitive against RO2 radical losses via NO (Praske et al., 2018). 475 

In the OH-initiated isoprene oxidation, the first reaction step comprises the formation of six isoprene-RO2 conformers from 

the addition of the OH radical to the terminal carbon atoms (C1 and C4, 0.91 total yield, Fig 1), which are in equilibrium and 

can quickly interconvert as first suggested in the Leuven Isoprene Mechanism (LIM) (Peeters et al., 2009) (Fig. 1). The 

concentration of the different conformers, which is affected by both their losses (unimolecular decomposition and reaction 

with NO, hydroxyl and RO2 radicals) and their re-equilibration, can have a large impact on the OH radical concentration. 480 

There are three different sets of reaction rate coefficients currently in use in the literature for the equilibrium reactions 

between the isoprene-RO2 conformers (Table 1), differing in the individual rate coefficients by up to a factor 35. One set is 

from theoretical calculations in the LIM1 study (Peeters et al., 2014). A second set is currently in use within the master 

Chemical Mechanisms version 3.3.1 (MCMv3.3.1, (Jenkin et al., 2015)) where the rate coefficients are as described in LIM1 

but all increased by a factor of five. This change was prompted by preliminary results from Caltech (Crounse J. D., 2014) 485 

and the review by one of the LIM1 authors (Peeters, 2015). Finally, Wennberg et al. (2018) in their recent review paper on 

the mechanism of isoprene degradation (Caltech mechanism) applied their experimentally optimised parameters, as reported  

by Teng et al. (2017) (Table 2).  

Four of the six isoprene-RO2 conformers can undergo atmospheric relevant isomerization reactions (Fig. 2). The β-RO2 

radicals directly reform OH radicals, together with the oxygenated organic products methacrolein (MACR), methyl vinyl 490 

ketone (MVK) and formaldehyde (HCHO), after a 1,5 hydroxy-hydrogen shift (1,5-H shift) (Da Silva et al., 2010) with a 

slow reaction rate constant (1.1 x 10-3 s-1  and 0.7 x 10-3 s-1 at 298 K for OH addition on C4 and C1, respectively) (Peeters et 

al., 2014)  making this reaction competitive only in the presence of exceptionally low NO levels (< 10 pptv).  

The most relevant isomerization reaction, the 1,6 α-hydroxy-hydrogen shift (1,6-H shift), occurs for the Z-δ-RO2 radicals 

with a fast reaction rate coefficient (measured at 3.6 s-1 and 0.4 s-1 at 298 K for OH addition on C4 and C1, respectively by  495 

(Teng et al., 2017)). These experimental values are used directly within the Caltech mechanism and are in good agreement 

with the calculated rates in the LIM1 (Peeters et al., 2014) (within 40%). The MCMv3.3.1 is currently using rate coefficients 

slower by a factor of ~ 5 (Table 2). This change was suggested by one of the LIM1 authors (Peeters, 2015) to keep the 

phenomenological bulk isomerization rate in agreement with previous experimental results on the unsaturated hydroperoxy 

aldehyde (HAPLD, Fig. 2) formation (Crounse et al., 2011).  Following the definition by Peeters et al. (2014), these 500 

phenomenological bulk isomerization rate (k(bulk 1,6-H)) are equal to the sum of the isomer specific 1,6-H shift rate 

multiplied by its steady-state fraction, weighted by their OH addition branching ratio. 

One of the predicted (Peeters et al., 2009; Peeters et al., 2014) and measured (Crounse et al., 2011; Berndt, 2012; Teng et al., 

2017; Berndt et al., 2019) product following the 1,6-H shift is HPALD, which can photolyze producing OH radicals (Peeters 

and Müller, 2010; Wolfe et al., 2012; Liu et al., 2017; Müller et al., 2019) (atmospheric lifetime of ~1 h). In addition, 505 

formation of a di-hydroperoxy carbonyl peroxy radical (di-HPCARP-RO2, Fig. 2) was predicted by theoretical calculations 

(Peeters et al., 2014) and inferred in a recent experimental study (Teng et al., 2017). Its fate is a fast unimolecular 

decomposition (~ 1 s-1) with formation of an OH radical (Wang et al., 2018; Møller et al., 2019) and suggested subsequent 

elimination of CO and formation of a di-hydroperoxy carbonyl compound (Peeters et al., 2014; Møller et al., 2019). Large 

uncertainties remain on the yield of these two products. One earlier experimental study  proposes a yield for HPALD in the 510 
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order of 0.04 with a factor of two uncertainty (Berndt, 2012). A more recent experimental study (Teng et al., 2017) suggests 

a total yield of HPALD of 0.4 distinguishing between β- (0.25) and δ-HPALD (0.15) with large uncertainties in the 

assignment of the latter, where the remainder, 0.6, is assigned to di-HPCARP-RO2 . LIM0 (Peeters and Müller, 2010) and 

LIM1 (Peeters et al., 2014) both proposed a yield of ~0.5 for HPALD and di-HPCARP-RO2. In contrast, a recent 

experimental study by Berndt et al. (2019) puts a lower limit of 0.75, where a recent addition (Müller et al., 2019) to the 515 

theoretical work within the LIM1 also rationalizes a much higher yield of HPALD (0.74) than previously reported in LIM1. 

In addition to the above products both experimental (Berndt et al., 2019) and theoretical (Müller et al., 2019) studies suggest 

formation of an hydroperoxy-epoxy-carbonyl compound (~ 0.15). 

Both currently available explicit isoprene oxidation mechanisms, i.e. the Master Chemical Mechanisms (MCMv3.3.1) 

(Jenkin et al., 2015) and the Caltech mechanisms (Wennberg et al., 2018), use a yield of 0.5 and 0.4, respectively, for 520 

HPALD with the Caltech mechanisms distinguishing between β- (0.15) and δ-HPALD (0.25). In both models, the only other 

product formed from the 1,6-H shift is the di-HPCARP-RO2.  

To summarize, recent experimental and theoretical studies agree that the most relevant isomerization reaction of isoprene 

peroxy radicals is the 1,6-H shift of Z--RO2. The following kinetic aspects control the impact of the 1,6-H shift of Z--RO2 

on the regeneration of OH radicals and the production of oxygenated products: 525 

 the equilibrium between the isoprene-RO2 conformers, which determines the fraction of Z--RO2 radicals that can 

undergo fast 1,6-H-shift isomerization; 

 the temperature dependent rate coefficient for the 1,6-H shift itself; 

 the relative yields of HPALD and di-HPCARP-RO2 formed following the 1,6-H shift; 

 the follow-up chemistry of HPALD and di-HPCARP-RO2. 530 

Despite intensive research as detailed above, there exist significant differences between current chemical mechanisms (Table 

2), i.e. different sets of rate coefficients are used for the equilibrium reactions, rate coefficients for the 1,6-H shift differ by 

up to a factor of five, and the measured yield of HPALD ranges from 0.4  to 0.75. 

In this work, new chamber experiments have been performed to test our understanding of the photo-oxidation of isoprene. 

The experiments are used to test the ability of the explicit mechanisms MCMv3.3.1 to predict OH radical regeneration from 535 

isoprene oxidation over a wide range of NO concentrations (0.15 to 2 ppbv). The chemistry of di-HPCARP-RO2 has been 

investigated (Novelli et al., 2018a) with high levels of theory in particular to confirm the role of these radicals in OH radical 

formation. Model sensitivity studies are applied to identify the isoprene-RO2 conformers equilibrium constants, 1,6-H shift 

rate constant and HPALD/di-HPCARP-RO2 branching ratio that provide the best description of the observed radical and 

trace gases concentrations. The global impact of the optimized isoprene mechanism on the OH radical concentration is 540 

shown. 

2 Methods 

2.1 Quantum-chemical and theoretical kinetic calculations 

The reactants, transition states and products in the studied mechanistic branches of the isoprene chemistry were characterized 

at the M06-2X and CCSD(T) levels of theory. The conformer space for each of these structures was characterized at the 545 

M06-2X/cc-pVDZ level of theory (Dunning, 1989; Zhao and Truhlar, 2008; Alecu et al., 2010; Bao et al., 2017), locating 

~24000 distinguishable structures from ~60000 systematically generated starting geometries. The most relevant conformers 

(~850 structures across all reactions examined) were then fully re-optimized at the M06-2X/aug-cc-pVTZ level of theory 

(Dunning, 1989). The number of conformers re-optimized at this higher level of theory differs per structure (see Table S1), 

but enough were included to cover over ~80% of the thermal population at 300K. Intrinsic reaction coordinate (IRC) 550 

calculations were performed on the lowest transition states (TS) to verify the nature to the transition state, and to provide the 
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energies used for Eckart tunneling corrections. Finally, single point energy calculations at the CCSD(T)/aug-cc-pVTZ level 

of theory (Purvis and Bartlett, 1982) were performed on the energetically lowest-lying geometries of each structure, to 

further refine the energy barrier estimates. The thermal rate coefficients were then obtained using multi-conformer transition 

state theory (MC-TST) incorporating the energetic and rovibrational characteristics of all conformers (Vereecken and 555 

Peeters, 2003). Temperature-dependent rate coefficients are derived for the temperature range between 200 and 400 K, and 

both isomer-specific and bulk phenomenological rate coefficients are provided, where the latter incorporate the effect of fast 

H-scrambling in the hydroperoxide-peroxyradical isomers. See the supplementary information for a more detailed 

description of the methodologies involved. 

 560 

2.2 Atmospheric simulation chamber SAPHIR and experimental procedure 

The experiments were conducted in the atmospheric simulation chamber SAPHIR at Forschungszentrum Jülich, Germany. 

The SAPHIR chamber is designed for the investigation of oxidation processes under atmospheric conditions in a controlled 

environment. SAPHIR is made of a double-wall Teflon (FEP) film that is inert, has a high transmittance for solar radiation 

(Bohn and Zilken, 2005), and is equipped with a shutter system that is opened during photolysis experiments allowing solar 565 

radiation to penetrate the chamber. The synthetic air provided to the chamber is mixed from ultra-pure nitrogen and oxygen 

(Linde, > 99.99990 %). Two fans in the chamber ensure a complete mixing of trace gases within two minutes. The pressure 

in the chamber is slightly higher than ambient (~ 30 Pa) to avoid external air penetrating the chamber. Due to small leakages 

and air consumption by instruments, trace gases are diluted at a rate of ~ 6 % h-1 due to the replenishment flow. More details 

regarding the chamber can be found elsewhere (Rohrer et al., 2005; Poppe et al., 2007; Schlosser et al., 2007).  570 

For the experiments the chamber was cleaned before the experiment by exchanging the chamber air 8 to 10 times with pure 

synthetic air. Evaporated Milli-Q® water was then introduced into the dark chamber by a carrier flow of synthetic air until a 

concentration of ~ 5 x 1017 cm-3 of water vapour was reached. In order to keep the concentration of NO as small as possible 

after the opening of the shutters, ozone produced by a silent discharge ozonizer (O3onia) was added in the chamber to reach 

ozone mixing ratios up to 100 ppbv. For experiments at higher concentrations of NO, NO was injected from a gas mixture 575 

(Linde, 500 ppm NO in N2) into the chamber by a mass flow controller. After opening the shutter system of the chamber, 

nitrous acid (HONO) was photochemically formed on the Teflon surface and released into the chamber (Rohrer et al., 2005), 

and its subsequent photolysis produced OH radicals and NO. Afterwards, isoprene was injected three times at intervals of 

about two hours directly from the liquid (99% purity, Sigma Aldrich). The aim was to reach ~ 6 ppbv of isoprene in the 

chamber after each injection (which corresponds to an OH reactivity between 12 to 15 s-1). Experiments were designed such 580 

that chamber-specific sinks (dilution and wall loss of trace gases), and sources of trace gases that are formed in the sunlit 

chamber except for nitrous acid, did not influence the results. 

2.3 Instrumentation 

Table 4 summarizes the instruments available during the experiment, giving time resolution, accuracy, and precision for each 

instrument. The concentrations of OH, HO2 and RO2 radicals were measured with the laser induced fluorescence (LIF) 585 

instrument permanently in use at the SAPHIR chamber and described previously (Holland et al., 2003; Fuchs et al., 2011). 

Several studies, showing the presence of an interference in the OH radical detection with the LIF for ambient measurements 

in some environments, have been recently published (Mao et al., 2012; Novelli et al., 2014; Rickly and Stevens, 2018). The 

interference depends on the chemical conditions of the sampled air and on the geometry of the different instruments.  A 

laboratory study performed with this LIF instrument (Fuchs et al., 2016) showed only interferences for high ozone 590 

concentrations (300 ppbv – 900 ppbv) together with BVOC concentrations up to 450 ppbv, which are far beyond any 

condition encountered in this study. Therefore, the OH radical concentration measured by the LIF instrument in this study is 
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considered free from interferences. In addition, OH was measured by differential optical absorption spectroscopy (DOAS) 

(Dorn et al., 1995) for some of the experiments shown within this study. Numerous inter-comparisons between the LIF and 

the DOAS instrument in the SAPHIR chamber (Schlosser et al., 2007; Schlosser et al., 2009; Fuchs et al., 2012) showed very 595 

good agreement between these two instruments, giving high reliability to the OH radical measurements performed in the 

chamber. For the experiments within this study, a slope of 1.1 for the scatter plot of DOAS OH vs LIF OH was obtained with 

a correlation coefficient, R2, of 0.94. 

Several studies have proven that RO2 radicals can cause an interference signal in the HO2 radicals measured by conversion to 

OH after reaction with an excess of NO (Fuchs et al., 2011; Hornbrook et al., 2011; Whalley et al., 2013; Lew et al., 2018). 600 

It was shown that a reasonable approach for avoiding the interference is to lower the concentration of NO reacting with the 

sampled air inside the instrument. During this study, the NO concentration used was low (~ 2.5 x 1013 cm-3) to minimize the 

possibility of an interference as described in (Fuchs et al., 2011). Still, as the RO2 radicals which originate from the oxidation 

of isoprene by OH radicals are those able to quickly convert, despite the low NO used, interference from RO2 radicals was 

still observed. Tests performed on the LIF instrument used for this study showed that, for the conditions the instrument was 605 

used in during the experiments, an interference of ~ 30% was observed for isoprene-RO2. As such, the HO2 radical 

measurement was defined as HO2* to indicate the presence the interference from RO2 radicals. As the measured RO2 

concentration is obtained from the difference between measured ROx (OH+HO2+RO2) and HO2 radicals, the obtained RO2 

radicals is also underestimated due to the interference observed in the HO2 measurement and will be marked as RO2*. The 

OH reactivity (kOH), the inverse lifetime of OH, was measured by a pump and probe technique coupled with a time-resolved 610 

detection of OH by LIF (Lou et al., 2010; Fuchs et al., 2017). Isoprene and the sum of MVK and MACR were measured by a 

proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS, (Lindinger et al., 1998; Jordan et al., 2009)) and a 

gas chromatography system (GC, (Wegener et al., 2007)). As the PTR-TOF-MS and the GC were calibrated only for the 

species listed in table 4, concentrations for other species were not available. Carbon monoxide (CO), carbon dioxide (CO2), 

methane (CH4), and water vapour were measured by an instrument applying cavity ring-down spectroscopy (CRDS, 615 

Picarro). NO and nitrogen dioxide (NO2) were measured by chemiluminescence (CL, (Ridley et al., 1992)) and O3 by UV 

absorption (Ansyco). Photolysis frequencies were calculated from measurements of solar actinic radiation by a 

spectroradiometer (Bohn et al., 2005; Bohn and Zilken, 2005). 

 

2.4 Model calculations 620 

The measured radicals and trace gases were modelled with a zero-dimensional box model using chemical mechanistic 

information from the Master Chemical Mechanism downloaded via website: http://mcm.leeds.ac.uk/MCM. The MCMv3.3.1 

was released in 2015 with newly updated isoprene chemistry in line with LIM1 chemistry, updated/optimised to recent 

experimental results, as described in Jenkin et al. (2015). The most relevant changes for this study are the inclusion of the 

equilibrium reactions between the OH-isoprene adducts and the isoprene-RO2 (Fig. 1), and the inclusion of isomerization 625 

reactions for isoprene-RO2 radicals (Table 2). Further, also the OH addition to the central carbon atoms (C2 and C3, Fig. 1) 

and following chemistry was implemented. 

Several chamber-specific properties were implemented in the model. First, a dilution rate was applied to all the trace gases 

present in the model to account for the dilution from the replenishing flow of the chamber. The background production of 

HONO and HCHO known to occur in the sunlit chamber (Rohrer et al., 2005; Karl et al., 2006), was parametrized by an 630 

empirical function that depends on temperature, relative humidity and solar radiation. For the experiments shown in this 

study, the background OH reactivity in the chamber was at most 1 s-1 and was parametrized with a co-reactant Y added to the 

model, which converts OH to HO2 in the same way as CO does (Fuchs et al., 2012; Fuchs et al., 2014; Kaminski et al., 

2017). The concentration of Y was adjusted to match the observed OH reactivity during the zero-air phase of the experiment 
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and was kept constant throughout the experiment. As shown in a previous study (Novelli et al., 2018b), the unknown 635 

chemical nature of the background reactivity that dominates the loss of OH radicals for the zero-air phase of the experiment 

has a negligible impact once the main reactant, in this case isoprene, is added, with total OH reactivity as high as 20 s-1
. 

Photolysis frequencies for O3, NO2, HONO, hydrogen peroxide (H2O2), formaldehyde (HCHO), acetone, glyoxal, MVK and 

MACR were constrained to values calculated from the measured actinic flux. For HPALD and peroxy acid aldehyde 

(PACALD) photolysis frequencies of MACR scaled up by a factor of 100 and 2, respectively, were used (Fuchs et al., 2013). 640 

All the other photolysis frequencies present in the model were first calculated for clear sky conditions according to the 

MCMv3.3.1 and then scaled by the ratio of measured to calculated j(NO2) to account for clouds and transmission of the 

chamber film. The model was constrained to measured chamber pressure (= ambient pressure) and temperature, as well as 

water vapour, NO, NO2 and O3 concentrations. Model values were re-initiated at 1 minute intervals. Isoprene injections were 

implemented in the model by applying an isoprene source only active at the time of the injection, adjusted in strength to 645 

reproduce the observed change in OH reactivity at the injection time. The modelled OH reactivity used for comparison 

against the measurement is the total modelled OH reactivity excluding the reactivity of ISOPOOHs (Fig. 2), as for these 

compounds the OH radicals are recycled at a time scale much shorter than the OH lifetime observed in the kOH instrument, 

negating their measureable OH reactivity. Measurements of MVK and MACR by PTRMS and GC are affected by 

interferences from ISOPOOHs (Rivera-Rios et al., 2014). For this reason the measured data are compared with the sum of 650 

MVK and MACR together with ISOPOOHs (all isomers); the same sensitivity for MVK, MACR and ISOPOOHs is 

assumed.  Due to the RO2 interference in the HO2 measurement, modelled HO2 concentrations where increased by a small 

fraction of modelled RO2 (30% of RO2 radicals from isoprene and 10% of RO2 radicals from MVK and MACR (Fuchs et al., 

2013)). Likewise, the measured RO2
* values are compared against the difference between modelled ROx and HO2

*, rather 

than the uncorrected RO2 concentrations, to account for this interference.  655 

The chemistry of di-HPCARP-RO2–I and –II, originating from the addition of the OH radical on C1 and C4, respectively, is 

implemented in the model based on our explicit study of the di-HPCARP-RO2–I reactions, and the chemistry for di-

HPCARP-RO2–II could thus need refining in future work (see also below).  

This model (MCMv3.3.1, Table 2) served as the basis of all model calculations done in this work, with variations as defined 

below. Table 2 summarizes the additional model runs performed: 660 

 M0 was constructed by removing all isomerization reactions (no isomerization, Table 2) from the MCMv3.3.1 

model (see supporting information and Table S2). 

 M1 (Caltech, Table 2) was built by using the rate coefficients for the addition of O2 to OH-isoprene adducts, and 

for re-dissociation of isoprene-RO2, the rate coefficient for the 1,6-H shift of Z-δ-RO2 radicals and relative yield of 

HPALD/di-HPCARP-RO2 as applied in the Caltech mechanism (Table S3).  665 

 M2 is the same as M1 but using the rate coefficients for the addition of O2 to OH-isoprene adducts, and for re-

dissociation of isoprene-RO2, as available in the MCMv3.3.1 (Table 2 and Table S4). 

 M3 is identical as M2 but using a relative yield of HPALD/di-HPCARP-RO2 of 0.75:0.25 adapted from Berndt et 

al. (2019) (Table 2 and Table S5). 

Within this study only the δ-HPALD (called HPALD) and its following chemistry are included in the different models. For 670 

M1 and M2 the sum of the δ- and β-HPALD yield is used as HPALD (Table S4). The identification of β-HPALD as well as 

its following chemistry is uncertain, but within the Caltech mechanisms it will form the same products as formed from the δ-

HPALD, albeit with large uncertainties on the yields and rate coefficients (Wennberg et al., 2018) and without an 

experimentally accessible way to distinguish between the two within this study. Following the same reasoning, within the 

M3 model, we do not include the hydroperoxy-epoxy-carbonyl compound as its chemistry cannot be univocally probed, its 675 

yield is comparatively small (~ 15%, see above), and it has little influence on the topics investigated in this work 
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2.5 Global model 

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry and climate simulation system that 

includes sub-models describing tropospheric and middle atmosphere processes and their interaction with oceans, land and 680 

human influences (Jöckel et al., 2010). It uses the second version of the Modular Earth Submodel System (MESSy2) to link 

multi-institutional computer codes. The core atmospheric model is the 5th generation European Centre Hamburg general 

circulation model (ECHAM5) (Roeckner et al., 2006). For the present study we applied EMAC (ECHAM5 version 5.3.02, 

MESSy version 2.53.0) in the T106L31ECMWF-resolution, i.e. with a spherical truncation of T106 (corresponding to a 

quadratic Gaussian grid of approximately 1.1 by 1.1 degrees in latitude and longitude) with 31 vertical hybrid pressure levels 685 

up to 10 hPa. The applied model setup comprised the submodel MECCA (Module Efficiently Calculating the Chemistry of 

the Atmosphere) to calculate atmospheric chemistry using the Mainz Organic Mechanism (MOM) (Sander et al., 2011). The 

mechanism was adapted to the changes proposed in this study (Table S7). In addition, the submodel MEGAN (Model of 

Emissions of Gases and Aerosols from Nature) was used to simulate biogenic emissions of tracers, including isoprene 

(Guenther et al., 2006). Global isoprene emissions were scaled to 595 Tg/year, which is the best estimate by (Sindelarova et 690 

al., 2014). The model was run for 1.5 years (summer 2011-2012) in which the first half year was used as spin up and 2012 

for analysis. 

3 Theoretical work on isoprene di-HPCARP-RO2-I 

3.1 Kinetics of the di-HPCARP-RO2 H-migration reactions 

The di-HPCARP-RO2 chemistry was studied in more detail compared to earlier published work (Wang et al., 2018; Møller et 695 

al., 2019), with more reliable kinetic methodologies, to obtain the isomer-specific rate coefficients, the phenomenological 

(bulk) rate coefficients, and the subsequent chemistry. Table 3 lists the rate coefficients at 300 K, and the Kooij expressions 

for the key reactions in the di-HPCARP-RO2-I reaction system for the temperature range 200-400K. As expected from the 

higher energy barriers and entropic considerations, migration of non-aldehyde H-atoms is not competitive, nor is HO2 

elimination. The fastest reactions are, for all di-HPCARP-RO2-I intermediates, the hydroperoxide-H-scrambling across all 700 

peroxyl sites. This result is anticipated, as fast scrambling has been known since several years (Miyoshi, 2011; Jorgensen et 

al., 2016; Knap and Jorgensen, 2017; Møller et al., 2019; Praske et al., 2019). Given that these reactions outrun the next 

fastest reaction by over an order of magnitude, it can be assumed that the different di-HPCARP-RO2-I isomers are in steady-

state equilibrium, and can be considered as a unified pool of reactants in atmospheric models for the purpose of unimolecular 

reactivity. The 1,4-aldehyde-H-migration reaction is comparatively slow owing to its higher energy barrier (see Table S1, 705 

Fig. 3), and formation of the trihydroperoxide acyl radical tri-HPACYL will thus occur mostly by 1,5- and 1,6-H-migration 

in the di-HPCARP-RO2-I reactant pool. Table 3 lists the rate coefficients of the elementary processes, but for atmospheric 

modelling the more relevant numbers are the bulk k(T) expressions that account for the H-scrambling and the combined flux 

across the 1,4-, 1,5-, and 1,6-H-migrations, listed at the bottom of the table. The stereo-specific rate coefficients are not all 

that different, and can be expressed within a factor of 2 to 3 as a single Kooij expression across the temperature range 200-710 

400K as follows (see also Figure S1): 

 𝑘(𝑇) = 6.5 × 10 𝑇 . 𝑒𝑥𝑝                                  (eq. 1) 

The effective rate of acyl radical formation by aldehyde-H-migration, i.e. accounting for the rapid re-equilibration across the 

di-HPCARP-RO2-I isomers and the different H-shift channels, is then of the order of 10 s-1 at 300 K. For the (2R,3R) and 

(2S,3S) stereo-isomers, 63% of the reaction flux at 300K passes through the 1,5-aldehyde-H-migration, with 35% 715 

undergoing a 1,6-H-migration. For the (2R,3S) and (2S,3R) isomers, 1,6-aldehyde-H-migration constitute over 99% of the 
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acyl radical formation. The estimated uncertainty on the rate coefficient is about a factor of 5, mostly due to the current use 

of non-conformer-specific tunneling. 

3.2 Elimination of CO from tri-hydroperoxy acyl radicals 

It has been assumed, in most models in the literature (Peeters et al., 2009; Peeters et al., 2014; Jenkin et al., 2015; Wennberg 720 

et al., 2018), that the tri-hydroperoxy acyl radical formed, tri-HPACYL, will eliminate CO, followed by OH-elimination and 

forming DHP-MVK (Fig. 3). All these models seem to be based ultimately on an estimate by Peeters et al. (2014) who 

predicted that the reaction would proceed via a 1,4-H-shift, forming tri-HPACYL intermediates with an internal energy of 

the order of 22-25 kcal mol-1, rapidly losing CO with a barrier 7 kcal mol-1. This work, however, shows that these 

predicates do not represent the chemistry accurately, and the fate of tri-HPACYL must be examined in more detail. 725 

The lower energy barriers of the effective aldehyde-H-migration processes implies that the acyl radical tri-HPACYL is 

formed with a significantly lower energy content, 17-19 kcal mol-1, than estimated by Peeters et al. (2014), reducing the 

likelihood of chemically activated decomposition. Note that the H-migration reactions are typically found to be in the high-

pressure limit (Miyoshi, 2012; Peeters et al., 2014; Xing et al., 2018; Møller et al., 2019), and multi-step chemical activation 

does not contribute significantly. Furthermore, we found that the CO elimination barrier in tri-HPACYL-I, ~8 kcal mol-1 (see 730 

Table S1) is higher than estimated by Peeters et al. (2014) ( 7 kcal mol-1), further hampering prompt decomposition. With 

only ~10 kcal mol-1 excess internal energy, as opposed to 15-18 kcal mol-1 as proposed by Peeters et al. (2014), a significant 

fraction of the nascent acyl radicals tri-HPACYL could be thermalized, and the resulting slower decomposition process 

could potentially allow for O2 addition on the acyl radical site. However, based on MC-TST calculations, incorporating all 

conformers, we found that thermal decomposition of the tri-HPACYL-I acyl radicals is still sufficiently fast to dominate over 735 

O2 addition, i.e. even when assuming a Boltzmann energy distribution, the predicted rate coefficient of ~2108 s-1 at 300 K 

(see Table 3), is significantly higher than the effective O2-addition rate for acyl radicals, experimentally measured at  

~3107 s-1 in atmospheric conditions (Sehested et al., 1998; Blitz et al., 2002; Park et al., 2004; Baulch et al., 2005; Atkinson 

et al., 2006; Carr et al., 2011). One could counter that the presence of –OOH groups might stabilize the acylperoxy radicals 

formed in the O2 addition (e.g. by H-bonding), thus increasing the addition rate coefficient above those reported for the 740 

smaller acyl radicals in the literature. Sample calculations on a smaller proxy substituted acetyl radicals (see Table S1 in the 

supporting information) found no evidence that a hydroperoxide group interacts with the oxygen atom moiety in a way that 

reduces the entrance energy barrier (thus increasing the capture rate coefficient), or stabilizes the adduct (thus reducing 

redissociation). From these results, we conclude that CO elimination will be the dominant fate at 300 K for the tri-HPACYL-

I acyl radicals formed in the aldehyde-H-migration, with O2 addition a minor channel. Whether CO elimination occurs 745 

promptly or in a thermal reaction is then a moot issue.  

Based on a preliminary version of our results (Novelli et al., 2018a), Peeters and coworkers (Müller et al., 2019) now suggest 

that tri-HPACYL-II acyl radicals (differing from the case I acyl radical by the position of the methyl group) would not 

eliminate CO, due to a higher CO elimination energy barrier (Méreau et al., 2001) compared to the tri-HPACYL-I acyl 

radicals we characterized explicitly above. We have as yet been unable to dedicate the significant computational resources 750 

for an explicit study of di-HPCARP-RO2-II and tri-HPACYL-II, so this issue cannot be resolved at this time. We can, 

however, estimate the tri-HPACYL-II thermal CO elimination rate by assuming that case I and case II reactions are 

entropically similar, and increasing the barrier for tri-HPACYL-II by the difference between a tertiary (case I) and secondary 

(case II) product radical as calculated by Méreau et al. (2001). The obtained rate coefficients at 298 K (~6106 s-1 for the 

(R,R) and (S,S) stereoisomers; ~1107 s-1 for the (R,S) and (S,R) stereoisomers) remain competitive against O2 addition. 755 

Though these channels appear no longer truly dominant thermally, CO elimination from tri-HPACYL-II can clearly not be 

discounted with any degree of confidence based on such estimates, especially as any chemical activation afforded by the 

preceding H-migration would further shift the subtle competition towards higher CO yields. Quantifying this yield 
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theoretically would be a very committed effort, as it requires explicit calculation of the full conformation space, with 

chemical activation depending on the energy-specific state density, conformer-specific tunneling, and collisional energy 760 

transfer across the thousands of di-HPCARP-RO2-II and tri-HPACYL-II conformers; this is beyond the scope of the current 

paper. Therefore, to keep the model simple and for lack of better information, the same aldehyde-H shift is implemented for 

both HPCARP-RO2 isomers, both followed by formation of CO, OH radicals and DHP compounds. 

3.3 Comparison to literature theoretical work 

Two earlier studies examined the di-HPCARP-RO2 chemistry theoretically. A first study by Wang et al. (2018) was based on 765 

a partial characterization of the conformational space. While some of the provided rate coefficients are comparable to our 

values, these predictions carry a larger uncertainty due to the limited number of conformers examined, and differences of 

over an order of magnitude are found compared to our predictions, leading to qualitative changes in the predicted fate of the 

intermediates. The methodology of the second study, by Møller et al. (2019), is more comparable to that used in our work, 

with the main difference being the methodology used to screen the conformational space and select the conformers included 770 

in the rate calculations. As discussed in more detail in the supporting information, we find that this study only incorporates 

half or less of the population in the kinetic predictions, relying on cancellation of error to a far greater extent than our more 

rigorous population description. Though for most reactions the differences in predicted rate coefficient at 298K are small, we 

find some values that differ by about an order of magnitude. We surmise this is mostly due to the impact of the population 

truncation in the Møller et al. (2019) study compared to the full population used our work (e.g. 11 conformers versus ~1500 775 

conformers included), making our predictions more robust in this respect. Improved conformer screening methodologies, 

balancing completeness and accuracy against computational cost, will help to converge the results of the two similar 

methodologies; this is discussed briefly in the supporting information. 

4 Comparison of measured trace gases with model calculations 

Figure 4 shows the evolution of trace gas concentrations for an experiment with three separate injections of isoprene and 780 

where the NO concentration was below 0.15 ppbv for the entire duration of the experiment. For all three isoprene injections 

it is possible to observe large discrepancies between measured trace gases and model calculations when using the 

MCMv3.3.1 or the M1 models. Both models underestimate the measured OH radical concentration with a ratio of measured 

to model data of 0.7 ± 0.07 and overestimate the measured sum or MVK, MACR and hydroxyl hydroperoxides (ISOPOOHs, 

Fig. 2) by almost a factor of 2. The similarity between the two models, despite M1 including a factor of 3 faster 1,6-H shift, 785 

is due to the different distribution of the isoprene-RO2 conformers. Specifically, a much smaller fraction of Z-δ-RO2 radicals 

M1, ~0.004, is formed compared with 0.015 for the MCMv3.3.1 model, thus reducing the contribution of the 1,6-H shift. 

Although a larger fraction of Z-δ-RO2 radicals are formed within the MCMv3.3.1 mode, the slow 1,6-H shift used also 

results in an underestimation of the OH radical concentrations. For both models, for conditions where the NO concentration 

is lower than 0.2 ppbv, i.e. where isomerization reactions should become more relevant, ~ 30% of the total loss of isoprene-790 

RO2 conformers (weighted by their abundance) occurs via isomerization reactions. Compared with a simulation without 

isomerization reactions (M0) there is an improvement in the reproduction of the measured trace gases, but still the 

importance of the isomerisation reactions is underestimated. The best agreement between measured and modelled trace gases 

was achieved when the equilibrium reactions between the isoprene-RO2 conformers providing a larger fraction of Z-δ-RO2 

radicals in combination together with the faster 1,6-H shift are used (M2, Fig. 5). A ratio of measured to modelled data of 795 

0.97 ± 0.10 and 0.98 ± 0.07 for the OH radicals and of the sum of the oxidation products MVK, MACR, and ISOPOOHs, 

respectively, are found. Also the increase in the carbon monoxide (CO) concentration, of which nearly one quarter is 

explained by the CO elimination of the di-HPCARP-RO2, is well captured by the model calculations (ratio of measured to 
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modelled data of 0.98 ± 0.05). In comparison with MCMv3.3.1 and M1 model runs, ~ 50% of the total loss of isoprene-RO2 

conformers proceeds via isomerization reactions. In addition, both MCMv3.3.1 and M1 models predict a larger 800 

concentration of ISOPOOHs compared to the optimized model M2 due to the different distribution of isoprene-RO2 

conformers. This will cause a larger expected concentration of new particles formed during the oxidation of isoprene due to 

the subsequent degradation products of ISOPOOHs which includes epoxides (St. Clair et al., 2016).  

The yields of the chemical compounds formed following the 1,6-H shift of Z-δ- RO2 radicals carry a large uncertainty as 

summarized in the introduction. Two HPALD yields are currently described in the literature: one in the range of 0.4 to 0.5, 805 

used within the Caltech mechanisms and the MCMv3.3.1, and the other exceeding 0.75, based on the most recent literature. 

To quantify the impact of the uncertainty on the HPALD yield, a sensitivity model run was performed by changing the yield 

of HPALD from 0.4 to 0.75, with the yield of di-HPCARP-RO2 set to 0.25 (M3, Table 2). As it can be seen in figure 5, 

increasing the yield of HPALD by almost a factor of two does not have a large impact on model reproduction of the 

measured trace gases. The degradation of HPALD and di-HPCARP-RO2 are both followed by formation of OH radicals and 810 

CO. On the time scale of the experiments in the chamber, it is not possible to distinguish between the relatively slow 

formation of OH radicals from photolysis of HPALD (~ 1h) from their formation from the fast aldehyde-H shift of the di-

HPCARP-RO2 (~ 0.1 s). This is not entirely true for the CO where the measurement indicates a faster formation rate, better 

agreeing with the model including a larger yield towards di-HPCARP-RO2 (M2 model). A better agreement is however 

observed between measured and modelled HO2* radicals for the HPALD 0.75 model, although this remains within the 815 

uncertainty of the measurement, due to the formation of HO2 radicals together with HPALD following the 1,6-H shift.  

For experiments transitioning from high (1.5 ppbv) to low (0.2 ppbv) NO (Fig. 6) all the models are able to reproduce 

(within 10%) the measured trace gases and the OH reactivity for the first injection of isoprene when the NO concentration is 

above 0.5 ppbv. At this NO level, the OH production is mainly controlled by the reaction between HO2 radicals and NO 

therefore the impact of the isomerization reactions to the OH radical production is marginal. As soon as the concentration of 820 

NO decreases below this threshold, larger discrepancies between the model calculations and the measured trace gases can be 

observed.  

One additional model run (Fig S5) was performed by re-implementing the original LIM1 within the MCMv3.3.1 model 

(Table 2), which includes a factor 5 slower equilibrium reactions between the isoprene-RO2 conformers and a factor of 5 

faster 1,6-H shift. Despite the large reduction in the equilibrium reactions between the isoprene-RO2 conformers the LIM1 825 

model run can reproduce the measured data as well as M2 and M3 for all concentration of NO investigated in this study as a 

change of only 5% in the fraction of Z-δ- RO2 radicals formed is observed.  

When comparing the phenomenological bulk isomerization rate among the different models tested within this study 

calculated for the low NO experiment (Table 2) a similar value is observed for both MCMv3.3.1 and M1 models. This is to 

be expected as both models are optimised to reproduce the phenomenological bulk isomerization rate as measured from the 830 

formation rate of HPALD (Crounse et al., 2011). In addition, in a study by Jenkin et al. (2019) MCMv3.3.1 and M1 models 

are compared for different NO values and show no significant differences, as also observed within this study. On the other 

hand, the value obtained from this study is in good agreement with the LIM1 theoretical calculations and is needed to bring 

measurements and model results in agreement. Between these two groups of models, the bulk rate differs by a factor of 3 to 

4.  835 

5 Modelled contributions to the measured OH radical regeneration efficiency 

The extensive range of NO concentrations in the experimental studies, reaching up to 2.0 ppbv, allowed exploring the ability 

of the models to reproduce the measured data and to quantify the efficiency of regeneration of OH radicals across a wide 
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range of atmospheric conditions (Fig. 7) by drastically changing the competition between the isomerization reactions of RO2 

and the RO2 + NO reactions.  840 

The efficiency of the OH regeneration, noted RE henceforward, is defined as the number of OH radicals that are produced 

after one OH radical has reacted with isoprene. It is calculated as the ratio of the OH regeneration rate R and the OH loss rate 

L. The modelled R quantifies the OH production via radical chain reactions (HO2+NO, HO2+O3 and isomerization of 

isoprene-RO2) and the photolysis of HPALD as produced in the isomerization reactions. It also includes the OH regenerated 

from the direct products of HPALD photolysis and aldehyde-H shift of di-HPCARP-RO2 and following products and the OH 845 

regenerated from the aldehyde-H shift of the MACR-RO2 (Table S6). L represents the OH loss by reaction with isoprene and 

its products. As such the model values for the OH regeneration efficiency represent a lower limit. The measured RE is 

obtained from the difference between the total OH loss rate and the primary OH production rate (ozone and nitrous acid 

photolysis) divided by the total OH loss rate. 

 𝑅𝐸 = =
 × [ ] ([ ]  × ( ) ×  [ ] × )

 × [ ]
                     Eq. 2 850 

Here most values used ([OH], kOH, [O3], [H2O], jO(1D), jHONO) are experimentally measured quantities. Only the HONO 

concentration was not measured, but taken from the model. y is the fraction of O(1D) reacting with water vapour, multiplied 

by the OH yield of the O(1D) + H2O reaction. 

Good agreement is found between measured and modelled OH regeneration efficiency at all values of NO within the 

uncertainty of the measurements when using either M2 or M3 (Fig. 7) suggesting that all relevant OH production pathways 855 

are included.  

In environments influenced by anthropogenic emissions, with NO values higher than 0.2 ppbv, 75% of OH radicals are 

regenerated by the reaction of HO2 radicals with NO. In contrast, at the lowest NO values, representative of rainforest 

conditions, only 10% of OH radicals reacting with isoprene are reformed by HO2 + NO reaction. This decrease in the OH RE 

from radical reactions with NO is partly compensated by an increased contribution of regeneration from RO2 isomerization 860 

reactions, such that the total OH RE is still approximately 0.5 at the lowest NO concentration investigated. Though 

contributions of isomerization reactions to the OH RE diminish with increasing NO concentrations, their reaction rate 

coefficients are high enough to still constitute a competitive loss path for Z-δ-RO2 radicals even at 2 ppbv of NO, with 10% 

of the OH radicals consumed still regenerated by RO2 isomerization reactions. The differences in contribution of the 

isomerization reactions to the OH RE found for [NO] above 0.3 ppbv are mainly due to differences in ambient temperature 865 

impacting the isomerisation rate coefficient. Although no experiments are available for levels of NO lower than 0.15 ppbv, a 

model simulation for the OH RE for up to 0.005 ppbv of NO indicates that the value of OH RE remains constant at around 

0.5.    

Among the isomerisation reactions, the 1,5-H shift contributes less than 5% to the OH radical regeneration with the large 

majority of the OH radical regenerated by the products following the 1,6-H shift. This is not surprising as the 1,5-H shift rate 870 

coefficient is ~ 2 order of magnitude slower than the 1,6-H shift. A more detailed analysis of the contribution of HPALD vrs. 

di-HPCARP-RO2 and their products to the OH regeneration is hindered by the uncertainty on their relative yield. Anyway, it 

is interesting to see that when a larger yield for di-HPCARP-RO2 (0.6, M2) is applied, the largest fraction of OH radical is 

regenerated via the aldehyde-H shift of di-HPCARP-RO2 and its direct di-hydroperoxy carbonyl products (~70%, Fig. 7a). 

When using a yield of HPALD of 0.75 (Fig. 7b) photolysis of HPALD and following direct products increase their 875 

contribution from 12% to 60%. Still, despite a much smaller yield (0.25) compared to HPALD, di-HPCARP-RO2 and direct 

products contribute up to 30% to the OH radical regeneration due to the fast aldehyde-H shift.  

The magnitude of the OH RE observed in this study, however, remains much lower than anticipated from OH concentration 

measurements in field campaigns under similar conditions, requiring an OH RE of nearly one to reproduce the observations 

(Rohrer et al., 2014). The reason for the discrepancy is still not fully understood. On the one hand, the experiments in the 880 

chamber refer only to isoprene chemistry while the field studies, although performed in areas with large emissions of 
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isoprene, include several different organic compounds which could contribute to the OH concentration. On the other hand, it 

could be that part of the measured OH radical concentrations in field campaigns was due to an interference. However, the 

same design LIF instrument as used in this study was deployed in several field campaigns in China with the addition of a 

chemical titration device to separate ambient OH radicals from interferences, showing at max an interference of 10% during 885 

daytime (Tan et al., 2017; Tan et al., 2018; Tan et al., 2019).  

6 Global impact 

Results from the simulation chamber experiments are used to investigate the impact on the global distribution of the OH 

regeneration efficiency due to either radical reactions with NO or isomerization reactions by implementing the detailed 

isoprene chemistry as derived in this study within M2 model (Table S7). The global atmospheric chemistry model EMAC 890 

(Jöckel et al., 2010) was applied including a modified version of the Mainz Organic Mechanism (MOM) (Sander et al., 

2019) representing an advanced isoprene oxidation mechanism with a complexity comparable to the MCM. 

In regions with low NO concentrations, the OH regeneration by HO2 + NO is suppressed but compensated by the OH 

regenerated from RO2 radical isomerization reactions. These reactions globally have the largest impact in the tropics due to 

high isoprene concentrations and high temperatures (Peeters et al., 2014). The inclusion of OH regeneration routes gives an 895 

OH regeneration efficiency that is at least 60% globally over all land masses covered with vegetation (Fig. 8). As a 

consequence, in areas where isoprene is the most important reactant for the OH radicals,  their concentration at the surface is 

enhanced by more than a factor of 3 compared to model predictions neglecting RO2 isomerization reactions (Fig. S3). 

Several studies showing the global impact of isomerisation reactions were performed (Bates and Jacob, 2019; Møller et al., 

2019; Müller et al., 2019) all showing, similarly to the results within this study, an enhanced concentration of OH radical in 900 

particular at the tropics where high concentrations of isoprene and high temperatures can be observed. A detailed comparison 

between the different models is not straightforward as they all contain different sets of reactions and are performed with 

different model parameters (e.g. NOx and isoprene emissions). The three published studies are based on the isoprene Caltech 

mechanism (Table 2) which underestimate the measured OH radical concentration from this study due to a low yield of 

formation of the Z-δ-RO2 radical (Fig. 4). In addition, the model used in the study by Müller et al. (2019) includes a large 905 

yields towards HPALD (0.75) as suggested from the study by Berndt et al. (2019) which is different from the other models. 

Thus one additional global model test run within this work was performed with a yield of HPALD of 0.75 and of di-

HPCARP-RO2 of 0.25 (comparable to M3) to verify if the alternative branching ratio would result in significant differences. 

However, no change in the expected OH radical concentration was observed, in agreement with the model runs for the 

chamber experiments.  However, for small oxygenated VOC (OVCOs) like formaldehyde, formic acid, methanol, glyoxal, 910 

methyl glyoxal, hydroxyacetone and peroxy acetyl nitrate, a change of up to 30% was found at ground level in isoprene 

dominated regions. In the same regions, the change of CO concentration was less than 5%.  

7. Remaining uncertainties  

7.1 Yield of di-HPCARP-RO2 versus HPALD 

The LIM1 mechanism by Peeters et al. (2014) proposed a low ratio of HPALD to di-HPCARP-RO2 formation, in agreement 915 

with the Teng et al. (2017) experiments. Since then, the experimental study of Berndt et al. (2019) found a much higher 

HPALD yield, with small contributions only of di-HPCARP-RO2. The HPALD to di-HPCARP-RO2 ratio is governed by the 

chemistry of the HOO-hydroxyallyl radicals formed after the dominant 1,6-H-shift in the Z--1,4-ISOPOO radicals (Fig. 

S4). Müller et al. (2019) rationalization of the high HPALD yield by Berndt et al. (2019) is based mostly on the 

stereoselectivity of the Z--1,4-ISOPOO H-migration and the subsequent O2 addition, where new theoretical work (Müller et 920 
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al., 2019) showed a comparatively high barrier for internal rotation of the HOCH–C=C moiety in the HOO-hydroxy-allyl 

radicals, due to the partial double bond. The nascent stereo-specificity (Z,E' versus Z,Z', see figure S4 box A) then remains 

essentially unchanged throughout the subsequent chemistry of the HOO-hydroxy-allyl radicals, this contrary to earlier 

assumptions in Peeters et al. (2014). HPALD can be formed rapidly from both stereoisomers by O2 addition on the HOCH– 

radical carbon (figure S4 box D), followed by fast HO2 elimination. Di-HPCARP-RO2 is formed only from the Z,Z'-HOO-925 

hydroxy-allyl radicals (figure S4 box E), as the fast enol H-migration requires the geometric proximity of the –OH and –OO 

groups. 

Müller et al. (2019) suggest, based on the stereo-specific chemistry, that the E'-enolperoxy radicals formed from O2 addition 

on C4 of the Z,E'-HOO-hydroxy-allyl radicals (figure S4 box B) will solely undergo redissociation, and subsequent re-

addition of O2 on either of the radical sites of the Z,E'-HOO-hydroxy-allyl radical, until "indirect" (Müller et al., 2019) 930 

HPALD is formed. Thus, the high yield of HPALD is explained based on its formation from all Z,E'-HOO-hydroxy-allyl 

radicals, and part of the Z,Z'-HOO-hydroxy-allyl radicals, whereas diHPCARP-RO2 is only formed from part of the Z,Z' 

radicals.  

While this mechanism can indeed lead to numerical agreement with the Berndt et al. yields, the argumentation is not based 

on actual quantitative theoretical work on each reaction step, and may thus be unable to discriminate between alternative 935 

mechanisms or yields in this subtle, complex chemistry; in this paragraph, we briefly examine a few aspects of the 

mechanism that warrant further investigation. Different yields would be obtained if the stereo-specific yields (determined 

based on minimum-energy pathways) are affected by non-statistical dynamics induces by chemical activation or post-barrier 

energy release. Likewise, the site-specificity of O2 addition, based on radical spin densities as a first-order approximation 

rather than on characterizations of the addition TS, carries a large uncertainty. The rate of redissociation of the HOO-enol-940 

peroxy adducts are suggested by Müller et al. (2019) to be very similar to the initial Z- and E--OH-peroxy radicals from 

isoprene. However, H-scrambling between the –OOH and –OO groups (see figure S4 box C) is expected to be orders of 

magnitude faster (Miyoshi, 2011), leading to an equilibrated population where the terminal peroxy radical has no access to a 

rapid redissociation channel, leading to a lower overall phenomenological rate coeffients for redissociation. Without 

characterization of the impact of the terminal peroxy radical in the bulk rate coefficient it is difficult to assess whether 945 

sufficient redissociation/re-addition events can occur on the experimental timescale to ensure complete reconversion to 

HPALD. H-scrambling also allows access to enol reaction pathways ignored by Müller et al. (2019). We examined ring 

closure and H-migration reactions for the HOCH=C(CH3)CH2CH2OO proxy molecule, predicting a ring closure rate 

coefficient of ~1103 s-1 (see figure S2) that dominates redissociation. The impact of the additional –OOH group in 

HOCH=C(CH3)CH(OOH)CH2OO on the ring closure rate is hard to estimate without computational work, and these proxy 950 

results may thus not be applicable to the isoprene chemistry. At the very least, one expects significant differences between 

the case I and II rate coefficients.  However, even a slower rate of ring closure would disrupt the reaction flow as laid out by 

Müller et al. (2019), and affect the predicted HPALD yield. 

At this moment, there are contradicting experimental data on the HPALD vrs. diHPCARP-RO2 yield (Berndt, 2012; Teng et 

al., 2017; Berndt et al., 2019) where the authors acknowledge that the reasons behind the disagreement are not clear. The 955 

earlier mechanism by Peeters et al. (2014) was used to rationalize the low HPALD observations of Teng et al. (2017) but did 

not appropriately account for stereospecificity. The Müller et al. (2019) mechanism is compatible with the high HPALD 

yield by Berndt et al. (2019), but is based partially on mechanistic argumentations that may not be compatible with new and 

existing quantitative theoretical work, despite the excellent apparent numerical agreement with experiment. We must stress 

that none of the aforementioned considerations listed here on the Müller et al. (2019) reaction scheme have the strength by 960 

themselves to invalidate the proposed mechanism, and are mostly indications that caveats apply when implementing this 

scheme in chemical models. In this complex chemistry, with subtle competition between many channels, we feel there is as 

yet not enough quantitative theoretical work to claim theory-based support for either experimental yield. 
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It is therefore not possible from this study to unequivocally determine the correct yield of HPALD versus di-HPCARP-RO2, 

highlighting the need for further studies measuring their degradation products to pinpoint their yield of formation.    965 

7.2 Fate of HPALD and di-hydroperoxy carbonyl compounds 

HPALD is assumed to photolyse at a relative fast rate (~ 2 x 10-4 s-1 at 30° solar zenith angle) producing CO and OH radicals 

among other trace gases (Wolfe et al., 2012; Liu et al., 2017). In addition to photolysis it will react with OH radicals, where 

MCMv3.3.1 includes 3 site-specific reactions with a total rate of 5.2 x 10-11 cm3 s-1 (Wolfe et al., 2012). This reaction can 

compete with photolysis when OH radical concentrations reach 4 x 106 cm-3 (~ 2 x 10-4 s-1), but the products distribution has 970 

not been yet measured. The fate of the di-hydroperoxy carbonyl compounds (DHPMEK and DHPMPAL in the MCMv3.3.1 

and MVK3OOH4OOH and MACR2OOH3OOH in the Caltech mechanisms), formed from the aldehyde shift of the di-

HPCARP-RO2, is more uncertain and within the M2 model they are predicted in relatively large concentrations (~ 1010 cm-3). 

In the MCMv3.3.1 model, the two di-hydroperoxy carbonyl compound degrade either by reacting with OH radicals, 

regenerating the OH radical, or by photolysis. Only two of the possible five site-specific reactions (Jenkin et al., 2018) are 975 

included, with a total rate coefficient in the order of ~ 3.3 x 10-11 cm3 s-1. Within the MCMv3.3.1 this is the main loss path 

for these species as photolysis is slower than 1.3 x 10-5 s-1 and does not compete with the pseudo first order rate coefficient 

for ambient concentration of OH radicals. A recent theoretical study by Liu et al. (2018) suggests, based on calculation for 

the proxy molecule 2-hydroperoxypropanal, a much faster rate for the photolysis (~ 1 to 5 x 10-4 s-1 at 30° SZA) with a yield 

of ~ 20% OH radicals. At ambient concentration of OH radicals lower than 4 x 106 cm-3, photolysis would then become the 980 

dominant path. The Caltech mechanism, based on the Liu et al. (2018), then has photolysis as the only degradation path for 

the di-hydroperoxy carbonyl compounds. As long as the yield of HPALD remains uncertain, it is difficult to assess the 

importance of these reactions. This underlines the need for additional studies on the degradation of di-hydroperoxy carbonyl 

compounds and HPALD as they can have, locally, a large impact on the type of oxygenated products obtained. 

8 Summary and Conclusion 985 

Photooxidation experiments on isoprene, the globally dominant biogenic volatile organic compound emitted, were 

performed in the atmospheric simulation chamber SAPHIR for a range of NO mixing ratios to explore the importance 

isomerisation reaction have on OH radical regeneration. Measurements of OH reactivity, OH, HO2* and RO2* radicals  

concentrations, and other important trace gases, were compared to results from different model calculations all based on a 

state of the art chemical mechanistic model (MCMv3.3.1) (Jenkin et al., 2015).  990 

It was found that the MCMv3.3.1 mechanism for the isoprene degradation initiated by OH radicals is not able to reproduce 

the measured trace gas concentrations in the experiments despite the inclusion of isomerisation reaction for isoprene-RO2 

following the LIM1 mechanism for NO mixing ratio < 0.2 ppbv. Large discrepancies are observed in particular for OH 

radicals, with a ratio of modelled to measured OH of 0.7 ± 0.07, and of almost a factor of 2 for the sum of MVK, MACR and 

ISOPOOHs (all isomers).  995 

Summarizing the theoretical analysis, we find that the main fate of di-HPCARP-RO2-I is migration of the aldehyde H-atom 

followed by rapid CO loss, leading to an unstable -OOH alkyl radical that will eliminate an OH radical,(Vereecken et al., 

2004) forming DHP-MVK. The rate limiting reaction is the aldehyde H-migration, with an effective rate coefficient k(300K) 

= ~10 s-1. Alternative reaction channels are found to be uncompetitive. The mechanism leading to these results is 

significantly more complex than originally proposed (Peeters et al., 2014), with a rate coefficient significantly higher than 1000 

the original 0.1 s-1 estimate and possibly contribution of thermalized reactions of the tri-HPACYL intermediate. Though, the 

nett product formation remains identical as that incorporated in the mechanisms by Peeters et al. (2014) and Wennberg et al. 

(2018), and implemented in e.g. the Master Chemical Mechanism v3.3.1 (Jenkin et al., 2015). Extrapolating these results to 
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the di-HPCARP-RO2-II radicals by accounting for the expected barrier difference due to the different position of the methyl 

group, we find there is competition between CO elimination versus O2 addition in the tri-HPACYL-II radicals formed, 1005 

especially when assuming absence of chemical activation.  

The kinetic aspects controlling the impact of the 1,6-H shift of Z--RO2 on the regeneration of OH radicals and the 

production of oxygenated products were carefully checked based on what available in the literature (Table 2). It was found 

that the best agreement between measured and modelled trace gases is observed when up to 50% of the isorprene-RO2 

conformers (weighted by their abundance) isomerized. This is achieved when including within the MCMv3.3.1 a faster rate 1010 

coefficient (3.6 s-1 and 0.4 s-1 at 298 K for OH addition on C4 and C1, respectively (Fig. 1)) for the 1,6-H shift of the Z-δ-

RO2 radical based on a recent experimental study (Teng et al., 2017). These changes result in a phenomenological bulk 

isomerisation rate in agreement with what can be obtained from the LIM1 study by Peeters et al. (2014). Large uncertainties 

remain regarding the relative yield of HPALD and di-HPCARP-RO2 following the 1,6-H shift of Z-δ-RO2 radicals. Within 

this study, no meaningful differences between the results of different model calculations could be observed when the yield of 1015 

HPALD was varied from 0.4 to 0.75. Both HPALD and di-HPCARP-RO2 produce OH radicals and CO in a relative short 

time scale (less than 1h). Therefore as long as the 1,6-H shift is fast and there are sufficient Z-δ-RO2 radicals undergoing 

isomerisation, the measurements from this study are not sensitive to the HPALD to di-HPCARP-RO2 ratio.  

A detailed study of the path contribution to the OH radical regeneration highlights how, for NO mixing ration < 0.2 ppbv, ~ 

50% of the OH radical is regenerated from the products following the 1,6-H shift: photolysis of HPALD and aldehyde shift 1020 

of the di-HPCARP-RO2. These processes help maintaining the OH radical regeneration efficiency up to 0.5 in environment 

with low NO mixing ratios where the regeneration via reaction of HO2 with NO becomes less important. For environment 

where the NO concentration is higher, the regeneration via HO2 plus NO dominates (> 75%) and even models not including 

isomerisation reactions are able to reproduce the measured trace gases. The observed OH radical regeneration efficiency in 

this chamber study at low NO mixing ratios study is, however, lower than what is observed/needed in the field to explain the 1025 

measured OH radical concentrations in isoprene-dominated environments (Rohrer et al., 2014).   

A semi-explicit global model which includes the chemistry highlighted in this study shows how isomerisation helps 

maintaining an OH regeneration efficiency up to 0.6 globally. In the amazon at ground level, the inclusion of isomerisation 

reactions increases the OH radical concentrations up to a factor of three although this has no relevant impact on the global 

budget of methane or CO.  1030 
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Table 1. The rate coefficients for the addition of O2 to OH-isoprene adducts, and for re-dissociation of isoprene-RO2 (Fig. 1). The 
rate coefficients for the oxygen additions (kf) are in cm3 s-1 and are typically temperature independent or provided at 298.15 K. 
The rate coefficient for the re-dissociations (kr) are in s-1 and provided at 298.15 K. The temperature dependent rate coefficients 
are given in table S8.  1425 

 LIM1a MCMv3.3.1b Caltechc 

kf1 0.1×10-12 0.5×10-12 0.4×10-12 

kf2 0.6×10-12 3.0×10-12 0.8×10-12 

kf3 0.6×10-12 3.0×10-12 0.8×10-12 

kf4 0.7×10-12 3.5×10-12 0.1×10-12 

kf5 0.4×10-12 2.0×10-12 0.2×10-12 

kf6 0.7×10-12 3.5×10-12 0.7×10-12 

kf7 0.7×10-12 3.5×10-12 0.7×10-12 

kf8 0.1×10-12 0.5×10-12 0.5×10-12 

kr1 4.0 20 18 

kr2 0.4 2.0 1.8 

kr3 0.05 0.3 0.3 

kr4 5.0 24 25 

kr5 0.7 3.6 11 

kr6 0.2 0.1 0.2 

kr7 0.03 0.2 0.3 

kr8 0.1 0.6 4.3 

a, Peeters et al. (2014)  
b, Jenkin et al. (2015) 
c, Wennberg et al. (2018)  
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Table 2: Summary of the relevant differences for assessing the 1,6-H shift impact between available chemical models. All models 
versions within this work are based on the MCMv3.3.1 (accounting for chamber properties) with only specific rates and yields 1450 
included in the table adapted from different studies. They also include the follow-up chemistry of di-HPCARP-RO2 as 
theoretically investigated within this study.  

Mechanism R+O2 ⇄ RO2 k 1,6-H shift (298K)a 
HPALD : di-HPCARP-RO2 

yield 
k(bulk 1,6-H)d 

s-1 
LIM1 LIM1 0.5 (C1), 5.8 (C4) 0.5 : 0.5 0.008 

MCMv3.3.1 LIM1 × 5 0.1 (C1), 1.2 (C4)b 0.5 : 0.5 0.002 

Caltech From Teng et al. (2017)  0.4 (C1), 3.6 (C4) 0.4 : 0.6 0.002 

This work:     

M0  No isomerization  n.a. 

M1 Caltech Caltech Caltech 0.002 

M2 MCMv3.3.1 Caltech Caltech 0.006 

M3 MCMv3.3.1 Caltech 0.75 : 0.25c 0.006 

a, s-1
. 

b, same rate coefficient as in LIM1 reduced by a factor of 5. 
c, adapted from Berndt et al. (2019)  1455 
d, for the experimental concentration as observed in figure 4 
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Table 3: Stereo-specific rate coefficients (s-1) at 300K for the relevant reactions of di-HPCARP-RO2-I. The temperature 1485 
dependence is given as a Kooij expression : k(T) = ATnexp(-Ea/T) for the temperature range 200-400 K. The effective bulk rates 
of reactions are also given, accounting for hydroperoxide H-atom scrambling and aldehyde H-migration across all channels. The 
bottom expression averages the stereo-specific rate coefficients, for use in simplified models. 

Reaction k(300K) A (s-1) n Ea (K) 
(2R,3R)-2-Me-3,4-diOOH-butanal-2-peroxyl (A)     

 1,4-aldehyde-H-migration to D 1.15100 1.2110-83 30.69 -4811 

 1,4--OOH-H-migration 1.1810-5 4.5910-82 28.94 -3276 

 1,5--OOH-H-migration 4.8810-3 2.8710-35 15.11 3586 

 1,6-OOH-H-migration to B 1.84104 7.2610-40 15.39 -3656 

 1,7-OOH-H-migration to C 6.29104 2.7510-25 10.85 -1725 

 HO2 elimination  110-7    

(2R,3R)-2-Me-2,4-diOOH-butanal-3-peroxyl (B)     

 1,5-aldehyde-H-migration to D 3.34101 1.1210-67 25.15 -4273 

 1,6-OOH-H-migration to A 2.97104 1.3610-38 14.73 -4035 

 1,6-OOH-H-migration to C 1.88104 1.1710-34 13.27 -3683 

(2R,3R)-2-Me-2,3-diOOH-butanal-4-peroxyl (C)     

 1,6-aldehyde-H-migration to D 2.28100 3.5710-41 16.93 788 

 1,7-OOH-H-migration to A 2.35103 3.0610-33 13.03 -2486 

 1,6-OOH-H-migration to B 1.27104 1.3510-22 9.96 -906 

(2R,3S)-2-Me-3,4-diOOH-butanal-2-peroxyl (A')     

 1,4-aldehyde-H-migration to D' 3.71100 7.0710-75 27.88 3914 

 1,4--OOH-H-migration 8.4410-5 2.5210-68 24.59 -18.17 

 1,5--OOH-H-migration 5.0210-2 8.6910-27 12.33 3989 

 1,6-OOH-H-migration to B' 6.34104 7.9410-17 7.46 -1680 

 1,7-OOH-H-migration to C' 6.20104 4.0210-20 9.43 -579 

 HO2 elimination  110-7    

(2R,3S)-2-Me-2,4-diOOH-butanal-3-peroxyl (B')     

 1,5-aldehyde-H-migration to D' 3.0510-1 4.2810-75 28.30 -25.89 

 1,6-OOH-H-migration to A' 2.07103 7.5810-19 7.91 -1277 

 1,6-OOH-H-migration to C' 1.32103 4.4010-22 9.34 -926 

(2R,3S)-2-Me-2,3-diOOH-butanal-4-peroxyl (C')     

 1,6-aldehyde-H-migration to D' 4.86101 6.9910-37 15.20 -133 

 1,7-OOH-H-migration to A' 9.89102 7.6510-28 11.39 -1308 

 1,6-OOH-H-migration to B' 1.52103 6.6810-28 11.93 -558 

(2R,3R)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D)     

 CO elimination 1.40108 1.021013 0.38 4004 

(2R,3S)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D')     

 CO elimination 2.40108 3.631015 -0.41 4261 

(2R,3R)-2-Me-diOOH-butanalperoxyl (A+B+C)     

 Effective aldehyde H-migration to D 5.03100 8.4310-71 26.62 -3342 

(2R,3S)-2-Me-diOOH-butanalperoxyl (A'+B'+C')     
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 Effective aldehyde H-migration to D' 2.76101 5.0410-35 14.43 3 

2-Me-diOOH-butanalperoxyl aldehyde H-migration a 11.8 6.5210-53 20.52 -1669 

a average of the data for (2R,3R)- and (2R,3S) conformers. 
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Table 4: Instrumentation for radical and trace-gas quantification during the oxidation experiment. 1530 

 Technique Time resolution 1σ precision 1σ accuracy 
OH LIF 47 s 0.3 x 106 cm-3 13% 
OH DOAS 200 s 0.8 x 106 cm-3 6.5% 

HO2*, RO2* LIF 47 s 1.5 x 107 cm-3 16% 
kOH Laser-photolysis + LIF 180 s 0.3 s-1 10% 
NO Chemiluminescence 180 s 4 pptv 5% 
NO2 Chemiluminescence 180 s 2 pptv 5% 
O3 UV-absorption 10 s 1 ppbv 5% 

Isoprene, MVK+MACR PTR-TOF-MS      30 s        > 15 pptv < 14% 
Isoprene, MVK+MACR GC 30 min 4 – 8 % 5% 

CO CRDS 60 s 1.5 ppbv 1% 
Photolysis frequencies Spectroradiometer 60 s 10 % 10 % 
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Figure 1. Schematic of the equilibrium reactions between OH-isoprene adducts and isoprene-RO2 conformers, and their formation 
reactions. The names used for the different molecules are as in the MCMv3.3.1 (regular text), and in the LIM1 study (bold). The 1555 
model-specific rate coefficients for each reaction are summarized in table 1. 
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 1565 

Figure 2. Simplified reaction schematic following the OH addition to the isoprene on the carbon C1. Only the most 
relevant reaction paths for the OH radical formation are shown; the implemented mechanism includes all six 
isoprene-RO2 isomers. The schematic illustrates the RO2 unimolecular H-shift reactions (1,5-, 1,6- and aldehyde-H 
shifts), but all RO2 species undergo competing reactions with NO, HO2 and RO2 radicals (not shown), and the 
reaction steps shown can represent multiple fast, sequential elementary reactions. Rate coefficients and yields shown 1570 
are obtained from the theoretical work from this study and from recent experimental and theoretical studies. The 
same yields for the product of the 1,6-H shift, rate coefficient of the aldehyde-H shift, and photolysis frequencies for 
HPALD, are applied to the chemistry following the OH addition on C4. All rate coefficients are shown for 298 K and 
30° solar zenith angle. 
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Figure 3. Potential energy surface for the aldehyde-H shift reaction showing the multiple competing reactions. A set of fast H-1585 
migration reactions ultimately lead to the formation of a tri-hydroperoxy acyl radical, tri-HPACYL. The main fate of this radical 
is shown by explicit theoretical calculations to be CO elimination, forming DHP-MVK; O2 addition to a tri-hydroperoxy 
acylperoxy radical has only a minor contribution. 
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Figure 4. Comparison of modelled and measured trace gases for an experiment with NO < 0.2 ppbv. Measured time series of 
radicals and OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC) and CO (Picarro) are compared to model 
calculations. Vertical dashed lines indicate the times when isoprene was injected. No good agreement is observed when using the 
MCMv3.3.1 or a modified version (M1, Table 2) including isoprene-RO2 conformers equilibrium reactions as included in the 1605 
Caltech mechanism. Error bars represent 1 σ standard deviation. 

 

 

 

 1610 

 

 

 

 

 1615 

 

 

 

 

 1620 

 

 

 

 

 1625 

 



38 
 

 

 

Figure 5. Comparison of modelled and measured trace gases for an experiment with NO < 0.2 ppbv. Measured time series of 
radicals and OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC) and CO (Picarro) are compared to model 1630 
calculations. Vertical dashed lines indicate the times when isoprene was injected. Good agreement is observed when using M2 or 
M3 (Table 2) which uses a different yield for HPALD, 0.40 and 0.75, respectively. Within both models, ~ 50% of isoprene-RO2 
radicals (weighted by their abundance) are lost via isomerisation reactions. Error bars represent 1 σ standard deviation. 
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Figure 6.  Comparison of modelled and measured trace gases for an experiment with variable NO concentrations, 1.5 > NO > 0.2 
ppbv. Measured time series of radicals and OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC) and CO (Picarro) 1655 
are compared to model calculations. Vertical dashed lines indicate the times when isoprene was injected. All models are able to 
reproduce the observed trace gases within their uncertainties for NO > 0.2 ppbv.  
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Figure 7. OH regeneration efficiency at different NO concentrations. The experimental OH regeneration efficiency (RE) is 1675 
compared with the modelled one (M2 panel a, M3 panel b) for different NO values. The modelled OH RE is color-coded by its 
main contributors (see table S6 for more details). The RE is sustained at low levels of NO by the contribution from isomerization 
reactions, in particular by the aldehyde-H shift and its products. For [NO] higher than 0.3 ppbv, most of the OH recycling 
originates from the reaction of HO2 with NO but, although in a small amount, isomerization reactions still contribute up to 2 ppbv 
NO as the 1,6-H shift is still a competitive loss path for Z-δ-RO2 radicals. The relative large contribution to RE by the reaction 1680 
between HO2 radicals and O3 at low NO is due to the large concentration of O3 (90 ppbv) needed in the simulation chamber to 
maintain low values of NO, and is not representative of ambient conditions. Error bars (1σ) for the measured OH regeneration 
efficiency include the accuracy of the measurements. 
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 1685 

Figure 8. Global model of the OH regeneration efficiency at the surface (M2). The top panel shows the OH regeneration efficiency 
when considering only the reaction between HO2 radicals with NO and with O3. The bottom panel includes the remaining 
contributions by isomerization reactions and photolysis of HPALD. Isomerization reactions are very efficient in recycling the OH 
radicals and thus maintaining the oxidation capacity of the atmosphere in environments characterized by high isoprene and low 
NO.  1690 
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A Theoretical work  

A.1 Isoprene di-HPCARP-RO2-I 

A 1.1 Methodology 

The reactants, transition states and products in the studied mechanistic branches of the isoprene chemistry were characterized 1745 

at the M06-2X and CCSD(T) levels of theory. A brute force search of the conformer space for each of these structures was 

performed at the M06-2X/cc-pVDZ level of theory,(Dunning, 1989; Zhao and Truhlar, 2008; Alecu et al., 2010; Bao et al., 

2017) starting from a systematic series of starting geometries generated by orienting the internal rotors along a set of 
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dihedral angles reasonable for the type of rotor, and optimizing the geometry. While there is no guarantee that this approach 

yields all stable conformers, it should provide a near-complete description of the rotameric space. For the case at hand, 1750 

~24000 distinguishable structures were located from ~60000 starting geometries. The most relevant conformers (~850 

structures across all reactions examined) were then fully re-optimized at the M06-2X/aug-cc-pVTZ level of theory.(Dunning, 

1989) The number of conformers re-optimized at this higher level of theory differs per structure (see Table S1), but enough 

were included to cover over ~80% of the thermal population at 300K. Intrinsic reaction coordinate (IRC) calculations were 

performed on the lowest transition states (TS) to verify the nature to the transition state; the end points of these trajectories 1755 

were further optimized and the energies used for determining an Eckart energy barrier shape. Finally, single energy point 

calculations at the CCSD(T)/aug-cc-pVTZ level of theory (Purvis and Bartlett, 1982) were performed on the energetically 

lowest-lying geometries of each structure, to further refine the energy barrier estimates. 

The rate coefficients are calculated using multi-conformer canonical transition state theory (MC-CTST), where each 

structure is described as the ensemble of each of its conformers in a rigid rotor, harmonic oscillator approximation 1760 

(Vereecken and Peeters, 2003).  

  𝑘(𝑇) =
∙ ( )

( )
𝑒𝑥𝑝      (eq. S1) 

The barrier height Eb is the ZPE-corrected energy difference between the lowest conformers of transition state and reactant. 

The partition functions for each critical point is obtained from a Boltzmann-weighted sum of the partition functions Qi(T) of 

the nconf conformers constituting that critical point, with Ei = 0 for the lowest-energy conformer: 1765 

  𝑄(𝑇) = ∑ 𝑄 (𝑇) ∙ 𝑒𝑥𝑝     (eq. S2) 

This relies on a (near-)Boltzmann equilibrium population across all conformers, e.g. by internal rotation being significantly 

faster than chemical transformation reactions, a condition easily fulfilled for the reaction examined, given the much higher 

energy barriers for chemical reaction. To improve the prediction of k(T) and its temperature dependence, the partition 

functions Q(T)all are estimated for the M06-2X/aug-cc-pVTZ level of theory by combining the high level M06-2X/aug-cc-1770 

pVTZ result, available for the dominant conformers, with the low-level M06-2X/cc-pVDZ rovibrational characteristics, 

available for all conformers, as follows: 

  𝑄(𝑇) = 𝑄(𝑇) ×
( )

( )
    (eq. S3) 

i.e. the full partition function at the M06-2X/aug-cc-pVTZ level of theory is estimated by scaling the partition function for 

the dominant conformers to the total population, using the M06-2X/cc-pVDZ information of the minor conformers scaled to 1775 

higher-level M06-2X/aug-cc-pVTZ. This procedure mitigates most of the impact of omitting the higher-energy conformers 

at the more costly levels of theory, and provides an approach that can be systematically improved to the limit of full 

characterization at the higher level of theory. Alternative additive schemes for merging of the high- and low levels of theory, 

e.g. the following: 

  𝑄(𝑇) = 𝑄(𝑇) + 𝑄(𝑇) − 𝑄(𝑇)   (eq. S4) 1780 

were not retained, as such additive schemes do not scale the low-level conformer partition functions to the high-level 

properties, and thus converge somewhat slower to the limit where  all conformers are treated at the high level of theory. 

Tunneling, , is accounted for by asymmetric Eckart tunneling, where the conformer-specific reactant and product energies, 

and imaginary wavenumber, of the lowest-lying TS conformer are used in the calculation. As the modeling study shows that 

the chemistry is not overly sensitive to the exact rate coefficient, we saved some computational cost at this time by not 1785 

implementing conformer-specific tunneling i in Q(T) (e.g. Ocana et al., 2019(Ocaña et al., 2019)) but applying the same 

tunneling correction  to all conformers. Conformer-specific tunneling will be implemented later when merging the current 

data into a structure-activity relationship (SAR). 
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As shown below, the rates of fast H-scrambling exceed the rates of product formation by 3 to 4 orders of magnitude, 

instating a fast equilibrium between di-HPCARP-RO2-Ia, -Ib, and -Ic. In the absence of other loss processes that approach 1790 

the rate of H-scrambling (as would be the case in e.g. high concentrations of NO, HO2 or RO2 radicals), one can then 

calculate a bulk rate coefficient for aldehyde H-migration, forming the tri-hydroperoxy-acyl radical. Within the MC-TST 

paradigm, this involves calculating the partition functions in eq. S1 across all di-HPCARP-RO2-I and all aldehyde-H-shift 

TS conformers, as follows: 

𝑄 (𝑇) = ∑ ∑ 𝑄di-HPCARP-RO2-I , (𝑇) ∙ 𝑒𝑥𝑝
di-HPCARP-RO2-I ,

, ,  (eq. S5) 1795 

𝑄 (𝑇) = ∑ ∑ 𝑄
-aldehyde-H-shift,

(𝑇) ∙ 𝑒𝑥𝑝
TS ,

, ; , ; ,   (eq. S6) 

where EdiHPCARP_Ij,i is the energy of the i-th conformer of di-HPCARP-RO2-Ij (j=a,b,c) relative to the lowest di-HPCARP-

RO2-I conformer, and ETSj,i the energy of the i-th conformer of the 1,4-, 1,5-, and 1,6-aldehyde-H-shift relative to the lowest 

aldehyde-H-shift TS conformer, while Qdi-HPCARP-RO2-I j,i(T) and Q
j-aldehyde-H-shift,i are the conformer-specific partition 

functions; nconf j signifies the number of conformers for structure j. The overall barrier Eb in  eq. S1 is then the (ZPE-1800 

corrected) energy difference between the lowest diHPCARP-RO2-I conformer and the lowest aldehyde-H-shift TS 

conformer (in this case, the lowest-energy diHPCARP-RO2-Ic and 1,6-aldehyde-H-shift conformers). The rate coefficients 

calculated thus are included in Table 3. Note that H-scrambling does not alter the stereo-specificity, i.e. eq. S5 and S6 must 

be calculated for each stereo-specific pool of reactants/TS. In the current case, the difference in reaction rate between the two 

isomeric pools is not overly large, and a generalized expression can be obtained by  averaging the two stereo-specific rate 1805 

coefficients (see Table S1). 

 

A 1.2 Reaction mechanism for di-HPCARP peroxy radicals 

Table S1 shows a summary of the quantum chemical analysis of the di-HPCARP-RO2-I system. These molecules have 2 

chiral carbon atoms, where (2R,3R) and (2S,3S) enantiomers have identical rovibrational data, with a second distinct set of 1810 

data for the (2R,3S) and (2S,3R) enantiomers. For some reactions the energetic differences are slight, but barrier height 

differences of several kcal mol-1 exist for H-migration reactions spanning across both chiral atoms, owing to the impact on 

ring strain and substituent interaction in the cyclic TS. 

Formation of acyl radicals by migration of the aldehyde H-atom is an accessible channel for all di-HPCARP-RO2-I 

isomers; the barrier height depends strongly on the TS cycle size, and changes from over 20 kcal mol-1 for a 1,4-aldehyde-H-1815 

migration, to as low as 16.3 kcal mol-1 for a 1,6-aldehyde-H-migration. The energetically most favorable H-migrations, 

however, are those involving migration of H-atoms of the hydroperoxide groups to the peroxy radical site, which allows 

rapid scrambling of the H-atoms, thus allowing access to reaction channels inaccessible from di-HPCARP-RO2-Ia formed 

initially from Z-δ-RO2-I (see main paper). The reactions of the di-HPCARP-RO2-II isomers can be expected to be similar, 

i.e. fast hydroperoxide H-scrambling with energy barriers several kcal mol-1 below the aldehyde-H-migration pathways. Our 1820 

results are analogous to those of Møller et al. (2019) (see also below). 

HO2 elimination is found to have too high barriers to compete (see Table S1 and 2), and is not studied in great detail. HO2 

elimination with a –CH3 H-atom is omitted as this is expected to be even less favorable than those with aldehyde- or -OOH 

H-atoms owing to the stronger C–H bond. 1,4- and 1,5-migration of the H-atoms from an -OOH-substituted carbon in di-

HPCARP-RO2-I is found to be less favorable than shifting the aldehyde-H-atom; while the energy barrier for the -OOH 1825 

1,5-H-shift is only slightly higher than for the 1,4-aldehyde-H-migration, the additional entropic disadvantage of losing an 

additional degree of internal rotation in the TS lowers the rate coefficient significantly (see Table S1). While HO2 

elimination and -OOH H-migrations were only examined for di-HPCARP-RO2-Ia, the H-scrambled forms -Ib and -Ic are 

not expected to present more favorable channels for these reaction classes, as no pathways exist with more weakly bonded 

H-atoms, nor allowing for a TS with a lower ring strain. Likewise, it is improbable that di-HPCARP-RO2-II isomers, which 1830 
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differ only by the position of the -CH3 group, show channels that are competitive against the aldehyde- and hydroperoxide-

H-migrations discussed above. 

 

 

 1835 

 

Table S1: Relative energies (kcal mol-1) of the reactants and transition states for the stereo-specific chemistry of di-HPCARP-RO2-

I (2-Me-3,4-diOOH-butanal-2-peroxyl), at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory. Also indicated are 

the number of distinguishable conformers characterized at the different levels of theory, and the fraction of the population covered 

by the data at the highest level of theory. 1840 

Reaction Erel # Conformers a Pop. fraction b 
(2R,3R)-2-Me-3,4-diOOH-butanal-2-peroxyl (A) 0.0 64 / 1470 0.91 
 1,4-aldehyde-H-migration 21.4 24 / 251 0.88 
 1,4--OOH-H-migration 28.6 6 / 125 0.98 
 1,5--OOH-H-migration 22.6 22 / 212 0.96 
 1,6-OOH-H-migration to B 19.3 6 / 100 0.88 
 1,7-OOH-H-migration to C 12.3 14 / 35 0.99 
 Aldehyde-HO2-elimination 29.4c d  
 -OOH-HO2-elimination 31.9c d  
(2R,3R)-2-Me-2,4-diOOH-butanal-3-peroxyl (B)  0.6 47 / 1290 0.83 
 1,5-aldehyde-H-migration 18.5 18 / 146 0.95 
 1,6-OOH-H-migration to C 18.9 33 / 95 0.99 
(2R,3R)-2-Me-2,3-diOOH-butanal-4-peroxyl (C) -1.2 39 / 1234 0.96 
 1,6-aldehyde-H-migration 17.6 27 / 157 0.97 
(2R,3R)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D) 3.4 82 / 2719 0.79 
 CO elimination 11.1 104  / 2335 0.83 
(2R,3S)-2-Me-3,4-diOOH-butanal-2-peroxyl (A') 0.0 26 / 1362 0.87 
 1,4-aldehyde-H-migration 20.6 25 / 253 0.96 
 1,4--OOH-H-migration 27.2 4 / 128 0.99 
 1,5--OOH-H-migration 23.0 27 / 215 0.98 
 1,6-OOH-H-migration to B' 16.4 9 / 74 0.99 
 1,7-OOH-H-migration to C' 14.2 14 / 60 0.99 
 Aldehyde-HO2-elimination 29.3c d  
 -OOH-HO2-elimination 31.3c d  
(2R,3S)-2-Me-2,4-diOOH-butanal-3-peroxyl (B') -1.5 40 / 1280 0.91 
 1,5-aldehyde-H-migration 19.4 24 / 157 0.93 
 1,6-OOH-H-migration to C' 18.9 17 / 99 0.96 
(2R,3S)-2-Me-2,3-diOOH-butanal-4-peroxyl (C') -1.3 46 / 1172 0.94 
 1,6-aldehyde-H-migration 16.3 25 / 146 0.98 
(2R,3S)-2-Me-2,3,4-diOOH-1-oxo-1-butyl (D') 3.1 65 / 2904 0.83 
 CO elimination 10.8 68 / 2495 0.78 
2,2,2-triMe-acetyl 0.00   
 CO elimination 9.66   
 O2 addition 0.47   
  2,2,2-triMe-acetylperoxy -32.80   
2,2-diMe-2-OOH-acetyl 0.00   
 CO elimination 7.83   
 O2 addition 0.63   
  2,2-diMe-2-OOH-acetylperoxy -31.31   
a Number of distinguishable conformers found, with the last number indicating all conformers characterized at the M06-

2X/cc-pVDZ level of theory, and the number before the dividus the number of conformers re-optimized at the M06-2X/aug-

cc-pVTZ level of theory.   b Fraction of the population at 300K that is based on M06-2X/aug-cc-pVTZ rovibrational data. 

The remainder of the population is described by scaling the partition function at the M06-2X/cc-pVDZ level towards the 

aug-cc-pVTZ data (see methodology section). c Energy barrier at the M06-2X/aug-cc-pVTZ level of theory. d The 1845 

conformational space is not examined in as much detail as the other structures; statistics are omitted.  
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Figure S1: Temperature-dependent rate coefficients for the aldehyde H-shift in di-HPCARP-RO2-I. 

 

A 1.3 Comparison to literature theoretical data 1850 

There are two recent theoretical kinetic studies available examining the di-HPCARP-RO2-I chemical system. A detailed 

comparison of the methodological differences is technical, and outside the scope of the current paper. To assess the 

uncertainties of the predictions, however, it is useful to give a short comparison of the results. We limit ourselves here to a 

discussion of the (R,R)-conformers, though the comparison can be generalized. 

The first study by Wang et al. (2018) identified 9 conformers for di-HPCARP-RO2-Ia, and 9 conformers for the transition 1855 

state for 1,4-aldehyde-H-migration, from an examination of a subset of the conformational space with a selection of 

conformers based on semi-empirical methods. Despite the limited set of conformers, the rate coefficient at 298K, 0.86 s-1, is 

only a factor 1.3 below our predicted rate of 1.15 s-1 based on all conformers. It is unclear whether this accuracy is due to 

fortuitous cancellation of error, or from judicious selection of the two (out of 8) degrees of freedom for internal rotation 

considered; note that the authors state that all 9 di-HPCARP-RO2-Ia conformers can undergo the 1,4-aldehyde-H-migration 1860 

directly, which indicates they include some less stable conformers, as our set of 9 energetically lowest conformers includes 

structures where the aldehyde H-atom and the radical oxygen are not pointing towards each other. We optimized some of the 

provided conformers at the M06-2X/cc-pVDZ level of theory, finding them to be up to 8.7 kcal mol-1 above our most stable 

conformer, indicating that at least some of the 9 conformers have a negligible contribution to the thermal population. For the 

1,5--OOH-H-migration, this study finds a rate coefficient 9.210-1 s-1, over an order of magnitude higher than our value of 1865 

510-3 s-1, mostly due to their reported barrier height being several kcal mol-1 below our value; these results are again likely 

distorted due to the strongly reduced conformer space missing low-energy conformers. Wang et al. (2018) do not examine 

any of the other aldehyde H-migration pathways to allow further comparison. The barrier for CO elimination after aldehyde 



47 
 

H-migration, 8.5 kcal mol-1, somewhat higher than our value which, combined with the limited set of conformers considered, 

results in a slower dissociation rate of 6.6106 s-1 compared to our value of 2108 s-1. For such low values of CO elimination 1870 

barrier heights, O2 addition forming acylperoxy radicals would become competitive. 

The methodology used by Møller et al. (2019) is more directly comparable to our methodology, and includes an extensive 

search of the conformer space, while the ROCCSD(T)-F12a/cc-pVDZ-F12//B97X-D/aug-cc-pVTZ level of theory used for 

the rovibrational and energetic parameters in the multi-conformer kinetics is of a comparable class of methods as the 

methodology used in our work. In most cases, we find strongly comparable barrier heights, with differences of a few tenths 1875 

of a kcal mol-1 only, as expected from the levels of theory applied. Despite these resemblances, the predicted rate coefficients 

still differ by over an order of magnitude at room temperature. We surmise that these differences are caused by the low-level 

methodology used to discover and screen the conformers as outlined in Møller et al. (2016), which returns only a subset of 

the conformers. For example, Møller et al. (2019) report finding over 600 conformers for R,R-di-HPCARP-RO2-Ia, whereas 

we have characterized almost 1500 conformers for this compound, over twice as many. Their semi-empirical screening 1880 

might hope to find predominantly the most important, lowest-energy conformers, where the ~800 missed conformers would 

then be almost exclusively unstable, high-energy conformers with negligible contribution to the population. However, 

Møller et al. (2019) found 11 conformers below a 2 kcal mol-1 cutoff, whereas we found 27 conformers below 2 kcal mol-1 

(M06-2X/aug-cc-pVTZ level of theory), indicating that low-energy conformers are missed in about equal proportion as for 

the total conformer pool. The 11 lowest conformers in our subset of 27 contribute less than 50 % of the thermal population at 1885 

300K, thus not describing the population all that well; it is unclear if the 11 conformers of Møller et al. (2019) actually 

correspond to our lowest 11. Furthermore, while the use of an energetic cut-off (typically 2 kcal mol-1 for work based on 

Møller et al. (2016)) is likely a reasonable choice for aliphatic compounds, it is less appropriate for work with oxygenated 

compounds. In particular, H-bonded conformers are energetically more favorable, but tend to be more rigid, while higher-

energy conformers with less or no hydrogen bonds are more loose, i.e. more entropically favorable. Thus, as can be seen in 1890 

the population analysis (shown in the supporting information), conformers with energies above 2 kcal mol-1 are still 

contributing strongly to the population. In our analysis, enough conformers are included in our high-level calculations to 

ascertain the bulk of the population, 80%, is covered, and all remaining conformers are still included in the kinetic analysis 

using the data at the lower level of theory. Another drawback of using an energetic cut-off in the population analysis is that, 

with hundreds to thousands of conformers, the high number of conformers can overcome a Boltzmann weight disadvantage 1895 

of one or two orders of magnitude and still provide a non-negligible contribution to the population compared to the dozen 

lowest-energy conformers. The impact of this can't be assessed properly without a more complete population analysis; for 

the case at hand, we find that at 300K over 30% of the R,R-di-HPCARP-RO2-Ia population is contributed by conformers 

over the 2 kcal mol-1 energy cut-off (over 50% when referenced to the 11 lowest conformers). Having most of the conformer 

population represented in the kinetic analysis is especially important when the temperature-dependence is examined, e.g. the 1900 

contribution of the 11 lowest conformers decreases to less than 35% of the population at 400K (though obviously Møller et 

al. (2019) would have used a higher energy cut-off value at this temperature). As described by Møller et al. (2019), using 

semi-empirical methods for screening of conformers is significantly more problematic for transition states than for reactants, 

spreading the conformer energy range (typically 10 to 20 kcal mol-1 for the multi-oxygenated compounds studied here) to 

over more than 1000 kcal mol-1. It seems unlikely that the recovered fraction of the conformers, or fraction of the population, 1905 

is always sufficiently similar for minima and TS to provide reliable cancellation of error, incurring a larger uncertainty on 

the rate coefficient predictions and their temperature dependence. In the following section, we shortly discuss technical 

aspects for further improvements in MC-TST methodologies building on the benefits of both our and Møller et al. approach. 

A.2 Outlook for multi-conformer methodologies 

Based on the comparison between our theoretical results and that of other authors, we find that using semi-empirical 1910 

methods for screening the conformers relies more on cancellation of error than has been assumed so far, at least for more 
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complex molecules such as studied here. To our knowledge, this is the first exploratory comparison for a complex reaction 

system between the Møller et al. (2016) methodology based on semi-empirical screening with a kinetic analysis of a subset 

of the conformers on the one hand, and the all-conformer MC-TST (Vereecken and Peeters, 2003) based on DFT screening 

as typically performed by our research group. Hence, it is too early to properly assess the relative performance of the two 1915 

MC-TST approaches. An ineffective screening method can lead to larger a priori uncertainties of the kinetic predictions, 

probably exceeding an order of magnitude when using semi-empirical methods, though the statistical nature of the sampling 

prevents systematic under- or over-prediction across many reactions. It is important to stress that the search of the conformer 

space remains a heuristic process in practice, and all practical screening methods are likely to miss some conformer in 

complex cases, as well as return structures that are non-existing at higher levels of theory. Furthermore, due to the large 1920 

number of structures involved, it becomes more likely that e.g. erroneous structures are not removed from the populations, or 

that other flaws are missed by the scientist, despite extensive use of software in generating, handling, and testing all 

structures. Our more rigorous screening is thus also likely both a subset and superset of the true conformer pool. The larger 

number of conformers found, and the inclusion of all conformers in the kinetic analysis, dampens the impact to a larger 

extend than in the methodology of Møller et al. (2016), but this increased robustness comes at a considerable additional 1925 

computational cost. Note that applying higher levels of theory afterwards on the subset of conformers obtained can't rectify 

shortcomings in the conformer screening.  

For the reactions classes studied here, i.e. H-migration in RO2 intermediates leading to poly-functionalized species and 

HOMs, there is significant interest in the chemistry of larger terpenoids. The increased computational cost of characterizing 

these molecules could become overwhelming, so developing efficient and accurate screening methods are critical. Despite 1930 

the challenges encountered when using semi-empirical methods, the computationally more affordable methodology 

implemented by Møller et al. (2016) has then many uses; in particular, it remains a cost-effective method for identifying 

which reactions might be important or can be neglected (e.g. the -OOH H-shift reactions or HO2 eliminations given in 

Table S1), providing an order-of-magnitude estimate of the rate coefficient, and of its temperature dependence over small 

temperature ranges. Future work should try to identify screening methods that are computationally less costly than used in 1935 

our work, yet are more reliable than semi-empirical methods in returning most conformers, or returning all low-energy 

conformers. A detailed numerical comparison between this work and the data in Møller et al. (2019) is outside the scope of 

this paper, but would be an excellent starting point in the search for reliable yet affordable screening methods. This method 

development would need to include quantum chemical methods such as semi-empirical, molecular mechanics, DFT, and 

wavefunction-based methodologies, include sampling methods such as explicit iteration over all variables, nearest-neighbor 1940 

search, random walks, or Monte-Carlo sampling, and include ensemble methods, asymptotic convergence, and other quality 

metrics to assess the completeness of the sampling. Superimposed on this sampling problem, the traditional improvements 

on the prediction of energetic and rovibrational characteristics of the molecules and on the theoretical kinetic analysis, 

remain an important factor facing its own challenges when dealing with exceedingly large sets of conformers. 

A.3 Chemistry of enol-peroxy radicals 1945 

Earlier studies have shown that unsaturated peroxy radicals can have fast ring closure reactions (Vereecken and Peeters, 

2004), and this reaction class has been invoked in atmospheric models such as the OH-initiated -pinene oxidation to explain 

experimentally observed nopinone and acetone yields (Kaminski et al., 2017). Similarly, H-migrations accelerated by double 

bonds have been proposed (Peeters et al., 2014). In contrast, the enol peroxy radicals, formed in the isoprene mechanism 

from Z,E'-HOO-hydroxy-allyl radicals by O2 addition (see figure S2), are thought by Müller et al. (2019) to  have no viable 1950 

reaction channels competing with redissociation to an alkyl radical + O2, implying that H-migration and ring closure 

reactions are negligibly slow. In this section, we perform some exploratory calculations on template enol-peroxy radicals to 

examine at the impact of unsaturated bonds and of –OH substitution on these two reaction classes. 
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Figure S2 shows the barrier heights and rate coefficients obtained for 6-membered ring closure reactions in enols. In our 

earlier work we only examined isoprene-derived unsaturated peroxy radicals where the –OH substituent was not attached to 1955 

the double-bonded carbons, finding ring closure rates of the order of 0.3 s-1 at 303 K (Vereecken and Peeters, 2004). In this 

work, we find that the formation of -OH cyclic peroxides significantly lowers the barriers compared to aliphatic peroxide 

radicals with only a spectator –OH substituent, thus increasing the reaction rates significantly (to ~10 s-1). We also observe 

strong stereo-specificity in the calculated rates, with the Z-enols reaction being slower than E-enols. The underlying reason 

is the H-bond in the Z-enol reactant, which needs to break when performing the ring closure, and thus leading to a higher 1960 

effective reaction barrier. Still, the rate coefficient difference between Z- and E-enols is not as large as would be expected 

from the difference in barrier height, as the dominant H-bonded Z-enol conformer is also much more rigid then the E-enols, 

leading to a lower state density for the Z-enol reactant and hence a more favorable entropic factor in the rate coefficient 

calculations. Figure S2 also shows the impact of a methyl group on the double bond, where we find that formation of a 

tertiary product radical further lowers the ring closure barrier height by 2 kcal mol-1, again enhancing the reaction rate. This 1965 

result is expected, confirming a traditional Evans-Polanyi correlation. Combined, we find that ring closure is accelerated by 

several orders of magnitude compared to the ring closure rates found in our earlier work, with ring closure rate coefficients 

as high as 103 s-1.  

Similar enhancement was found for H-migration reactions (see figure S2), where formation of an hydroxy-allyl-resonance 

stabilized radical product leads to H-migration reactions several orders of magnitude faster (k ~ 610-2 s-1) than traditional, 1970 

aliphatic methyl-H-abstractions which have rather slow reaction rates (k ~ 10-4 s-1) as predicted by theory and observed by 

experiment (Nozière and Vereecken; Sharma et al., 2010; Miyoshi, 2011; Otkjær et al., 2018). In this particular case, the H-

migration rate coefficients are too low to compete against the ring closure reaction. However, the enhancement of the H-

migration rates could be important for formation of oxygenates and highly oxygenated molecules (HOMs) from other 

compounds, where experimental evidence on HOM formation shows very high oxygen to carbon ratios, which can only be 1975 

explained if all carbons in the reactant molecule are activated for oxidation. Allyl-resonance stabilization of the product 

radical, possibly aided by stabilizing substituents on the second radical site, could thus prove an important mechanism to 

enable oxygenation of otherwise mostly unreactive methyl groups in terpenoids and other atmospherically relevant 

compounds. 

At this time, it is unclear whether the current results are directly applicable to the isoprene-derived intermediates discussed 1980 

elsewhere in this work. The enol-peroxy radicals of interest there have additional oxygenated substituents, which may either 

enhance or reduce the reaction rate, or affect alternative loss processes such as loss of O2. Future work will examine 

reactions of a wider range of enol-peroxy radicals to investigate these effects.  
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Figure S2: Barrier heights, room-temperature rate coefficients and temperature-dependent rate coefficients for ring closure and 1985 

H-migration reactions in enol-peroxy radicals. 
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B. Kinetic models 

B.1 M0 model 2010 

The M0 model is the same as the MCMv3.3.1 model but with H-shift isomerization reactions removed. To keep 
the number of changes as limited as possible, the removal of the isomerization reaction was implemented by 
removing the OH-isoprene adducts CISOPA, CISOPC, TISOPA, TISOPC  that were introduced in the 2015 
update to the MCM chemistry (Jenkin et al., 2015), and their equilibrium reactions. The reactions with formation 
of either CISOPCO2 or CISOPAO2 were likewise removed, as was the 1,5-H shift reaction as a loss path for 2015 
ISOPBO2, ISOPDO2 and C524O2. To account for the resulting removal of two of the RO2 isomers formed after 
reaction of isoprene with OH radicals, the yields for the remaining RO2 radicals were scaled, accommodating the 
attack of the OH radicals on the isoprene carbons C2 and C3 introduced in MCMv3.3.1 (Jenkin et al., 2015). 
Table S2 lists all reactions affected. 

Table S2 Reactions removed (in red), or modified (black) within the M0 model, compared to th MCMv3.3.1. The names of the 2020 
compounds are as in the MCMv3.3.1.  

Model  Reaction Partial rate coefficient (cm3 s-1)  
M0 OH  +  C5H8  -->  CISOPA [removed] 

OH  +  C5H8  -->  CISOPC [removed] 
 OH  +  C5H8  -->  TISOPA [removed] 
 OH  +  C5H8  -->  TISOPC [removed] 
 ISOPAO2  -->  TISOPA [removed] 
 ISOPBO2  -->  CISOPA [removed] 
 ISOPBO2  -->  TISOPA [removed] 
 ISOPCO2  -->  TISOPC [removed] 
 ISOPDO2  -->  CISOPC [removed] 
 ISOPDO2  -->  TISOPC [removed] 
 OH  +  C5H8  -->  ISOPAO2 2.7×10-11×exp(390/T)×0.14 
 OH  +  C5H8  -->  ISOPBO2  2.7 x 10-11×exp(390/T)×0.41 
 OH  +  C5H8  -->  ISOPCO2  2.7 x 10-11×exp(390/T)×0.09 
 OH  +  C5H8  -->  ISOPDO2 2.7 x 10-11×exp(390/T)×0.28 
 ISOPBO2  -->  MVK  +  HCHO  +  OH [removed] 
 ISOPDO2  -->  MACR  +  HCHO  +  OH 

C524O2  -->  HMACR  +  HCHO  +  OH 
[removed] 
[removed] 

 

B.2 M1 model 

The M1 model is based on the MCMv3.3.1 model but contains: 

1- The equilibrium reactions between OH-isoprene adducts and isoprene-RO2 conformers as implemented in the 2025 
Caltech mechanism (Wennberg et al., 2018). 

2- A faster 1,6-H shift for the Z-δ-RO2 combined with a higher yield of formation for di-HPCARP-RO2 (0.6), as 
suggested by experimental and theoretical results (Peeters et al., 2014; Teng et al., 2017) and as described in the 
Caltech mechanism (Wennberg et al., 2018). 

3- The rate coefficients for the aldehyde-H shift of di-HPCARP-RO2 and product distribution as calculated from 2030 
theory within this study.  

Table S3 lists all reactions affected. 

Table S3 Reactions modified within the M1 model, compared to th MCMv3.3.1. The names of the compounds are as in the 
MCMv3.3.1.  

Model Reaction Partial rate coefficients (cm3 s-1 or s-1) 
M1 TISOPA-->ISOPAO2  0.4×10-12 

 TISOPA--> ISOPBO2 0.8×10-12 
 CISOPA-->ISOPBO2 0.8×10-12 
 CISOPA-->CISOPAO2 0.1×10-12 
 CISOPC-->CISOPCO2 0.2×10-12 
 CISOPC-->ISOPDO2 0.7×10-12 
 TISOPC-->ISOPDO2 0.7×10-12 
 TISOPC-->ISOPCO2 0.5×10-12 
 ISOPAO2-->TISOPA 1.8×1014×exp(-8930/T) 
 ISOPBO2-->TISOPA 2.2×1015×exp(-10355/T) 
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 ISOPBO2-->CISOPA 2.2×1015×exp(-10865/T) 
 CISOPAO2-->CISOPA 1.8×1014×exp(-8830/T) 
 CISOPCO2-->CISOPC 1.7×1014×exp(-9054/T) 
 ISOPDO2-->CISOPC 2.5×1015×exp(-10890/T) 
 ISOPDO2-->TISOPC 2.5×1015×exp(-11112/T) 
 ISOPCO2-->TISOPC 2.1×1014×exp(-9400/T) 
 CISOPAO2-->C5HPALD1+HO2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.4  

CISOPAO2-->C536O2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.6 
 CISOPCO2-->C5HPALD2+HO2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.4 
 CISOPCO2-->C537O2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.6 
 C536O2-->DHPMEK+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
 C537O2-->DHPMPAL+CO+OH 6.5×10-53×T20.52×exp(1669/T) 

 

 2035 

B.3 M2 model 

The M2 model is based on the MCMv3.3.1 model but contains: 

1- A faster 1,6-H shift for the Z-δ-RO2 combined with a higher yield of formation for di-HPCARP-RO2 (0.6), as 
suggested by experimental and theoretical results (Peeters et al., 2014; Teng et al., 2017) and as described in the 
Caltech mechanism (Wennberg et al., 2018). 2040 

2- The rate coefficients for the aldehyde-H shift of di-HPCARP-RO2 and product distribution as calculated from 
theory within this study.  

Table S4 lists all reactions affected. 

Table S4 Reactions modified within the M2 model, compared to th MCMv3.3.1. The names of the compounds are as in the 
MCMv3.3.1. 2045 

Model Reaction Partial rate coefficients (s-1)  
M2 CISOPAO2-->C5HPALD1+HO2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.4  

CISOPAO2-->C536O2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.6 
 CISOPCO2-->C5HPALD2+HO2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.4 
 CISOPCO2-->C537O2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.6 
 C536O2-->DHPMEK+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
 C537O2-->DHPMPAL+CO+OH 6.5×10-53×T20.52×exp(1669/T) 

 

 

B.4 M3 model 

The M3 model is based on the MCMv3.3.1 model but contains: 

1- A faster 1,6-H shift for the Z-δ-RO2 as suggested by experimental and theoretical results (Peeters et al., 2014; Teng 
et al., 2017) and as described in the Caltech mechanism (Wennberg et al., 2018). 

2- A larger yield for HPALD as described in the study by Berndt et al. (2019) 2050 
3- The rate coefficients for the aldehyde-H shift of di-HPCARP-RO2 and product distribution as calculated from 

theory within this study.  

Table S5 lists all reactions affected. 

Table S5 Reactions modified within the M3 model, compared to th MCMv3.3.1. The names of the compounds are as in the 
MCMv3.3.1. 2055 

Model Reaction Partial rate coefficients (s-1)  
M3 CISOPAO2-->C5HPALD1+HO2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.75 

CISOPAO2-->C536O2 5.0×1015×exp(-12200/T)×exp(1×108/T3)×0.25 
 CISOPCO2-->C5HPALD2+HO2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.75 
 CISOPCO2-->C537O2 2.2×109×exp(-7160/T)×exp(1×108/T3)×0.25 
 C536O2-->DHPMEK+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
 C537O2-->DHPMPAL+CO+OH 6.5×10-53×T20.52×exp(1669/T) 
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C. Modelled OH regeneration efficiency (RE) 2060 

The aldehyde-H shift includes the isomerization reaction of the di-HPCARP-RO2 (C536O2 and C537O2) formed after the 
isomerization of the Z-δ-RO2, combined with the OH radical which is directly recycled from the products of the aldehyde-H 
shift (dihydroperoxy carbonyl compounds, DHPMEK and DHPMPAL). In addition, the isomerization of the RO2 which 
originates from OH reaction with MACR (MACRO2) is included (Table S6).  

Table S6.  Reaction paths forming OH radicals included in the modelled OH regeneration efficiency, with their label as used in 2065 

figure 7. The names of the compounds are as in the MCMv3.3.1. 

Reaction label Reaction paths included 
HONO + hv HONO + hv 

O3 + hv O3 + hv 
HO2+ O3 HO2+ O3 

HO2 + NO HO2 + NO 
1,5-H shift ISOPBO2 and ISOPDO2 

HPALD + hv C5HPALD1+ C5HPALD2+ C5PACALD1+ C5PACALD2 + hv 
Aldehyde-H shift C536O2, C537O2, DHPMEK, DHPMPAL, MACRO2  

 
 
 
 2070 
D. Global model 
The ECHAM/MESSy Atmospheric Chemistry (EMAC) (Jöckel et al., 2010) model was used to investigate the 
global impact of changes in the isomerization of the isoprene chemistry. In this study, two simulations were 
performed using the Mainz Organic Mechanism (MOM) (Sander et al., 2019). The first simulation served as a 
reference and the second one included changes as discussed in this study. In the reference simulation, no 1,6-H 2075 
shift and aldehyde-H shift isomerization in the isoprene chemistry were included (comparable to the no-H shift 
model). The second simulation is comparable to the M2 model and includes isomerization reactions (1,5-, 1,6- 
and aldehyde –H shift) using a 0.4 yield for HPALD and 0.6 yield for di-HPCARP-RO2 from the 1,6-H shift. In 
addition, traditional RO2 chemistry was included for HPALD and di-HPCARP as used in the MCMv3.3.1. For 
both simulations, the reaction rates adapted from LIM1 (Peeters et al., 2014) for the equilibrium reactions 2080 
between OH-isoprene adducts and isoprene-RO2 conformers were used. Finally, a third simulation was run where 
the yield of HPALD was set to 0.75, comparable to model M3. The relevant reactions are listed in table S7, while 
the impact on the OH concentrations is illustrated in figure S3. 
 

 2085 

Figure S3. Relative increase of the global ground-level concentration of OH radicals. The implementation of a fast rate coefficient 

for the 1,6-H shift together with the inclusion of the aldehyde-H shift results in an increase of more than a factor of 3 for the OH 

radical concentrations in regions with large concentrations of isoprene and low NO, when compared to a model without 

isomerization reactions.  

 2090 
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 2095 
Table S7. Changes to the MOM mechanism used in this study to assess the global impact of isomerisation reaction in the isoprene 
chemistry. The names of the compounds are as in the original MOM mechanism, whereas newly added compounds are labeled as 
in the MCMv3.3.1. 

Reaction (Partial) Rate coefficients (cm3 s-1 or s-1) 
LISOPACO2-->C536O2 5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3) x 0.6 
LISOPACO2-->ZCODC23DBCOOH+HO2 5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3))x 0.4 
LDISOPACO2-->C537O2 5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3) x 0.6 
LDISOPACO2-->ZCODC23DBCOOH+HO2 
C536O2+HO2-->C536OOH+O2 
C536O2+NO-->C536O+NO2 
C536O2+NO3-->C536O+NO2 
C536O2-->C536O 
C536O2-->DHPMEK+CO+OH 
C537O2+HO2-->C537OOH+O2 
C537O2+NO-->C537O+NO2 
C537O2+NO3-->C537O+NO2 
C537O2-->C537O 
C537O2-->DHPMPAL+CO+OH 
C536OOH+OH-->DHPMEK+CO+OH 
C536O-->MGLYOX+HOOCH2CHO+OH 
C537OOH+OH-->DHPMPAL+CO+OH 
C537O-->GLYOX+HYPERACET+OH 
DHPMEK+OH-->BIACETOOH+OH+H2O 
DHPMEK+OH-->C4CO2OOH+OH+H2O 
DHPMPAL+OH-->C3MDIALOOH+OH+H2O 
DHPMPAL+OH-->HYPERACET+CO+OH+ H2O 
C3MDIALOOH+OH-->C3MDIALO2+H2O 
C4CO2OOH+OH-->CO23C3CHO+OH+H2O 
C4CO2O+O2-->GLYOX+CH3CO3 
C4CO2O+O2-->MGLYOX+HO2+CO 
C3MDIALO+O2-->MGLYOX+CO+HO2 
C536OOH+hv-->C3MDIALOOH+HCHO+OH+OH 
C536OOH+hv-->DHPMEK+CO+OH+HO2 
C536OOH+hv-->MGLYOX+HOOCH2CHO+OH+OH 
C537OOH+hv-->C4CO2OOH+HCHO+OH+OH 
C537OOH+hv-->DHPMPAL+CO+OH+HO2 
C537OOH+hv-->GLYOX+HYPERACET+OH+OH 
DHPMEK+hv-->CH3CO3+HOOCH2CHO+OH 
DHPMEK+hv-->MGLYOX+HCHO+OH+OH 
DHPMPAL+hv-->C3MDIALOOH+OH 
DHPMPAL+hv-->HYPERACET+OH+CO+HO2 
DHPMPAL+hv-->MGLYOX+OH+HCHO+OH 
C3MDIALOOH+hv-->C3MDIALO+OH 
C3MDIALOOH+hv-->MGLYOX+OH+HO2+CO 
C4CO2OOH+hv-->C4CO2O+OH 
C4CO2OOH+hv-->CH3CO3+GLYOX+OH 
C4CO2OOH+hv-->HO2+CO+MGLYOX+OH 

5.47 x 1015 x EXP(-12200/T) x EXP(1.D8/T3) x 0.4 
2.91 x 10-13 x EXP(1300/T)*0.706 
2.54 x 10-12 x EXP(360./T) 
2.50 x 10-12 
9.20 x 10-14 x RO2 
6.52×10-53×T20.52×exp(1669/T) 
2.91 x 10-13 x EXP(1300/T)*0.706 
2.54 x 10-12 x EXP(360./T) 
2.50 x 10-12 
8.80 x 10-13 x RO2 
6.52×10-53×T20.52×exp(1669/T) 
6.60 x 10-11 
1.00 x 106 
5.64 x 10-11 
1.00 x 106 
2.92 x 10-11 x 0.56 
2.92 x 10-11 x 0.44 
3.77 x 10-11 x 0.32 
3.77 x 10-11 x 0.68 
1.35 x 10-10 
7.83 x 10-11 
1.00 x 106 x 0.5 
1.00 x 106 x 0.5 
1.00 x 106 
jx(ip_CH3OOH) 
jx(ip_IPRCHO2HCO) 
jx(ip_CH3OOH)*2 
jx(ip_CH3OOH) 
jx(ip_IPRCHO2HCO) 
jx(ip_CH3OOH)*2 
jx(ip_CH3OOH)+ jx(ip_CHOH)* 0.42 
jx(ip_CH3OOH) 
jx(ip_CH3OOH) 
jx(ip_C3H7CHO2HCO) 
jx(ip_CH3OOH) 
jx(ip_CH3OOH) 
jx(ip_IPRCHO2HCO)*2 
jx(ip_CH3OOH) 
jx(ip_CHOH)* 0.42 
jx(ip_IPRCHO2HCO) 
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D. Additional tables and figures 2110 

Table S8. Rate coefficients for the addition of O2 to OH-isoprene adducts, and for re-dissociation of isoprene-RO2 (Fig. 1). The rate 
coefficients for the oxygen additions (kf) are in cm3 s-1 and are typically temperature independent. The rate coefficient for the re-
dissociations (kr) are in s-1.  

 LIM1(Peeters et al., 2014) MCMv3.3.1 (Jenkin et al., 2015) Caltech (Wennberg et al., 2018) 
kf1 0.5×10-12×exp(-480/T) -  2.5×10-12×exp(-480/T) 0.4×10-12 
kf2 0.6×10-12 3.0×10-12 0.8×10-12 
kf3 0.6×10-12 3.0×10-12 0.8×10-12 
kf4 0.7×10-12 3.5×10-12 0.1×10-12 
kf5 0.4×10-12 2.0×10-12 0.2×10-12 
kf6 0.7×10-12 3.5×10-12 0.7×10-12 
kf7 0.7×10-12 3.5×10-12 0.7×10-12 
kf8 0.5×10-12×exp(-480/T) 2.5×10-12×exp(-480/T) 0.5×10-12 
kr1 5.7×1013×exp(-9028/T) 2.9×1014×exp(-9028/T) 1.8×1014×exp(-8930/T) 
kr2 1.7×1015×exp(-10743/T) 8.5×1015×exp(-10743/T) 2.2×1015×exp(-10355/T) 
kr3 1.7×1015×exp(-11322/T) 8.6×1015×exp(-11322/T) 2.2×1015×exp(-10865/T) 
kr4 1.0×1015×exp(-9838/T) 5.2×1015×exp(-9838/T) 1.8×1014×exp(-8830/T) 
kr5 6.1×1014×exp(-10254/T) 3.1×1015×exp(-10254/T) 1.7×1014×exp(-9054/T) 
kr6 2.1×1015×exp(-11705/T) 1.1×1016×exp(-11705/T) 2.5×1015×exp(-10890/T) 
kr7 2.1×1015×exp(-11569/T) 1.1×1016×exp(-11569/T) 2.5×1015×exp(-11112/T) 
kr8 4.2×1013×exp(-9984/T) 2.1×1014×exp(-9984/T) 2.1×1014×exp(-9400/T) 
 

 2115 
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Figure S4: Reaction scheme detailing the reaction steps affecting the HPALD vrs. di-HPCARP yields. The submechanism in the 

labeled boxes A through E are discussed in the text. 2120 

 

Figure S5. Comparison of modelled and measured trace gases for an experiment with NO < 0.2 ppbv. Measured time series of 
radicals and OH reactivity (LIF), isoprene and MVK+MACR+ISOPOOHs (GC) and CO (Picarro) are compared to model 
calculations. Vertical dashed lines indicate the times when isoprene was injected. Good agreement is observed when using M2, M3 
or LIM1 (Table 2). Error bars represent 1 σ standard deviation. 2125 
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