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Responses to reviewer #1 comments:

General comments: The Yang et al. manuscript claims two principal contributions to our 
understanding of highly oxygenated organic molecule (HOM) formation that in turn form 
secondary organic aerosols (SOAs) and have important impact on climate and human health. 

The first contribution is that they present a pathway, which first forms an endoperoxide, 
commonly found in these systems, and then transforms it into an intermediate with an alkoxy 
radical with an epoxy functional group. The pathway is found using MD simulations and is 
fh[i[dj[Z Wi xkd[nf[Yj[Zy WdZ xd[mbo Z_iYel[h[Zy, N^[ i[YedZ Yedjh_Xkj_ed _i j^Wj j^[o
create an intricate kinetic model that includes chemical activation across several bimolecular 
steps, and show that the new pathway is likely relevant for HOMs. The paper and the claims 
are exclusively relying on theory and computations. Regarding the experiments, the authors 
ikc _j kf Wi xGWdo e\ j^[i[ hekj[i b_a[bo Yedjh_Xkj[ je j^[ cWii if[Yjhec[jho f[Wks for C7 and 
>/. CIGi eXi[hl[Z _d ekh \bem h[WYjeh [nf[h_c[djiy* m^_Y^ _i dej W fhee\ e\ j^[ j^[eho X[_d]
right, rather, it is a weaker observation that the theory is not in conflict with the observations. 

In our review related to significance and impact, we were interested to investigate the two key 
aspects of the manuscript, (a) the novelty of the paths, and (b) the soundness of the chemical 
activation theory. 

Point (a) is relevant, because this is essentially the title, and thus the selling point of the paper. 
The authors mention two prior works describing the key step unveiled in this paper. Xu et al. 
looked at the endoperoxide rearrangement reaction in conjunction with the OH-initiated 
oxidation of benzene. The pathway was deemed unimportant in the atmosphere relative to O2 
addition, with a rate coefficient of 0.02/s. Xu et al. do not seem to provide the barrier height, 
but presumably it is relatively high because for the reaction to proceed the resonance 
stabilization needs to be broken. Importantly, one of the main conclusions of the Xu et al. paper 
is that this rearrangement reaction is not important, this is even highlighted in their TOC figure. 
Zador et al. looked at a non-resonance stabilized version of this reaction and got a significantly 
higher, 4200/s rate coefficient corresponding to a 13.1 kcal/mol barrier v this barrier is lower 
than the one described for alpha-pinene in this paper (17.9 kcal/mol), and falls into the 
category of lower barriers mentioned later in the manuscript. They pointed out the likely 
important role this channel can play in other systems, and also found seven decomposition 
channels for the product, which also agree with the findings of this paper: beta-scission to a 
carbonyl is the most prominent pathway, but several H-transfer reactions can play a role as 
well. Nevertheless, that paper was not focused on this reaction and did not follow up on the 
relevance of such reactions in a broader sense. 

However, in light of these two papers, we wonder whether the authors can claim that this is a 
new pathway. Reading the title gives the impression that the MD-based reaction discovery tool 
found a new reaction with substantial impact. In contrast, it appears to us that the MD-based 
tool has not uncovered any fundamentally new (low-energy) pathways, and the potential 
strength of the paper is that it shows that the endoperoxide pathway that has been shown to 
exist before by others may have an important impact on HOM chemistry. This is related to the 
accuracy of the kinetic model and the thus topic (b) mentioned above. In our opinion a title 
ikY^ Wi x@dZef[henoZ[ je Wbaeno _iec[h_pWj_ed fbWoi W i_]d_\_YWdj heb[ _d CIG Y^[c_ijhoy
would do better justice to the content, relevance, and novelty of the manuscript. 

Regarding (b), the chemical model, there are positive and negative aspects of the work. The 



positive is that the authors were careful at investigating the various uncertainties in the applied 
model by looking at best and worst case scenarios, or lower and upper limits. 

Nevertheless, there are a lot of assumptions and approximations that go into this part, like 
model transition states, assumed rate coefficient ranges, etc. We do not think that any of the 
methods used are flawed, the authors are certainly experts in the field, but the conclusions are 
more speculative than definitive. 

General response: we thank the reviewers for their very thorough work, and their friendly 
constructive criticism, which has helped us substantially improve the manuscript. We agree 
that the endoperoxide rearrangement pathway has indeed been suggested previously, and have 
accordingly toned down our claims of novelty concerning this aspect of our work (as well as 
revised the title as suggested). However, we would argue v and the reviewers do not seem to 
disagree with us here v that the importance of the pathway is still major news, both for the 
specific case of alpha-pinene (where accurate treatment of the effect of excess energy plays an 
important role), and for atmospheric chemistry more generally (as illustrated by the low-barrier 
examples we provide beyond the alpha-pinene system'+ Cd j[hci e\ xproof of the theory being 
righty) m[ e\ Yekhi[ W]h[[) Wi _j _i f^_beief^_YWbbo _cfeii_Xb[ je fhel[ W j^[eho or hypothesis 
conclusively. Instead, we suggest that the experimental evidence should be seen as an at least 
moderately stringent falsification test v which our hypothesis passes. While not conclusive, 
this is not insignificant either. Or in other words, while the hypothesis proposed here may not 
be the only possible explanation for the observed (previously unexplained) mass spectrometric 
(MS) peaks, it is arguably the best explanation presented so far. This is important, as MS 
remains the dominant experimental tool for studying atmospheric oxidation v but cannot, on 
its own, resolve actual molecular structures. Thus, complementary methods (including 
computational modelling such as that presented here) remain crucial tools for connecting MS 
peaks to specific structures.  

We also suggest that, in addition to the principal contributions correctly identified by the 
reviewers, our study also makes a number of valuable and novel secondary contributions, 
including hitherto undiscovered roaming channels, as well as demonstrating that the reaction 
discovery method correctly reproduces all reaction pathways so far proposed in the literature 
(including some very recent and exotic ones). Especially the results on roaming have been 
expanded upon based on the comments of the second reviewer, who seems to agree with us 
that these results are also interesting to the community.   

Concerning the statement that various assumptions and approximations make our conclusions 
somewhat speculative, we partially agree v but also point out that we carry out a number of 
additional test calculations in response to the specific technical comments by all the reviewers. 
(These include, among other things, yield estimation for the endoperoxide rearrangement 
pathway computed without model transition states, assessment of multi-conformer effects, as 
well as a brief discussion on multi-reference effects, as detailed further below). All of these 
help to increase the reliability of our results, and thus make our conclusions less speculative. 
Additionally, to ensure reproducibility of our results we have uploaded all the input files and 
optimized molecular structure files to Zenodo [DOI: 10.5281/zenodo.14006848]. 



Technical comments:

Point No. 1: What is the computational cost of the MD-based exploration in CPU (or GPU) 
hours? 

Response No. 1: thank you for highlighting this point. The computational cost of the MD-based 
discovery simulations is comparable to that of regular MD simulations, and it is primarily 
determined by the level of theory employed. Specifically, the computational cost associated 
with evaluating the graph-based collective variable and its derivatives is minimal compared to 
the cost of evaluating the energy and forces required for the MD simulation. From this 
perspective, this methodology is highly generalizable and can be implemented using both GPU 
and CPU codes for running molecular dynamics. In our particular case, we used the CPU 
version of CP2K, and with 4 cores on a desktop workstation, we were able to perform each 
step in an average of 0.02 seconds. As a result, we were able to complete 500 ps of simulation 
in approximately 6 hours on average. 

We have clarified this point in the Methods section. 

Changes made in the manuscript (pages 18 & 19 lines 459-465): 
xThe computational cost of these MD-based discovery simulations is comparable to that of 
regular MD simulations, and it is primarily determined by the electronic level of theory. From 
this perspective, this methodology is highly generalizable and can be implemented using both 
GPU and CPU codes for running molecular dynamics. In our particular case, we used the 
CPU version of CP2K, and with 4 cores on a desktop workstation, we were able to perform 
each step in an average of 0.02 seconds. As a result, we were able to complete 500 ps of 
simulation in approximately 6 hours on average.y

Point No. 2: xIn the case of the VHP species, defining the graph with all the atoms in the 
system predominantly resulted in sampling various conformers. Therefore, we conducted 
simulations using a CV more tailored on a specific functional group that undergoes the OH 
decomposition (i.e., the -COOH group in the VHP), observing several reactive pathways 
_dlebl_d] j^[ \ehcWj_ed e\ IC hWZ_YWbi,y Cem ][d[hWb-XbWYa Xen _i j^[ c[j^eZ; Dj _i Yh_j_Y_p[Z
(see next point) that others xh[bo ^[Wl_bo ed Y^[c_YWb _djk_j_edy* Xkj W jW_bered CV in some 
ways can be similarly problematic (needs intuition) with important consequences as seen from 
the example. 

Response No. 2: we agree that methods based on collective variables (CVs) often rely heavily 
on chemical intuition, such as when distances or combinations thereof are used as CVs. To 
address this issue, we previously proposed a more general approach to define a CV by 
representing a molecule as a graph. This method allows flexibility in choosing whether to 
include all atoms in the system (J. Phys. Chem. Lett. 2022, 13, 1424) or only the reactive 
functional groups (ACS Catal. 2023, 13, 8092) in the graph's definition.  

In this paper, we approached the MD discovery process in a more general manner, treating it 
as a black-box tool by including all atoms in the system within the graph-based CV definition. 
However, this generality can present limitations, particularly for flexible molecules where the 
reaction is restricted to a specific functional group. In such cases, the graph-based CV explores 
a vast configurational space mainly dominated by conformational sampling rather than reaction 
pathways. Therefore, to observe the -OH breaking pathway of the vinyl hydroperoxide species 



we redefined the graph to focus exclusively on the relevant functional group (-COOH), which 
proved to be a more efficient strategy in this case.  

We acknowledge that this choice somewhat reduces the 'black box' nature of the method. 
However, we would argue that the reliance on chemical intuition is minimal since the regions 
excluded from the graph CV are primarily inert portions of the molecule, such as alkyl groups. 
We believe that focusing the graph CV on the reactive groups would not significantly 
compromise the generality of this discovery approach, particularly for atmospheric radical 
reactions where the 'reactive part' of the molecule is easily identifiablewtypically near the 
radical center. Moreover, we would like to highlight that, among the numerous reactions 
discovered using our approach, only in this specific case we did tailor the graph CV to a 
'reactive group'. In all other cases, every atom in the system was included in the CV. 

Additionally, even though only the -COOH group was included in the graph CV, we still 
observed several products stemming from the roaming OH radical pathway, where the OH 
radical abstracts hydrogen atoms. Interestingly, these pathways were discovered in a "black-
box" manner since the hydrogen atoms involved were not explicitly included in the CV 
definition. This underscores the point that while some general choices, based on established 
chemical rules, can be made to accelerate the discovery process, the resulting outcomes may 
deviate from those predicted by chemical intuition. Thus, the tool demonstrates its versatility 
and strength in revealing unexpected reaction pathways.

Changes made in the manuscript (page 18 lines 440-442): 
xNotably, even with this focused CV, we still observed unexpected products, such as those 
from the roaming OH radical pathway, demonstrating the tool's capacity to discover reaction 
pathways beyond those predicted by chemical intuition.y

Point No. 3: xHowever, thus far, only experimental observation-based hypothesis-driven 
computational approaches that rely heavily on chemical intuition have been used to identify 
Wkjen_ZWj_ed fWj^mWoi,y Dj _i W c_ih[fh[i[djWj_ed e\ j^[ Ykhh[dj jh[dZ, Q[ j^_da j^Wj j^[
authors overlook the large body of recent literature in gas-phase reactions, including 
autooxidaiton, where theoretical techniques are moving away from being heavily relying on 
intuition. Current techniques are more discovery based, often with a reverse information flow 
to experiment, i.e., theory guides experiments. 

Response No. 3: we mostly agree, though with a few caveats. First, we would suggest splitting 
kf j^[ _iik[ _dje jme h[bWj[Z Xkj ij_bb i[fWhWj[ jh[dZi7 j^Wj e\ x_djk_j_ed-Zh_l[d h[i[WhY^y li
xZ_iYel[hoy ed ed[ ^WdZ) WdZ j^Wj e\ xj^[eho ]k_Z_d] [nf[h_c[djy li x[nf[h_c[dj guiding 
j^[ehoy ed j^[ ej^[h+ @eh j^[ bWjj[h) m[ \kbbo W]h[[ m_j^ j^[ h[l_[m[h j^Wj j^_i ^Wi X[[d W jh[dZ
already for a decade or more. Indeed, we are ourselves co-authors on a number of papers doing 
precisely this. However, in almost all of these studies, the theory guiding the experiments (for 
example, in terms of which reaction mechanisms to study) has still been largely based on 
chemical expertise and intuition. For the former case (intuition vs discovery), we also agree 
that a recent trend is emerging v but we emphasize that especially in the context of complex 
atmospheric reactions, fully automated discovery is very recent indeed (e.g. the Zador paper is 
only from last year). So while the present manuscript is not the first to attempt this (in the 
context of our field), it is one of the first papers. We have clarified this distinction also in the 
manuscript.  



Changes made in the manuscript (page 3 lines 89-93):  
xIn the recent decades, computations have become efficient and accurate enough that 
theoretical studies are sometimes even able to guide experiments, rather than the other way 
around. However, except for a few very recent studies,38,39 both experimental and theoretical 
studies in the field of atmospheric reaction mechanisms have so far relied heavily on chemical 
expertise and intuition to identify, for example, autoxidation pathways.y

Point No. 4: Please define what a xceZ[b jhWdi_j_ed ijWj[y _i, Di _j Wd Wiikc[Z XWhh_[h;

Response No. 4: it is correct. the model transition state has an assumed barrier that was not 
explicitly calculated. Optimizing transition states for O2 addition reactions to alkyl radicals 
using single reference methods is difficult. However, a TS is nevertheless needed for the 
SimpleRRKM method in MESMER. While the assumed barrier was arbitrary, it was 
constrained by the rate of the O2 addition, which was kept within the ambient relevant range of 
107 s-1 to 108 s-1 as described in the manuscript.  

We would like to clarify that the assumptions made regarding the model transition state do not 
directly affect the AOE yield. Instead, the yield is ultimately governed by the conversion rate 
e\ L< ( Iß je L<-LIß+ N^_i hWj[ Yedjhebi j^[ Wcekdj e\ [nY[ii [d[h]o h[jW_d[Z _d L<-LIßw
the faster the production rate, the less excess energy is dissipated. In turn, this retained excess 
energy influences whether subsequent isomerization steps are activated. This argument is 
further illustrated in the following example, where we estimate the AOE yield over the first 7 
nanoseconds without resorting to the model transition state, assuming a moderate RB-LIß

fheZkYj_ed hWj[ e\ 4+. � .-Ü iÞ� WdZ W ceZ[hWj[ ^[Wj Z_ii_fWj_ed hWj[ &HEdown : .42 YcÞ�) @_]kh[
S2): 

a. Cd j^[ \_hij / dWdei[YedZi) el[h 4-$ e\ L< mWi fheZkY[Z \hec j^[ h[WYj_ed e\ �-pinene 
m_j^ Ià) Wi Z[j[hc_d[Z Xo j^[ G?MG?L i_ckbWj_ed &@_]kh[ M1'+

b. In the following 5 nanoseconds (i.e., between 2 and 7 nanoseconds), the 70% of RB 
produced in the first 2 nanoseconds will result in at least 50% RB-LIß) XWi[Z ed j^[
calculation of a pseudo-first-order rate process: 70% × {1 - exp[-&2 � .-ÞÝ i' � &4+. �
.-Ü iÞ�'Vr = 50%. 

c. According to the ED-HD model shown in Figure S2, RB is expected to retain about 60 
kcal/mol of excess energy at 7 nanoseconds. This implies that the 50% RB-LIß
produced within this timeframe should retain at least (60 + 32.9) kcal/mol of excess 
energy (the 32.9 kcal/mol is from the L< ( Iß step). 

d. We performed additional MESMER simulations on a reduced PES starting from RB-
LIß je Z[j[hc_d[ j^[ ;I? o_[bZ) \WYjeh_d] _d lWh_eki b[l[bi e\ [nY[ii [d[h]o ed L<-
LIß+ N^_i WffheWY^ XofWii[i j^[ ki[ e\ j^[ ceZ[b jhWdi_j_ed ijWj[ on the full PES. The 
results (Figure S13 and Table S5) indicate that with (60 + 32.9) kcal/mol of excess 
energy on RB-LIß) j^[ XhWdY^_d] hWj_e X[jm[[d ;I? WdZ ?JI-LIß _i 26$ li+ 1.$+

e. Therefore, based on points c and d, the estimated AOE yield over the first 7 
nanoseconds is 50% × 59% = 29.5%. This value is quite close to the 26% yield (with 
Wd Iß WZZ_j_ed hWj[ e\ 4+. � .-Ü iÞ�' YWbYkbWj[Z _d @_]kh[ 0 \hec j^[G?MG?L i_ckbWj_ed
on the full PES. The slightly higher yield in this estimation arises because the excess 
energy lost due to OH in the VHP decomposition step is not accounted for. 

This estimation example utilizes a moderate RB-LIß fheZkYj_ed hWj[ e\ 4+. � .-Ü iÞ� WdZ W
moderate heat dissipation rate (HEdown : .42 YcÞ�) Figure S2). However, we have also explored 



the lower and upper limits of both the RB-LIß fheZkYj_ed hWj[ WdZ j^[ ^[Wj Z_ii_fWj_ed hWj[) Wi
shown in Figure 3 and Figure S3 (using the full PES). We believe these simulations would 
underscore the significance of the newly identified pathway. 

These have been clarified in the revised manuscript. 

Changes made in the manuscript (page 10 lines 255-259):  
xThe SimpleRRKM method used to treat the O2 addition step requires a transition state, but 
these are difficult to optimize. Therefore, we used a model transition state with the correct 
number of rovibrational modes but with an energy that was varied to provide a pseudo-first-
order O2 addition rate within the atmospherically relevant51,57,58 range of  107 s-1 to 108 s-1.y

Changes made in the Supplementary Materials (pages 22, 23, & 24): 
xIn the main text Figure 3, we performed MESMER simulation on a full PES with a model 
jhWdi_j_ed ijWj[ \eh j^[ L= ) Iõ je L=-LIõ ij[f, N^[ ceZ[b jhWdi_j_ed ijWj[ ^Wi Wd Wiikc[Z
barrier that was not explicitly calculated. Optimizing transition states for O2 addition 
reactions to alkyl radicals is difficult. However, a TS is nevertheless needed for the 
SimpleRRKM method in MESMER. While the assumed barrier was arbitrary, it was 
constrained by the rate of the O2 addition, which was kept within the ambient relevant range 
of 107 s-1 to 108 s-1 as described in the manuscript.  

We would like to clarify that the assumptions made regarding the model transition state 
do not directly affect the AOE yield. Instead, the yield is ultimately governed by the conversion 
hWj[ e\ L= ) Iõ je L=-LIõ, N^_i hWj[ Yedjhebi j^[ Wcekdj e\ [nY[ii [d[rgy retained in RB-
LIõwthe faster the production rate, the less excess energy is dissipated. In turn, this retained 
excess energy influences whether subsequent isomerization steps are activated. This argument 
is further illustrated in the following example, where we estimate the AOE yield over the first 
7 nanoseconds without resorting to the model transition state, assuming a moderate RB-LIõ
fheZkYj_ed hWj[ e\ 5,/ � /.ò iô� WdZ W ceZ[hWj[ ^[Wj Z_ii_fWj_ed hWj[ ' EZemd : /53 Ycô�*
Figure S2): 

a. In the first 2 dWdei[YedZi* el[h 5.$ e\ L= _i fheZkY[Z \hec j^[ h[WYj_ed e\ �-pinene 
m_j^ Iö* Wi Z[j[hc_d[Z Xo j^[ G@MG@L i_ckbWj_ed 'A_]kh[ M2(,

b. In the following 5 nanoseconds (i.e., between 2 and 7 nanoseconds), the 70% of RB 
produced in the first 2 nanoseconds will result in at least 50% RB-LIõ* XWi[Z W fi[kZe-
first-order rate process: 70% × {1 - exp[-'3 � /.ôó i( � '5,/ � /.ò iô�(Vr : 3.$,

c. According to the ED-HD model shown in Figure S2, RB is expected to retain about 60 
kcal/mol of excess energy at 7 nanoseconds. This implies that the 50% RB-LIõ
produced within this timeframe should retain at least (60 + 32.9) kcal/mol of excess 
energy (the 10,7 aYWb-ceb _i \hec j^[ L= ) Iõ ij[f(,

d. We performed additional MESMER simulations on a reduced PES (Figure S13) 
starting from RB-LIõ je Z[j[hc_d[ j^[ <I@ o_[bZ* \WYjeh_d] _d lWh_eki b[l[bi e\ [nY[ii
energy on RB-LIõ, N^_i WffheWY^ XofWii[i j^[ ki[ e\ j^[ ceZ[b jhWdi_j_ed ijWj[ ed j^[
full PES. The results (Table S5) indicate that with (60 + 32.9) kcal/mol of excess energy 
on RB-LIõ* j^[ XhWdY^_d] hWj_e X[jm[[d <I@ WdZ @JI-LIõ _i 37$ li, 2/$,

e. Therefore, based on points c and d, the estimated AOE yield over the first 7 
nanoseconds is 50% × 59% = 29.5%. This value is quite close to the 26% yield (with 
Wd Iõ WZZ_j_ed hWj[ e\ 5,/ � /.ò iô�( YWbYkbWj[Z _d A_]kh[ 1 \hec j^[ G@MG@L
simulation on the full PES. The slightly higher yield in this estimation arises because 
the excess energy lost due to OH in the VHP decomposition step is not accounted for. 



This estimation example utilizes a moderate RB-LIõ fheZkYj_ed hWj[ e\ 5,/ � /.ò iô� WdZ W
moderate heat dissipation rate ( EZemd : /53 Ycô�* A_]kh[ M0(, N^[ bem[h WdZ kff[h b_c_ji
of both the RB-LIõ fheZkYj_ed hWj[ WdZ j^[ ^[Wj Z_ii_fWj_ed hWj[ m[h[ [nfbeh[Z WdZ i^emd _d
Figure 3 and Figure S3 (using the full PES). These simulations underscore the significance of 
the newly identified pathway. 

Figure S13. (A) Representation of the reduced potential energy surface employed in the kinetic 
master equation simulation to investigate the influence of excess energy on the AOE yield. (B) 
Temporal evolution of concentration profiles observed in the kinetic master equation 
simulation for the case of Total Excess Energy = 60 kcal/mol + 32.9 kcal/mol, where 60 
aYWb-ceb _i j^[ Wiikc[Z Wcekdj \hec j^[ x.-f_d[d[ je L=y ij[f 'm^ei[ cWn_ckc Wcekdj _i
56,1 aYWb-ceb( WdZ 10,7 aYWb-ceb Yec[i \hec j^[ xL= je L=-LI0y. In this case, the amount of 
[nY[ii [d[h]o \hec j^[ x.-f_d[d[ je L=y ij[f d[[Zi je X[ Wiikc[Z X[YWki[ _j _i [nf[Yj[Z je
be partially dissipated during the RB + O2 step. 

Table S5. Effect of the total excess energy possessed by RB-RO2 on the yield of AOE 

Total Excess Energy, kcal/mol 
'x/-f_d[d[ je L=y ) xL= je L=-LI0y(

AOE yield EPO-RO2 yield 

30 + 32.9 0.076 0.924
40 + 32.9 0.198 0.802



50 + 32.9 0.381 0.619
60 + 32.9 0.594 0.406

y

Point No. 5: What is (on p11) pseudo-unimolecular? Do you mean pseudo-first-order? 

Response No. 5: we are indeed referring to pseudo-first-order. We have updated the 
terminology throughout the paper to ensure consistency. Thank you for bringing this to our 
attention. 

Changes made in the manuscript: 
� page 10 lines 257-261: 

xTherefore, we used a model transition state with variable energies (while the O2

concentration was fixed at 5 1018 Ycô3) in simulations to control the effective pseudo-first-
order O2 addition rate. We found that, at an effective pseudo-first-order O2 addition rate of 
1.9 107 iô�y

� page 12 lines 292-294: 

xThe substantial yield observed within the plausible pseudo-first-order O2 addition rate 
range51,58,59 of 107 s-1 to 108 s-1 suggests that the newly identified endoperoxy-alkyl radical 
h[WhhWd][c[dj c[Y^Wd_ic YekbZ X[ W cW`eh Y^Wdd[b _d �-pinene ozonolysis,y

� page 20 lines 502-504: 

x[cfbeo_d] W ceZ[b jhWdi_j_ed ijWj[ m_j^ lWh_WXb[ [d[h]_[i 'm^_b[ I2 concentration was fixed 
at 5×1018 Ycô�( je ceZkbWj[ j^[ [\\[Yj_l[ fi[kZe-first-order addition rate within the range of 
about 107 s-1 to 108 s-1y

Changes made in the Supplementary Materials (pages 11, 16, & 17): 
xwe used a model transition state with variable energies (while the O2 concentration was fixed 
at 5 1018 Ycô3) to control the effective pseudo-first-order O2 addition rate at 7.5e7 s-1.y

xwe used a model transition state with variable energies (while the O2 concentration was fixed 
at 5 1018 Ycô3) to control the effective pseudo-first-order O2 addition rate of EPO at either 
0.8e7 s-1 or 1.2e8 s-1.y

Point No. 6: Figure S6 shows concentration profiles up to about 1e15 seconds, this is about 
32 million years. Why? This is clearly not the relevant timescale. 

Response No. 6: we have adjusted the time scale in Figure S6 and Figure S7 to a more relevant 
range, now showing concentration profiles up to 1e6 seconds. We have also removed panel D 
of Figure S6 in the revised version due to the extended RO2 lifetime. 

Changes made in the Supplementary Materials (Figure S6 & S7): 



Figure S6. Temporal concentration profiles using different EPO-RO2 lifetime. Simulations 
using the complete alpha-pinene ozonolysis PES in Figure 3 of the main text, but with different 
EPO-RO2 lifetimes controlled by the bimolecular sink EPO-ROONO: (A) EPO-RO2 lifetime = 
10 s, (B) 103 s, and (C) 105 s. 



Figure S7. AOE yield as a function of EPO-RO2 lifetime. (A) Simulations using the complete 
alpha-pinene ozonolysis PES in Figure 3 of the main text. (B) Simulations using the PES in 
Figure 3 of the main text, but with TS6 energy adjusted to be 14 kcal/mol. 

Point No. 7: The SI says: xFor cases where O2 addition were treated reversibly, the influence 
of the excess energy is minimal as large amounts of yields were caused by the reversible 
h[WYj_ed e\ I0,y BDl[d j^Wj j^[ h[l[hi_Xb[ Wiikcfj_ed _i j^[ h[Wb_ij_Y ed[* m[ Wh[ iec[m^Wj
baffled by this statement as it is buried here. Does it mean that the observed chemical outcomes, 
the core of the paper, are not due to excess energy? In contrast, the main paper says: 
xLowering the rearrangement reaction barrier to approximately 14 kcal/mol is necessary for 
j^[ XWYa h[WYj_ed je [n[hj _d\bk[dY[ kdZ[h h[Wb_ij_Y LI0 b_\[j_c[i e\ / i je /.. i,y N^_i _i \eh
the same system, alpha-pinene. 

Response No. 7: thank you for your comment. We would like to clarify this point: 

The chemical outcomes discussed in the main text, specifically the yield of the endoperoxy-
alkyl radical rearrangement reaction, are entirely due to the excess energy. The differing 
conclusions between the main text and the SI arise from the analysis of different barrier heights 
for the endoperoxy-alkyl radical rearrangement (TS6) and varying amounts of excess energy. 

In In the main text, we modeled the full potential energy surface (PES) for alpha-pinene + O3, 
where the TS6 barrier height is 17.9 kcal/mol, with an available excess energy of 115.5 
kcal/mol (though a portion of the energy will dissipate before it can take effect). Because of 
the high excess energy value, the yield of the endoperoxy-alkyl radical rearrangement (AOE) 
is solely attributed to excess energy in the case of the main text. On the other hand, due to the 
high TS6 barrier, the EPO-RO2 will primarily be consumed by bimolecular sink reactions 
before it can revert and cross TS6 to yield AOE. Lowering TS6 to around 14 kcal/mol is 
essential for the back reaction to impact AOE yield. 

In contrast, the SI involves simulations on a reduced PES, where TS6 is varied between 6 and 
14 kcal/mol, and the excess energy for EPO is set to either 0 or 20 kcal/mol. This section aims 
to provide context for the endoperoxy-alkyl radical rearrangement reactions that may occur in 



other atmospheric VOCs, which likely have lower rearrangement barriers and lower excess 
energy from previous steps. We would like to clarify that although this set of simulations 
targets other atmospheric VOCs, the PESs were constructed by referencing several alpha-
pinene intermediates for convenience. Our findings indicate that in scenarios with a maximum 
excess energy of 20 kcal/mol, the influence of reversible O2 addition is significantly more 
pronounced than that of excess energy. The effects of excess energy is noticeable only under 
irreversible conditions. 

We have revised the presentation to better differentiate the cases discussed in the main text and 
the SI. 

Changes made in the Supplementary Materials (pages 16 & 17):  
xIn the main text, we modeled the full potential energy surface (PES) for alpha-pinene + O3, 
where the TS6 barrier height is 17.9 kcal/mol, with an available excess energy of 115.5 
kcal/mol (though a portion of the energy will dissipate before it can take effect). Because of the 
high excess energy value, the yield of the endoperoxy-alkyl radical rearrangement (AOE) is 
solely attributed to excess energy in the case of the main text. On the other hand, due to the 
high TS6 barrier, the EPO-RO2 will primarily be consumed by bimolecular sink reactions 
before it can revert and cross TS6 to yield AOE. Lowering TS6 to around 14 kcal/mol is 
essential for the back reaction to impact AOE yield. 

In this section, we performed additional simulations on a reduced PES, where TS6 
barrier height is varied between 6 and 14 kcal/mol, and the excess energy for EPO is set to 
either 0 or 20 kcal/mol. This section aims to provide context for the endoperoxy-alkyl radical 
rearrangement reactions that may occur in other atmospheric compounds, which likely have 
lower rearrangement barriers and lower excess energy from previous steps. We found that the 
contributions of "excess energy" and the "back-reaction of O2 addition" differ significantly in 
these cases compared to the full PES scenario discussed in the main text. 

Although simulations performed in this section target other atmospheric compounds, 
the PESs were constructed by referencing several alpha-pinene intermediates for convenience.y

xThe results are summarized in Figure S9. For these simulations on a reduced PES, where the 
TS6 barrier height varies between 6 kcal/mol to 14 kcal/mol and the excess energy for EPO is 
set to either 0 or 20 kcal/mol, we found that cases where O2 addition was treated reversibly 
produced much higher yields than those treated irreversibly. Additionally, the influence of 
reversible O2 addition was significantly more pronounced than that of excess energy. The 
effects of excess energy were only noticeable under irreversible conditions. 

Overall, with no excess energy, the endoperoxy-alkyl radical rearrangement reaction 
is competitive to O2 addition only if the reaction barrier is less than 8 kcal/mol v 10 kcal/mol, 
however, with 20 kcal/mol of excess energy, the barrier for the endoperoxy-alkyl radical 
rearrangement reaction to be competitive is elevated to 12 kcal/mol v 13 kcal/mol. This barrier 
height range is relevant to large portion of the similar reactions discovered for other 
atmospherically relevant systems (see section 7 of this document).y

Point No. 8: The manuscript says: xDji epedeboi_i h[WYj_ed '�-pinene + O3) is one of the most 
efficient systems for SOA generation in the atmosphere25,26. Though significant efforts have 
been made in understanding this important reaction over the past decades13,16,26-31, a 
conclusive characterization linking �-pinene ozonolysis to the SOA-forming lowest-volatility 
CIGi ^Wi dej X[[d h[fehj[Z10,y N^[ \_hij i[dj[dY[ iWoi j^Wj �-pinene + O3 makes SOA. The 
second that the link is not conclusive. Which one is true? Please refine the statement. 



Response No. 8: both statements are correct but address different aspects of the �-pinene 
ozonolysis to SOA+ N^[ \_hij i[dj[dY[ ^_]^b_]^ji j^Wj j^[ �-f_d[d[ ( Ià ioij[c _i _dZ[[Z
efficient for secondary organic aerosol (SOA) formation, a well-established fact. The second 
sentence, however, points out that while we know this reaction produces SOA, the exact 
pathmWoi WdZ c[Y^Wd_ici b_da_d] �-pinene ozonolysis to the formation of HOMs (the 
precursors of SOA) remain inconclusive. 

To clarify, the \ehcWj_ed e\ MI; \hec �-pinene and ozone can be viewed as a two-step process: 
1. ;kjen_ZWj_ed e\ �-pinene: This produces a range of oxygenated compounds, including 

HOMs with multiple oxygen atoms. 
2. HOM clustering and condensation: These HOMs either cluster with organic/inorganic 

species or condense on seed particles, contributing to SOA formation or increasing its mass. 
Q^_b[ Y^WcX[h WdZ \_[bZ ijkZ_[i Yedi_ij[djbo _Z[dj_\o BIGi \ehc[Z \hec �-f_d[d[ ( Ià
reactions using mass spectrometry (in both gas-phase and particulate forms), the challenge lies 
in resolving detailed molecular structures. As a result, the precise chemical mechanisms for 
^em �-pinene ozonolysis forms specific HOMs remain unclear. 

We have refined the relevant sentences to improve clarity. 

Changes made in the manuscript (page 3 lines 68-72): 
xDji epedeboi_i h[WYj_ed '�-pinene + O3) is one of the most efficient systems for SOA generation 
in the atmosphere25,26. Though significant efforts have been made in understanding this 
important reaction over the past decades13,16,26-31, an explicit chemical mechanism that links 
j^[ �-pinene ozonolysis to the formation of various lowest-volatility HOMs, which are SOA 
precursors, has not yet been established32.y

Point No. 9: xHowever, without an added dimension of separation37, mass spectrometric 
j[Y^d_gk[i YWddej Z_ij_d]k_i^ Z_\\[h[dj ceb[Ykb[i m_j^ j^[ iWc[ cWii,y Q^Wj Z_c[di_edi Ze
the authors mean? There are broad ranges of MS techniques. 

Response No. 9: this was a rather vague statement intended to indicate that it is relatively easy 
to infer the existence of several isomers with many MS methods, yet without an authentic 
standard and special analysis methods it is still close to impossible to definitively identify a 
complex multifunctional organic compound. As an example, some of the most routine ways to 
separate isomers are by their differing ion-mobilities and elution properties in chromatography 
columns and coupled with distinct fragmentation patterns (e.g., MS/MS and higher power 
collision induced dissociation analysis and electron impact ionization patterns) can yield 
molecular identification. An aspect we routinely take advantage is the unique tendency to form 
select ion-molecular adducts with several different reagent ions in chemical ionization analysis. 
We have now extended the text to clarify what was originally meant. 

Changes made in the manuscript (page 3 lines 85-87):  
xCem[l[h* m_j^ekj Wd WZZ[Z Z_c[di_ed e\ i[fWhWj_ed provided by, for example, ion mobility 
or chromatographic analysis, mass spectrometric techniques cannot distinguish different 
molecules with the same mass.37y



Point No. 10: xN^_i xj[njXeeay h[WYj_ed i[gk[dY[ _i kdWXb[ je [nfbW_d j^[ [nf[h_c[djWbbo
eXi[hl[Z Wkjen_ZWj_ed _d j^[ �-pinene ozonolysis system, as all of the isomerization reactions 
of the first-generation RO2 are far too slow to compete with bimolecular termination even in 
j^[ Yb[Wd[ij YedZ_j_edi,y >Wd oek X[ Yb[Wh[h; Dd ej^[h fWhji e\ j^[ fWf[h* _j _i mh_jj[d8 xIt is 
noteworthy that, in contrast to previous results30, the excess energy may also accelerate the 
H-shift reaction of certain first-generation RO2 species derived from �-pinene, enabling the 
nanosecond-scale formation of some H-i^_\j fheZkYji 'Mkffb[c[djWho GWj[h_Wbi i[Yj_ed 2(,y
Essentially, it is written in a somewhat confusing way what is rapid and what is not. 

Response No. 10:  there is indeed some ambiguity in our original presentation. Essentially, 
what matters is whether the unimolecular H-shift rates of RO2 are faster than those of the 
corresponding bimolecular termination reactions in the atmosphere (e.g., RO2 + HO2, RO2 + 
NOx). Faster H-shift reaction rates allow autoxidation to continue, enabling repeated additions 
of O2 to the carbon chain. Otherwise, the formation of HOMs is halted. As the pseudo-first-
order rates for bimolecular termination reactions of LI/ _d j^[ Wjceif^[h[ [nY[[Z .-Þ� iÞ� [l[d
in the cleanest conditions &.-Þ� iÞ� je .-� iÞ� _d jof_YWb Wjceif^[h_Y YedZ_j_edi', "rapid" in this 
context refers to a rate higher than .-Þ� iÞ� je .-� iÞ�+

The xj[njXeeay h[WYj_ed i[gk[dY[ (gray region in Figure 2 of the main text) outlines 4 first-
generation RO2 products. However, Kurttn et al.30 calculated all possible H-shift reactions 
for the first-generation RO2 and found that each of the four RO2 can, at most, undergo one H-
shift reaction (with a rate at around .-Þ� iÞ� to .-Þ� iÞ�') m^_b[ Wbb ej^[h feii_Xb[ B-shifts are 
i_]d_\_YWdjbo ibem[h &hWd]_d] \hec .-Þ�Û iÞ� je .-Þ� iÞ�'+ =edi[gk[djbo) kdZ[h Wjceif^[h_Y
conditions, such H-shifts can only lead to the addition of one more O2 to the first-generation 
RO2; i.e., autoxidation terminates at HOMs with 6 O atoms. In contrast, HOMs containing 
more than 10 O atoms are frequently observed in experiments. 

N^[ #hWj[ X[jm[[d .-Þ� iÞ� WdZ .-Þ� iÞ�# c[dj_ed[Z _d j^[ fh[l_eki fWhW]hWf^ h[\[hi je j^[ hWj[
under thermalized conditions, where excess energy is not considered. In this paper, we found 
that with excess energy, the rate of some H-shifts in first-generation RO2 can be significantly 
accelerated, leading to nanosecond-scale formation of certain H-shift products (Supplementary 
Materials section 4). However, this excess energy likely affects only one H-shift cycle and 
dissipates rapidly, meaning it is unlikely to influence subsequent cycles. As a result, 
autoxidation still terminates at HOMs with 6 O atoms, though the yield of the current cycle 
may increase due to the excess energy. 

We have revised relevant paragraphs to clarify this. 

Changes made in the manuscript: 
� page 6 lines 154-159: 

xN^h[[ e\ j^[ \ekh >D isomers (as shown in Figure 2) have rapid 1,4-hydrogen shift channels, 
leading to the formation of three vinyl hydroperoxides (VHPs). These VHPs subsequently 
release an OH radical, producing vinoxy radicalswresonance-stabilized species with both 
alkyl and Wbaeno hWZ_YWb Y^WhWYj[h_ij_Yi, N^[ l_deno hWZ_YWbi j^[d WZZ Iõ* \ehc_d] \ekh Z_ij_dYj
jof[i e\ f[heno hWZ_YWbi 'LIõ(* Yeccedbo h[\[hh[Z je Wi j^[ \_hij-][d[hWj_ed LIõ _d �-pinene 
epedeboi_i,y

� pages 6 & 7 lines 162-176: 



xN^[ xj[njXeeay h[WYj_ed sequence, depicted in gray in Figure 2, cannot explain the 
[nf[h_c[djWbbo eXi[hl[Z CIGi m_j^ ceh[ j^Wd 4 I Wjeci _d �-pinene ozonolysis. This is 
because the H-shift reactions of the first-][d[hWj_ed LIõ Wh[ ][d[hWbbo jee ibem je Yecf[j[
with potential bimob[YkbWh j[hc_dWj_ed h[WYj_edi 'm_j^ HI� eh CIõ( _d j^[ Wjceif^[h[, @l[d
under the cleanest conditions, these bimolecular termination reactions typically exhibit 
pseudo-first-ehZ[h h[WYj_ed hWj[i [nY[[Z_d] /.ô� iô� '/.ô� iô� je /.� iô� _d jof_YWb Wjceif^[h_c 
conditions). Kurttn et al.30 calculated all possible H-shift reactions for the first-][d[hWj_ed LIõ
WdZ \ekdZ j^Wj [WY^ e\ j^[ \ekh LIõ YWd* Wj ceij* kdZ[h]e ed[ C-shift reaction (with a rate at 
around /.ô� iô� to /.ô� iô�(* m^_b[ Wbb ej^[h C-i^_\ji Wh[ i_]d_\_YWdjbo ibem[h 'hWd]_d] \hec /.ô�ñ
iô� je /.ô� iô�(, >edi[gk[djbo* kdZ[h Wjceif^[h_Y YedZ_j_edi* ikY^ C-shifts can only lead to the 
WZZ_j_ed e\ ed[ ceh[ Iõ je j^[ \_hij-][d[hWj_ed LIõ, Dd 0.0/* Do[h [j Wb,26 partially addressed 
this issue by proposing an alternative reaction pathway, in which one of the vinoxy radicals 
undergoes a chemically activated ring-ef[d_d]* \ebbem[Z Xo Iõ WZZ_j_ed je \ehc W d[m LIõ
hWZ_YWb, N^_i LIõ _i YWfWXb[ e\ hWf_Z kd_ceb[YkbWh _iomerization, outcompeting bimolecular 
termination reactions and facilitating several more steps of autoxidation,y

� page 10 lines 266-271: 

xIt is noteworthy that, although previous results30 indicate that the fastest H-shift reaction rates 
for first-][d[hWj_ed LIõ hWd][ \hec /.ô� je /.ô� iô� kdZ[h j^[hcWb_p[Z YedZ_j_edi* j^[i[ hWj[i
could be significantly enhanced by the excess energy discussed in this paper, potentially 
allowing for nanosecond-scale formation of certain H-shift products (see Supplementary 
Materials, section 4). However, the excess energy likely only influences one H-shift cycle and 
is unlikely to persist into subsequent cycles due to rapid dissipation.y

Point No. 11: xIn addition, by exploiting the analogy between this reaction and a previously 
h[fehj[Z [fen_ZWj_ed h[WYj_ed3/y Q^Wj Ze[i [nfbe_j_d] c[Wd ^[h[; ?e j^[ Wkj^ehi i_cfbo
mean: xXo WdWbe]oy eh xki_d] WdWbe]oy;

Response No. 11:  The term "exploiting" refers to utilizing or taking advantage of the analogy 
between the two reactions. We agree that "using analogy" or "by analogy" would convey the 
intended message more directly and have revised the sentence accordingly. 

Changes made in the manuscript (page 5 lines 132-133):  
xDd WZZ_j_ed* ki_d] j^[ WdWbe]o X[jm[[d j^_i h[WYj_ed WdZ W fh[l_ekibo h[fehj[Z [fen_ZWj_ed
reaction51y

Point No. 12: xWhile these reaction channels are also likely to be real (in the sense of being 
actual pathways on the potential energy surface of the �-f_d[d[ ) I1 ) dI0 ioij[c(y Dj _i dej
clear to us under what circumstances a pathway would not be real. The authors do not seem 
to mention IRCs for instance. Or multireference character. How likely it is for the applied 
method to produce non-physical pathways? 

Response No. 12: w[ W]h[[ j^Wj j^[ j[hc xh[Wby _d j^_i Yedj[nj _i WcX_]_eki) Wi _i xded-
f^oi_YWby+ ;\j[h Wbb) Wbceij Wdo combination of atomic motions physically possible, given 
sufficient energy. Of course, not all combinations of atomic motions will correspond to reaction 
pathways, i.e. minimum-energy pathways between two minima on the potential energy surface. 
Similarly, some combinations, while reaction pathways in this technical sense, will be so high 
in energy that they will never happen in reality, as something else (e.g. a simple decomposition 



reaction) will inevitably happen first instead. And v as the reviewers presumably allude to when 
they mention multireference characterv a combination of atomic motions that is a reaction 
pathway according to one level of theory may not be one according to another level of theory. 
Based on our experiences so far, it seems that the method employed here is surprisingly good 
(not perfect, but very good) at finding reaction channels that turn out to be actual reaction 
pathways also after re-optimization at a higher level of theory (including the IRCs mentoined 
by the reviewers) v albeit often with very different relative energetics, i.e., the relative energy 
ordering of the discovered pathways may be very different after the higher-level optimizations. 
Whether or not a reaction channel that turns out to have a very high barrier when reoptimized 
with higher-level methods should then X[ Z[\_d[Z Wi xded-f^oi_YWby eh dej _i kbj_cWj[bo W
matter of taste. As these distinctions are somewhat irrelevant to the present paper (where we 
are trying to discover and chart the channels that actually happen in atmospheric conditions), 
we have simply reformulated the sentence, making a less strong claim, and also adding a 
definition. 

Additionally, we would like to briefly address the multi-reference effect. In our previous study 
(Nat. Commun., 2021, 12, 878; Supplementary Materials, first section), we optimized the 
reactant, transition state, and product of the vinoxy-a ring-breaking pathway using extended 
multi-configuration quasi-degenerate perturbation theory at second order (XMC-QDPT2). 
These optimizations were performed with eight electrons in six molecular orbitals (MOs) and 
seven electrons in six MOs, respectively. The calculations, carried out using Firefly software 
with the 6-311++G(d,p) basis set, yielded an XMC-QDPT2 barrier for the vinoxy-a ring-
breaking reaction (Figure 3, TS4 in the main manuscript) that is 12.1 kcal/mol. This is a good 
verification of the ROHF-ROCCSD(T)-F12a/VDZ-F12//wB97X-D/aug-cc-pVTZ level of 
theory used in this study, where TS4 is 14.0 kcal/mol above the vinoxy-a intermediate. 

Changes made in the manuscript (page 8 lines 199-202):  
xWhile these reaction channels may represent actual reaction pathways (minimum-energy 
paths connecting potential energy surface minima) that could be accessible under suitable 
conditions, the vast majority of them are not competitive with bimolecular sinks in the 
Wjceif^[h[y

Point No. 13: xNotably, the reaction discovery engine also independently identified the OH 
roaming pathway, which was recently proposed by Klippenstein and Elliott based on 
ioij[cWj_Y j^[eh[j_YWb YWbYkbWj_edi27y >Wd oek cWha j^[i[ _d A_], 0;

Response No. 13: thank you for the suggestion. As also suggested by the other reviewer, we 
have revised Fig. 2 to better highlight the OH roaming pathways.

Changes made in the manuscript (Fig. 2): 



Figure 2, �-pinene ozonolysis mechanisms from the MD driven reaction discovery simulations. (a). The 
known and newly discovered pathways. The grey region represents the conventional perception of the 
�-pinene ozonolysis mechanisms. The ring-breaking mechanism proposed by Iyer et al.26 is marked 
orange. The OH roaming mechanism leading to a closed-shell product with two double bonds found in 
this work is marked green. The endoperoxy-alkyl radical rearrangement mechanism found in this work 
is marked blue. (b). Complete set of products from the OH roaming mechanism. 

Point No. 14: In the SI: xWZZ_j_ed hWj[ e\ @JI fWjy JWj; v typo. 

Response No. 14: Thank you for pointing this out. We have corrected the typo. The sentence 
i^ekbZ h[WZ7 #WZZ_j_ed hWj[ e\ ?JI Wj [_j^[h -+5[4 iÞ� eh .+/[5 iÞ�+#

Changes made in the Supplementary Materials (page 17):  
xWZZ_j_ed hWj[ e\ @JI Wj [_j^[h .,6[5 i-1 or 1.2e8 s-1,y

Point No. 15: Please put page numbers in the SI. 

Response No. 15: Thank you for your suggestion. We have added page numbers to the 
Supplementary Materials. 

Changes made in the Supplementary Materials: page numbers have been added. 



Responses to reviewer #2 comments:

General comments: Yang et al. provide a novel illustration of the utility of automated reaction 
discovery methods through an exploration of the pathways for multistage oxidation of alpha-
pinene, the dominant biogenic volatile organic compound. This application highlights a novel 
reaction pathway involving the formation of alkoxy epoxide compounds as an interesting route 
to a wide variety of multiple oxygenated products, including new possible HOM precursors to 
secondary organic aerosols. The work is well described, state-of-the-art, and of interest to a 
general audience. I thoroughly enjoyed reading it. Thus, I highly recommend its publication, 
essentially as is. I have only a few very minor recommendations of places where additional 
discussion could be worthwhile. 

General response: We thank the reviewer for their very thorough evaluation and constructive 
suggestions, which have been invaluable in improving our manuscript. We are especially 
]hWj[\kb \eh j^[ h[l_[m[hzi [dj^ki_Wij_Y WdZ ^_]^bo \WlehWXb[ Wii[iic[dj e\ ekh meha+ N^[_h
recognition of its novelty, broad relevance, and potential impact further encourages us. Below, 
we provide a point-by-fe_dj h[ifedi[ je [WY^ e\ j^[ h[l_[m[hzi Yecc[dji+

Technical comments:

Point No. 1: The automated discovery calculations employ the PM6 level of theory. Many 
levels of theory would have challenges exploring roaming radical channels without some sort 
of forced inclusion of symmetry-breaking wavefunctions (to obtain unrestricted singlet states). 
Can the authors provide any discussion as to why such issues are not a problem at the PM6 
level? 

Response No. 1: thank you for pointing this out. To explore the roaming radical channel, we 
performed the dynamics with the system treated as an unrestricted singlet state, allowing us to 
break the symmetry of the wavefunction. This approach enabled the PM6 simulations to reveal 
the OH roaming pathway successfully.

Additionally, we have performed new MD discovery simulations at the unrestricted wB97xd/6-
31G level, starting from VHP-a in Fig. 2. Using the same CV (including the COOH group in 
the graph), we have identified the same products as those obtained with the PM6 level of theory. 
Since these calculations rely on an ab initio Hamiltonian and are computationally more 
demanding, we employed a more aggressive bias deposition strategy, adding bias every 50 
steps of the dynamics. We performed 11 simulations, varying the OPES explorer barrier value 
from 50 to 300 kJ/mol in increments of 25 kJ/mol, sampling a cumulative time of 
approximately 30 ps. 

We have clarified this point in the Methods section. 

Changes made in the manuscript (page 18 lines 442-446): 

xNe [nfbeh[ j^[i[ Y^Wdd[bi* m[ jh[Wj[Z j^[ ioij[c Wi Wd kdh[ijh_Yj[Z i_d]b[j ijWj[ _d j^[
dynamics. Additionally, we have performed MD discovery simulations at the unrestricted 
wB97xd/6-31G level, starting from VHP-a in Fig. 2. Using the same CV (including the COOH 
group in the graph), we have identified the same products as those obtained with the PM6 level 
of theory,y



Point No. 2: The authors properly emphasize the ability of their methodology to discover the 
roaming radical pathways of Klippenstein and Elliott, as illustrated in Fig. 2. However, there 
should also be roaming radical pathways from the VHP-b, which are not shown in Fig. 2. Does 
this mean that the automated discovery methodology did not find that pathway? If so, that 
should also be emphasized. 

Response No. 2: thank you for the suggestion. We have also discovered the OH roaming 
pathway for VHP-b, and as also suggested by the other reviewer, we have revised Fig. 2 to 
better highlight the OH roaming pathways.

Changes made in the manuscript (Fig.2):  

Figure 2, �-pinene ozonolysis mechanisms from the MD driven reaction discovery simulations. (a). The 
known and newly discovered pathways. The grey region represents the conventional perception of the 
�-pinene ozonolysis mechanisms. The ring-breaking mechanism proposed by Iyer et al.26 is marked 
orange. The OH roaming mechanism leading to a closed-shell product with two double bonds found in 
this work is marked green. The endoperoxy-alkyl radical rearrangement mechanism found in this work 
is marked blue. (b). Complete set of products from the OH roaming mechanism. 



Point No. 3: Another channel that one might suspect could exist would involve the formation 
of a diradical from the POZ as has been explored, for example, for C2H4 + O3. It Ze[idzj
appear that the automated discovery approach discovered such a channel. Do the authors have 
any comments on why that might be? 

Response No. 3: We have not observed the formation of the diradical of POZ in the discovery 
simulations. A potential reason for this is that the step-wise diradical pathway for C2H4 + O3

requires an internal C-C bond rotation to prevent the system from minimizing into the Criegee 
intermediate-forming transition state (as discussed in Nat. Comms. 2021, 12, 878, supporting 
information). In simpler systems, such a rotation is achievable. However, in the case of the e-
pinene POZ system, the presence of a six-membered ring introduces significant steric 
hindrance, making C-C rotation highly restricted. This geometric constraint could be why we 
did not observe the diradical channel in the e-pinene system. 

Point No. 4: The authors provide nice discussion of the dependence of the branching ratios on 
the somewhat uncertain rates for the RB + O2 = RB-O2 rate constant. It seems that it would 
be appropriate to also say a few words about the effect of corresponding variations/uncertainty 
in other R + O2 rates, such as that for Vinoxy-a + O2 and EPO + O2.

Response No. 4: Thank you for the suggestion. In our kinetic master equation simulations 
performed on the complete alpha-pinene ozonolysis PES, we initially varied the pseudo-first-
order rate constants for the three R + O2 reactions (RB + O2, Vinoxy-a + O2, and EPO + O2) 
simultaneously. This approach allowed us to assess their combined effects on the final yield of 
AOE.

To further address the individual impacts of the Vinoxy-a + O2 and EPO + O2 rates, we 
conducted additional simulations as described in the revised manuscript. In these simulations, 
we varied either the Vinoxy-a + O2 or EPO + O2 rate while holding the other two rates constant. 
The results indicate that variations in the Vinoxy-a + O2 and EPO + O2 rates have a negligible 
[\\[Yj &9.$' ed j^[ ;I? o_[bZ m_j^_d j^[ .[4 iÞ� je .[5 iÞ� hWd][ &i[[ Mkffb[c[djWho GWj[h_Wbi
Section 12). 

Changes made in the Supplementary Materials (page 25): 

Table S6. Effect of the pseudo first-order O2 WZZ_j_ed hWj[ \eh xP_deno-a + O2y ed <I@ o_[bZ,
MESMER simulations were performed on the full potential energy surface shown in Figure 3 
of the main text. The other two pseudo first-order O2 WZZ_j_ed hWj[i \eh x@JI ) I2y WdZ xL=
+ O2y m[h[ \_n[Z Wj 5,/8107 s-1. 

O2 addition rate, s-1

(Vinoxy-a + O2) 
AOE yield EPO-RO2 yield RO2-Ka yield 

107 0.266 0.693 0.041 
28107 0.266 0.689 0.045 
48107 0.265 0.681 0.054 
68107 0.264 0.672 0.064
88107 0.263 0.665 0.072 
108 0.262 0.658 0.080



Table S7. Effect of the pseudo first-order O2 WZZ_j_ed hWj[ \eh x@JI ) I2y ed <I@ o_[bZ,
MESMER simulations were performed on the full potential energy surface shown in Figure 3 
of the main text. The other two pseudo first-order O2 WZZ_j_ed hWj[i \eh xVinoxy-a + O2y WdZ
xL= ) I2y m[h[ \_n[Z Wj 5,/8107 s-1. 

O2 addition rate, s-1

(EPO + O2) 
AOE yield EPO-RO2 yield RO2-Ka yield 

107 0.269 0.663 0.068
28107 0.268 0.664 0.068 
48107 0.266 0.666 0.068 
68107 0.265 0.667 0.068
88107 0.263 0.669 0.068
108 0.261 0.671 0.068

Point No. 5: It would be helpful if Table S1 included relative energies in addition to the 
absolute energies. Additional tables listing the full sets of energies for other calculations 
reported in the manuscript would also be helpful. Similarly, some sort of tabulation of rate 
constants reported in the manuscript could be valuable to other researchers. In addition, 
inclusion of the MESMER input files as some sort of data attachment would greatly enhance 
the reproducibility of this effort. 

Response No. 5: Thank you for your suggestions. We have now included relative energies for 
the molecules listed in Table S1 in the Supplementary Materials (Table S2). Additionally, the 
energies corresponding to the core pathways reported in the main text are summarized in Tables 
S8 and S9. All relevant rate coefficients for the studied cases are included in the MESMER 
output files (Table S10 in Point No. 8 as an example) and are now uploaded to Zenodo 
[DOI: 10.5281/zenodo.14006848]. To ensure the reproducibility of our work, we have also 
uploaded all MESMER input files, the molecular dynamics input files, and optimized 
molecular structure files to and Zenodo [DOI: 10.5281/zenodo.14006848]. 

Changes made in the Supplementary Materials (page 4): 
Table S2. Relative energies in kcal/mol for molecules and transition states in Figure S1b. 
DFT = B3LYP/6-31+G(d); ZPE = Zero-point corrected energy; EE = Electronic energy 

Molecules DFT – EE DFT – ZPE 
1+2O2 0 0
2+2O2 6.54 5.59
3+O2 -26.26 -22.72
4+O2 -26.22 -23.38
5+O2 -35.46 -31.56
6 -53.32 -46.56 
7 -50.86 -44.07
8+O2 -53.75 -51.48
9+O2 -18.60 -13.62
10+O2 -22.85 -17.46
11 -52.10 -43.14 
12 -53.09 -43.94



13+O2 -73.00 -67.12
TS1+2O2 32.43 31.21
TS2+O2 -14.68 -12.32 
TS3+O2 -15.09 -12.11
TS4+O2 -16.15 -14.56
TS5+O2 -8.70 -5.39
TS6+O2 -8.97 -4.84
TS7+O2 -5.85 -2.58 
TS8+O2 -8.72 -4.85

Changes made in the Supplementary Materials (pages 26 & 27): 

Table S8. Absolute energies in Hartrees for molecules shown in Figure 3 of the main text.  
ZPE = Zero-fe_dj Yehh[Yj[Z [d[h]o9 @@ : @b[Yjhed_Y [d[h]o, Hej[ j^Wj xTJ Yehh[Yj_edy _i

calculated at the wB97X-D/aug-cc-pVTZ level of theory. 

Molecules ZP correction CCSD(T) v E CCSD(T) v ZPE

AP 0.237260 -390.0658103 -389.8285503

POZ 0.252126 -615.3704567 -615.1183307

CI-a 0.247038 -615.3930726 -615.1460346

VHP-a 0.246846 -615.4276444 -615.1807984

Vinoxy-a 0.229910 -539.7314706 -539.5015606

RO2-Ka 0.238798 -689.9454328 -689.7066348

RB 0.227132 -539.7242497 -539.4971177

RB-RO2 0.237990 -689.9590600 -689.7210700

EPO 0.239707 -689.9676416 -689.7279346

AOE 0.238038 -689.9943714 -689.7563334

EPO-RO2 0.249011 -840.1809889 -839.9319779

TS1 0.247577 -615.2637538 -615.0161768

TS2 0.248896 -615.3371465 -615.0882505

TS3 0.242706 -615.3631863 -615.1204803

TS4 0.227312 -539.7065330 -539.4792210

TS5 0.237363 -689.9325584 -689.6951954

TS6 0.237206 -689.9365995 -689.6993935

O2 0.003884 -150.1754180 -150.1715340

OH 0.008603 -75.66287400 -75.65427100

O3 0.007811 -225.2059050 -225.1980940



Table S9. Relative energies in kcal/mol for molecules shown in Figure 3 of the main text. 
ZPE = Zero-point corrected energy; EE = Electronic energy 

Molecules CCSD(T) – EE CCSD(T) – ZPE 
.-pinene+O3+2O2 0 0 
POZ+2O2 -62.0 -57.5
CI-a+2O2 -76.2 -74.9
VHP-a+2O2 -97.9 -96.7
Vinoxy-a+2O2+OH -77.0 -81.1
RO2-Ka+O2+OH -101.1 -102.1
RB+2O2+OH -72.4 -78.3
RB-RO2+O2+OH -109.7 -111.2
EPO+O2+OH -115.1 -115.5 
AOE+O2+OH -131.9 -133.3
EPO-RO2+OH -138.9 -135.9
TS1+2O2 5.0 6.6
TS2+2O2 -41.1 -38.7
TS3+2O2 -57.4 -58.9 
TS4+2O2+OH -61.3 -67.0
TS5+O2+OH -93.1 -94.9
TS6+O2+OH -95.6 -97.6

Point No. 6: One curiosity question I have is with respect to the presence of two plateaus in 
the Vinoxy-a concentration within Fig. S4 (and the related peak in the RB concentration). I 
presume that this behavior arises from some sort of back isomerization of RB. But I would have 
thought the RB and Vinoxy-a would simply slowly equilibrate without any sort of 
overproduction of RB followed by redissocation. Is this perhaps due to a change in the 
statistical branching between RB and Vinoxy-a with decreasing excess energy? If so, that 
would be interesting from a chemical physics perspective.

Response No. 6: This is a very interesting point v we are not completely sure why this specific 
behaviour arises. However, the timescale for the shift (from the first Vinoxy-a plateau to the 
second) coincides with the timescale for full thermalization in the ED-HD model used in 
MESMER (as illustrated in Figure S2).  Qualitatively, the direction of the change is the 
expected one (relatively b[ii L< Wj bem[h [nY[ii [d[h]o'+ Me j^[ h[l_[m[hzi _dj[hfh[jWj_ed _i
probably the correct one: this is about the branching between the two species with decreasing 
excess energy. Having said that, the timescale for actual thermal equilibration will be 
considerably longer than that shown in Figure S4, as the thermal rate associated with a 
unimolecular reaction with a barrier of about 11 kcal/mol (the RB to TS energy difference) is 
on the order of 105 s-1. Therefore, the plateau seen at the right-hand edges of Figure S4 are not 
o[j j^[ WYjkWb j^[hcWb [gk_b_Xh_kc lWbk[i) Xkj j^[ Z_ijh_Xkj_ed j^Wj j^[ ioij[c _i xbeYa[Z _djey
after all excess energy is lost. (Case-in-point: the thermal equilibrium concentration of the POZ 
will certainly be very close to zero, yet Figure S4 still shows some percent remaining of the 
POZ at 10-6 seconds). For your reference, we have attached a figure computed using the same 
setup as Figure S4, but with an extended time duration. 



Point No. 7: In Figure S6 it would be helpful to add the A, B, C, D labels to the plots themselves. 

Response No. 7: Thank you for the suggestion. We have updated Figure S6 to include the A, 
B, and C labels on the plots (We opted to remove panel D in the revised version due to the 
extended RO2 lifetime). 

Changes made in the Supplementary Materials (page 13): We have added labels to Figure S6.

Point No. 8: It might also be helpful to provide more detail on how the authors treated the 
presence of multiple conformers in their rate analysis, and also what kind of uncertainties 
might arise from whatever treatment is employed.

Response No. 8: Thank you for the suggestion. We performed full conformational sampling to 
obtain the lowest-energy conformers of the different stationary points along the PES, but 
multiple conformers were not considered in our RRKM-ME simulations. MESMER does not 
account for multiple conformers explicitly, but the use of the HinderedRotorQM1D method 
allows for the implicit consideration of conformers. To assess effects of multiple conformers, 
we used Gaussian 16 to run DFT calculations (wB97X-D/aug-cc-pVTZ) with 
Freq=HinderedRotor to identify the hindered rotors + the periodicities and barriers of all xnon-
i_day ceb[Ykb[i Wbed] j^[ J?M _d @_]kh[ 0+ We successfully identified hindered rotors for all 
intermediates and transition states except TS5. Hindered rotor calculations with Gaussian is 
imperfect and often fails to identify the internal rotational modes of complex transition states, 
such as TS5.  The following table compares the rate coefficients derived from MESMER for 
the rigid-rotor harmonic oscillator (RRHO) model versus the hindered rotor model. As shown, 
the rate coefficients are quite similar between the two cases (within a factor of ~2), except for 
j^[ ?JI � ;I? ij[f) m^[h[ j^[ ^_dZ[h[Z hejeh ceZ[b o_[bZi W hWj[ Ye[\\_Y_[dj Wffhen_cWj[bo
one order of magnitude higher than the RRHO model (the higher value favors the proposed 
endoperoxide rearrangement pathway). We also compared the fraction of alpha-pinene 
molecules that follow the Vinoxy-W � L< fWj^ &Wi effei[Z je j^[ P_deno-W� LI2-Ka path), 
which contributes to the subsequent endoperoxide rearrangement pathway. Using MESMER 



simulations with pseudo-first-order O2 WZZ_j_ed hWj[ Ye[\\_Y_[dji e\ 4+.[4 iÞ� &LLBI' WdZ 5.2e7 
iÞ� &^_dZ[h[Z hejeh') m[ \ekdZ i_c_bWh h[ikbji7 60+/$ \eh j^[ LLBI ceZ[b WdZ 63+5$ \eh j^[
hindered rotor model. These comparable values suggest that including or excluding multiple 
conformer effects will not alter our conclusions. 

The related MESMER input files are included in the Zenodo [DOI: 10.5281/zenodo.14006848]
data archive published along with this paper. 

Table S10. MESMER derived rate coefficients at thermalized conditions: RRHO v.s. hindered 
rotor.

RRHO (s-1) Hindered rotor (s-1)

;J � JIT 2.043e-5 4.484e-5

JIT � CI-a 0.144 0.142

CI-W � PBJ-a 299.67 173.37

VHP-W � P_deno-a 1470.06 1420.20

Vinoxy-W � L< 282.73 122.72

?JI � ;I? 0.882 7.938

Changes made in the Manuscript (page 20 lines 519 - 521): 
xAlthough our MESMER simulations did not account for multi-conformer effects, we have 
_dYbkZ[Z W Z_iYkii_ed e\ j^[i[ [\\[Yji _d M[Yj_ed /1 e\ j^[ Mkffb[c[djWho GWj[h_Wbi,y

Changes made in the Supplementary Materials (page 28): 
x13. Multi-conformer effects
We performed full conformational sampling to obtain the lowest-energy conformers of the 
different stationary points along the PES, but multiple conformers were not considered in our 
RRKM-ME simulations. MESMER does not account for multiple conformers explicitly, but the 
use of the HinderedRotorQM1D method allows for the implicit consideration of conformers. 
To assess effects of multiple conformers, we used Gaussian 16 to run DFT calculations 
(wB97X-D/aug-cc-pVTZ) with Freq=HinderedRotor to identify the hindered rotors + the 
f[h_eZ_Y_j_[i WdZ XWhh_[hi e\ Wbb xded-i_day ceb[Ykb[i Wbed] j^[ J@M _d A_]kh[ 1, Q[
successfully identified hindered rotors for all intermediates and transition states except TS5. 
Hindered rotor calculations with Gaussian is imperfect and often fails to identify the internal 
rotational modes of complex transition states, such as TS5.  The following table compares the 
rate coefficients derived from MESMER for the rigid-rotor harmonic oscillator (RRHO) model 
versus the hindered rotor model. As shown, the rate coefficients are quite similar between the 
jme YWi[i 'm_j^_d W \WYjeh e\ s0(* [nY[fj \eh j^[ @JI � <I@ ij[f* m^[h[ j^[ ^_dZ[h[Z hejeh
model yields a rate coefficient approximately one order of magnitude higher than the RRHO 
model (the higher value favors the proposed endoperoxide rearrangement pathway). We also 
compared the fraction of alpha-pinene molecules that follow the Vinoxy-W � L= fWj^ 'Wi
opposed to the Vinoxy-W � LI2-Ka path), which contributes to the subsequent endoperoxide 
rearrangement pathway. Using MESMER simulations with pseudo-first-order O2 addition rate 
Ye[\\_Y_[dji e\ 5,/[5 iô� 'LLCI( WdZ 6.2[5 iô� '^_dZ[h[Z hejeh(* m[ \ekdZ i_c_bWh h[ikbji8 71,0$
for the RRHO model and 96.8% for the hindered rotor model. These comparable values suggest 
that including or excluding multiple conformer effects will not alter our conclusions.y



Table S10. MESMER derived rate coefficients at thermalized conditions: RRHO v.s. hindered 
rotor. 

RRHO (s-1) Hindered rotor (s-1)

<J� JIT 2.043e-5 4.484e-5

JIT � >D-a 0.144 0.142

CI-W � PCJ-a 299.67 173.37

VHP-W � P_deno-a 1470.06 1420.20

Vinoxy-W � L= 282.73 122.72

@JI � <I@ 0.882 7.938

Point No. 9: I found only two typos - in Section S5, it looks like Bill Gates managed to change 
xX_ceb[YkbWhy je xX_eceb[YkbWhy, <bie* W\j[h NWXb[ M0* x_di[di_j_l_joy i^ekbZ X[ x_di[di_j_l[y,

Response No. 9: Thank you for your careful review and for bringing these typos to our attention. 
We have corrected the typos. 

Changes made in the Supplementary Materials (pages 6 & 13): 
xThe Thermal Accommodation Coefficient (TAC) has been extensively studied through 
experiments and molecular dynamics simulations and was found to be insensitive to the 
temperature.y

x'0( Q[ WZZ[Z W X_ceb[YkbWh x@JI-RO2 + NO - EPO-LIIHIy i_da h[WYj_ed je Yedjheb
the lifetime of EPO-RO2 (varied between 1 s to 108 i(y


