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S1 Theoretical Methods

Reaction rate coefficients are calculated using the multi-conformer transition state
theory (MC-TST) approach by Møller et al.1 Briefly, the MC-TST reaction rate
coefficient, k, is given by:1,2

k = κ
kBT

h

All TS conf.∑
i

exp
(
−∆Ei

kBT

)
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j

exp
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kBT
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exp

(
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)
(S1)

where κ is the tunneling coefficient, kB is Boltzmann’s constant, T is the temperature,
h is Planck’s constant, E is the zero-point corrected energy and Q is the partition
function (harmonic oscillator, rigid rotor). The final term is the difference in zero-
point corrected energy between the lowest-energy conformers of transition state (TS)
and reactant; the reaction barrier. The sums are formally over all transition states
and reactants (R), respectively, but here, we include only those with relative elec-
tronic energies below 2 kcal/mol.1

The relative energy between conformers, partition functions and zero-point energy
corrections are calculated using ωB97X-D/aug-cc-pVTZ in Gaussian 09, revision
D.01, while the electronic energy of the lowest-energy conformers are calculated using
ROCCSD(T)-F12a/VDZ-F12//ωB97X-D/aug-cc-pVTZ (abbreviated F12) in Molpro
2012.1.3–12 This single-point correction is applied to the peroxy H-shift reactions of
most of the first-generation hydroxy peroxy radicals. The exceptions are the H-shifts
abstracting from -OH groups, where issues have previously been observed.13 For these,
the ωB97X-D/aug-cc-pVTZ electronic energies are used instead. The same is done
for the rate coefficients in the chemical mechanism under high-NO conditions and
those following the aldehydic H-shifts (Figures S16, S18 and S19).

Conformers are located using the Merck Molecular Force Field, MMFF (enforcing a
neutral charge) in Spartan ’14 and subsequently optimized using B3LYP/6-31+G(d)
in Gaussian 09, revision D.01.1,6,14–20 Those with electronic energies within 2 kcal/mol
of the lowest-energy conformer are further optimized using ωB97X-D/aug-cc-pVTZ
and included in the sums of partition functions.1 As found in Møller et al. 1 , tests
indicate that conformational sampling using MMFF with a neutral charge seems to in-
troduce only little error (see Section S2). All ωB97X-D/aug-cc-pVTZ and F12 output
files, which include the ωB97X-D/aug-cc-pVTZ optimized geometries, are available
at:
https://sid.erda.dk/public/archives/bfad8e9ca7cf171e6d225371b36c3372/published-archive.html

Tunneling is calculated using the Eckart approach with electronic energies at the
F12 level and zero-point vibrational corrections and imaginary frequency at the
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ωB97X-D/aug-cc-pVTZ level.21 The reactant and product conformers connected to
the lowest-energy transition state by an IRC are used to calculate the tunneling coef-
ficient. Temperature dependencies of the calculated aldehydic H-shift rate coefficients
are given in Table S12.

S2 Assessment of Conformational Sampling

For the reactions studied theoretically here, conformational sampling is carried out
using MMFF with a neutral charge enforced, as recommended for a cost-effective
approach in Møller et al.1 To verify the validity of this approach for the reactions
studied here, we calculated the rate coefficients of the 1,4 and 1,5 aldehydic H-shifts of
the CRALD hydroxy peroxy radical isomers using multiple computational methods
for the systematic conformational sampling. In addition to MMFF with a neutral
charge (MMFF-charge), we used MMFF with the optimized atom types identified by
Møller et al. (MMFF-type, with atom types 6 (“generic divalent O”) and 3 (“generic
carbonyl carbon”) for the O- and C- centered radicals, respectively) and SYBYL.1,22

All conformational samplings are systematic conformer searches in Spartan ’14.15

In all four cases, no new TS conformers are identified by including the two additional
computational methods in the conformational sampling, while a few additional re-
actant conformers are identified. As shown in Table S1, this means that the rate
coefficients calculated using only MMFF-charge are slightly overestimated compared
to the rate coefficients with the more involved conformational sampling. The largest
effect is observed for the 3-OH,2-OO (R,S) with an overestimation of a little more
than 25 %, primarily due to one reactant conformer with a relative energy of 0.14
kcal/mol being missed by MMFF-charge. But overall, the error introduced by using
only MMFF-charge is limited.

Table S1: Calculated reaction rate coefficients including tunneling (in s-1) at 298.15 K for the
1,4 and 1,5 aldehydic H-shift of the CRALD hydroxy peroxy radical. ”kMMFF-charge” uses only
the conformers located by MMFF-charge, while ”kCombined” use all unique conformers located by
MMFF-charge, MMFF-type and SYBYL combined. All else is as in the approach by Møller et al.

Isomer Reaction kMMFF-charge kCombined

2-OH,3-OO (R,R) 1,5-CHO 2.9×10−1 2.7×10−1

2-OH,3-OO (R,S) 1,5-CHO 2.5×10−2 2.2×10−2

3-OH,2-OO (R,R) 1,4-CHO 2.8×10−1 2.4×10−1

3-OH,2-OO (R,S) 1,4-CHO 9.4×10−1 7.4×10−1
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S3 Calculated H-shift Rate Contants and Associ-

ated Data

No F12 single-point calculations are done for the H-shifts abstracting from OH groups.
For the transition states of such reactions, it has been found that the Hartree-Fock
(HF) calculation providing the foundation of the F12 calculation can converge to dif-
ferent solutions with very different energies.13 Instead, only the values using ωB97X-
D/aug-cc-pVTZ for the barrier are calculated.

S3.1 2-Methylpropene

1-OH,2-OO 2-OH,1-OO

Figure S1: H-shift reactions in the two hydroxy peroxy radicals formed by OH and O2-addition to
2-methylpropene.

Table S2: F12 calculated reaction barriers (∆E in kcal/mol), summed ωB97X-D/aug-cc-pVTZ
reactant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the
hydroxy peroxy radicals formed from 2-methylpropene. See Figure S1 for an illustration of the
reactions. Values are calculated using the approach by Møller et al.1

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

1-OH,2-OO 1,4-CH2OHc 29.89 34177191 7200591 1.46×103 2.3×10−7

1-OH,2-OO 1,4-CH3
c 35.69 34177191 16992349 2.68×104 5.7×10−10

1-OH,2-OO 1,5-OH - - - - -

2-OH,1-OO 1,5-CH3
c 25.14 44522934 3451932 5.15×101 9.3×10−6

2-OH,1-OO 1,5-OH - - - - -

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.
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Table S3: ωB97X-D/aug-cc-pVTZ calculated reaction barriers (∆E in kcal/mol), summed reac-
tant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the
hydroxy peroxy radicals formed from 2-methylpropene. See Figure S1 for an illustration of the reac-
tions. Values are calculated using the approach by Møller et al.1 but without the F12 single-point
correction.

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

1-OH,2-OO 1,4-CH2OHc 30.10 34177191 7200591 8.95×102 1.0×10−7

1-OH,2-OO 1,4-CH3
c 37.32 34177191 16992349 1.01×104 1.4×10−11

1-OH,2-OO 1,5-OH 21.70 34177191 3936248 1.00×100 8.8×10−5

2-OH,1-OO 1,5-CH3
c 26.06 44522934 3451932 2.68×101 1.0×10−6

2-OH,1-OO 1,5-OH 21.25 44522934 4253735 1.54×100 2.4×10−4

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.
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S3.2 Crotonaldehyde (CRALD)

2-OH,3-OO 3-OH,2-OO

Figure S2: H-shift reactions in the two structural isomers of the hydroxy peroxy radical formed
by OH and O2-addition to crotonaldehyde.
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Table S4: F12 calculated reaction barriers (∆E in kcal/mol), summed ωB97X-D/aug-cc-pVTZ
reactant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the hy-
droxy peroxy radicals formed from crotonaldehyde. See Figure S2 for an illustration of the reactions.
Values are calculated using the approach by Møller et al.1

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

2-OH,3-OO (R,R) 1,5-CHO 20.05 265070657 21113286 2.93×102 2.9×10−1

2-OH,3-OO (R,R) 1,4-CHOH 26.23 265070657 27064536 4.35×105 1.6×10−2

2-OH,3-OO (R,R) 1,4-CH3
c 35.43 265070657 59969680 2.28×104 3.4×10−10

2-OH,3-OO (R,R) 1,5-OH - - - - -

2-OH,3-OO (R,S) 1,5-CHO 22.58 95708806 36564686 3.73×102 2.5×10−2

2-OH,3-OO (R,S) 1,4-CHOH 25.88 95708806 16734375 3.26×104 3.8×10−3

2-OH,3-OO (R,S) 1,4-CH3
c 36.51 95708806 67111481 1.55×104 1.2×10−10

2-OH,3-OO (R,S) 1,5-OH - - - - -

3-OH,2-OO (R,R) 1,4-CHO 20.64 123730250 44022245 1.69×102 2.8×10−1

3-OH,2-OO (R,R) 1,4-CHOH 24.23 123730250 14803444 1.47×102 1.9×10−4

3-OH,2-OO (R,R) 1,5-CH3
c 24.88 123730250 21193015 3.98×101 2.5×10−5

3-OH,2-OO (R,R) 1,5-OH - - - - -

3-OH,2-OO (R,S) 1,4-CHO 19.75 375546871 85340376 1.98×102 9.4×10−1

3-OH,2-OO (R,S) 1,4-CHOH 25.74 375546871 45657235 4.91×102 5.1×10−5

3-OH,2-OO (R,S) 1,5-CH3
c 25.26 375546871 39824255 5.83×101 1.2×10−5

3-OH,2-OO (R,S) 1,5-OH - - - - -

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.

S9



Table S5: ωB97X-D/aug-cc-pVTZ calculated reaction barriers (∆E in kcal/mol), summed reac-
tant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the
hydroxy peroxy radicals formed from crotonaldehyde. See Figure S2 for an illustration of the reac-
tions. Values are calculated using the approach by Møller et al.1 but without the F12 single-point
correction.

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

2-OH,3-OO (R,R) 1,5-CHO 19.58 265070657 21113286 1.35×102 3.0×10−1

2-OH,3-OO (R,R) 1,4-CHOH 24.48 265070657 27064536 2.17×105 1.6×10−1

2-OH,3-OO (R,R) 1,4-CH3
c 37.52 265070657 59969680 1.12×104 4.9×10−12

2-OH,3-OO (R,R) 1,5-OH 21.26 265070657 25875168 1.72×100 2.7×10−4

2-OH,3-OO (R,S) 1,5-CHO 21.73 95708806 36564686 1.68×102 4.7×10−2

2-OH,3-OO (R,S) 1,4-CHOH 24.35 95708806 16734375 2.20×104 3.4×10−2

2-OH,3-OO (R,S) 1,4-CH3
c 38.15 95708806 67111481 8.30×103 4.0×10−12

2-OH,3-OO (R,S) 1,5-OH 20.95 95708806 25391847 1.00×100 7.2×10−4

3-OH,2-OO (R,R) 1,4-CHO 21.14 123730250 44022245 1.31×102 9.2×10−2

3-OH,2-OO (R,R) 1,4-CHOH 24.27 123730250 14803444 1.29×102 1.6×10−4

3-OH,2-OO (R,R) 1,5-CH3
c 25.41 123730250 21193015 2.19×101 5.5×10−6

3-OH,2-OO (R,R) 1,5-OH 22.03 123730250 29365073 1.78×100 1.9×10−4

3-OH,2-OO (R,S) 1,4-CHO 20.62 375546871 85340376 1.61×102 1.8×10−1

3-OH,2-OO (R,S) 1,4-CHOH 25.83 375546871 45657235 3.71×102 3.3×10−5

3-OH,2-OO (R,S) 1,5-CH3
c 26.02 375546871 39824255 3.09×101 1.7×10−6

3-OH,2-OO (R,S) 1,5-OH 20.01 375546871 24168507 1.00×100 8.6×10−4

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.
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Reactant (R,R) TS (R,R)

Reactant (R,S) TS (R,S)

Figure S3: Structures of the lowest-energy (ωB97X-D/aug-cc-pVTZ) reactant and TS conformers
of 3-OH,2-OO-CRALD

Reactant (R,R) TS (R,R)

Reactant (R,S) TS (R,S)

Figure S4: Structures of the lowest-energy (ωB97X-D/aug-cc-pVTZ) reactant and TS conformers
of 2-OH,3-OO-CRALD
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Isomer Reactant TS Barrier (TS-Reactant)

2-OH-3-OO 0.88 -1.64 -2.53
3-OH-2-OO -1.32 -0.43 0.90

Table S6: Energy difference (in kcal/mol) between the (R,R) and (R,S) diastereomers (i.e. (R,R)-
(R,S)) for the reactant, TS and barrier height in the two stereoisomers in crotonaldehyde oxida-
tion. Electronic energies are calculated using CCSD(T)-F12a/VDZ-F12//ωB97X-D/aug-cc-pVTZ
and zero-point vibrational corrections are calculated using ωB97X-D/aug-cc-pVTZ.

S3.3 Acrolein (ACR)

2-OH,3-OO 3-OH,2-OO

Figure S5: H-shift reactions in the two hydroxy peroxy radicals formed by OH and O2-addition to
acrolein.

Table S7: F12 calculated reaction barriers (∆E in kcal/mol), summed ωB97X-D/aug-cc-pVTZ
reactant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the
hydroxy peroxy radicals formed from acrolein. See Figure S5 for an illustration of the reactions.
Values are calculated using the approach by Møller et al.1

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

2-OH,3-OO 1,4-CHOH 26.44 32964458 4853872 3.98×104 1.5×10−3

2-OH,3-OO 1,5-CHO 21.82 32964458 5167411 3.65×102 3.6×10−2

2-OH,3-OO 1,5-OH - - - - -

3-OH,2-OO 1,4-CHO 21.35 114841459 16655717 2.43×102 4.9×10−2

3-OH,2-OO 1,4-CH2OHc 28.66 114841459 8791438 1.44×103 6.7×10−7

3-OH,2-OO 1,5-OH - - - - -

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.
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Table S8: ωB97X-D/aug-cc-pVTZ calculated reaction barriers (∆E in kcal/mol), summed reactant
and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling coeffi-

cients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the hydroxy
peroxy radicals formed from acrolein. See Figure S5 for an illustration of the reactions. Values are
calculated using the approach by Møller et al.1 but without the F12 single-point correction.

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

2-OH,3-OO 1,4-CHOH 25.13 32964458 4853872 2.65×104 9.2×10−3

2-OH,3-OO 1,5-CHO 20.88 32964458 5167411 1.71×102 8.2×10−2

2-OH,3-OO 1,5-OH 22.09 32964458 8555317 1.52×100 1.6×10−4

3-OH,2-OO 1,4-CHO 21.25 114841459 16655717 1.76×102 4.2×10−2

3-OH,2-OO 1,4-CH2OHc 28.76 114841459 8791438 1.03×103 4.1×10−7

3-OH,2-OO 1,5-OH 21.16 114841459 4673593 1.00×100 7.9×10−5

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.

S13



S3.4 Methacrolein (MACR)

2-OH,3-OO 3-OH,2-OO

Figure S6: H-shift reactions in the two hydroxy peroxy radicals formed by OH and O2-addition to
methacrolein.

Table S9: F12 calculated reaction barriers (∆E in kcal/mol), summed ωB97X-D/aug-cc-pVTZ
reactant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the
hydroxy peroxy radicals formed from methacrolein. See Figure S6 for an illustration of the reactions.
Values are calculated using the approach by Møller et al.1

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

2-OH,3-OO 1,5-CHO 20.97 166400098 31604437 9.90×101 5.0×10−2

2-OH-3-OO 1,5-CH3
c 26.42 166400098 38821769 4.92×101 3.0×10−6

2-OH-3-OO 1,5-OH - - - - -

3-OH,2-OO 1,4-CHO 20.26 162721827 50730621 1.51×102 4.2×10−1

3-OH,2-OO 1,4-CH2OHc 25.50 162721827 13006276 2.93×102 3.0×10−5

3-OH,2-OO 1,4-CH3
c 35.68 162721827 61206759 9.34×103 1.5×10−10

3-OH,2-OO 1,5-OH - - - - -

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.
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Table S10: ωB97X-D/aug-cc-pVTZ calculated reaction barriers (∆E in kcal/mol), summed re-
actant and transition state partition functions (

∑
QR and

∑
QTS , respectively), Eckart tunneling

coefficients (κ) and MC-TST rate coefficients including tunneling (k in s-1) at 298.15 K for the
hydroxy peroxy radicals formed from methacrolein. See Figure S6 for an illustration of the reac-
tions. Values are calculated using the approach by Møller et al.1 but without the F12 single-point
correction.

Isomer Reaction ∆E
∑
QR

a
∑
QTS

b κ k

2-OH,3-OO 1,5-CHO 20.01 166400098 31604437 6.25×101 1.6×10−1

2-OH-3-OO 1,5-CH3
c 27.09 166400098 38821769 2.80×101 5.6×10−7

2-OH-3-OO 1,5-OH 21.33 166400098 35707816 1.07×100 3.3×10−4

3-OH,2-OO 1,4-CHO 20.63 162721827 50730621 1.18×102 1.7×10−1

3-OH,2-OO 1,4-CH2OHc 25.62 162721827 13006276 2.20×102 1.8×10−5

3-OH,2-OO 1,4-CH3
c 37.05 162721827 61206759 4.45×103 7.3×10−12

3-OH,2-OO 1,5-OH 20.69 162721827 17079193 1.00×100 4.5×10−4

a
R conf.∑

j

exp
(

−∆Ej

kBT

)
QRj

b
TS conf.∑

i

exp
(

−∆Ei

kBT

)
QTSi

c Abstraction of the hydrogen atom pointing towards the peroxy group.
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S4 Comparison of Aldehydic H-shifts in Croton-

aldehyde, Methacrolein and Acrolein

The structure of crotonaldehyde is similar to those of acrolein and methacrolein (see
Figure S7), which are both important molecules in the atmosphere.23–25 As for croton-
aldehyde, these can react with OH by addition at either the 2- or 3-position followed
by O2-addition leading to two different hydroxy peroxy radicals. Table S11 compares
the calculated rate coefficients (at 298.15 K, which is slightly warmer than the present
experiments) of the 1,4 and 1,5 aldehydic H-shifts in the hydroxy peroxy radicals of
acrolein, methacrolein and crotonaldehyde. All eight calculated rate coefficients are
similar and fall within the range of 0.01 s-1 - 1 s-1, in good agreement with the range
reported in the previous study on isoprene oxidation.13 In most cases, the 1,4 H-shift
is calculated to be faster than the corresponding 1,5 H-shift, which is surprising, as for
non-aldehydic H-shifts, 1,4 H-shifts are typically much slower than their 1,5 H-shift
counterparts.26 As with crotonaldehyde, the non-aldehydic H-shifts in the hydroxy
peroxy radicals of acrolein and methacrolein are calculated to be much slower and of
no importance in the atmosphere (see Tables S8-S9).

Figure S7: Structures of acrolein, methacrolein and crotonaldehyde

Table S11: Calculateda rate coefficients (s-1) at 298.15 Kb for the 1,4 and 1,5 aldehydic H-shifts
in the hydroxy peroxy radicals formed by OH and O2-addition to the different precursors.

System 1,4 H-shift 1,5 H-shift

Acrolein 4.9×10−2 3.6×10−2

Methacrolein 4.2×10−1,c 3.5×10−2

Crotonaldehyde (R,R)d 2.8×10−1 2.9×10−1

Crotonaldehyde (R,S)d 9.4×10−1 2.5×10−2

a Calculated using the approach by Møller et al.1

b Note that the temperature here is slightly higher than
in Table 1 in the main manuscript.

c This value differs slightly from the one previously pub-
lished using the same approach.1 The main difference
stems from the inclusion here of a reactant conformer
which is an IRC end-point from one of the other H-shifts
of the peroxy radical.

d Crotonaldehyde itself is achiral, but the hydroxy peroxy
radicals formed have two chiral centers.
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S5 Temperature Dependence of Calculated Alde-

hydic H-shift Rate Coefficients

The temperature dependence of the rate coefficients, k, is fitted as:27–29

k = Ae−B/T eC/T 3

(S2)

The temperature dependent rate coefficients are determined from independent fits
to rate coefficients (without tunneling) and tunneling coefficients calculated in the
temperature range from 290 K - 320 K in steps of 5 K. B is obtained from the fit of
the rate coefficients and C from the fit of the tunneling coefficients, while A is the
product of the prefactors from the two independent fits. These fits reproduce the
calculated rate coefficients for all reactions and temperatures to within 0.5 %.

Table S12: A (s-1), B (K) and C (K3) parameters used to reproduce calculated temperature
dependent reaction rate coefficients.

Isomer Reaction A B C

CRALD-2-OH,3-OO (R,R) 1,5-CHO 6.53×1011 1.00×104 1.35×108

CRALD-2-OH,3-OO (R,S) 1,5-CHO 4.59×1012 1.14×104 1.40×108

CRALD-3-OH,2-OO (R,R) 1,4-CHO 4.22×1012 1.05×104 1.31×108

CRALD-3-OH,2-OO (R,S) 1,4-CHO 1.89×1012 9.96×103 1.35×108

ACR-2-OH,3-OO 1,5-CHO 7.70×1011 1.08×104 1.43×108

ACR-3-OH,2-OO 1,4-CHO 9.58×1011 1.07×104 1.43×108

MACR-2-OH,3-OO 1,5-CHO 6.59×1011 1.03×104 1.17×108

MACR-3-OH,2-OO 1,4-CHO 2.60×1012 1.02×104 1.27×108

S6 Alkyl Radical Stability

Figure S8: The two alkyl radical structural isomers formed by OH-addition to crotonaldehyde.
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Isomer Rel. E

2-OH-CRALD 6.94
3-OH-CRALD 0.0

Table S13: Relative energy (electronic energy + zero-point vibrational correction, in kcal/mol) of
the lowest-energy conformer of the two alkyl radical structural isomers formed by OH-addition to
crotonaldehyde. The electronic energy is calculated at the F12 level, while the zero-point vibrational
correction is at the ωB97X-D/aug-cc-pVTZ level.

S7 Comparison of Alkoxy Bond Scissions

Figure S9: Structures of the alkoxy radicals whose bond scission reaction barriers are given in Table
S14. The peroxy radicals are derived from methyl vinyl ketone (MVK), methacrolein (MACR) and
crotonaldehyde (CRALD) by addition of OH and O2 and reaction with NO.

Isomer Carbonyl Hydroxy Methyl

4-OH,3-OO-MVK 2.4 6.1 -
3-OH,2-O-MACR 3.1 5.6 15.2
3-OH,2-O-CRALD (R,R) 5.3 2.2 -
3-OH,2-O-CRALD (R,S) 5.0 2.9 -

Table S14: ωB97XD/aug-cc-pVTZ barrier heights (kcal/mol) for alkoxy bond scission in the di-
rection of the specified substituent.

S8 Determination of CIMS Sensitivities

CIMS sensitivities of the various products are determined based on a measured sensi-
tivity towards glycolaldehyde and collision rate coefficients with CF3O– determined
using the empirical approach by Su et al.30 Dipole moments and polarizabilities
of species entering into the empirical expression are calculated using the approach
described earlier:31–33 Conformers are located using a systematic conformer search
with MMFF in Spartan ’14 or ’16.15,34 The resulting structures are optimized using
B3LYP/6-31+G(d) in Gaussian 09, rev. D.01. Structures with electronic energies no
more than 15 kJ/mol above the lowest-energy structure are further optimized using
B3LYP/cc-pVTZ. This level has shown good agreement with the higher B3LYP/aug-
cc-pVTZ level.35 The average dipole moment is calculated as a Boltzmann weighted
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average at 298 K based on electronic energies, while the polarizability of the lowest-
energy conformer is used.35 Based on the calculated collision rate coefficients with
CF3O– (kx), the CIMS sensitivity of a compound (cx) is calculated using the corre-
sponding values for glycolaldehyde by:

cx =
kx

kglycolaldehyde
× cglycolaldehyde (S3)

Glycolaldehyde has a calculated collision rate coefficient with CF3O– of 2.06× 10−9

cm3 molecule-1 s-1 and a measured CIMS sensitivity of 1.50× 10−4 ncts pptv-1.35 The
sensitivities determined using this approach are given in Table S15.

For H2O2, which is used to determine the concentration of HO2 for the bimolecular
lifetime, a measured sensitivity of 7.2×10−5 ncts pptv-1 is used. This value is deter-
mined here using a calibration: The H2O2 concentration in a solution is determined
using an UV absorption cross-section in water of 43.6 M-1 cm-1 at 240 nm.36 A known
mass of this solution is evaporated into the chamber, the CIMS signal is measured
and thus the sensitivity can be determined.

Table S15: Boltzmann averaged dipole moment (µ in D), polarizability of lowest-energy conformer
(α in Å3), molecular mass (m in amu), calculated collision rate coefficient with CF3O– (k in cm3

molecule-1 s-1) and CIMS sensitivity (c in ncts pptv-1) for the hydroxy nitrates and hydroxy hy-
droperoxides.

µ α m k c

Glycolaldehyde 2.33 4.64 60 2.06×10−9 1.50×10−4,a

2-OH,3-OOH-CRALD (R,R) 2.47 9.58 120 2.00×10−9 1.46×10−4

2-OH,3-OOH-CRALD (R,S) 2.27 9.59 120 1.88×10−9 1.37×10−4

2-OH,3-ONO2-CRALD (R,R) 2.03 11.06 149 1.73×10−9 1.26×10−4

2-OH,3-ONO2-CRALD (R,S) 1.81 11.02 149 1.62×10−9 1.17×10−4

3-OH,2-OOH-CRALD (R,R) 2.53 9.33 120 2.03×10−9 1.47×10−4

3-OH,2-OOH-CRALD (R,S) 2.35 9.34 120 1.93×10−9 1.40×10−4

3-OH,2-ONO2-CRALD (R,R) 1.29 11.11 149 1.39×10−9 1.01×10−4

3-OH,2-ONO2-CRALD (R,S) 2.22 11.07 149 1.83×10−9 1.33×10−4

1-OH,2-OOH,2-Me-propene 2.38 9.35 106 2.00×10−9 1.45×10−4

1-OH,2-ONO2,2-Me-propene 2.71 10.87 135 2.13×10−9 1.55×10−4

2-OH,1-OOH,2-Me-propene 2.91 9.38 106 2.30×10−9 1.67×10−4

2-OH,1-ONO2,2-Me-propene 2.80 11.02 135 2.18×10−9 1.59×10−4

a Experimental value.35

S19



S9 Experimental Methods

The reaction rate coefficients of the peroxy radical H-shifts are determined by monitor-
ing their competition with the bimolecular reactions with NO and HO2. Specifically,
we monitor the decreasing formation of crotonaldehyde hydroxy nitrates as a func-
tion of increasing bimolecular lifetime that results from decreasing the amounts of NO
and HO2, an approach employed previously for other compounds.29,35,37,38 Based on
known or parametrized values for the bimolecular rate coefficients, the unimolecular
rate coefficients are inferred. 2-methylpropene is oxidized alongside crotonaldehyde
serving as a reference whose unimolecular H-shift reactions are calculated to be much
too slow to matter under the experimental conditions employed (see Section S3.1).
The reference compound is used to account for variation in the concentrations of OH
and NO between experiments. In the absence of unimolecular chemistry, the ratio
of the yields of 2-methylpropene and crotonaldehyde hydroxy nitrates should remain
constant between experiments in the limit where all peroxy radicals react with NO.
Changes in the ratios are interpreted as arising from unimolecular chemistry.

Experiments are performed in a ∼1 m3 chamber consisting of a flourinated ethylene
propylene copolymer (Teflon FEP, DuPont) bag at ambient atmospheric pressure
(∼745 Torr) and temperature (296 K). A standard mixture of 10:1 crotonaldehyde
(2-butenal, ≥99% Sigma-Aldrich, predominantly trans) and 2-methylpropene (99 %,
Sigma-Aldrich) is prepared in a 3 L glass bulb and diluted with N2. The ratio is
confirmed using FT-IR (Nicolet Magna-IR 560) with cross sections from the PNNL
(Pacific Northwest National Laboratory) database.39 The stability of the mixture is
confirmed by regular experiments with high NO mixing ratios. The desired amount
of this mixture is added to the chamber by filling an evacuated 500 cm3 glass bulb to
the desired pressure and filling this with N2 to ambient pressure. Dry zero-air is flown
through the bulb and into the chamber using an MKS flow controller at 20 standard
liters per minute. For experiments with added NO, an evacuated 500 cm3 glass bulb
is filled to the desired pressure of NO (1993 ± 20 ppm in N2, Matheson) and diluted
with N2 to slightly above atmospheric pressure. Again, zero air is flushed through the
bulb to transfer its contents to the chamber. The initial chamber NO mixing ratio is
measured using a chemiluminescence NOx monitor (Teledyne NOx M200EU).

Photolysis of methylnitrite (CH3ONO) is used as a source of OH, NO and HO2

following the schemes below:37,40

CH3ONO + hν + O2 → HO2 + NO + HCHO

HO2 + NO → OH + NO2

The methyl nitrite is synthesized and purified using an approach similar to that by
Taylor et al. and stored under liquid N2.41 The desired amount is prepared by serial
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dilution with N2 in a 500 cm3 glass bulb and added to the chamber as described
above. Due to interferences from CH3ONO in the NOx monitor, the initial NO
mixing ratios are measured before addition of methyl nitrite. Typical initial cham-
ber concentrations are 100 ppb CRALD, 10 ppb 2-methylpropene, 0-1.2 ppm NO and
90 ppb CH3ONO. The experimental details of all experiments are given in Table S16.

Photoxidation is initiated by turning on the lights (Sylvania F40/350BL, λmax ∼ 350
nm), initiating the CH3ONO photolysis. Oxidation is allowed to continue for between
10 min and 17 hours depending on the experimental conditions.

Products are measured using chemical ionization time-of-flight mass spectrometry
(CI-ToF-MS, Tofwerk, Caltech) with a 10 Hz temporal resolution, as described in
detail before.42,43 The CIMS reagent ion CF3O– is produced by flowing CF3OOCF3

(1 ppm in N2) through a radioactive 210Po source. Products are identified as adducts
with CF3O– (m/z 85). The CF3O– ions interact with the analytes at a pressure of
26 Torr (35 mbar). All CIMS signals are normalized to the sum of 13CF3O– (m/z
86) and its water adduct 13CF3O– ·H2O (m/z 104). CIMS sensitivities of the various
products are estimated using the empirical approach of Su et al. with dipole mo-
ments and polarizabilities of species calculated using the approach described earlier
and outlined in Section S8.30–33

The stereoisomeric compounds, including the hydroxy nitrates of interest, are sepa-
rated using a gas chromatography column placed in a Varian CP-3800 gas chromato-
graph (GC) oven. Flow from the chamber is cryotrapped (-35 ◦C) for 20 minutes at
the head of an 11.5 m Restek RTX-200 megabore GC column (I.D. = 0.53 mm, df =
3.00 µm) in an isopropanol/ethanol bath cooled to about 235 K using liquid nitrogen.
No valves or metal fittings are used. The following GC temperature profile is used
for the separation: Start 30 ◦C, 10 ◦C min-1 from 30 ◦C to 60 ◦C, hold 32 min, 20 ◦C
min-1 from 60 ◦C to 120 ◦C, hold 1.5 min. This means that all the species of interest
for the chemical analysis elute at the same temperature (60 ◦ C). A column flow of 5
sccm N2 is used for elution. Three consecutive gas chromatograms are recorded for
each experiment and their results are later averaged. Peak areas are obtained from
the GCs using ”peakfit” in MATLAB R2016B.44,45 Background GCs are recorded
before oxidation and any signal present in these are fitted and subtracted from the
post-oxidation signals. All peaks are fitted using an exponentially-broadened Gaus-
sian peak shape (a Gaussian peak convoluted with an exponential decay).44 For each
peak in the chromatogram, the optimal width and exponential-decay parameter is
determined for a high-NO experiment and these values are used throughout all ex-
periments.

Experiments are conducted with different concentrations of HO2 and NO to vary the
bimolecular lifetime of the peroxy radical (τbimolecular), as given by:
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τbimolecular =
1

kRO2+NO[NO] + kRO2+HO2 [HO2]
(S4)

Under the conditions of the experiments, RO2+RO2 chemistry is calculated to be
negligible based on inferred RO2 mixing ratios and an estimated rate coefficient of 1.3
×10−12 cm3 molecule-1 s-1 based on the experimental rate coefficient for CH3C(O)CH2O2

+ CH3C(O)CH2O2 (see Section S12).46 For the high-NO experiments, characterized
by observable no formation of H2O2 and hydroxy hydroperoxides (ROOH), the bi-
molecular lifetime is determined from the measured initial NO concentrations and
assuming a standard bimolecular rate coefficient for the crotonaldehyde hydroxy per-
oxy radicals with NO of 8.8×10−12 cm3 molecule-1 s-1 at 296 K.28 In the experiments
with little to no NO added, the bimolecular lifetime is estimated based on inferred
NO and HO2 mixing ratios and bimolecular rate coefficients, following the proce-
dure outlined in the literature and Section S11.29,33,38 For RO2+HO2, we assume a
rate coefficient of 1.7 × 10−11 cm3 molecule−1 s−1 at 296 K, as estimated using the
parametrization by Wennberg et al.28

For each experiment, the area of each crotonaldehyde-derived HN peak is normalized
to the area of 2-methyl-1-hydroxy-2-nitrooxypropene (the second 2-methylpropene-
derived hydroxy nitrate peak in the chromatograms) to account for inter-experimental
variation in exposure to OH and NO. Only this isomer is used, as we find that the
2-methyl-2-hydroxy-1-nitrooxypropene isomer (first GC peak) is also formed from re-
action with NO3 (see Section S18). Dividing the peak areas of the crotonaldehyde
HNs with the peak area of the second 2-methylpropene hydroxy nitrate peak allows
us to normalize across the different experiments and assess the unimolecular chem-
istry of the crotonaldehyde hydroxy peroxy radicals. This ratio will be referred to
as the normalized crotonaldehyde hydroxy nitrate yield. The H-shift rate coefficients
are extracted by fitting a simple chemical model (Section S13) to the normalized
crontonaldehyde HN yield as a function of the determined bimolecular lifetime. The
H-shift rate coefficient represents the fitting variable and is obtained from weighted
least squares fit to the data. The uncertainty in the experimental values is determined
from Monte Carlo analysis of the experimental data with estimated uncertainties in
the bimolecular lifetime and peak area ratio. A full description is given in Section S14.

Earlier studies using a similar approach to determine the rate coefficients of uni-
molecular H-shift reactions have used isomers of the compound of interest whose
unimolecular chemistry is calculated to be slow as internal references.29,35,38 The ap-
proach used here employs an external reference compound (2-methylpropene) and is
thus slightly more general, as it can be used in cases where all isomers have rapid
unimolecular chemistry, as is the case here. The disadvantage of the use of an ex-
ternal reference is a slightly larger uncertainty e.g. due to potential variations in the
ratio of the two species in the mixture or in the relative rates of their bimolecular
chemistry with NO or HO2. However, as the same mixture is used for all experiments,
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the former is likely limited.

S10 Initial Mixing Ratios

Table S16: Initial chamber mixing ratios (ppb) in the different experiments. The NO mixing ratio
is based on the NOx monitor measurements, while the remaining values are based on the pressures
measured during chamber preparation. 0.0 indicates no NO added.

Expt. CRALD 2-Me-prop CH3ONO NO

A 100.3 10.0 267.9 0.0
B 110.8 11.1 99.1 12.2
C 114.6 11.5 87.5 457.3
D 104.3 10.4 87.4 0.0
E 100.6 10.1 86.4 526.9
F 105.3 10.5 86.7 0.0
G 106.7 10.7 85.9 0.0
H 101.4 10.1 88.9 1222.7
I 100.3 10.0 75.8 7.8
J 104.4 10.4 77.5 531.0
K 70.9 7.1 105.4 0.0
L 68.7 6.9 86.7 0.0

M 72.4 7.2 93.1 0.0
N 147.5 14.8 100.7 581.0

S11 Determination of Bimolecular Lifetime

Experiments are conducted with different concentrations of NO and HO2 to vary the
bimolecular lifetime (τbimolecular) of the crotonaldehyde peroxy radical, as given by:

τbimolecular =
1

kRO2+NO[NO] + kRO2+HO2 [HO2]
(S5)

The bimolecular rate coefficients for the reaction of the crotonaldehyde hydroxy per-
oxy radicals with NO and HO2 are assumed to be isomer independent and determined
using the recently updated parametrizations:28

kRO2+NO =
(
2.7× 10−12

)
e(350K/T )cm3 molecule−1 s−1 (S6)

kRO2+HO2 =
(
2.82× 10−13

)
e(1300K/T )

[
1− e(−0.231n)

]
cm3 molecule−1 s−1, (S7)

where n = C + O + N - 2, i.e. the sum of all non-hydrogen atoms apart from
the peroxy group. For the crotonaldehyde hydroxy peroxy radicals at 296 K, this
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evaluates to kRO2+NO = 8.8 × 10−12 cm3 molecule−1 s−1 and kRO2+HO2 = 1.7 ×
10−11 cm3 molecule−1 s−1.

For the experiments with high initial NO mixing ratios and no observed growth of
hydroperoxides, the bimolecular lifetime is determined from the initial NO mixing
ratios as measured by the chemiluminescence NOx monitor. For the remaining ex-
periments, the mixing ratios of HO2 and NO are inferred from the rate of growth of
H2O2 (detected as H2O2·CF3O– , m/z 119), 2-methylpropene hydroxy hydroperoxide
(C4H10O3·CF3O– , m/z 191) and 2-methylpropene hydroxy nitrate (C4H9NO4·CF3O– ,
m/z 220), using the procedure employed in the literature.29,33,38 As such, the refer-
ence compound 2-methylpropene is used to infer NO and HO2 mixing ratios which are
then combined with rate coefficients for the crotonaldehyde hydroxy peroxy radicals
to obtain the bimolecular lifetime of those peroxy radicals.

During oxidation, H2O2 is formed by:

HO2 +HO2 → H2O2 +O2

The production rate of H2O2 (PH2O2) is thus given by:

PH2O2 = kHO2+HO2 × [HO2]2 (S8)

The HO2 mixing ratio is determined from the observed rate of growth of H2O2 (PH2O2)
and the recommended rate coefficient for the reaction kHO2+HO2 including a depen-
dence on water vapor:47

[HO2] =

√
PH2O2

kHO2+HO2

(S9)

kHO2+HO2 =

(
2.2× 10−13 exp

(
600

T

)
+ 1.9× 10−33[M ] exp

(
980

T

))
×
(

1 + 1.4× 10−21[H2O] exp

(
2200

T

)) (S10)

T in K, and concentrations in molecules cm-3. In these experiments, the mixing ratio
of NO is determined from the rate of growth of the 2-methylpropene hydroxy nitrate
and hydroxy hydroperoxide. Specifically, the mixing ratio of HO2, determined as
above, is combined with the rate of growth of 2-methylpropene hydroxy hydroperoxide
to infer the hydroxy peroxy radical mixing ratio. Based on this and the rate of growth
of the 2-methylpropene hydroxy nitrate, the NO mixing ratio can be calculated:

[NO] =
PRONO2

PROOH

cROOH

cRONO2

YROOH

YRONO2

kRO2+HO2

kRO2+NO

[HO2] (S11)

PRONO2 and PROOH are the observed rates of growth of the 2-methylpropene hydroxy
nitrate and hydroxy hydroperoxide, respectively, in ncts s-1; cROOH and cRONO2 are
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the calculated CIMS sensitivities in ncts pptv-1; YROOH is the fractional yield of hy-
droperoxides from the reaction of the 3-methylpropene hydroxy peroxy radicals with
HO2 and YRONO2 is the corresponding 2-methylpropene hydroxy nitrate yield from
the reaction with NO; kRO2+HO2 is the rate coefficient for the reaction of HO2 with
the 2-methylpropene hydroxy peroxy radical in cm3 molecule-1 s-1 and kRO2+NO is the
corresponding rate coefficient for the reaction with NO. The growth rates, PRONO2

and PROOH , are determined from linear least-square fits to the signals as a function
of time during the period with the lights on.

For the CIMS sensitivities of the 2-methylpropene hydroxy hydroperoxides and hy-
droxy nitrates, the average of the two structural isomers is used. The hydroperoxide
yield (YROOH) for the 2-methylpropene hydroxy peroxy radical reacting with HO2 is
assumed to be unity, as is the recommendation for simple peroxy radicals.48–51 For
the reaction with NO, the reported nitrate yield (YRONO2) of 0.09 is used.52

The measured value (298 K) of 9.6×10−12 cm3 molecule-1 s-1 is used for the bimolecular
reaction of 2-methylpropene hydroxy peroxy radicals and NO.53 For the reaction with
HO2, a bimolecular rate coefficient at 296 K of 1.48×10−11 cm3 molecule-1 s-1 is used.54

This is the IUPAC recommended value for the 2-OH,1-OO isomer and is assumed to
be isomer independent.

S12 Importance of RO2 + RO2

Based on the observed growth of 2-methylpropene and crotonaldehyde hydroxy ni-
trates (m/z 220 and 234, respectively), the average NO mixing ratios (Section S11),
the nitrate yields from RO2 + NO (Section S16), the estimated CIMS sensitivities of
the hydroxy nitrates (Section S8) and the rate coefficients of RO2 + NO (Section S13),
the average RO2 mixing ratio during the oxidation can be inferred. This approach
suggests that the average mixing ratios of 2-methylpropene and crotonaldehyde hy-
droxy peroxy radicals in the different experiments fall in the ranges 3×10−3−10 ppt
and 2× 10−3 − 40 ppt, respectively.

Recently, experimental rate coefficients for the reaction RO2 + RO2 → ROOR +
O2 were published for a range of peroxy radical with varying size and degree of
oxidation.46 A rate coefficient of 1.3 ×10−12 cm3 molecule-1 s-1 was found for the
self-reactions of both CH3C(O)CH2O2 and HO-C4H8O2, which are the peroxy radi-
cals most closely resembling the crotonaldehyde peroxy radicals studied here.46 By
combining this rate coefficient with the inferred peroxy radical mixing ratios, we can
estimate the importance of RO2 + RO2 for the experiments. The inferred RO2 mixing
ratios correspond to pseudo-first-order rate coefficients for RO2 + RO2 in the range
1 × 10−7 − 1 × 10−3 s-1. For comparison, the pseudo-first-order rate coefficients for
reactions with NO in the different experiments are in the range 9 × 10−3 − 3 × 102
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s-1 and 2 × 10−2 − 3 × 102 s-1 for the 2-methylpropene and crotonaldehyde hydroxy
peroxy radicals, respectively. The pseudo-first-order rate coefficients for the reaction
with HO2 are up to 0.1 s-1. In the high-NO experiments, the HO2 mixing ratio can-
not be assessed, thus a lower limit can not be given for the pseudo-first-order rate
coefficients with HO2. For the crotonaldehyde hydroxy peroxy radicals, the RO2 +
RO2 reaction also competes with the unimolecular H-shifts with an experimental rate
coefficient of 4 × 10−2 s-1 for the isomer with the slowest reaction. These estimates
suggest that RO2 + RO2 account for less than 0.3 % of the reactivity in all experi-
ments and typically much less.

Berndt et al. showed that for larger, more highly oxidized peroxy radicals, the rate
coefficient for RO2+RO2 could be much faster with values up to 2.6 × 10−10 cm3

molecule-1 s-1. If RO2+RO2 did account for a significant fraction of the total peroxy
radical reactivity and this reaction is not considered, it would lead to an overestima-
tion of the bimolecular lifetime for a given experiment and result in determined H-shift
rate coefficients that were too slow, assuming the 2-methylpropene and crotonalde-
hyde hydroxy peroxy radicals react with other RO2’s with the same rate coefficients.
However, even using this upper limit rate coefficient for the RO2+RO2 reactions in-
creases the experimentally determined peroxy radical H-shift rate coefficients by only
30 - 40 % for the different isomers compared to neglecting this reaction pathway. A
rate coefficient for RO2+RO2 of 8.7×10−11 cm3 molecule-1 s-1 (1/3 of the fastest mea-
sured rate coefficient) is necessary to increase the rate coefficients determined here
by about 10 %. Any possible effect of RO2+RO2 on the observed stereoselectivity
cannot be assessed, as we do not know if the diastereomers may react bimolecularly
with significantly different rate coefficients.

An additional effect that is also difficult to assess is the influence of different RO2+RO2

rate coefficients for the 2-methylpropene and crotonaldehyde hydroxy peroxy radicals.
As 2-methylpropene forms mostly tertiary peroxy radicals, it is expected to react more
slowly in RO2+RO2 reactions, which would decrease the normalized crotonaldehyde
yields.55 This would in turn lead to an overestimation of the observed rate coefficients,
working to counteract the effect on the bimolecular lifetime. However, as discussed in
the initial paragraph in this section, it seems unlikely than any of the peroxy radicals
formed here will react rapidly enough by RO2+RO2 for this reaction to matter.

S13 Simple Chemical Model to Obtain Experimen-

tal H-shift Rate Coefficients

The experimental H-shift rate coefficients are obtained by least square fit of the ex-
perimental results to results from a simple chemical model with the H-shift rate as
the variable. The model includes the following parameters:
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• kCRALD+OH = 3.49 × 10−11 cm3 molecule-1 s-1 at 296 K.56 This experimen-
tally determined literature value is in good agreement with earlier experimental
determinations.57,58

• k2−me−prop+OH = 5.20× 10−11 cm3 molecule-1 s-1.59

• [OH] = 2 × 106 molecules-1 cm3. The model results are not sensitive towards
this value, as the important model output is the ratio between products from
crotonaldehde and 2-methylpropene.

• YCRALD−addition = 0.56. 56 % yield of OH addition in the reaction of crotonalde-
hyde and OH based on SAR results.56,57 Literature experimental results suggest
that addition and abstraction are comparable, but are unable to constrain the
branching further.56,60

• Y2−Me−prop−prim−addition = 0.89. Yield of primary OH-addition to 2-methylpropene.
Experimental value.52

• YCRALD−HN = 0.017. Hydroxy nitrate yield for the reaction of crotonaldehyde
hydroxy peroxy radicals with NO. Based on best fit to the high-NO experiments.
This value is in excellent agreement with the experimental value between 0.16
and 0.19 determined here (Section S16).

• Y2−Me−prop−HN = 0.09. Hydroxy nitrate yield for the reaction of 2-methylpropene
hydroxy peroxy radicals with NO. Experimental value.52

• T = 296 K.

• k2−me−prop−OH−OO−isom = 8.8× 10−5 s-1. Summed rate of unimolecular H-shifts
for 1-OH,2-OO-2-methylpropene. Based on calculated values (Table S3).

• kCRALD−OH−OO+NO = 8.8×10−12 cm3 molecule-1 s-1. Based on parametrization
of experimental values.28

• k2−me−prop−OH−OO+NO = 9.6× 10−12 cm3 molecule-1 s-1. Experimental value.53

• CIMS sensitivities of the various hydroxy nitrates as given in Table S15.

• The rate coefficients of the unimolecular H-shifts of the crotonaldehyde hydroxy
peroxy radicals represent the variable in the model and are determined by least-
square fits of the chemical model to the experimental data. For comparison
between experiments and calculations, the model is also run using the MC-TST
calculated values for the aldehydic H-shifts.
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S14 Uncertainty in the Experimental Reaction Rate

Coefficients

The uncertainty in the experimentally determined reaction rate coefficients is esti-
mated as previously described.29,38 The total uncertainty depends on the uncertainties
in both the measured peak area ratios and the inferred bimolecular lifetime.

S14.1 Uncertainty in Peak Area Ratio

The uncertainty in the peak area ratio is determined as the propagated total uncer-
tainty from the standard deviation in peak area from the three repeated GC’s, the
standard deviation in the peak area fitting parameters, and the standard deviation
in the peak area ratio from the high-NO experiments. The uncertainty in the peak
area fitting parameters is determined from Monte Carlo simulation including 10,000
fits with the peak parameters (width and exponential-decay parameter) of CRALD
HN and 2-Me-prop HN covaried from the determined optimal value by up to 40 %
in each direction using uniformly distributed random numbers. Fits that have de-
teriorated by more than 2 standard deviations from the average are discarded. The
standard deviation of the peak area ratio of the included fits is assigned to the stan-
dard deviation of the peak fitting parameters. Test using 11,000 trials yield the same
results, suggesting that the values have converged. One fit is done for the high-NO
experiments ([NO] > 100 ppb) and one is done for the low-NO experiments. Each
of these is then applied to all points within that group. This is not possible for
the three slightly overlapping crotonaldehyde hydroxy nitrate peaks, as the relatively
large variations of the peak parameters causes the fitting tool to incorrectly assign
the three individual peaks. Thus, it is done for only the fourth (more separated) peak
and the same standard deviation from the peak fitting parameters is assigned to the
peak ratio of all four crotonaldehyde hydroxy nitrate peaks.

Due to the use of an external reference (2-methylpropene), additional uncertainty is
assigned to the peak area ratio to account for potential variations in the ratio of the
two components of the mixture over time. As an upper limit for the uncertainty from
this, we use the standard deviation of the peak ratio from all the high-NO experiments
for each peak.

S14.2 Uncertainty in Bimolecular Lifetime

Uncertainty in the determined bimolecular lifetime is estimated differently for the
high-NO and low-NO experiments, due to differences in the ways the bimolecular
lifetime is calculated for the two sets of experiments.

For the high-NO experiments, the bimolecular lifetime is determined from the mea-
sured initial NO concentration and the rate coefficient for CRALD-OH-OO with NO.
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We estimate the uncertainty in the measured initial NO concentrations to be about
20 % and the uncertainty for CRALD + NO to be about 10 % based on the small
variation between different alkyl and oxygenated (non-acyl) peroxy radicals.53,61

For the low-NO experiments, the bimolecular lifetime is based on the inferred NO
and HO2 concentrations (see Equations S11 and S9) determined from the products
of 2-methylpropene and the rate coefficients for CRALD-OH-OO with NO and HO2.
For the production rate of the 2-methylpropene hydroxy nitrate and hydroperoxide,
we use the standard 1σ of the linear least-square fits of the signal as a function of time
during oxidation. The associated calculated CIMS sensitivities are each assigned a
default uncertainty of 30 %.29,38 For kHO2+HO2 , we use the assigned uncertainty of 15
%.29,47 For the hydroperoxide yield for 2-methylpropene-OH-OO+HO2, we assign an
uncertainty of 5%,47,62 while the nitrate branching for 2-methylpropene-OH-OO+NO
has a stated uncertainty of 11%.52 Finally, for the rate coefficient for the reaction of
the crotonaldehyde hydroxy peroxy radicals with HO2, we use a standard deviation of
25 % estimated from the RMSE of the fit to experimental data in Wennberg et al. 28

S14.3 Total Uncertainty

From the determined uncertainty of each experimental data point, the total uncer-
tainty in the experimental reaction rate coefficient is determined using a Monte Carlo
approach. 5000 data sets are generated by shifting each point within its uncertainty
in the x and y dimension using uniformly distributed random numbers. For each new
data set, the best fit is calculated by minimizing the linear least square deviation of
the modeled values to the experimental. The total uncertainty in the experimental
rate coefficient is the full width spanned by the 5000 fits.

S15 3-Hydroxybutanal Oxidation

To aid the assignment of the m/z 234 peaks in the crotonaldehyde oxidation, experi-
ments were conducted using 3-hydroxybutanal. As shown in Figure S10, this should
yield the two stereoisomers of the hydroxy nitrate isomer expected to be the major
product of crotonaldehyde oxidation (3-OH,2-ONO2-CRALD) and thus only two m/z
234 GC peaks.

Figure S10: OH initiated oxidation of 3-hydroxybutanal leading to hydroxy nitrate formation.

Surprisingly, in the GC of 3-hydroxybutanal, we see the same four peaks as ob-
served in crotonaldehyde oxidation. However, as shown in Figure S11, the intensity
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of the two later-eluting relative to the two earlier-eluting peaks is larger in the 3-
hydroxybutanol oxidation compared to the crotonaldehyde oxidation. We therefore
assign these to arise from the 3-OH,2-ONO2 diastereomers. However, the two initial
smaller peaks are only slightly less intense in the chromatogram of 3-hydroxybutanal
compared to crotonaldehyde. For pure 3-hydroxybutanal, these peaks should not be
observed. Unfortunately, 3-hydroxybutanal was available only as ”technical grade”,
whose purity could not be verified from the supplier. However, a single peak at m/z
173 (hydroxybutanal + CF3O– ) before any reactions suggests that the additional
peaks are not due to impurities of 2-hydroxybutanal, assuming the two are separable
with the chromatographic setup employed.

Figure S11: Comparison of the chromatograms (m/z 234) obtained in high-NO experiments with
crotonaldehyde and 3-hydroxybutanal. The 3-hydroxybutanal chromatogram is scaled to the tall
peaks from crotonaldehyde oxdation.

A likely explanation for the observed chromatogram is the presence of crotonalde-
hyde in the sample. Being a β-hydroxy alcohol, dehydration is a likely reaction
of 3-hydroxybutanal.63 As shown in Figure S12, this would lead to crotonaldehyde.
Crotonaldehyde could be present in the purchased sample or formed during evap-
oration into the chamber. The presence of crotonaldehyde would explain why all
four peaks are observed, while the higher relative abundance of the two later-eluting
peaks are due to the 3-hydroxybutanal. Due to the double bond in crotonaldehyde,
it is expected to react significantly faster with OH than 3-hydroxybutanal.64 This
means that even relatively small amounts of impurities could significantly affect the
chromatogram.
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Figure S12: Aldol condensation of 3-hydroxybutanal forming crotonaldehyde.

S16 Hydroxy Nitrate Yield

The overall hydroxy nitrate yield for the crotonaldehyde hydroxy nitrates are esti-
mated from the high-NO experiments where it can be assumed that all hydroxy peroxy
radicals react with NO. It is determined relative to the HN yield of 2-methylpropene
hydroxy peroxy radicals from both the direct CIMS sampling the the GCs. From
the published HN yield of the 2-methylpropene of 0.09, the absolute CRALD HN
yield can be estimated.52 For both approaches, the results for the different high-NO
experiments are averaged, but show little variation.

For the direct sampling, the background-corrected m/z 234 (CRALD-HN) signal
is compared to the corresponding m/z 220 (2-Me-prop-HN) signal. The signals
are corrected for the isomer-weighted CIMS sensitivities (Table S15), the 1:10 2-
methylpropene:crotonaldehyde ratio in the gas mixture, 56 % OH-addition to CRALD
(Section S13)56,57 and slight differences in the rate coefficients for reaction of the per-
oxy radicals with NO (Section S13). This approach yields an overall HN yield of the
crotonaldehyde hydroxy peroxy radicals of 1.9 %.

A similar approach is used to estimate the value from the gas chromatograms of
the high-NO experiments. The fitted area of each HN peak is corrected by the corre-
sponding CIMS sensitivity and all peaks corresponding to CRALD HN and 2-me-prop
HN, respectively, are summed. The ratio of these peaks is corrected as above by for
the difference in peroxy radical abundance and reaction rate with NO. This approach
yields a CRALD HN yield of 1.6 %, in good agreement with the direct sampling
approach.

A parametrization for the nitrate yield from the reaction of a peroxy radical with
NO was recently published.28 For simple peroxy radicals at 293 K and 993 hPa, the
nitrate yield, α0, is given by:

α0 = (0.045± 0.016)n− (0.11± 0.05) (S12)

where n is the number of non-hydrogen atoms excluding the peroxy moiety. For the
CRALD hydroxy peroxy radicals, n = 6 suggesting a nitrate yield of 16 % using this
simple approximation. However, it was noted that for multifunctional compounds, the
nitrate yield was generally lower.28 While corrections for this is poorly constrained,
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estimated factors were given to be multiplied by α0. The nitrate yield of α carbonyl
peroxy radicals is reduced by 90 % and the nitrate yield of β carbonyl peroxy radicals
by 45 %. Similarly, β hydroxy peroxy radicals have a nitrate yield reduced by 10 %
and γ hydroxy groups reduce the nitrate yield by 5 %. With these corrections, the
parametrization suggests a nitrate yield of 7.9 % and 1.4 % for 2-OH,3-OO and
3-OH,2-OO, respectively. As 3-OH,2-OO is the dominant structural isomer, these
values seem consistent with the overall experimental value obtained here.

S17 Chromatograms

Figure S13 shows the four crotonaldehyde hydroxy nitrate peaks (m/z 234) along
with the two 2-methylpropene hydroxy nitrate peaks (m/z 220). The latter of the
2-methylpropene hydroxy nitrate peaks (retention time of 8 minutes) is used to nor-
malize the m/z 234 signals. 2-methylpropene serves as a reference to account for
differences in OH and NO reactivity between experiments.

Figure S13: Chromatograms of m/z 220 (2-methylpropene hydroxy nitrate·CF3O– ) and m/z 234
(crotonaldehyde hydroxy nitrate·CF3O– ). The intensity of the chromatograms have been normalized
to the intensity of the second 2-methyl hydroxy nitrate peak.

For the hydroxy nitrates produced from 2-methylpropene, two peaks are observed at
m/z 220 (see Figure S13) consistent with the two structural isomers of the hydroxy
nitrates clustered with CF3O– , as observed before.52 These have previously been as-
signed with the larger (later-eluting) peak corresponding to external OH-addition.
This assignment is confirmed by the growth of the first of these peaks in the dark un-
der NO3-dominated conditions, as NO3 strongly favors external addition (see Section
S18).65 The retention times of the 2-methylpropene hydroxy nitrate peaks are 6 and
8 minutes, respectively, under the experimental conditions employed here. It is the
latter of these two peaks that serves as the reference signal to normalize the CRALD
peak areas to account for differences in OH and NO reactivity between experiments.
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S18 NO3 Experiment

From consecutive gas chromatograms recorded after the lights have been turned off,
the initial m/z 220 peak is observed to increase over time in experiments with low
NO (Figure S14, left panel). The same growth is not observed for the second m/z
220 peak. The two m/z 220 peaks are assigned to the two structural isomers of 2-
methyl hydroxy nitrate clustered with CF3O– , with the first peak corresponding to
the primary nitrate.52 The observed growth of the primary nitrate after the lights have
been turned off is consistent with oxidation by NO3. This conclusion is substantiated
by the fact that this growth is not observed in experiments with high initial NO mixing
ratios (Figure S14, right panel), where NO3 formation is expected to be negligible.

No initial NO 443 ppb initial NO

Figure S14: Comparison of the m/z 220 (2-methylpropene hydroxy nitrate·CF3O– ) signal in three
consecutive GCs of the same reaction mixture after the lights have been turned off. The left panel
is from an experiment with no initial NO added, while the right panel is from an experiment with
a high initial NO mixing ratio (457 ppb).

To assess the NO3 chemistry, an additional experiment was performed. The NO3

chemistry was probed by adding NO2 and O3 to the mixture of crotonaldehyde and
2-methylpropene in the chamber in the dark. This leads to formation of NO3 by:

O3 +NO2 → O2 +NO3 (S13)

NO2 was added before O3 and in great surplus to limit ozonolysis. The lack of UV
light means that no OH radicals are formed from photolysis and NO3 is thus the
main reactant. As shown in Figure S15, this leads to a significantly different rela-
tive ratio of the two m/z 220 peaks compared to the high-NO experiment. In the
high-NO3 experiment, virtually only the first 2-methylpropene hydroxy nitrate peak
is observed. This peak has previously been assigned to the primary nitrate, which
is consistent with the strong terminal-addition preference of NO3.52,65 This suggests
that the second 2-methyl HN peak is not formed from NO3-chemistry and that this
peak can thus be used as a reference for the unimolecular chemistry. As shown in
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the second panel of Figure S15, it appears that none of the crotonaldehyde hydroxy
nitrates are formed in significant amounts by NO3-addition and that this reaction
is thus not problematic for our rate determination. The lack of observed growth of
crotonaldehyde HN may be explained by the observation that the NO3-addition is at
least about a factor of 10 and likely about a factor of 100 slower for crotonaldehyde
compared to 2-methylpropene.66,67

Instead, in the high-NO3 experiment, a significant single peak of m/z 236 is observed.
This mass is consistent with the 2-methylpropene nitroso hydroperoxide clustered
with CF3O– . This compound is observed in only negligible amounts in the high-NO
experiment (right panel, Figure S15).

m/z 220 m/z 234 m/z 236

Figure S15: Chromatograms comparing experiments conducted with a high mixing ratio of NO3

and NO. The signals are normalized to the most intense m/z 220 peak and for the m/z 234 and m/z
236 chromatograms, the high-NO3 and high-NO chromatograms, respectively, have been further
multiplied by a factor of 50.

S19 Branching for OH-addition

The relative importance of the two OH-addition pathways in crotonaldehyde is as-
sessed from the high-NO experiments (blue trace in Figure 3) and the calculated
CIMS sensitivities of the formed hydroxy nitrates, assuming each has the same ni-
trate yield. As observed for the two smaller peaks eluting first, we expect the two
diastereomers to be formed in equal amounts, as they are formed by O2-addition to a
(near-)planar alkyl radical.68 The fact that the signal of the last-eluting crotonalde-
hyde hydroxy nitrate is almost a factor of two smaller than the other major hydroxy
nitrate (when including estimated CIMS sensitivity, see Table S15) is attributed to
a lower GC transmission due to its longer retention time. We estimate the branch-
ing between the two addition pathways to be about 10:90 favoring addition at the
3-position. This assumes that the abundance related to the fourth peak is equal to
that of the third and that the nitrate yield is the same for all four peroxy radicals.

Earlier results based on FT-IR measurements with high NO concentrations suggest
that addition to the 2-position may be as high as 40 % of the total addition pathway.60
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However, this suggestion was sensitive to speculation about the most likely bond-
scission product for a specific alkoxy radical, which our calculations show are likely
not valid (Section S20) - a possibility also noted by the authors.60 Specifically, our
calculation suggest that scission of the CH3CH(OH)CH(O)CHO alkoxy radical is
fastest towards the CH(OH)-group rather than the CHO-group, which is opposite
from what is observed for methacrolein and methylvinylketone.69–72 This trend is in
agreement with our calculations for those systems (see Section S7) and likely stem
from the greater stability of the CH3CHOH leaving group in crotonaldehyde compared
to the CH2OH leaving group for the other alkoxy radicals. On the other hand,
the assumption that the nitrate yield is the same for the two structural isomers is
likely also not correct: Though poorly constrained, experimental results for other
compounds suggest that the positions of the functional groups would lead to a lower
nitrate yield in for the 3-OH,2-OO-CRALD hydroxy peroxy radicals compared to
the 2-OH,3-OO-CRALD hydroxy peroxy radicals (see Section S16).28,72 This would
suggest an even larger preference for 3-OH addition.

S20 High-NO Oxidation Mechanism

Two earlier studies have investigated the OH-initiated oxidation of crotonaldehyde
under high-NO conditions using Fourier transform infrared (FT-IR) spectroscopy and
gas chromatographs with flame ionization (FID), photoionization (PID) and electron
capture detectors (ECD).56,60 Both studies find that, under high-NO conditions, the
major organic products are acetaldehyde, glyoxal and an unsaturated PAN species.
While the CF3O– -CIMS employed here is not highly sensitive to these products, we
do see growth of signals consistent with the CF3O– adducts of these (m/z 129, 143
and 232, respectively) during the oxidation under high-NO conditions, but also in
an experiment designed to identify products formed without added NO (Figure S17).
However, the major signal observed growing in is m/z 159 consistent with 2-hydroxy
propanal (C3H6O2·CF3O– ). 2-hydroxy propanal is proposed as a possible product in
Magneron et al. 56 and consistent with the theoretical mechanism outlined in Section
S20. Our calculations predict the same products from OH-addition as observed in
the earlier experimental studies, but with somewhat different yields.56,60
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Based on the measured products, it has been proposed that about 40 % of the OH-
addition to crotonaldehyde may occur at the 2-position.60 This conclusion, however,
hinges on the glyoxal yield and the assumption that reaction of the alkoxy radical
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2-O,3-OH (in Figure S16) to yield 2-hydroxy propanal (m/z 159) dominates over the
reaction to yield glyoxal (m/z 143). As Orlando and Tyndall argue, if the opposite is
the case (as our calculations suggest), the addition at the 2-position is less than the
suggested 40 %, and thus closer to the ∼10 % estimated here.
Figure S17 shows growth of m/z 129, 143 and 232 during oxidation. These masses are
consistent with the CF3O– -adducts of acetaldehyde, glyoxal and an unsaturated PAN
species, which are all proposed to be major products of the NO-dominated chemistry
of crotonaldehyde+OH in previous literature56,60 and our theoretical model in Figure
S16. The chemical compositions are confirmed by high mass resolution analysis,
although the m/z 143 signal seems to be comprised of two different compounds in
comparable amounts. However, as these are all compounds we do not expect to be
sensitive towards, they may be other compounds of the same composition.

Figure S17: Growth during oxidation of selected m/z under high-NO conditions. Oxidation is
initiated by turning on the light at time = 0 min. Left panel: 10:1 mixture of crotonaldehyde and
2-methylpropene with [NO]initial = 581 ppb. Right panel: Crotonaldehyde only with no added NO.
Note the difference in oxidation time.

S21 Oxidation Mechanism Following Aldehydic H-

shifts

At long bimolecular lifetime, several peaks of m/z 175 are observed that are not
present in either the high-NO or high-HO2 experiments suggesting that these are prod-
ucts of the unimolecular chemistry (see Figure S20). High mass resolution analysis
suggest some of these peaks correspond to the chemical composition C3H6O3·CF3O– .
One compound consistent with this is 2-hydroperoxy propanal, a product of the
aldehydic H-shift in 3-OO,2-OH-CRALD followed by CO-loss, which could be com-
petitive with O2-addition (see Figure S18).37 Surprisingly, the high mass resolution
data do not suggest that any of the peaks correspond to the C2 aldehyde peroxy acid
(C2H2O4), which the theoretical mechanism (Figures S18 and S19) predicts to be the
major product of the unimolecular chemistry followed by alkoxy chemistry for both
structural isomers. A potential explanation would be that it decomposes.
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The reaction mechanisms following the unimolecular aldehydic H-shift (Figures S18
and S19) both predict compounds with m/z 175 to be major products via CO-loss or
alkoxy bond scission. As shown in Figure S20, the chromatograms of m/z 175 differ
significantly between experiments conducted with high NO, high HO2 and with low
mixing ratios of both leading to long bimolecular lifetimes. While one of the observed
peaks (retention time of 2.3 minutes) seems to be a product of HO2-chemistry, at least
two of the observed peaks do not seem to correlate with products observed in the other
two experiments suggesting that these are products of the unimolecular chemistry.
This is in line with the calculated mechanisms. The peak with retention time of 4.5
minutes seems to have a small formation rate in the high HO2-experiment, though it
is difficult to assess.

Figure S20: Chromatogram of m/z 175 following a high-NO experiment, a high-HO2 experiment
and an experiment with long bimolecular lifetime. The intensity is scaled to the summed GC areas
of the 2-methylpropene hydroxy hydroperoxide (m/z 191) and the second 2-methylpropene hydroxy
nitrate peak (m/z 220) to account for differences in OH exposure.

High mass resolution data ((m/z)/∆(m/z) ∼ 3500) suggest that the first of the four
peaks observed at long bimolecular lifetime is consistent with a chemical composition
of C4H10O2 ·CF3O– and the remaining three peaks correspond to a chemical compo-
sition of C3H6O3·CF3O– .

C4H10O2 is consistent with the diol of 2-methylpropene. This potential assignment
is corroborated by the fact that it is formed under high-HO2 conditions, but not
high-NO conditions and the fact that it is not preset in an experiment without 2-
methylpropene (Figure S21). C3H6O3 is consistent with the C3 hydroperoxy aldehyde
formed by CO-loss and reaction with O2 from the product of the 1,5 aldehydic H-shift
in 2-OH,3-OO CRALD (Figure S18) and one of the peaks thus likely represents this
compound. The second peak in the long-lifetime chromatogram in S20 is also not
present in the the experiment with only crotonaldehyde (Figure S21) and is thus also
likely formed from 2-methylpropene.
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Figure S21: Chromatogram of m/z 175 without added NO in an experiment with only croton-
aldehyde (CRALD only) and the 10:1 mixture of crotonaldehyde and 2-methylpropene (CRALD +
2-Me-prop).

S22 Crotonaldehyde Peak Area Ratios

Table S17: Bimolecular lifetime (τbi, in s) and gas-chromatograph peak areas of each of the four
crotonaldehyde hydroxy nitrate peaks divided by the peak area of the second 2-methylpropene
hydroxy nitrate peak. Each value is the average of the ratio form three consecutive GCs. The
values do not take into account the determined CIMS sensitivities (Table S15). Peak 1 is (R*,S*)-
2-OH,3-ONO2−CRALD, Peak 2 is (R*,R*)-2-OH,3-ONO2−CRALD, Peak 3 is (R*,R*)-3-OH,2-
ONO2−CRALD and Peak 4 is (R*,S*)-3-OH,2-ONO2−CRALD. At long bimolecular lifetimes, the
area of Peak 2 was too small to be fitted, indicated by a ”-”.

Expt. τbi Peak 1 Peak 2 Peak 3 Peak 4

A 2.15×100 5.58×10−2 1.54×10−2 1.45×10−1 6.63×10−2

B 2.81×100 3.68×10−2 1.70×10−2 1.44×10−1 6.77×10−2

C 1.00×10−2 4.89×10−2 4.18×10−2 2.58×10−1 1.81×10−1

D 1.66×101 3.84×10−2 - 5.59×10−2 3.24×10−2

E 8.72×10−3 5.88×10−2 5.12×10−2 3.11×10−1 2.27×10−1

F 6.07×100 4.59×10−2 9.13×10−3 1.08×10−1 4.67×10−2

G 7.82×100 4.00×10−2 - 8.30×10−2 3.36×10−2

H 3.76×10−3 5.18×10−2 4.28×10−2 2.55×10−1 1.88×10−1

I 4.64×100 4.68×10−2 1.32×10−2 1.53×10−1 8.92×10−2

J 8.65×10−3 5.28×10−2 4.82×10−2 2.77×10−1 1.98×10−1

K 3.83×101 1.51×10−2 - 2.13×10−2 9.72×10−3

L 6.71×101 7.54×10−3 - 2.39×10−2 1.96×10−2

M 3.73×101 1.24×10−2 - 1.47×10−2 6.69×10−3

N 7.91×10−3 5.22×10−2 4.45×10−2 2.77×10−1 1.98×10−1
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