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Largely underestimated production of
isopreneepoxydiols (IEPOX) throughhigh-
NO oxidation pathways in urban areas

Check for updates

Sainan Wang1,2, Mike J. Newland3,4, Andrew R. Rickard3,4, Jacqueline F. Hamilton3,4, Thomas J. Bannan5,

Archit Mehra5,8, Carl J. Percival5,9, Freya A. Squires4,10, Weiwei Hu2, Wei Song2, Yang Chen6,

Xiaoling Zhang1, Liming Wang7 & Xinming Wang2

Isoprene is the dominant nonmethane volatile organic compound (VOC) emitted into the atmosphere

globally, with important atmospheric chemistry impacts on air quality and climate. One crucial

intermediate in its gas-phase oxidation is isoprene epoxydiol (IEPOX), which contributes significantly

to the formation of secondary organic aerosols (SOA). It is generally accepted that IEPOX is efficiently

formed in remote forested regions with a sufficiently low NO/HO2 ratio. Here, we show that the

oxidation of isoprene hydroxynitrates (IHN) can be an alternative, efficient, NO-driven pathway leading

to the formation of IEPOX in urban areas where moderate to high NO concentrations exist. Field

measurements from the megacity of Beijing show that this pathway contributes to more than 50% of

IEPOX production during the morning and early afternoon. The results improve our understanding of

the NOx dependence of SOA formation in polluted areas, where anthropogenic emissions can

significantly enhance biogenic SOA formation.

Isoprene (C5H8, 2-methyl-1,3-butadiene), the most abundant atmo-
spheric nonmethane volatile organic compound (VOC) with global
emissions of ca. 594 Tg year−1, and a short lifetime of ~1–2 h, sig-
nificantly impacts atmospheric chemistry on a global scale1–3. The gas
phase degradation chemistry of isoprene greatly contributes to tropo-
spheric ozone production and impacts the oxidizing capacity of the
atmosphere by affecting photochemical cycles of NOx and HOx

4–6. In
addition, isoprene-derived secondary organic aerosols (SOA) can
influence climate and human health5,7. The emission of isoprene is pri-
marily from deciduous plants and typically varies with light flux and
temperature, leading to large emissions in areas such as the Amazon
rainforest and the southeastern US. Nevertheless, in urban areas with
high coverage of urban forests and green spaces, large biogenic isoprene
emissions can occur in the daytime, along with non-negligible anthro-
pogenic sources such as vehicle exhausts8–10.

The dominant daytime removal process of isoprene in the atmosphere
is the reactionwith the hydroxyl radical (OH; kOH (298 K) = 1.0 × 10−10 cm3

molecule−1 s−1)11. The initial addition of OH is followed by O2 addition to
formahydroxyperoxy radical intermediate (ISOPO2), ofwhich there are six
dominant isomers because of site-specific OH/O2 additions

12,13. Significant
progress has been made in recent years in understanding the relative dis-
tributionof different ISOPO2 isomers,whichdependson their reaction rates
with HO2 and NO, and unimolecular isomerization (i.e. H-shift chemistry
in Z-δ-ISOPO2)

14–16. The majority of ISOPO2 will eventually undergo
bimolecular reaction with either NO or HO2. In environments with a suf-
ficiently low NO/HO2 ratio, ISOPO2 predominantly reacts with HO2

radicals to form isoprene hydroxyhydroperoxides (ISOPOOH), which can
be further oxidized by OH radicals to produce isoprene epoxydiols
(IEPOX), accompanied by OH recycling (Fig. 1)5. Laboratory studies and
field measurements have demonstrated that IEPOX can serve as an
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important SOA precursor via aerosol phase reactions17–19, and IEPOX-
derived SOA accounts for 6–36% of organic aerosols in forested areas20. As
NO increases, the HO2-pathway to form IEPOX via ISOPOOH is sup-
pressed, and instead, ISOPO2 species react with NO, forming methyl vinyl
ketone (MVK) and methacrolein (MACR) as the two main stable carbonyl
products, with the latter being considered as a possible SOA precursor
owing to reactive uptake of subsequent oxidation products into
particles18,21–23. The overall NOx dependence of isoprene SOA yields in
polluted regions has not yet been fully elucidated and remains somewhat
controversial. Previous laboratory studies have reported the non-linear
response of isoprene-derived SOA to elevated NOx, but cannot explain the
significant SOA yield at high NOx

22,24–26. Several field measurements have
indicated that the formation of SOA can be enhanced by NOx in isoprene-
rich areas27–29. Large amounts of IEPOX-derived SOA tracers have been
observed in urban areas where high levels of NO can suppress IEPOX
formation via theHO2- pathway

30–36. In highly industrialized areas inChina,
such as the Pearl River Delta (PRD) region and eastern cities in China, the
concentration of 2-methyltetrols (typical IEPOX-derived SOA tracers) in
SOA during the summer were observed on average to be 91.5 ng cm−3 and
89.0 ng cm−3, respectively35,36. This indicates that there may be alternative
pathways leading to IEPOX production in more polluted urban regions.

The reaction of ISOPO2 with NO can also form isoprene hydro-
xynitrates (IHN inFig. 1),with the total yield varying from0.04 to 0.1515,37–39.
The formation of IHN, as a radical chain-terminating step sequesters NOx,
reducing local O3 production. In recent years, IHN and IHN-derived
dinitrates have been observed in the ambient atmosphere40,41, and a recent
chamber study has suggested that such lower volatility nitrates derived from
isoprene might make a greater contribution to SOA formation than pre-
viously thought42. However, due to the difficulty in the synthesis of IHN
standards and the quantification of multi-functionalized products, the
current understanding of IHN chemistry remains uncertain.

In the daytime, themajor removal process for IHN is oxidation byOH
radicals, with rate constants in the range of (3–11) × 10−11 cm3 molecule−1

s−1 for thedifferent IHN isomers12.Note that 1,2-IHNmightbe an exception
as it can undergo condensed-phase hydrolysis rapidly, depending on
atmospheric liquid water volume43. In general, OH addition to the double
bond forms an IHN-OH adduct, which subsequently combines with O2 to
form a peroxy radical (Fig. 1). Alternatively, Jacobs et al. suggested that the
IHN-OHadductmight form IEPOXby intramolecular isomerization44. The
researchers conducted flow tube experiments using synthesized 4,3-IHN in
the pressure range of 50–400 Torr and reported an IEPOX yield of 71% at
50 Torr, corresponding to a yield of 13%when extrapolated to atmospheric
pressure (760 Torr). However, IHN chemistry has not received much
attention over the past few decades, and the IEPOX formation mechanism
from IHNhas been ignored in fieldmeasurements andmodeling studies. In
their 2018 review on gas-phase isoprene chemistry,Wennberg et al. suggest

a total yield of 0.14 for IEPOX formation from OH reactions with all IHN
isomers12.

In this paper, we reassess the reactions of the dominant IHN
isomers with OH radicals using high-level theoretical calculations, and
carry out model simulations for comparison with ambient observa-
tions. The calculations confirm that the energized IHN-OH* adduct
can undergo intramolecular isomerization to form considerable
amounts of IEPOX and NO2, indicating that the currently acknowl-
edged yield of IEPOX from the IHN reaction with OH might be
underestimated. The updated chemistry is incorporated into a box
model using the full isoprene oxidation scheme from theMCMv3.3.113.
The model is then constrained to measurements from Beijing in the
summer of 2017 to demonstrate the relative contributions of the IHN
and ISOPOOH pathways to IEPOX formation. It is well accepted that
IEPOX can be formed significantly from the oxidation of ISOPOOH
(formed via ISOPO2+HO2) in low NOx regions such as remote for-
ests. Here we show that the oxidation of IHN (formed via
ISOPO2+NO) can also be an important formation pathway of IEPOX
in high-NO urban environments, which needs to be considered ser-
iously in future ambient measurements and atmospheric science and
air quality policymodeling. Considering the ubiquity of isoprene in the
atmosphere and its large global emissions, our findings could help to
improve assessments of isoprene-derived SOA formation mechanisms
and its contribution to photochemical ozone formation, especially in
urban areas.

Results
In the presence of NOx, the OH-initiated oxidation of isoprene can produce
sixhydroxynitrate isomers, including the twomajor isomersβ-1,2-IHNand
β-4,3-IHN, and four minor isomers (E/Z)-δ-1,4-IHN and (E/Z)-δ-4,1-
IHN12. Given the chemical similarity of E- and Z- δ-IHNs shown in a
previous study, the two types of isomers are expected to react identically12. In
the present work, we carried out theoretical calculations and kinetics
modeling using the four IHN isomers shown in Fig. 2a.

Yields of IEPOX from OH reactions with IHNs
The reaction of IHNs with OH radicals proceed mainly as site-specific OH
additions to the double bond. Taking β-1,2-IHN as an example (Fig. 2b),
whenOHis addedat theC4- position, the adduct can either (i) combinewith
O2 to form a peroxy radical or (ii) intramolecularly isomerize to an IEPOX
and releaseNO2; the two reactions competewith each other. However, such
isomerizationpathways cannot occurwhenOH is added at theC3- position.
It should also benoted thatOHradicals can alternatively abstract anHatom
from themethyl group, which is aminor pathway. Taking both aspects into
consideration, we calculate all types of the initiating reaction steps of IHN
isomers. Table 1 shows the branching ratios of the OH-addition pathway

Fig. 1 | Main reactions of gas-phase oxidation of

isoprene in remote forest and urban regions using

β-1,2-ISOPO2 as an example. (β-1,2-ISOPO2 is

formed via OH-addition to the C1- position and O2-

addition to the C2- position).
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(ФOH-initiated) that canpotentially formIEPOXfromβ-1,2-IHN,β-4,3-IHN,
δ-1,4-IHN and δ-4,1-IHN, which are 0.61, 0.99, 0.77 and 0.36, respectively.
Detailed reaction energies are available in Supplementary Table S2.

Figure 3 depicts the potential energy surface of OH reactions with four
IHN isomers for the isomerization process. Comprehensive potential
energy surface diagrams for all isomers are presented in Supplementary Fig.
S1. The reaction energies shown here are obtained at the RHF-RCCSD(T)-
F12a level with the basis set cc-pVDZ-F12 (see Methods). T1 diagnostics
were used to check the multireference characteristics of the wave functions.
In our calculations, all critical reaction steps exhibited T1 diagnostic values
below0.022, thereby confirming the reliability and robustness of the applied
computational methodologies (Supplementary Table S1). As shown in Fig.
3, four transition states (TS-OH) forOHadditions are submergedunder the
corresponding reactants, and four IHN-OH adducts (P-OH) are formed
with energy released of >100 kJ/mol. P-OHs can combine with O2 to form
normal peroxy radicals (P-OH-OO), which are expected to form alkoxy
radicals in the presence of NO and predominantly followed by fragmen-
tation. Alternatively, the P-OHs can intramolecularly isomerize to IEPOX
and NO2 over the barrier of 50~70 kJ/mol based on our calculations. We
paid close attention to quantifying the isomerization process influenced by
multiple conformers. Multiple conformers are searched by systematically
changing the dihedral angles. Structures of conformers were initially opti-
mizedat B3LYPorM06-2X levelswithbasis set 6-31+G(d,p) or 6-31 G(d),
and geometries of low-energy conformers (within 10 kJ/mol above the
lowest-energy conformers) are further refined at M06-2X/6-
311++G(2df,2p) levels. Then the low-energy conformers and transition
stateswithin5 kJ/mol above the lowest-energy conformers are submitted for
CCSD(T)-F12a/cc-pVDZ-F12 calculations and included in RRKM-ME

calculations to obtain the yields of P-OH-OO and IEPOX from the two
different pathways available for P-OH (more details can be found in
Methods). The predicted branching ratios forming IEPOX from iso-
merization of the four P-OH isomers studied here (β-1,2-IHN, β-4,3-IHN,
δ-1,4-IHN and δ-4,1-IHN) at 298 K and 760 Torr are 0.62, 0,34, 0.65 and
0.90, respectively (Table 1). Suchunimolecular isomerization reactions from
the energized OH-adduct* to IEPOX are pressure-dependent, and as such
the relative yield of IEPOX would decrease at higher pressures, as shown in
Supplementary Fig. S4. Considering calculated fractions of available OH
additions that potentially form IEPOX, the final yields of IEPOX from OH
reactions with the four IHN isomers are 0.38, 0.34, 0.50 and 0.32, respec-
tively (Table 1), which are considerably higher than that recommended by
Wennberg et al.12.

The results presented here could help to explain the observed imbal-
ancedmolar yield of products from subsequent reactions of P-OH-OO (O2

addition channel) in the presence of NO. Jacobs et al. reported an IEPOX
yield of 0.13 for β-4,3-IHN, and yields of 0.70 and 0.17 for two other
products, methyl vinyl ketone hydroxy nitrate (MVKN) and hydro-
xyacetone (HAC), from different fragmentations of the P-OH-O radical,
respectively44. However, Kurtén et al. carried out theoretical calculations
showing that the cleavage-formingHAC is unavailable45, which is consistent
with our results in this study (Supplementary Table S3). Here we propose
that the HAC observed by Jacobs et al. might be formed from second-
generation reactions of IEPOXwithOH radicals, which has been confirmed
as one of the major products from gas-phase IEPOX oxidation in previous
studies46,47. As a consequence, the Jacobs et al. yield of IEPOX from IHN
oxidation would be underestimated. Similarly, Lee et al. obtained a yield of
0.10 for HAC in a chamber study of the oxidation of isoprene-derived

Fig. 2 | Possible reaction mechanisms of IHN.

a Four IHN isomers investigated in this study.

b Possible pathways of OH reactions with specific

IHN isomers using β-1,2-IHN as an example

(IEPOX formation pathway is highlighted in red).

Table 1 | Yields of IEPOX from IHN+OH reaction in this work and previous work by Wennberg et al.

a
(OH-initiated)

b
(Isomerization)

c
(IEPOX)

This work Wennberg et al.12

β-1,2-IHN 0.61 0.62 0.38 0.15

β-4,3-IHN 0.99 0.34 0.34 0.13

δ-1,4-IHN 0.77 0.65 0.50 0.04

δ-4,1-IHN 0.36 0.90 0.32 0.08

a
(OH-initiated) the branching ratios of the OH-addition pathway that can potentially form IEPOX.

b
(Isomerization) branching ratios of the IEPOX formation pathway from available IHN-OH adducts.

c
(IEPOX) yields of IEPOX from IHN oxidation by OH, considering OH abstractions and other OH additions that cannot form IEPOX. Y (IEPOX) is the product of Ф (OH-initiated) and Γ (Isomerization) in this work.
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hydroxy nitrates, which might be explained by the same process48. More-
over, Lee et al. also investigated fragmentation products from the OH-
oxidation of δ-1,4-IHN and observed a higher yield of HAC than of its co-
product (ethanal nitrate), which might also be due to the OH reaction with
the primary IEPOX formed.

Uncertainty analysis of computational results
Our computational results entail inherent uncertainties arising from mul-
tiple variables. We systematically assessed three primary uncertainty sour-
ces: (1) energy calculations employing the CCSD(T)-F12a/cc-pVDZ-F12
method; (2) energy transfer parameter in RRKM-ME calculation
(〈∆E〉down); (3) O2 addtion rate coefficients. First, the uncertainty of pre-
dicted energies usingCCSD(T)-F12a/cc-pVDZ-F12method is ~1 kcal/mol.
For energy uncertainties, RRKM-ME simulations were conducted under
twoboundary conditions: (i) lowering the energy of P-IHN-OHby2 kJ/mol
and elevating the energy of transition states by 2 kJ/mol (ii) elevating the

energy of P-IHN-OH by 2 kJ/mol and lowering the energy of transition
states by 2 kJ/mol (Supplementary Section S4 in SI). Resulting IEPOXyields
from 1,2-/4,3-/1,4-/4,1- IHN-OH adducts spanned 0.41–0.81, 0.19–0.55,
0.44–0.84, and 0.74–0.9, respectively (Supplementary Table S5). Second, a
higher 〈∆E〉down input in the energy transfer model would adversely affect
the formation of IEPOX. With 〈ΔE〉down of 250 cm

−1 (a relatively elevated
value), the yield of IEPOX presented in Table 1 represent lower threshold
values. If lower 〈∆E〉down values were employed, a higher yield of IEPOX
could be anticipated (see Supplementary Section S3 in SI). Third, the
O2 addition rate coefficient to P-IHN-OH was fix at 6.0 ×10−12 cm3

molecule−1 s−1 (literature-consistent). Sensitivity tests across 1.0 ×10−12 to
1.0 ×10−11 cm3 molecule−1 s−1 indicated negligible impacts on IEPOX yield.

Boxmodeling of IEPOX formation fromNOx- and HO2- pathways
Based on the calculations presented, the reactions of IHN (formed from
ISOPO2+NO) will contribute significantly to the formation of IEPOX in
the atmosphere, in addition to the more recognized low-NO pathway via
ISOPOOH (formed from ISOPO2+HO2). In the ambient atmosphere, the
NO/HO2 ratio can vary greatly under different environmental conditions
and times of day, such that both the NO and HO2 pathways may be
important. Thus,we carriedoutmodel simulations to understand the role of
NOin IEPOXformation.Figure 4 shows theproduction rate of IEPOX from
ISOPOOH+OH and IHN+OH as a function of NO concentration. The
production rate is calculated for the system at steady state assuming 1 ppb of
C5H8, [OH] = 9 × 106cm−3 (daytime peak in mean diurnal [OH]measured
during campaign), and [HO2] = 5 × 108cm−3. Plots for [HO2] = 1 × 108 and
1 × 109cm−3 are shown in the SI, and while the cross-over points of IEPOX
production from ISOPOOH vs. IHN change, the ratio between the IEPOX
yields from IHN calculated using the values fromWennberg et al. and from
this work remains the same.

The black line in Fig. 4 represents the production of IEPOX from
ISOPOOH, which decreases dramatically with increasing NO concentra-
tions. In heavily polluted regions, the contribution of this pathway is neg-
ligible compared to production via IHN. The red solid line and the red
dashed line show the IEPOXproduction rate from IHNusing IEPOXyields
from this work and the previous study12, respectively. The production rate
from this work is approximately a factor of ~2.5 higher than that from
Wennberg et al. It is worth noting that the cross-over point, at which the

Fig. 3 | Potential energy surface of OH reactions

with four IHN isomers regarding the isomeriza-

tion process. Transition states (TS-OH) for OH

additions are submerged under the corresponding

reactants, and negative barriers may arise from the

formation of pre-reactive complexes (PRC). Each

IHN isomer reacts with OH to form the corre-

sponding IHN-OH adduct (P-OH), which com-

bines with O2 to form a peroxy radical (P-OH-OO)

or intramolecularly isomerizes to form IEPOX

and NO2.

Fig. 4 | The steady state IEPOX production rate from the oxidation of ISOPOOH

and IHN, respectively, as a function of NO concentration. Assuming [C5H8] = 1

ppb and [HO2] = 5 × 108cm−3. IEPOX yields in IHN are taken from the calculation

results in this work and previous work fromWennberg et al.12. Shaded regions show

typical NO mixing ratio ranges for forested, mixed and urban polluted

environments.
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IEPOX production from IHN equals that from ISOPOOH, occurs at [NO]
~1 ppb using the IEPOX yields from this work (which varies with [HO2]).
The transition region between background and lightly polluted conditions,
approximately 0.8 ppb of NO in central Amazonia in the wet season, is very
sensitive to isoprene photochemistry related to the production of IEPOX-
derived SOA49. Moreover, the sensitivity in this region has also been shown
to be important even in polluted megacities, such as Beijing, where NO
concentrations can routinely be suppressed to <1 ppb through the
afternoon50.

A case study of IEPOX formation in urban areas
Aboxmodel was constrained tomean diurnal cycles of isoprene, OH,HO2,
NO and IHNmeasured in Beijing between 17May and 24 June 2017 as part
of the APHH-Beijing field campaign50–52. A time-of-flight chemical ioni-
zation mass spectrometer (ToF-CIMS) using an iodide ionization system
was deployed to measure IEPOX (C5H10O3), ISOPOOH (C5H10O3) and
IHN (C5H10O4N), and the method of field calibration was described in a
previous work50. Figure 5 shows the relative contributions of the ISOPOOH
and IHN pathways to the overall modeled IEPOX concentrations using the
IEPOX yields from IHN calculated in this work. Using the revised IEPOX
yields, between 08:00 and 14:00 more than half of the IEPOX present is
attributable to the IHN+OH reaction, up to a maximum of 85% at 11:00.
The IEPOX present from ISOPOOH during this time period is residual,
leftover from the previous day. In the late afternoon (15:00–18:00), the
formation from ISOPOOH becomes increasingly important under the low
NOconditions seen inBeijing.However, during this period,more than 40%
of the IEPOX present is still attributable to the IHN+OH reaction.

Discussion
Owing to its high reactivity and solubility, IEPOX is well known to con-
tribute to aerosol formation12.While the reactionof ISOPOOHwithOHhas
been shown to be a very efficient route to IEPOX, it has been established that
IEPOXcanalso be formed from the reaction of IHN+OH44. The high-level
theoretical calculations performed in this study suggest that the IEPOX
yields from this reaction are currently underestimated in models and
highlight the potential importance of IEPOX production from the IHN+
OHreaction to the total IEPOXburden. In the IHN+OHreaction, IEPOX
formation proceeds through the epoxidation of β-nitrooxy alkyl radicals.
Although similar radicals are also formed in NO3-initiated reactions of
alkenes (e.g., isoprene+NO3), epoxidation pathways rarely occur in those
cases. The primary reason for this difference is that theOH addition to IHN
is significantly more exothermic, producing β-nitrooxy alkyl radicals with
substantially greater internal energy and thus promoting their unimolecular
epoxidation (see Supplementary Section S5). It should be noted that our
computational results are subject to inherent uncertainties from collision

parameters and energy calculations.With 〈ΔE〉downof 250 cm
−1 (a relatively

elevated value), the yield of IEPOX predicted in this study (0.62, 0.34, 0.65
and 0.90 for 1,2-/4,3-/1,4-/4,1- IHN-OH adducts, respectively) represent
lower threshold values (see Supplementary Section S3 in SI). With the
uncertainty of predicted energies of ~1 kcal/mol, the IEPOX yields from
1,2-/4,3-/1,4-/4,1- IHN-OH adducts are predicted as
0:62þ0:19

�0:21;0:34þ0:21
�0:15;0:65þ0:19

�0:21;0:90þ0:08
�0:16; respectively (Supplementary Sec-

tion S4 in SI).
Using measurements from the megacity of Beijing, it is shown that

IHN+OHcan dominate IEPOXproduction during themorning and early
afternoon. Note that for the NO3-dominated chemistry during nighttime,
recent studies have reported that epoxidation reactions of nitrate alkoxy
radicals play a role in the NO3 oxidation of isoprene53–55. In these cases,
epoxide formation occurs via ring-closure reaction of alkoxy radicals,
potentially contributing to isoprene-derived SOA at night. The work pre-
sented here highlights that IHN oxidation can be an important formation
pathway of IEPOX in urban areas with moderate to high NO concentra-
tions, improving our understanding of the NOx dependence of SOA for-
mation in polluted areas and may explain the high concentrations of
IEPOX-derived tracers observed in heavily polluted areas.

Methods
Theoretical methods
All themolecular structures were optimized at the level of DFT-M06-2X/6-
311++G(2df,2p) using the Gaussian 09 suite of programs56. The optimized
structures were submitted to electronic energies calculations using the
explicitly correlated CCSD(T)-F12a (F12) method57 with cc-pVDZ-F12
basis set, all using the restricted open-shell wave functions for the radical
species. The F12 calculations were performed by using the Molpro 2015
package58.

The reaction rate coefficients of the unimolecular reactions were cal-
culated using the unimolecular rate theory coupled with the energy-grained
master equation for collisional energy transfer (RRKM-ME)59, which were
carried out using theMesmer code60. A single exponential-downmodel was
used to approximate the collisional energy transfer with 〈ΔE〉down of
250 cm−1. The collisional parameters were estimated using the method of
Gilbert and Smith61, and the asymmetric Eckart model was used for the
tunneling correction factors62. The rate coefficient of O2 addition to the
IHN-OH adduct (P-OH) was set to be a reference value of 6.0 × 10−12 cm3

molecule−1 s−1 according to previous studies63.

Multi-conformers searching and description in Master Equation
analysis
In this work, multi-conformers searching was executed in three stages:

Stage 1: Initial conformer search by systematically varying all the
dihedral angles, optimize them initially at B3LYP or M06-2X levels with
basis set 6-31+G(d,p) or 6-31 G(d);

Stage 2: Refine geometries of the low-energy conformers within 10 kJ/
mol above the lowest-energy conformers at M06-2X/6-311+
+G(2df,2p) level;

Stage 3: Calculate the electronic energy at CCSD(T)-F12a/cc-pVDZ-
F12 level for conformers within 5 kJ/mol above the lowest-energy
conformers.

Taking 1,2-IHN-4OH as an example, the numbers of conformers are
486, 101, and 5 at each stage; and for transition states from1,2-IHN-4OH to
IEPOX, the numbers of conformers are 81, 30, and 2. Then we included the
low-energy conformers of P-IHN-OH and their corresponding transition
states for IEPOX formation using a rigid-rotor harmonic-oscillator
approximation in RRKM-ME calculations as, IHN+OH→ (Low-energy
conformers of IHN-OH intermediates, and assume equilibrium between
them)→ IEPOX or IHN-OH-OO. Final RRKM-ME calculation includes 5
conformers for 1,2-IHN-4OH (within 5 kJ/mol of energy to the lowest-
energy conformer) and 2 transition states (within 5 kJ/mol of energy to the
lowest transition states). Low energy barriers between 1,2-IHN-4OH con-
formers are included in RRKM-ME to ensure the rapid equilibria between

Fig. 5 | Production of IEPOX from ISOPOOH+OH and IHN+OH, con-

strained to the campaign average diurnal profiles of IHN, C5H8, OH, HO2, NO,

measured in Beijing (see SI). Black dash line: fraction of IEPOX derived

from IHN+OH.
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conformers. Molecular coordinates of the intermediates and transition
states used inRRKM-MEcalculationshavebeen included inSupplementary
Section S6 in SI.

Box modeling and field measurements
We carried out box modeling with AtChem (version 1)64 using the near-
explicit chemical mechanism ofMCMv3.3.1. The isoprene mechanismwas
updated as detailed in Supplementary Table S6 to calculate IEPOX pro-
duction rates under different NO/HO2 ratios, using IHN+OHyields from
this work and Wennberg et al.12.

A box model was constrained to mean diurnal cycles of isoprene, OH,
HO2, NO, and IHNmeasured in Beijing between 17May and 24 June 2017
as part of the APHH-Beijing field campaign50–52. A time-of-flight chemical
ionization mass spectrometer (ToF-CIMS) using an iodide ionization sys-
tem was deployed to measure IEPOX (C5H10O3), ISOPOOH (C5H10O3)
and IHN (C5H10O4N), and themethod of field calibration was described in
a previouswork50. Themeasured campaignmeandiurnal cycles of isoprene,
OH,HO2,NO, and IHNare shown in SupplementaryFig. S8. Themeasured
IHN was assumed to consist of 65% ISOPBNO3 (MCM name) and 35%
ISOPDNO3, based on modeling and field observations65. A rate of
3 × 10−5 s−1 was used for the loss of IEPOX to aerosol uptake. This rate is
known to be very sensitive to aerosol acidity66 and can range froman IEPOX
lifetime of ~ 2 h up to a day or more67. The rate used here gives a lifetime
against aerosol uptake of 9 h and was derived from fitting to the diurnal
mean measured IEPOX+ ISOPOOH signal during the Beijing campaign.
The relative contribution of the IHN+OH and ISOPOOH+OH path-
ways is not sensitive to this parameter.

Data availability
Data is provided within themanuscript or supplementary information files.
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