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S1. Peak identification of a-pinene and B-pinene hydroxy nitrates

The structural assignment of a-pinene and B-pinene hydroxy nitrate isomers is achieved by the
collection of several chromatograms. Firstly, the ring-opened HNs (i.e., 3-OH,8-ONO: for a-
pinene and 1-OH,8-ONO: for B-pinene) are identified by adding Os to the chamber after
photooxidation. The ring-opened HNs are unsaturated and thus react with O3 while the ring-
retained HN isomers are saturated and will not do so. After the photooxidation ceases, we remove
the chamber content through a cold trap (i.e., 6.5 m 4 inch PFA tubing submerged in -60°C
isopropanol + liquid nitrogen bath). The oxidation products are trapped, but volatile compounds
including precursor hydrocarbon, NO, NO:z are not. Then, we remove the tubing from the trap and
use a flow of zero air to send the trapped analytes back to chamber. 2-4 ppmv Os is added to
chamber using an O3 generator. We also inject approximately 90 ppmv cyclohexane, which serves
as an OH scavenger. As shown in Figure S 1, the last peaks for both monoterpenes disappeared

after O3 addition, indicating that they are the ring-opened HNs.

The HNs with the —ONO2 group on the less-substituted carbon (2-OH,3-ONO:z2 for a-pinene
and 2-OH,1-ONO: for B-pinene) are identified from NOs radical oxidation experiments. This
approach is based on the assumption that NO3 radicals react with alkenes by primarily adding to
the less-substituted olefinic carbon'. Oxygen adds to the alkyl radical and these RO: react with
other ROz to produce hydroxy nitrate (Scheme S 3). We perform NOs oxidation experiments by
mixing ~200ppb NO and ~300ppb O3 in an 800 L chamber, waiting for 1 hr to produce NO3 and
N20s, and injecting about 80 ppbv a-pinene or B-pinene. The chromatograms of HNs from NO3
oxidation experiments are shown in Figure S 2. For both a-pinene and B-pinene, only one peak is
resolved from NO3 oxidation experiments and the retention time of this peak matches that of the

first in OH oxidation experiments.

The remaining peak in the OH oxidation is identified based on previous finding that the
retention order for HNs with similar structures is generally tertiary —OH, secondary —OH, and then
primary —~OH for the same GC column 2. This observation has a plausible rational as the primary
—OH likely has stronger interaction with GC column than secondary or tertiary OH due to less
shielding effects. Thus, the second peak in the a-pinene chromatogram is assigned to 3-OH,2-
ONOz2, which has a secondary —OH and elutes later than 2-OH,3-ONO2 with a tertiary —OH.
Similarly, the second peak in the B-pinene chromatogram is assigned to 1-OH,2-ONOz. We further
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verify the structural assignment of HN peaks by comparing the chromatograms between a-pinene
and B-pinene using the same GC temperature profile (Figure S 3). a-pinene 3-OH,2-ONO: elutes
between B-pinene 2-OH,1-ONO:z and 1-OH,2-ONO2, which is consistent with the rule of thumb
described above. The ring-opened HNs elute later than ring-retained HNs because the ring-opened

HNs are more elongated.

Each peak in the 1 m chromatogram represents one structural isomer of HNs, but each peak
includes more than one diastereoisomer. Theoretically, there are ten diastereoisomers for a-pinene
HNs and five for B-pinene HNs, as shown in Scheme S 2. These diasteroisomers can be better
separated using a 5 m Restek RTX-1701 GC column (Figure S 10). For example, all four ring-
retained B-pinene HNs are separated with a 5 m GC column. The first peak in a-pinene HNs with
I m GC is separated into two peaks with 5 m GC. Not all ten diastereoisomers are separated for a-
pinene HNs, likely due to some diastereoisomers co-eluting. Despite of improved separation,
significant transmission loss of the ring-opened HN (i.e., the last peak) is observed in the 5 m GC.
Because the key information for determination of the ROz isomerization rate is the separation of
ring-opened HNs from ring-retained HNs (e.g., 3-OH,8-ONO2 vs. 3-OH,2-ONO2+2-OH,3-ONO2
in the a-pinene system), all of which are adequately separately using 1 m GC, we focus our analysis

on the data produced using the 1 m GC column.

For a-pinene, the abundance of ring-retained HNs and ring-opened HN is determined by
summing up the chromatogram signal from 700-1050 s and 1050-1350 s, respectively, after
subtracting the sample background. For B-pinene, the second peak has an apparent tailing, which
interference with the signal of the third peak. We apply Lorentzian function to represent the tailing
of the second peak (i.e., 1150-1800 s), extrapolate the fitting, and subtract the fitted function from
the 1800-2500 s data (Figure S 11). The abundance of the ring-opened HN (i.e., the third peak) is
determined by summing up the corrected signal between 1800 and 2500 s. The abundance of the
ring-retained HNss is determined by summing up the signal between 500 s and 2500 s and then
subtracting the abundance of the third peak. The uncertainty in the isomer abundance mainly arises
from the extrapolation of the tail of the second peak. To characterize the uncertainty in ring-opened
HN/ring-retained HNs ratio caused by the extrapolation, we applied bootstrap analysis. In the
analysis, we randomly select the start point (within range 1100-1200 s) and stop point (within

range 1700-1800 s) of the Lorentzian fit and then calculate the isomer ratio of each bootstrap trial.
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The 25th and 75th percentiles of 1000 trials are used to represent the uncertainty of isomer ratio,

which is within 12% of the median value.

To further separate the structural isomers of the a-pinene ring-retained HNs, we use a
deconvolution algorithm® to analyze the 1 m chromatograms. Four equal-width Gaussian functions
are fitted to the chromatogram signal from 700 to 1050 s, with two peaks representing the 3-OH,2-
ONO:2 and the other two peaks representing 2-OH,3-ONOaz. A representative chromatogram fitting
is shown in Figure S 12. For B-pinene, the four ring-retained HNs are clearly separated with 5 m
GC, so we use the 5 m GC to obtain the relative abundance of ring-retained HNs. For the
diastereoisomer pair of B-pinene 1-OH,2-ONOz, the abundance of syn isomer is roughly 4 times
higher than that of anti isomer, assuming the same sensitivity towards both diastereoisomers. This
observation suggests that Oz preferentially adds to 1-OH,Re from the less sterically hindered side

without the two methyl substituents on the four-membered ring.

The GC transmission efficiency of an analyte is determined by the ratio of total
chromatogram signal to the amount of analyte trapped in the GC (i.e., product of signal during
direct sampling from the bag and trapping time). In the experiments with >1000 ppbv NO when
all hydroxy nitrate isomers are produced, the GC transmission efficiencies of a-pinene and (-
pinene hydroxy nitrates are 79+4% and 99+5%, respectively. In the experiments with no additional
NO injection when only ring-retained hydroxy nitrates are produced, the GC transmission
efficiencies of a-pinene and B-pinene hydroxy nitrates are 86+£5% and 100%, respectively. The
similar transmission efficiencies between experiments with different NO concentrations suggest

that the transmission efficiency is isomer-independent within each monoterpene.
Different GC temperature profiles are used, depending on monoterpenes and column length.

e o-pinene and 1m GC: -20°C, + 20°C min ! until 50°C, then +3°C min ™! until 120°C, hold
3 min.

e o-pinene and 5m GC: 30°C, + 20°C min ! until 80°C, hold 100 min, then +20°C min ™!
until 150°C, hold 10 min.

e P-pinene and Im GC: -20°C, + 20°C min ™' until 80°C, hold 25 min, then +10°C min ! until
130°C, hold 15 min.

e B-pinene and 5m GC: 30°C, + 20°C min ! until 110°C, hold 25 min, then +20°C min ™!
until 150°C, hold 4 min.
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116  S2. Relationship between the (ring-opened HN):(ring-retained HNs) ratio and RO; lifetimes

117  We utilize the ratio of the ring-opened HN relative to that of the ring-retained HNs to probe the
118  unimolecular reactions of ring-opened RO2. Below, we use a mathematical derivation to illustrate
119  the relationship between the (ring-opened HN):(ring-retained HNs) ratio and ROz bimolecular and
120  unimolecular lifetimes. We use a-pinene 2-OH,3-ONO:2 as an example of ring-retained HN. a-
121  pinene 3-OH,8-ONO: is the ring-opened HN. In the absence of secondary chemistry, the
122 production rates of 3-OH,8-ONO2 and 2-OH,3-ONO: at time # are defined in Eqn. S(1) and S(2).

d[3-OH,8-ONO
[ dt ; ] :BR3-OH,8—ON02 XkROz +NO [3 'OH’8'R02 1INO] Eqn. 5(1)

d[2-OH,3-ONO
[ dt : ] :BR2-0H,3—ON02 XkR02 +NO [2'OH’3_RO2 1INO] Eqn. 5(2)

123

124 where the BR3.ons-on02 and BR2-on3-oN02 are the branching ratio to produce organic nitrate from

125 RO2+NO.

126  The time-rate-of-change of the two ROz at time #, in the absence of RO2 + ROz chemistry
127  (reasonable assumption given the low VOC concentration in this study) can be described by Eqn.

128  S(3) and S(4)

129 d[3-OH,8-RO, ]
dt

d[2-OH,3-RO .
% =Y, onsr0, *Kepeon [@-pinene][OH]-ky, .y [2-OH,3-RO, J[NO]-kyq 140, [2-OH,3-RO, J[HO, ] Eqn. S(4)

=Y ons-r0, XK yp0m [a-pinene][OH]-kR0:+N0 [3-OH,8-RO, ] [NO]-kROZ+H02 [3-OH,8-RO, J[HO, J-K pimotecuar [3-OH,8-RO, ] Eqn. S(3)

130  where, Y3-on,8-r02 and Y2-on,3-r02 are the yields of corresponding ROz, kap+on, kro2+No, kro2+Ho02,
131 Kunimolecular are the rate coefficients for a-pinene+OH, RO2+NO, RO2+HO2, and ROz unimolecular
132 reactions, respectively. We assume that kroz2+No and kroz+Hoz are isomer independent and all the

133 branching ratios and ROz yields are constants.
134 The steady state concentration of ROz can be expressed by:

Y3-OH,8-R02 Xk(xp+0H [o-pinene][OH]
Ko, o [NOIHKyg o, [HO, ]k

YZ—OH,3-R02 Xkap+OH [o-pinene][OH]
kRo2 +NO [NO]+kR02 +HO, [HO, ]

[3-OH,8-RO, =

Eqgn. S(5)
unimolecular

135
[2-OH,3-RO, ]=

Eqn. S(6)

136 Substituting Eqn. S(5) and S(6) into the ratio between Eqn. S(1) and S(2), we get
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d[3-OH,8-ONO, |

dt _ BR; oi15.0n02 « [3-OH,8-RO, ]
d[2-OH,3-ONO, | BR, on30n0:  [2-OH,3-RO, ]
dt

_ BR3—OIL8—ON02 % Y3—OIL8—ROZ « kRoZ +NO [I\]()]"'k}<02+110Z [HO, ]
BRZ-OH,3-0N02 Yz-ox-x,s-Ro2 kRo2 +NO [NO]+kROZ +HO, [HO, 1K yimotecutar

Eqn. S(7)

The ROz unimolecular lifetime tunimotecular (defined in Eqn. S(8)) is a constant, but the instantaneous
RO2 bimolecular lifetime Tbimolecular,ins (defined in Eqn. S(9)) changes over the duration of

experiments due to varying [HO2] and [NO].

S S Eqn. S(8)

Tunimolecular k
unimolecular

Tbimolecular,ins = 1 Eqn S(9)
kRO2 +NO [NO]t[ +kROZ +HO, [Hoz ]t»

i

Substitute Eqn. S(8) and S(9) into Eqn. S(7), we get

d[3-OH,8-ONO ] 1
dt — BR}—OH,S—ONOZ x Y24—0H,8*R02 x Tbimolecular,ins
d[2-OH,3-ONO 2 ] BR, oi3.0n02 Y2-01-1,3-RoZ 1 + 1
dt Tbimolecular,ins Tunimo]ecular
= BR}-OH,S-ONOZ X Y3'0Hv8'ROZ X Tunimolecular Equ S(IO)
BR Y. T

2-OH,3-ONO2 2-OH,3-RO, unimolecular Tbimolccular,ins

By integrating Eqn. S(10) over the duration of the experiment, we get

A[3-OH,8-ONO, | BR3—OH,8—ONOZ y Y3-OH,8-ROZ % T

A[2-OH,3-ONO,] BR Y

unimolecular Eqn S(l 1)

unimolecular Tbimolecular

T

2-OH,3-ONO, 2-OH,3-RO,

where Thimolecular represents the average ROz bimolecular lifetime over the duration of the
A[3-OH,8-ONO, ]
A[2-OH,3-ONO, |

experiment. Thus, by plotting as a function of Tbimolecular, W€ can calculate

Tunimolecular, Which 1S 1/Kunimolecular. In the actual analysis, the sum of two structural isomers of the

ring-retained HNs (2-OH,3-ONO:2 and 3-OH,2-ONOQO) is used.

To calculate Toimolecular, We estimate the concentrations of NO and HO: from modified
Master Chemical Mechanims (MCM)*. The major modifications we make are (1) updating the
nitrate branching ratio based on measurements (Section S6) and (2) updating the ring-opening

fraction of activated alkyl radical based on RO-CCSD(T)-F12a/VDZ-F12//@B97X-D/aug-cc-
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pVTZ calculation (Section S5.3). We also include the unimolecular reactions of ring-opened ROx.
Because a myriad of products is produced from the unimolecular reactions, we assume the
unimolecular reactions of ring-opened RO: produce a generic ROz in the model. As this
assumption conserves the ROz concentration, unimolecular reactions have little effect on the NO

and HO:2 concentrations.

The measured concentrations of NO, hydrocarbon (a-pinene or B-pinene), and CH;:ONO
are used as initial concentrations in MCM. The measured spectral radiance of the chamber light is
input in MCM, but is adjusted until the modeled hydrocarbon decay agrees with measurements.
The modeled NO and HO2 concentrations over the course of photooxidation are used to calculate
Thimolecular,ins. AS the NO and HO: concentrations change over time, we calculate an average
Thimolecular Y Weighting the Toimolecular,ins by the instantaneous a-pinene consumption amount in each
simulation time step. The uncertainty in Timolecular 1S represented by the range of Thimolecular,ins from
the beginning to the end of photooxidation. As shown in Figure 2, the uncertainty increases with

longer Thimolecular.

For experiments with no initial NO injection (i.e., Experiments 6 and 13 in Table S 1), we
estimate the concentrations of NO and HO: by following the procedures in Crounse et al. and Teng
et al. ® In brief, the HO2 concentration is calculated from the measured production rate of H2O:
and rate coefficient for the HO2+HO2. The NO concentration is inferred from HO2 concentration
and the measured production rates of hydroxy nitrate and hydroxy hydroperoxides. The calculated
Thimolecular from this method are 3.8 s and 8.9 s for Experiments 6 and 13, respectively, which agree

well with the values estimated using MCM, which are 5.7 s and 9.5 s, respectively.

We also calculate Timolecular using the default nitrate branching ratio in MCM. Figure S 13
compares the Thimolecular calculated by using updated and default nitrate branching ratio. The
difference is negligible. This is mainly because NO concentration is close to its initial

concentration, as a result of small OH exposure in the experiments.
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S3. Computational approach
S3.1 Dipole moments and polarizabilities

Dipole moments and polarizabilities are calculated for (1) the 15 different hydroxy nitrates formed
by addition of OH, Oz and subsequently NO to a-pinene and B-pinene (Table S 2); (2) the 15
different hydroxy hydroperoxides formed by addition of OH, Oz and reaction with HO2 to a-pinene
and B-pinene (Table S 3); (3) glycolaldehyde used as a calibration reference and endoperoxide

ketoaldehyde (P2 in Scheme 3) formed later in the a-pinene oxidation (Table S 4).

The dipole moments and polarizabilities are calculated using an approach previously
employed 7. Briefly, the structures are drawn and a conformational sampling is carried out using
MMFF in Spartan *14 16 All resulting structures are optimized at the B3LYP/6-31+G(d) level

3 1722 with default convergence criteria and integration grid. All unique

in Gaussian 16, rev. A.0
structures within 15 kJ/mol in electronic energy of the lowest-energy conformer are further
optimized using B3LYP/cc-pVTZ . The average dipole moment of each structure is calculated
as a Boltzmann weighted average of the conformers at 298 K. The polarizability is calculated only
for the lowest-energy conformer of each isomer, as it varies by less than 3% between conformers
of the same compound. The calculated CIMS sensitivities of a few test compounds using the

augmented aug-cc-pVTZ basis set change by less than 4 % compared to the values obtained using

cc-pVTZ, see Table S 5.
S5.2 The rate coefficients of unimolecular reactions

The rate coefficients of the unimolecular reactions of the peroxy radicals are calculated using the
approach by Moller et al. ? For the reactant and transition state, a conformational sampling is
carried out in Spartan’14 or *16 using MMFF with a neutral charge enforced on the radical center
10-16.25 " For the reactant, the input is a geometry simply drawn. For the transition state, the
conformational sampling is preceded by an optimization using B3LYP/6-31+G(d) in Gaussian 16,
rev. A.03, which is then used as input for the conformer search '7-?2. Furthermore, during the
conformational sampling of the transition state, three bond lengths are constrained to the values
from the optimized TS: For the H-shifts, the peroxy O-O length, the O---H length and the H---C
(or H--O) length and for the endoperoxide formations, the peroxy O-O length, the length of the
O--C bond forming and the length of the C-C bond going from a double to a single bond ?*. The

structures resulting from the conformer searches are optimized using B3LYP/6-31+G(d) in
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Gaussian 16. For the transition states, the free transition state optimization is preceded by a
constrained optimization using the same constraints as for the conformational sampling.
Conformers within 1-10 hartree and 1.5:10 D in energy and dipole moment, respectively, of
each other are identified as duplicates and only one is kept.?* All unique conformers with electronic
energies within 2 kcal/mol of the lowest-energy conformer are further optimized at the ®B97X-
D/aug-cc-pVTZ level of theory 2*2¢27 In Mpiller et al., a cut-off based on electronic energy at this
level was found to be suitable.

For the lowest-energy conformer (based on electronic plus zero-point vibrational energy
(ZPVE)) at this level, an RO-CCSD(T)-F12a/VDZ-F12//0B97X-D/aug-cc-pVTZ (abbreviated
F12) single-point calculation is done using Molpro 2012 2834, This has not been done for H-shifts
that abstract from an OH group, and thus the rate coefficients for these are expected to have a
slightly higher uncertainty. All F12 calculations have T1 values lower than 0.025, which is well
below the value of 0.04 generally accepted for open-shell systems®>=. For the reactions of Al,
Gaussian 09, rev. D.01 was used instead of Gaussian 16, but the approach was otherwise identical.
For both the calculations in Gaussian 09 and 16, the default convergence criteria were used along
with the ultrafine integration grid, which is the default in Gaussian 16. In Moller et al., it was found
that the default optimization convergence criteria in Gaussian 09 yielded rate coefficients within
1 % of those obtained using “opt=verytight”.

From the B3LYP/6-31+G(d) optimized TS structure of the conformer corresponding to the
lowest-energy conformer (based on electronic plus ZPVE) at the ®B97X-D/aug-cc-pVTZ level,
an IRC is calculated at the B3LYP/6-31+G(d) level using the “calcall” keyword. The IRC end-
points are optimized first using B3LYP/6-31+G(d) and subsequently using «B97X-D/aug-cc-
pVTZ. Finally, an F12 single-point calculation is done. Eckart tunneling coefficients are calculated
in MATLAB R2016b using barrier heights with F12 electronic energies and ®B97X-D/aug-cc-
pVTZ ZPVE and the imaginary frequency of the TS calculated using ®B97X-D/aug-cc-pVTZ 3%
39

Reaction rate coefficients, k, are calculated using multi-conformer transition state theory

(MC-TST) 24, 40-42:

o AUTS conf. exp(—k—E;')QTsi Ers—ER
k=Kx—=—- 75 " ExXp (_ —) Fan 5(12)

h AlLR conf. _ G5 kgT
Z] exp( kBT)QTSj
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where kg is the Boltzmann constant, 7 is the absolute temperature, % is Planck’s constant, the sums
are over all transition state and reactant conformers, respectively and sum their partition functions
(Q) Boltzmann weighted by their energy calculated relative to the lowest-energy conformer. The
final term has the energy difference between the lowest-energy TS and reactant conformers, the
barrier height. The barrier heights are calculated using F12 electronic energies with ®B97X-D/aug-
cc-pVTZ ZPVE and ®B97X-D/aug-cc-pVTZ is used for the partition functions and relative energy
between conformers. The partition functions are calculated using the harmonic oscillator rigid
rotor approximation. All reaction rate coefficients are calculated at 298.15 K. Rate coefficients

calculated at this level are given in Table S 6 and Table S 7.

Rate coefficients calculated similarly, but using ®B97X-D/aug-cc-pVTZ for all values
including the electronic energy are given in Table S 8 and Table S 9. The rate coefficients of three
unimolecular channels (i.e., 1,5 H-shift, 1,6 H-shift, and 6-membered endoperoxide formation) of

Al using ®B97X-D/aug-cc-pVTZ were reported in Berndt et al. 43

As an approach for eliminating slow reactions, MC-TST reaction rate coefficients were
calculated following the B3LYP/6-31+G(d) calculations for all reactions (Table S 10 and Table S
11). For these reactions, tunneling was estimated from the barrier height (energy difference
between lowest-energy reactant and TS conformers) and assuming a thermoneutral reaction (i.e. a
symmetrical barrier) *. The Eckart tunneling coefficient is thus calculated with same forward and
reverse barriers, which are equal to the reaction barrier and the imaginary frequency of the lowest-
energy (E<+ZPVE) conformer at the B3LYP/6-31+G(d) level. Compared to the more formally
correct approach of using the IRC end-points for the tunneling barriers, this is expected to represent
an upper limit for the Eckart tunneling correction (with a given imaginary frequency) 2*. Firstly,
the reaction barrier is the upper limit for the forward Eckart barrier and likely the IRC connects to
a higher-energy reactant conformer 2%, Secondly, the peroxy radical H-shift reactions are generally
energetically uphill, which means that the reverse IRC barrier is usually lower than the forward.
For the unimolecular reactions of B5 (the ring-opened B-pinene hydroxy peroxy radical), we show
that the Eckart tunneling coefficients calculated using this approach do indeed represent upper
limits for the B3LYP Eckart tunneling coefficient, see Table S 12. The use of upper limit tunneling
coefficients for the MC-TST B3LYP reaction rate coefficients allows to more confidently

eliminate slow reactions at this level. Reactions with rate coefficients below 5-107 s™! were not
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considered at a higher level. However, for a few reactions with rate coefficient below this value,
higher-level reaction rate coefficients were calculated to validate the value of the cut-off.

S5.3 Calculations on the ring-opening fraction of hydroxy alkyl radicals

Conformational sampling and subsequent computational steps were done as described in the
approach by Moller et al. (see above) 2* using Gaussian 09 for the DFT calculations. For the RRKM
simulations, the electronic energy of the species important for the simulation (the free reactants,
the hydroxy alkyl radicals and the ring-opening TS) are calculated using RO-CCSD(T)-
F12a/VDZ-F12//@B97X-D/aug-cc-pVTZ (abbreviated F12) while all other values are calculated
using ®B97X-D/aug-cc-pVTZ. For reference, the canonical (for the species without excess energy)
MC-TST reaction rate coefficients for the ring-opening reactions are also calculated using the
approach described above (but these values are not used in the simulation). The canonical MC-
TST reaction rate coefficients do not include a tunneling correction due to the large mass being
transferred (tunneling coefficient estimated to be less than a factor of 2). The Eckart tunneling

correction is used in the simulations.

RRKM modelling is done using the Master Equation Solver for Multi-Energy well
Reactions (MESMER) for the lowest-energy conformers (MESMER uses only a single

conformer)®. For the simulations, the following parameters are used:

e k(a-pinene + OH, 300 K) = 6.08 - 107! cm™ molecule! s , 46

e k(B-pinene + OH, 300 K) = 7.72 - 107! cm™ molecule! s! , 4

e [OH]=1"10° molecules cm™ corresponding to the estimated global average value.

e k(R+02)=14"-10"12 cm™ molecule™ s #’. This is the value for cyclohexanyl + Oz and
corresponds to a pseudo-first order rate coefficient of 7.2 - 107 s~1. The exact rate of this
addition is not important for the simulation, as long as it is significantly faster than the rate
of ring-opening for the thermalized radicals (10%-10° s™!, see Table S 15) and slower than
the excess energy reaction (~10' s71) 45,

e Exponential energy decay with energy transfer per collision (AEdown) = 225 cm™'. This
value is based on values for similar simulations with N2 as the bath gas 4.

e Lennard-Jones parameters for the pinene-derived species: 6 = 6.5 A, e/k» = 600 *°.

e Bath gas=N2(c=3.919 A, e/kn = 91.85) 3!

e P=760Torr, T=298.15 K
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e Grain size = 100 cm™ and energy grain span above the highest stationary point = 50ksT.

The system being modelled is illustrated for B-pinene in Figure S 14 for exemplification.
As can be seen, the hydroxy alkyl radical is formed with almost 30 kcal/mol excess energy and the
barrier for ring-opening is about 13 kcal/mol. As shown in Table S 15, the energetics are very
similar for all three systems. As expected from the comparable energetics of the three systems, the
calculated amount modelled to ring open is very similar for all three at around 30-50 % (Table S
15). The difference between a-pinene and B-pinene is within the uncertainty of the modelling.
Very similar results are obtained when all values are calculated using ®B97X-D/aug-cc-pVTZ
(Table S 16), but with slightly higher barriers leading to slightly lower yields of the ring-opened
product.

To assess the sensitivity of the model, the analysis was redone for the systems where the
barrier for ring-opening had either been decreased or increased by 1 kcal/mol. As shown in Table
S 17, this roughly changes the fraction ring-opening by a factor of two in either direction. We also
test the sensitivity of the model towards the energy being transferred per collision (AEdown), as
shown in Table S 18. The results in the table confirm that the ring-opening is driven by the excess
energy in the hydroxy alkyl radical, as decreasing the energy transfer per collision increases the

yield of ring-opened product and vice versa.
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S4. Kinetic box model to simulate the relationship between the (ring-opened HN):(ring-

retained HNs) ratio and RO; lifetimes

To obtain the distribution of HN isomers under certain Thimolecular, We solve the time-dependent set
of ordinary differential equations (ODESs) for the following systems, which include the oxidation

reactions of a-pinene depicted in Scheme 1.

d[a-pinene] _

o =k, o X[ @-pinene]x[OH]

w =Y, 01130, Kapson [@-pinene]x[OH]-ky, .0 [2-OH,3-RO, ]¥[NO]

w =Y o11.2.r0, “Kepron [@-pinene]x[OH]-ky, .0 [3-OH,2-RO, ]*[NO]

w =Y, 050, *Kopon[@-pinene]x[OH]-kpq .o [3-OH,8-RO, [X[NOT-K ;1 iccuier [3-OH,8-RO, ]
d[2-0H,d3t-0NOz L_BR, o113 o0, ko, mo[2-OH.3-RO, ]x[NO]

d[3-OH,dzt-ON02 ] =BR, 011.0n0, “Kzo, o [3-OH,2-RO, ]X[NO]

d[3-OI_LdSt-OI\IO2 . =BR; 611 5.0n0, “Kro, n0[3-OH,8-RO, ]X[NO]

The symbols have the same meaning as those in section S2. To achieve the same OH exposure as
experiments, we assume a constant OH concentration (2x10° molec c¢cm™) and interval of
integration (1000 s). Our procedure to obtain the optimized Kunimolecular is the following. First, by
solving the set of ODEs under fixed NO concentration and Kunimolecular, We obtain the (ring-opened
HN):(ring-retained HNs) ratio at fixed Tbimolecular and Kunimolecular. Second, under a fixed kunimolecular
but varying NO concentration, we obtain the relationship between (ring-opened HN):(ring-
retained HNs) ratio and Tvimolecular. Third, we vary Kunimolecular to obtain different relationships
between (ring-opened HN):(ring-retained HNSs) ratio and Tbimolecular. Finally, we compare the
simulated relationships under varying Kunimolecular With measurements to determine the optimized
Kunimolecular. We determine the upper and lower bounds of the Kunimolecular in @ way that 80% of the
experimental data points are placed on the same side of the simulated curve. The upper and lower
bounds are used to calculate the average and the uncertainty range of Kunimolecular assuming

symmetric uncertainties.
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S5. Yields of a-pinene and B-pinene hydroxy nitrates

We estimate the instrumental sensitivity (cx) towards HNs based on the ion-molecular collision
rate coefficients (kx). The rate coefficients are calculated from the dipole moment (n) and
polarizability (o)) using the empirical approach developed by Su et al. *2. The p and o for all 10 a-
pinene HN isomers and 5 B-pinene HNs are calculated using Density Function Theory (DFT)
B3LYP/cc-pVTZ (Section S3.1) and are listed in Table S 2.

We relate the kx to cx by using glycoaldehyde as a calibration reference

k

— X
¢, = X Cglycoaldehyde

kglycoaldehyde

where Kglycoaldehyde is 2.0x10™ ¢m? molec™ s! using the empirical approach by Su et al. 3 and
Calycoaldehyde is experimentally determined to be 1.5%10* ncts pptv'! where ncts (normalized counts)

is the observed ion count rate divided by the sum of the count rates for '*CF30" and *CF30™-H2O.

The signal of an individual HN isomer is calculated by multiplying the total signal of all
HNs during direct sampling by the corresponding GC fractional abundances. Isomer-specific
sensitivity is applied to convert the signal to mixing ratio. The molar yield of a HN isomer is the
change in HN concentration over the consumed parent hydrocarbon. The overall yield of all HN
isomers is the summation over all individual isomers. We quantify the overall yields of HN to be
3.3+1.5% and 6.4+2.1% for a-pinene and B-pinene, respectively. The mean value is obtained from
the average of five experiments with initial NO concentration above 1000 ppbv. The uncertainty
is calculated by propagating the standard deviations of HN yields from five experiments (15% for
a-pinene and 6% for PB-pinene), the instrumental sensitivity uncertainty (~30%), initial
hydrocarbon concentration uncertainty (~10%), secondary loss (~5%), and vapor wall loss (~2%).
The secondary loss of HN by reaction with OH * is negligible (<5%) because of the low OH
exposure in the experiments (roughly 2x10° and 1x10° molecules cm™ s for a-pinene and B-pinene
experiments, respectively). The measured wall loss rate constant for HN is 1x107 s™!. In 30 min
(i.e., the oxidation time in experiments to quantify the hydroxy nitrate yield), 2% of gas-phase
hydroxy nitrate is lost to wall. To evaluate the sample loss in the 2 m Teflon sampling line, we
increased the sampling flow rate from 1 LPM to 2 LPM. No discernable change in hydroxy nitrate

concentration was observed, suggesting negligible loss in sampling line.
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We note that the overall yield reported here only accounts for the first generation gas phase
HNs. Considering that less than 10 ppbv hydrocarbon is oxidized, the fraction of HNs in the
particle phase is expected to be small. According to Eddingsaas et al. >* who used similar initial o-
pinene concentration as our study, the SOA yield is ~5% when OH exposure is ~2x10° molec cm®
3s. Thus, roughly 3 pg m™ SOA is produced from the oxidation of 10 ppbv a-pinene. Bean et al.
reported that when OA concentration is below 40 pg m >, only 5-10% of a-pinene organic nitrates
are expected to partition to the particle phase *. Therefore, the effect of gas/particle partitioning
on our measured HNs yield is within 10%. To further test the effect of gas/particle partitioning on
the gas phase HN yields, we perform experiments with ~300ppbv initial VOC and oxidize
~30ppbv VOC to keep the OH exposure the same as low VOC experiments. The HNs yields are
not statistically significant between high and low VOC experiments (3.2+1.5% when Aa-pinene <
10 ppbv vs. 3.4+1.5% when Aa-pinene = ~30ppbv; 6.3+2.1% when AB-pinene < 10ppbv vs.
6.9+£2.3% when AB-pinene = ~30ppbv), suggesting a minor effect of gas/particle partitioning on
HNs yield. From the high vs. low VOC experiments, we also find that the gas/particle partitioning
has small effect on the distribution of HN isomers (Figure S 15).

In a-pinene short Thimolecular €Xperiments, we observe CIMS signals at a number of even
masses (Table S 20). If we assume that the compounds appearing at even mass are nitrogen-
containing organic compounds and assume that these compounds have the same sensitivity as the
average of all a-pinene hydroxy nitrate isomers, we estimate an overall yield of organic nitrates to
be 9%. This roughly estimated yield is half of the total nitrates yield quantified by FT-IR in an
earlier study (18%+9%) >°. However, we note that the alkyl nitrates produced from OH abstraction
channel are detected by FTIR, but not by CF30™ CIMS, which partly contributes to the discrepancy.
The uncertainties in instrumental sensitivity also can largely influence the comparison. Following
the same analysis as a-pinene, the overall yield of organic nitrates is estimated to be 11% for -

pinene.
S6. Discussion of branching ratios and associated uncertainties in a-pinene oxidation.

The formation pathway of a-pinene HNs and co-products is shown in Scheme S 7. The branching
ratio for each reaction step is discussed below. BR in this study is defined as the ratio of the rate
constant for a particular product of a reaction to the rate constant for the total set of possible

products®’.
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1) BRon add represents the fraction of a-pinene + OH that proceeds via addition to the double
bond. Early theoretical studies estimate that BRomn add is 90% based on structure-activity
relationships >%°.

2) BRon less_sub represents the fraction of OH adding onto the less-substituted olefinic carbon.
BRoH Iess subis equivalent to BRadd ¢3 in Scheme S 7 and BRadd 1 in Scheme S 8. These ratios have
not been experimentally constrained. The OH addition branching ratio for 2-methyl 2-butene,
which shares a similar substitutions around the C-C double bond with a-pinene, though does not
have the rigid constraints of a ring structure, is 69% : 31% as experimentally constrained in Teng
et al. > However, Peeters et al. suggested that the bicyclic ring structure may affect the substitution
effect and hence conjectured the branching ratio as 50% : 50%.

3) BRuring-open represents the ring-opening fraction of activated alkyl radicals. BRring-open has

1.58 and our theoretical calculations

been extensively discussed in the main text. In brief, Peeters et a
(F12 level) suggest BRuing-open to be 50% and 32%, respectively for 3-OH,2-Re from a-pinene +
OH.

4) BRronoz represents the nitrate branching ratio of ROz reaction with NO to form RONO:z
BRronoz is shown as “BR1-3” in Scheme S 7). An estimate of BRrono2 for each ROz isomer can
be calculated from the measured yield of corresponding HN isomer and the branching ratios for
each step along HN formation pathway. Using 50% as the BRadda_c2 (from Peeters et al. °®) and 32%
as the BRuing-open (from our theoretical calculation), we calculate that the BRronoz2 1s 3.1%, 0.7%,
and 10.8% for a-pinene 2-OH,3-R0O2, 3-OH,2-R0Oz2, and 3-OH,8-ROz, respectively. Using the same
approach, we estimate that the BRrono2 is 15.9%, 10.2%, and 1.7% for B-pinene 2-OH,1-RO2, 1-
OH,2-R0Oz, and 1-OH,8-ROz, respectively. The widely ranging BRrono2 for RO with similar
structures is surprising and may indicate errors in the calculated branching ratios. For example,
BRrono2 of a-pinene ring-opened peroxy radical, 3-OH,8-ROz2 (10.8%), is six times larger than
that of B-pinene ring-opened peroxy radical, 1-OH,8-RO2 (1.7%).

Considering the large uncertainties in the above branching ratios, we suggest an alternative
constraint on them based on measured yield of hydroxy nitrate isomers. We assume that the ring-
opened tertiary ROz of both o-pinene and B-pinene have the same BRrono2 (denoted as
“BRRONO2sing-open ). This assumption is reasonable as the ring-opened RO2 of both terpenes share
very similar structure (i.e., tertiary ROz in the -C(CH3)200 group). Further, we assume that all the
B-hydroxy ROz have the same BRrono2 (denoted as “BRronozp-on ), following study by Teng et

S17



427
428

429

430

431

432

433

434

435
436
437
438
439

440

441

442

443

444

445

446
447
448
449

450

451

452

al.% Based on these two assumptions, we can express the yields of six hydroxy nitrate isomers (a-

pinene and B-pinene combined) by propagating the branching ratio of each step as shown below,
Y o-pinene 3-0H,8-0N02 = BROH add X BRadd ¢3 X BRa-pinene,ring-open X BRRONO2 ring-open

Y o-pinene 3-0H,2-0NO2 = BROH add X BRadd ¢3 % (1- BRo-pinene,ring-open) X BRrONO2,-0H

Y o-pinene 2-0H,3-0NO2 = BROH add X (1-BRadd_c3) X BRrONO2,g-0H

YB-pinene 1-OH,8-ONO2 = BROHiadd X BRaddﬁCl X BRB—pinene,ring—open X BRRONOZ,ring—open

Y B-pinene 1-0H,2-0N02 = BRoOH add X BRadd c1 % (1-BRg-pinene ring-open) X BRrONO2,-0H

Y B-pinene 2-0H,1-0N02 = BROH add X (1-BRadd c1) X BRrONO2,g-0H

BRoH add is 0.9 as discussed above. BRadd ¢3 and BRadd ¢1 represent the branching ratio of OH
adding onto C3 and C1 in a-pinene and B-pinene, respectively. The yield of each hydroxy nitrate
isomer is measured in this study. BRadd ¢3, BRadd c1, BRo-pinene,ring-open, BRp-pinene.ring-open, BRRONO2,p-
oH, and BRrONO2 ring-open are unknowns. By solving the system of equations (six equations and six

unknowns), we find that
BRadd ¢33 =0.83,
BRadd c1=10.88,
BRo-pinene ring-open = 0.97,
BRg-pinene,ring-open = 0.34,
BRrono2,g-on=0.092,
BRRONO2,ring-open = 0.022.

To evaluate how the assumption on BRrono2 affects the BRring-open, We extend the approach
by implementing different constraints on BRrono2. For example, we assume that the ratio of
BRrono2 for tertiary, secondary, and primary B-hydroxy RO2is 1.25: 1: 0.75 as suggested by

Wennberg et al.®*. Now, the system contains eight equations and eight unknowns, as shown below.
Y o-pinene 3-0H,8-0N02 = BROH add X BRadd ¢3 X BRa-pinene,ring-open X BRRONO2 ring-open
Y o-pinene 3-0H,2-0N02 = BROH add X BRadd_¢3 % (1— BRa-pinene,ring-open) x BRrRONO2,p-OH,3rd

Y o-pinene 2-0H,3-0NO2 = BROH add X (1-BRadd_c3) X BRrRONO2,§-0H,2nd
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Y B-pinene 1-0H,8-0N02 = BROH add X BRadd_c1 % BRp-pinene,ring-open X BRRONO2,ring-open

Y B-pinene 1-0H,2-0N02 = BROH add X BRadd c1 X (1-BRp-pinene ring-open) X BRRONO2,8-0H,3rd
Y B-pinene 2-0H,1-0N02 = BROH add X (1-BRadd c1) X BRrRONO2,g-0H, 15t

BRRronoO2,g-0H,1st= 0.75 X BRRONO2,§-0H,2nd

BRRroNoO2,g-0H,3rd = 1.25 X BRRONO2,$-0H,2nd

where BRrono2,g-0H,1st, BRRONO2,g-0H,2nd, BRRONO2,g-OH,3rd Tepresents the BRrono2 for primary,
secondary, and tertiary B-hydroxy ROz, respectively. Other symbols have the same meaning as in

previous equations.
By solving the new system of equations, we find that
BRadd ¢3=0.81,
BRadd c1=10.82,
BRo-pinene ring-open = 0.97,
BRg-pinene,ring-open = 0.36,
BRRONO2,ring-open = 0.023,
BRroNo2,g-0H,15t= 0.061,
BRRroNO2,-0H,2nd = 0.082,
BRroNo2,g-0H,3rd = 0.10.

Different assumptions have minor effect on BRring-open. More importantly, the BRo-pinene,ring-
open and BRg-pinene ring-open are substantially different from the theoretical calculations. This has been

discussed in the main text.

From the above calculation, we find that BRrono2,-0on,3rd 1S about four times larger than
BRRroNO2 ring-open. This result is consistent with experimentally observed products distribution in -

pinene system. From Figure 4b, it can be inferred that

yield of endoperoxide hydroxy nitrate (C,yH;7NOg) at Tpimolecular = 10 S

yield of ring — opened hydroxy nitrate (C;oH;7,NO,) at Thimolecular = 0.001s
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At Thimolecular = 10 s, unimolecular reaction dominates the fate of B-pinene ring-opened ROz, roughly
70% of which undergoes endo-cyclization, based on our theoretical calculations (Scheme 2C).

This suggests that

yield of endoperoxide hydroxy RO, (C;oH170s) at Tpimolecular = 10 s

=0.7
yield of ring — opened RO, (C;yH;1703) at Tpimolecular = 0.001 s

At Thimolecular = 10 s, roughly 56% of endoperoxide hydroxy ROz reacts with NO, based on MCM
simulation. At Toimolecular = 0.001 s, nearly 100% of ring-opened ROz is expected to react with NO.

Therefore,

fraction of C;yH1705 + NO at Tyimolecutar = 10's

= 0.56
fI‘aCtion Of 610H1703 + NO at Thimolecular — 0.001s
Combining the above three ratios, we estimate that
BRgono2 of endoperoxide hydroxy RO, (C10H1705) 2 _c1
BRRONOZ hydrOXy ROZ (610H1703) B 0.7 x 0.56 o

As endoperoxide hydroxy RO:2 and ring-retained hydroxy ROz share similar structure (i.e., p-
hydroxy RO: with two rings), we expect they have similar BRrono2. Thus, we infer BRrRonoO2,p-
oH,3rd/ BRRONO2,ring-open to be 5.1, which is close to the ratio, 4.3, found by solving the system of

equations.

5) BRacetone represents the branching ratio to form acetone. This branching ratio is calculated
to be nearly zero as an earlier theoretical study suggested that the endo-cyclization has an energy
barrier about 3.6 kcal mol™! lower than that of acetone elimination®'.

6) The B-hydroxy alkoxy radicals (R2 and R3 in Scheme S 7) can undergo either H-shift or
ring-opening. Peeters et al. assumed that 87.5% of the R2 and R3 would undergo ring-opening and
subsequently produce pinonaldehyde. Our MC-TST calculations, however, suggest that H-shift of
some R2 isomers can be competitive with its ring-opening reaction. F12 level of theory calculates
that for the A3 and A9 (in Scheme S 2) derived alkoxy radical, the 1,5 H-shift from the methyl
group (i.e., C9 points towards the ring and towards the alkoxy radical) to the alkoxy group proceeds
at a rate of 1.9x10% s’ (Table S 19). The H-shift channel is estimated to account for 35% of the
fate of these alkoxy radicals. We note that the H-shift reaction is possible only for the isomers
which have the alkoxy radical on the same side of the ring as the two methyl groups on the four-

membered ring (i.e., A3, A5, A7, and A9 derived alkoxy radical). The H-shift from CH2 group to
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alkoxy radical may also be important, but not examined yet. Therefore, the branching ratios of R2
and R3 warrant future investigation.

7) The a-hydroxyalkylperoxy radical (R5 and R6 in Scheme S7) can undergo either thermal
decomposition to produce pinonaldehyde or reaction with NO. Peeters et al. estimated thermal
decomposition rate to be ~ 2000 s at room temperature, making this reaction the dominant fate
of a-hydroxyalkylperoxy in the atmosphere. However, Peeters et al. argued that in some laboratory
studies where NO concentrations are of the order of 10-100 ppm, a significant fraction of a-
hydroxyalkylperoxy would react with NO and lower the pinonaldehyde yield. The calculated
pinonaldehyde yield is 35.7% under “laboratory conditions” (where 60% of a-hydroxyalkylperoxy
undergoes thermal decomposition) and 59.5% under “ambient conditions” (where 100% of a-
hydroxyalkylperoxy undergoes thermal decomposition). However, many laboratory studies have
been performed under conditions close to “ambient conditions” and yet report much lower
pinonaldehyde yields than the calculation. For example, Aschmann et al. quantified pinonaldehyde
yield where initial NO concentration was 200 ppbv®2. Using 9.15x1071?s™! as the RO2+NO reaction
rate coefficient (from MCM), roughly 98% of a-hydroxyalkylperoxy in the Aschmann et al. study
undergoes thermal decomposition, a condition similar to “ambient condition” reported in Peeters
et al. However, the measured yield is 28+5%, roughly a factor of two lower than that calculated in
Peeters et al. Similarly, Wisthaler et al. measured the pinonaldehyde yield to be 34+9% when
initial NO is in the range of 1-2ppm (i.e., ~90% of a-hydroxyalkylperoxy undergoes thermal
decomposition)®. Therefore, the pinionaldehyde yield calculated in Peeters et al. is likely over-

estimated.
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Scheme S 1. The simplified oxidation mechanism of B-pinene + OH. Each structural isomer of
ROz and hydroxy nitrate has multiple diastereoisomers, which are shown in Scheme S 2. The
RO+NO: produced from RO2+NO reactions are not included in the scheme for clarity.
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approach by Moller et al. ?*. There are a number of potential reactions pathways not included in
the scheme. ®B97X-D/aug-cc-pVTZ barrier heights suggest suggest that the major decomposition
pathway of R1 in this scheme is towards the —OO group (Table S 14).
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Scheme S 7. The simplified formation mechanism of hydroxy nitrates and co-products for a-pinene.
The numbers marked green are from computational calculations. The numbers marked blue are
experimentally constrained in this study or in the literature. The NO2 produced from RO2+NO is
not shown in the scheme. The branching ratios of the following steps are discussed in the section
S6. (1) BRu abs and BRown add refer to the branching ratios of a-pinene reaction with OH via H
abstraction and OH addition, respectively. (2) BRadd_c2 and BRadd_c3 refer to the branching ratios
that OH addition to C2 and C3, respectively. (3) BRuing-open refers to the ring-opening fraction of
alkyl radical. (4) “BR” refers to the nitrate branching ratio. (5) BRacetone refers to the branching
ratio to form acetone. (6) “H-shift” and “ring-open” refer to the H-shift and ring-opening of R2
and R3. (7) “thermal decomp” and “+NO” refer to thermal decomposition and reaction with NO
for RS and R6.
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Scheme S 8. The simplified formation mechanism of hydroxy nitrates and co-products for B-pinene.
The numbers marked green are from computational calculations. The numbers marked blue are
experimentally constrained in this study or in the literature. The NO2 produced from RO2+NO is
not shown in the scheme. BRu abs and BRowu add refer to the branching ratios of B-pinene reaction
with OH via H abstraction and OH addition, respectively. BRadd c1 and BRadd c2 refer to the
branching ratios that OH addition to C1 and C2, respectively. BRring-open refers to the ring-opening
fraction of alkyl radical. “BR” refers to the nitrate branching ratio (Table S 21). BRacetone refers to
the branching ratio to form acetone. BRnop refers to the branching ratio to form nopinone.
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580  Figure S 1. The effects of adding O3 on the distribution of (a) a-pinene and (b) B-pinene hydroxy
581  nitrates. The black lines are the GC temperature.
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Figure S 2. The distributions of (a) a-pinene and (b) B-pinene hydroxy nitrates from OH oxidation
and NOs oxidation. The black lines indicate the GC temperature.
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Figure S 4. The summed yield of two structural isomers of ring-retained hydroxy nitrates of (a) a-
pinene and (b) B-pinene as a function of RO2 bimolecular lifetime. The ratio between two structural
isomers of ring-retained HNs (e.g., a-pinene 2-OH,3-ONO2/3-OH,2-ONO2) does not change with
Thimolecular (Shown in Figure 1). For experiments with Toimolecular longer than 1 s, the yield is corrected
by the fraction of ROz that reacts with NO, which is estimated from MCM as described in Section
S2.
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Figure S 5. Lowest-energy TS conformer for the 1,5 (left) and 1,6 (right) H-shift forming an allyl
radical in the ring-opened anti a-pinene peroxy radical (a-pinene anti 3-OH,8-RO2). The structures
are optimized at the ®B97X-D/aug-cc-pVTZ level of theory. The same is observed in the syn a-
pinene 3-OH,8RO2 and B-pinene 1-OH,8-RO2 systems.
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Figure S 6. The lowest-energy conformers of the TS for formation of the 6-membered
endoperoxide in (a) a-pinene anti 3-OH,8-ROz2; (b) a-pinene syn 3-OH,8-RO: and (c) B-pinene 1-
OH,8-ROz. Green halos indicate that atoms are involved in the hydrogen bond-like interaction.
Blue halos are used when no such interaction exists. We calculated (F12 electronic energy with
©B97X-D/aug-cc-pVTZ zero-point energy correction) that the barrier for ring closure is 2.5
kcal/mol larger for a-pinene anti 3-OH,8-ROz than syn conformer. The different H-bonding for a-
pinene anti vs. syn 3-OH,8-RO: has previously been proposed by Vereecken et al. !, with a
calculated barrier difference (B3LYP) of ~2 kcal/mol between anti and syn.
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Figure S 7. The effects of adding O3 on the m/z 332 from the a-pinene photooxidation. The black
lines are the GC temperature. Note the GC column flow is 7 sccm in this experiment, instead of 5
sccm in other experiments. 2.5 ppmv O3 is added to the chamber after the photooxidation. GC is
taken 1 hr after adding Os.
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Figure S 9. GC chromatogram of m/z 269 in three a-pinene photooxidation experiments with
different ROz bimolecular lifetime. The signal is normalized by that of ring-retained HNs. The last
peak in the chromatogram is tentatively assigned to peroxide ketone (P7 in Scheme 3), mainly
because its signal increases with RO2 bimolecular lifetime.
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Figure S 10. The distributions of (a) a-pinene and (b) B-pinene hydroxyl nitrates using 5 m GC
column. The black lines indicate the GC temperature. a-pinene hydroxy nitrate diastereomers still
do not appear to be separated using the 5 m GC. Assignment of the ring-retained isomers is
speculative.
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Figure S 16. Structures of a-pinene (left) and the ring-opened a-pinene peroxy radical (right) with
atom labeling of the carbon atoms used to define the unimolecular reactions.
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Figure S 17. Structures of B-pinene (left) and the ring-opened B-pinene peroxy radical (right) with
atom labeling of the carbon atoms used to define the unimolecular reactions.
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678

679
680

Table S 1. Experimental Conditions.

oe Expt Initial Concentration (ppbv) O’fli_ ? ri[eion R\e/aoctced 9OH exposuri
No. | vVOC | CH3ONO | NO | NO: (min) Conc. | (10” molecxcm™xs)
(ppbv)
1 73.6 68.9 42.6 | 0.0 3.0 6.3 1.7
2 | 108.0 60.2 19.8 | 0.0 2.5 4.7 0.8
3 66.2 69.2 152 | 7.4 2.6 5.4 1.6
4 | 66.1 62.3 5.4 29 5.0 3.0 0.9
_ 5 77.6 54.8 119 | 3.1 4.6 9.0 23
PPIERE T 6 1577 | 699 00 | 00| 110 7.8 2.7
7 | 86.1 70.0 166.8 | 0.0 6.0 7.0 1.6
8 |82.11 68.0 320.5 | 0.0 10.0 8.4 2.0
9 | 66.9 75.5 1100.1 | 0.0 30.0 7.4 22
10 | 75.8 68.2 2241.5 | 94.9 15.0 7.1 1.8
11 | 80.5 72.3 109.1 | 0.0 4.5 7.0 1.7
12 |100.2 71.3 479.1 | 0.0 12.0 9.4 1.2
13 1263 76.5 0.0 0.0 20.0 5.2 0.5
14 | 945 71.4 152 | 0.0 4.0 5.4 0.7
15 | 109.1 75.4 80.6 | 0.0 5.0 8.0 1.0
, 16 | 96.5 67.6 38.0 | 0.0 5.0 7.9 1.1
B-pinene
17 | 99.7 68.9 168.9 | 0.0 7.0 5.5 0.7
18 | 73.6 77.2 3414 | 0.0 7.5 6.9 1.2
19 | 73.7 76.4 522 | 0.0 4.0 7.5 1.4
20 | 85.9 75.0 1253.1| 0.0 20.0 9.0 1.4
21 | 69.6 115.4 2773.0 | 0.0 20.0 6.5 1.2
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686
687

Table S 2. Boltzmann averaged dipole moments (i) and lowest-energy conformer polarizability
(o) and derived collision rate (k) and CIMS sensitivity (¢) of a-pinene (AN1-AN10) and B-pinene
(BN1-BN5) hydroxy nitrate isomers. The structures of hydroxy nitrate isomers are shown in
Scheme S 2. Dipole moments and polarizabilities are calculated at the B3LYP/cc-pVTZ level of
theory.

Isomer Dipole Polarizabilit Collision rate Sensitivity

symbol moment p(D) y o (A%) k (10 cm® molec s) | ¢ (10 ncts pptv'!)
ANI1 3.5 21 2.6 2.0
AN2 3.5 20 2.6 1.9
AN3 2.8 20 2.2 1.7
AN4 34 20 2.5 1.9
ANS5 2.9 20 2.3 1.7
ANG6 2.8 20 2.2 1.7
AN7 2.7 20 2.2 1.6
ANS 3.0 20 2.3 1.8
AN9 3.2 20 2.4 1.8
ANI0 34 21 2.5 1.9
BNI1 3.0 20 2.3 1.8
BN2 2.9 20 2.3 1.7
BN3 3.2 20 2.4 1.8
BN4 3.2 20 2.4 1.8
BN5 34 21 2.5 1.9
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688  Table S 3. Boltzmann averaged dipole moments (i) and lowest-energy conformer polarizability
689 (o) and derived collision rate (k) and CIMS sensitivity (¢) of a-pinene and B-pinene hydroxy
690  hydroperoxide isomers derived from the RO2 A1-A10 and B1-B5 (Scheme S 2). Dipole moments
691  and polarizabilities are calculated at the B3LYP/cc-pVTZ level of theory.

Parent peroxy Dipole Polarizability Collision rate Sensitivity
radical moment p(D) o (A?) k (10? cm® molec™ s) | ¢ (10 ncts pptv'!)

Al 2.0 19.0 1.9 1.4

A2 3.1 18.4 24 1.8

A3 1.4 18.5 1.6 1.2

A4 33 18.4 2.5 1.9

A5 1.5 18.5 1.7 1.3

A6 1.5 18.5 1.7 1.3

A7 3.3 18.4 2.5 1.9

A8 1.4 18.4 1.6 1.1

A9 3.1 18.4 24 1.8

Al0 2.2 18.8 2.0 1.5

Bl 2.8 18.4 22 1.7

B2 24 18.5 2.1 1.6

B3 2.8 18.3 2.2 1.7

B4 2.8 18.3 2.2 1.7

B5 2.1 19.1 1.9 1.5
692
693
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696
697
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699

Table S 4. Boltzmann averaged dipole moments (i) and lowest-energy conformer polarizability
(a) of glycolaldehyde (calibration reference) and endoperoxide ketoaldehyde (P2 in Scheme 3,
main manuscript). All values are calculated at the B3LYP/cc-pVTZ level of theory. The sensitivity
of glycolaldehyde is an experimental value serving as the reference for the remaining compounds.

Compound Dipole Polarizability (_Zollision ratef _ S_ensitivity _
moment p(D) o (A% k (10° cm® molec s7') | ¢ (10 ncts pptv’")
ON"on 23 4.6 )1 s
0\7//
33 19.0 2.5 1.9
04
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Table S 5. Boltzmann averaged dipole moments (i) and lowest-energy conformer polarizability
(o) and derived collision rate (k) and CIMS sensitivity (c¢) of a-pinene hydroxy hydroperoxide
(OOH) and hydroxy nitrate (N) isomers derived from the RO2 A2-A4 (Scheme S 2) as well as
glycolaldehyde (calibration reference). Dipole moments and polarizabilities are calculated at the
B3LYP/aug-cc-pVTZ level of theory. The sensitivity of glycolaldehyde is an experimental value
serving as the reference for the remaining compounds.

Compound Dipole Polarizability Collision rate Sensitivity
moment p(D) o (A?) k (10° cm® molec! s!) | ¢ (10 ncts pptv’!)

Glycolaldehyde 2.5 5.2 2.2 1.5
A2-OOH 3.2 19.2 2.5 1.7
A3-OOH 1.4 19.3 1.7 1.1
A4-OOH 3.5 19.2 2.6 1.8
AN2 3.8 20.9 2.8 1.9

AN3 3.0 20.9 24 1.6
AN4 3.7 21.1 2.7 1.8
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Table S 6. Calculated MC-TST reaction rate coefficients at 298.15 K for the unimolecular reactions
of the hydroxy peroxy radicals formed from a-pinene + OH + Oz. Calculated using the approach
by Moller et al.** All values are calculated at the ®B97X-D/aug-cc-pVTZ level, except for
electronic energies of the lowest-energy conformers and IRC end-points, which are at the F12 level.
Tunneling is based on IRC end-points. The abstraction/addition site refer to the structures in Figure
S 16, with “~-OH” referring to abstraction of the hydrogen from the hydroxy group on the specified

carbon atom. The peroxy radicals are defined in Scheme S 2.

Peroxy radical H-shift type Abstract;?z/addltlon k(s
1,5 H-shift G 1.1
1,5 H-shift D 1.2:10°¢
1,6 H-shift E 0.37
6-membered
Al endoperoxide A 0.35
formation
7-membered
endoperoxide F 2.0-10°3
formation
A2 1,5-OH H-shift E-OH -
A4 1,5-OH H-shift F-OH -
A7 1,5-OH H-shift F-OH -
A9 1,5-OH H-shift E-OH -
1,5 H-shift G 0.16
1,5 H-shift D 8.8:10°°
1,7-OH H-shift E-OH -
6-membered
Al0 endoperoxide A 23
formation
7-membered
endoperoxide F 2.6:102
formation
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725

Table S 7. Calculated MC-TST reaction rate coefficients at 298.15 K for the unimolecular reactions
of the hydroxy peroxy radicals formed from B-pinene + OH + O.. Calculated using the approach
by Moller et al.** All values are calculated at the ®B97X-D/aug-cc-pVTZ level, except for
electronic energies of the lowest-energy conformers and IRC end-points, which are at the F12 level.
Tunneling is based on IRC end-points. The abstraction/addition site refer to the structures in Figure
S 17, with “~-OH” referring to abstraction of the hydrogen from the hydroxy group on the specified
carbon atom. The peroxy radicals are defined in Scheme S 2.

Peroxy radical Reaction type Abstracti?n/addition k(s
site
Bl 1,5-OH H-shift F-OH ;
1,5 H-shift E 8.1-102
B2
1,5-OH H-shift F-OH -
B3 1,5-OH H-shift J-OH ;
B4 1,5-OH H-shift J-OH -
1,5 H-shift G 1.4
1,5 H-shift D 7.3-10°
1,6 H-shift E 2.8-10!
6-membered
BS5 Endoperoxide A 4.0
formation
7-membered
Endoperoxide F 4.8-102
formation
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Table S 8. Calculated MC-TST reaction rate coefficients at 298.15 K for the unimolecular reactions
of the hydroxy peroxy radicals formed from a-pinene + OH + Oa. All values are calculated at the
®wB97X-D/aug-cc-pVTZ level of theory with tunneling based on IRC end-points. The
abstraction/addition site refer to the structures in Figure S 16, with “~-OH” referring to abstraction
of the hydrogen from the hydroxy group on the specified carbon atom. The peroxy radicals are
defined in Scheme S 2.

Peroxy radical H-shift type Abstractgz/addﬁwn k(s
1,5 H-shift G 0.66°
1,5 H-shift D 3.0-107
1,6 H-shift E 0.96*
6-membered
Al endoperoxide A 7.9-1022
formation
7-membered
endoperoxide F 1.1-10*
formation
A2 1,5-OH H-shift E-OH 4.7-102
A4 1,5-OH H-shift F-OH 2.8:1072
A7 1,5-OH H-shift F-OH 1.2:102
A9 1,5-OH H-shift E-OH 0.12
1,5 H-shift G 0.41
1,5 H-shift D 8.3-107
1,7-OH H-shift E-OH 1.9-10°
6-membered
A10 endoperoxide A 0.95
formation
7-membered
endoperoxide F 1.9-103
formation

2 Also reported in Berndt et al.*?
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Table S 9. Calculated reaction rate coefficients at 298.15 K for the unimolecular reactions of the
hydroxy peroxy radicals formed from B-pinene + OH + Oz. All values are calculated at the ®B97X-
D/aug-cc-pVTZ level of theory with tunneling based on IRC end-points. The abstraction/addition
site refer to the structures in Figure S 17, with “~-OH” referring to abstraction of the hydrogen from
the hydroxy group on the specified carbon atom. The peroxy radicals are defined in Scheme S 2.

Peroxy radical Reaction type Abstractls(i):;/addltlon k(s
Bl 1,5-OH H-shift F-OH 5.3:10*
B2 1,5 H-shift E 1.9-107

1,5-OH H-shift F-OH 1.6:1072
B3 1,5-OH H-shift J-OH 2.6:10*
B4 1,5-OH H-shift J-OH 1.8-1073
1,5 H-shift G 0.63
1,5 H-shift D 2.7-10°
1,6 H-shift E 0.13
6-membered
B5 Endoperoxide A 0.34
formation
7-membered
Endoperoxide F 1.5-107
formation
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744
745
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747
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Table S 10. Calculated reaction rate coefficients at 298.15 K for the unimolecular reactions of the
hydroxy peroxy radicals formed from o-pinene + OH + Oz. All values are calculated at the
B3LYP/6-31+G(d) level of theory with tunneling assuming thermoneutral reactions. The
abstraction/addition site refer to the structures in Figure S 16, with “~-OH” referring to abstraction
of the hydrogen from the hydroxy group on the specified carbon atom. The peroxy radicals are
defined in Scheme S 2. The reactions highlighted in bold are the ones also treated at a higher level

of theory.

Peroxy radical Reaction type Abstractlsci);/addltlon k(s
1,5 H-shift G 63
1,5 H-shift D 1.8-10*
1,6 H-shift E 52
1,6 H-shift A 3.5:10""7
1,7-OH H-shift E-OH 9.4-10°'°
Al 6-membered
endoperoxide A 2.7
formation
7-membered
endoperoxide F 1.7-1073
formation
1,4 H-shift A 2.9-1071°
1,5 H-shift D 8.5-10°1
A2 1,4 H-shift E 5.8-102°
1,5-OH H-shift E-OH 2.1
1,5 H-shift G 3.6:107
1,4 H-shift J 8.2:107
1,4 H-shift A 6.0-10!
1,5 H-shift D 8.0-10°"°
A3 1,4 H-shift E 5.1-10*
1,5-OH H-shift E-OH 2.2-107
1,6 H-shift I 1.1-107
1,4 H-shift J 1.3-107
1,4 H-shift D 2.8-107
A4 1,5-OH H-shift F-OH 7.4
1,6 H-shift G 1.2:107
1,4 H-shift D 4.3-108
AS 1,5 H-shift J 5.0-107
1,5-OH H-shift F-OH 1.9-107
1,7 H-shift I 5.0-10®
1,4 H-shift D 3.1-107
A6 1,5 H-shift J 4.7-10°
1,5-OH H-shift F-OH 5.3-10°
1,6 H-shift G 7.1-10°8
A7 1,4 H-shift D 1.4-10°®
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750

1,5 H-shift J 2.9-10®
1,5-OH H-shift F-OH 35
1,7 H-shift I 2.7-10°¢
1,4 H-shift A 1.3-10°1°
1,5 H-shift D 1.2:10°"
AS 1,4 H-shift E 1.9-10°
1,5-OH H-shift E-OH 6.5:107
1,5 H-shift G 1.3-10°1°
1,4 H-shift J 2.5-107
1,4 H-shift A 1.2-10"!
1,5 H-shift D 6.4-10716
A9 1,4 H-shift E 2.8-10%
1,5-OH H-shift E-OH 75
1,6 H-shift I 1.6-10*
1,4 H-shift J 8.9-10°1°
1,5 H-shift G 2.5
1,5 H-shift D 6.9-10¢
1,7-OH H-shift E-OH 5.2:10°
6-membered
Al0 endoperoxide A 20
formation
7-membered
endoperoxide F 3.1-102
formation
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Table S 11. Calculated reaction rate coefficients at 298.15 K for the unimolecular reactions of the
hydroxy peroxy radicals formed from B-pinene + OH + Oz. All values are calculated at the
B3LYP/6-31+G(d) level of theory with tunneling assuming thermoneutral reactions. The
abstraction/addition site refer to the structures in Figure S 17, with “~-OH” referring to abstraction
of the hydrogen from the hydroxy group on the specified carbon atom. The peroxy radicals are
defined in Scheme S 2. The reactions highlighted in bold are the ones also treated at a higher level
of theory.

Peroxy radical Reaction type Abstractlsci);/addltlon k(s
1,5 H-shift A 5.1-10*
1,6 H-shift D 6.1-101
Bl 1,5 H-shift E 1.6:1073
1,5-OH H-shift F-OH 0.61
1,7 H-shift I 1.1-10*
1,5 H-shift A 4.8-10*
1,6 H-shift D 2.7-10""
B2 1,5 H-shift E 1.9-102
1,5-OH H-shift F-OH 22
1,6 H-shift G 5.2:10°
1,4 H-shift A 6.3-10!!
1,5 H-shift D 4.4-10"
B3 1,4 H-shift E 1.9:10°
1,5 H-shift G 2.4-107
1,4 H-shift J 6.3-10*
1,5-OH H-shift J-OH 0.81
1,4 H-shift A 2.4:107
1,5 H-shift D 3.2:.10°7
B4 1,4 H-shift E 5.1-107
1,6 H-shift I 4.3-10°
1,4 H-shift J 7.0-10*
1,5-OH H-shift J-OH 0.87
1,5 H-shift G 2.7
1,5 H-shift D 8.7-107
1,6 H-shift E 0.12
1,9-OH H-shift J-OH 3.3-1071°
B5 6-membered
endoperoxide A 8.3
formation
7-membered
endoperoxide F 2.7-102
formation
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769
770

771
772

773

Table S 12. Imaginary frequency (Vimag, cm!) of the lowest-energy TS, reaction and IRC barriers

(kcal/mol), approximate Eckart tunneling coefficient calculated assuming a thermoneutral reaction
(Kthermoneutral) @nd Eckart tunneling coefficients calculated using the optimized IRC end-points
(kirc)- Values are given for the unimolecular reactions of the BS peroxy radical. All values are
calculated using B3LYP/6-31+G(d). The abstraction/addition site refer to the structures in Figure

S 17.
Abstraction/ Reaction Forward | Reverse
Reaction | addition site | Vimag barrier! IRC IRC | Kenermoneutral- | Kirc®
barrier | barrier
1,5 H-shift G 18191 17.84 16.33 13.39 173.44 99.80
1,5 H-shift D 16761 | 25.72 24.42 4.58 164.19 10.72
1,6 H-shift E 1738i 18.92 13.61 10.40 118.97 41.82
LO-OHH- | JOH 35001 2708 | 2267 | 3.52 13.13 439
shift
6-membered A
endoperoxide 4921 13.49 8.93 8.36 1.29 1.29
formation
7-membered F
endoperoxide 448i 16.53 11.97 7.79 1.23 1.23
formation

! Energy difference (Ee+ZPVE) between lowest-energy reactant and TS conformer

2 Eckart tunneling coefficient calculated using the imaginary frequency and assuming both the forward and reverse

IRC barriers are equal to the reaction barrier of the forward reaction.

3 Eckart tunneling coefficient calculated using the imaginary frequency and the forward and reverse barriers obtained

from optimized end-points of the forward and reverse IRC from the lowest-energy TS.
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774  Table S 13. ®B97X-D/aug-cc-pVTZ calculated barrier heights (electronic energy and zero-point
775  correction, kcal/mol) between lowest-energy conformers for the possible bond scission pathways
776  of a-pinene R2 (Scheme 3, main manuscript).

Breaking towards Breaking towards
Isomer

-00 (left) OH (right)
\\\\\\O.
“\\\\\\OH 6.2 3.0
o
OH
»28 R 7.3 3.9
~0

- 6.5 2.8

34 3.4
@;/
o)

LO
"L; \ OH
(@)

777

778
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779  Table S 14. ®B97X-D/aug-cc-pVTZ calculated barrier heights (electronic energy and zero-point
780  correction, kcal/mol) between lowest-energy conformers for the possible bond scission pathways
781  of B-pinene R1 (Scheme S 6).

Isomer Bond scission Bond scission Bond scission towards
towards -OO (left) | towards CHb (right) CH20H (up)
OH
\\\\\O'
2.8 8.9 6.2
OH
o
4.5 9.8 72

782

783
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789
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Table S 15. Structures formed by OH-addition to a-pinene and B-pinene of the three hydroxy alkyl
radicals which may potentially ring-open. For each, the amount of excess energy relative to the
free reactants, the barrier for ring-opening, the calculated canonical MC-TST rate coefficient and
the fraction ring-opening and adding O: is given. Electronic energies for the important species are
calculated using F12 and all other values using ®B97X-D/aug-cc-pVTZ.

Canonical ) .
Name Structure St)liecf . Barrier rate Frrail;tlf) " Farggit;lon
&Y (kcal/mol) | coefficients g &
(kcal/mol) () opening 02
. \\\\\OH
“‘%ﬁe?e' ) 27.96 13.29 9.9%102 0.33 0.67
) e OH
“'gfleﬁe' 27.53 13.20 5.5%10? 0.31 0.69
OH
B'pgflne' 27.45 12.89 2.2%10° 0.44 0.56
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794
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796
797

Table S 16. Reaction parameters of the three hydroxy alkyl radicals formed by OH-addition to a-
pinene and B-pinene which may potentially ring-open. For each, the amount of excess energy
relative to the free reactants, the barrier for ring-opening, the calculated canonical MC-TST rate
coefficient and the fraction ring-opening and adding O: is given. All values are calculated using
®B97X-D/aug-cc-pVTZ.

Name Excess energy Barrier Canonical rate Fraction Fraction
(kcal/mol) (kcal/mol) coefficients (s') | ring-opening | adding Oz
“‘%ﬁe?e' 31.16 14.47 6.4x10! 0.24 0.76
“'gfleﬁe' 30.59 14.21 1.0x10? 0.25 0.75
B‘pgflne' 30.54 13.90 1.7x10? 0.37 0.63
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798  Table S 17. Fraction ring-opening before Oz-addition with the ring-opening barrier height changed
799 by %1 kcal/mol. Everything else is as in Table S 15.

Name Barrier -1 kcal/mol | Barrier +1 kcal/mol
a-pinene-OH | 0.59 0.15
a-pinene-OH 11 0.57 0.15
B-pinene-OH 0.71 0.23
800
801
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802  Table S 18. Fraction ring-opening before O2-addition with the energy transfer per collision (AEdown)
803  either decreased or increased by 75 cm™'. Everything else is as in Table S 15.

Name AEdown = 150 cm™ | AEdown = 300 cm™!
a-pinene-OH | 0.49 0.24
a-pinene-OH 11 0.47 0.23
B-pinene-OH 0.62 0.34
804
805
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809
810
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812

813

814

Table S 19. MC-TST reaction rate coefficients (s™!) for three competing reactions of two ring-
retained a-pinene hydroxy alkoxy radicals. The barrier height is calculated using either ®B97X-
D/aug-cc-pVTZ or F12 and all other values are calculated using ®B97X-D/aug-cc-pVTZ. Includes
an Eckart tunneling correction for all reactions. This H-shift reaction is possible only for the
isomers which have the alkoxy radical on the same side of the ring as the methyl groups on the
four-membered ring and the H-shift can only occur from the methyl group pointing towards the
alkoxy radical.

Bond scission .
Theory for towards 4- Bond scission
cory I 1,5 H-shift . towards OH-
barrier height membered ring .
(left) group (right)
J(d B97X-D 2.1x108 9.1x10° 6.2x101°
%C 555 .»\“‘OH Q)] . . .
F12 1.9%108 - 3.5x108
O oH ®oB97X-D 42x10% 6.5x10% 2.1x10°
H
g F12 1.9%x10% - 3.5x108
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815  Table S 20. The signals of even mass between 200 and 360 relative to m/z 300 in an o-pinene
816  experiment with Toimolecular ~0.004 s7'. Only m/z with signal accounting for more than 1% of that of
817  m/z 300 is included in the table. The isotope abundance of major odd mass (253, 269, and 285) has
818  been subtracted from relevant m/z’s (254, 270, and 286).

/s Signal relative /s Signal relative
to m/z 300 to m/z 300
300 1.00 282 0.02
316 0.25 264 0.02
330 0.13 216 0.02
302 0.13 304 0.02
286 0.11 246 0.02
318 0.10 270 0.02
298 0.09 212 0.02
314 0.09 278 0.02
258 0.08 210 0.02
274 0.05 332 0.02
262 0.05 242 0.02
254 0.04 260 0.01
256 0.04 202 0.01
222 0.04 320 0.01
248 0.03 346 0.01
288 0.03 266 0.01
230 0.03 204 0.01
228 0.03 214 0.01
306 0.03 250 0.01
276 0.03 240 0.01
272 0.03 234 0.01
244 0.02 220 0.01

819
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820

Table S 21. The estimated nitrate branching ratio (BRrono2) of a-pinene and B-pinene derived RO2

821  under different assumptions.
BRrono2 (%) | BRrowno2 (%)
o
BRRONOZ (%) based on the | based on the ERRONoz
RO, using calculated same different (%) from RO» BRrono2
ring-opening Peeters (%)°
. BRronoz2p-oH | BRroNO2,g-0H d
fraction T e et al.
assumption assumption
OH .
00 OH .
3.1 9.2 8.2 7 )<(OO 54
(2-OH,3-R0O2)
00’
OH 00’
0.7 9.2 10.2 3 )%OH 11
(3-OH,2-R0O2)
OH
10.8 2.2 2.3 11
00’
(3-OH,8-R0O2)
O]0)
OH 00-
15.9 9.2 6.1 km 4.9
(2-OH,1-R0O2)
OH
00 OH
102 9.2 102 )2)0‘ 10
(1-OH,2-R0O2)
OH
é 1.7 2.2 2.3
00’

822

(1-OH,8-RO2)
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823
824

825
826

827
828
829

830

831
832
833

834

aAssuming that BRadd7C3 = 05, BRa-pinene,ring-open = 032, BRadd7C1 = 093, and BRB-pinene,ring-open =
0.44.

®Assuming that (1) the ring-opened RO: of both a-pinene and B-pinene have the same BRrono2

and (2) all the B-hydroxy RO:2 have the same BRrono2. See section S6 for details.

“Assuming that (1) the ring-opened RO: of both a-pinene and B-pinene have the same BRroNo2
and (2) the ratio of BRrono2 for tertiary, secondary, and primary B-hydroxy ROz is 1.25: 1: 0.75.

See section S6 for details.
dPeeters et al.* estimated based on structure-activity-relationship.

°The BRrono2 of 2-methyl 2-butene and methylpropene RO2, which share a similar structure but
different size as the substitutions on a-pinene and B-pinene C-C double bond, respectively. The

values are experimentally constrained by Teng et al.?
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