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Clustering effects on the reactivity of alkoxy radicals:
Rate coefficients of 3(RO· · ·OR) complexes accounting
for multiple conformers†

Hongye Fraise Zhao𝑎, Lauri Franzon𝑎, Severi Juttula𝑎, Robert Skog𝑎, Nanna Myllys𝑎 and
Theo Kurtén𝑎

Atmospheric peroxy (RO2 ) and alkoxy (RO ) radical species are crucial intermediates in the formation
of secondary organic aerosol (SOA). Recent computational work has demonstrated that recombina-
tion reactions of peroxy radicals (RO2 + RO2 ) proceed through triplet complexes consisting of two
alkoxy radicals (3(RO · · ·OR)). To understand how peroxy recombination reactions branch into dif-
ferent product channels, it is thus necessary to thoroughly investigate the reactions of these triplet
alkoxy complexes. Although the reactions of free alkoxy radicals have been extensively studied, the
reactivity of triplet alkoxy complexes remains relatively less explored. In this study, we have therefore
developed a systematic conformer sampling workflow for 3(RO · · ·OR), and applied it to four typical
alkoxy systems (AceO, β-ISOPO, PhCH2O, and PhC(O)O). Rate coefficients (𝑘) of key reactions
have been calculated using multi-conformer and lowest-conformer transition state theory (MC-TST
and LC-TST), allowing the quantitative evaluation of conformer effects. Our results demonstrate
that the presence of the other RO in the complex has a noticeable effect on 𝑘 values. For the
β-ISOPO system in particular, the predicted β-scission 𝑘 values in the 3(RO · · ·OR) complex are over
100 times higher than for the free radical.

1 Introduction
Climate change and air pollution have become major challenges
in current times. As a pollutant, small atmospheric particles ac-
count for around 10 million global deaths and 108 disability-
adjusted life years annually.1,2 On the other hand, atmospheric
aerosols can cool the climate through cloud formation and scat-
tering.3 Sustainable development actions have significantly re-
duced the emission of inorganic species (e.g. NOx, SO2, etc.), ini-
tiating a shift in aerosol compositions: Before those actions, atmo-
spheric aerosols were dominated by primary inorganic aerosols;
afterwards, secondary organic aerosol (SOA) particles have be-
come more influential4.

A major source of SOA is volatile organic compounds (VOCs),
which come from various biogenic (e.g. isoprene molecules re-
leased by vegetation)5 and anthropogenic (e.g. fuel combustion,
usage of organic solvents)6 emissions. After emission, VOCs are
oxidized and converted into peroxy radicals (RO2 ). Depending
on its molecular structure, RO2 can undergo both unimolecular

𝑎 Department of Chemistry, University of Helsinki, A.I. Virtasen aukio 1 (Chemicum),
00560, Helsinki, Finland. Tel: +358 (0)294150289; E-mail: theo.kurten@helsinki.fi
† Supplementary Information available: Further discussions are included in the SI
document (DOI: 10.1039/cXCP00000x/), and output files of key conformers in this
study are uploaded to a Zenodo archive (DOI: 10.5281/zenodo.19210535)

reactions, such as H-shifts and ring closures, and bimolecular re-
actions with species including NOx, HOx and RO2 .7 Among these
channels, we are especially interested in the peroxy recombina-
tion reaction (R1 in Figure 1), as some subsequent channels can
generate accretion products8(e.g. R2.3 and R2.4 in Figure 1),
which are critical for SOA formation. Compared to the initial
VOCs, accretion products have a higher number of carbon atoms
and lower volatility9, allowing them to cluster very efficiently.

As shown in Figure 1, the peroxy recombination reaction pro-
ceeds via a tetroxide intermediate, and generallyI leads to a
triplet alkoxy complex (3(RO · · ·OR)) after releasing one 3O2

molecule.11,12 The 3(RO · · ·OR) complex consists of two alkoxy
radicals (RO ) and can undergo various reactions. Therefore,
the branching of peroxy recombination channels reflects differ-
ent fates of 3(RO · · ·OR).

So far, four reaction channels of 3(RO · · ·OR) have been dis-
covered: dissociation13 (R2.1 in Figure 1), intermolecular H-
shift14,15 (R2.2 in Figure 1), intersystem crossing (ISC)16 to the
singlet surface (R2.3 in Figure 1), and β-scission of one of the

I According to the experimental results of Murphy et al. 10, for certain peroxy radicals
such as HOCH2CH2OO , the recombination reaction might also proceed through a
1(RO · · · O2 · · · OR) complex and produce HO2 . The reaction can be summarized
as follows: RO2 + RO2 → 1(RO · · · O2 · · · OR) → R–H O + HO2 + RO .
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Fig. 1 The known product channels of peroxy recombination reactions.

alkoxy radicals17,18 (R2.4 in Figure 1). Rate coefficients (𝑘) re-
ported for these channels vary widely with both the structure
of the 3(RO · · ·OR) and the calculation method. Nevertheless,
all four channels share a common feature: They can proceed
very rapidly, with estimated 𝑘(298 K) values often exceeding 109

s−1.14,15,17

In addition to β-scissions, other intramolecular reactions may
also take place depending on the structure of the reactive RO .
These intramolecular reactions include CO2 elimination in acy-
loxy radicals19, intramolecular H-shifts20,21 and epoxide forma-
tion22,23. We expect that any sufficiently fast intramolecular RO
reaction24 can also occur in 3(RO · · ·OR) — but the in-complex
rate is likely to differ from that of the free-radical reaction.

Among the reaction channels of 3(RO · · ·OR), ISC and β-
scission are of special importance, as they may lead to recom-
bination processes that form accretion products. In general, the
ester or ether products from β-scission (ROR’) are expected to be
more stable, and therefore longer-lived, than the peroxide prod-
ucts from ISC (ROOR).17 However, note that neither ISC nor
β-scission reactions guarantee the accretion product formation,
as other competing processes may intervene before recombina-
tion. For example, H-shift and dissociation reactions can take
place in 1(RO · · ·OR) (from ISC)25 or 3(R’ · · ·OR · · ·CH2O) (from
β-scission) complexes. Additionally, the ROR’ formation after β-
scission probably requires a subsequent ISC.17

Given the importance of atmospheric 3(RO · · ·OR) complexes,
a natural progression is to investigate the rate coefficients of their
different reactions. Numerous experimental studies have probed
the final product distribution of peroxy radical recombination.
For example, Frandsen et al.18 recently studied the ozonolysis of
tetramethyletylene (TME), where the dominant first-generation
RO2 is the acetonyl peroxy radical, CH3C(O)CH2OO (AceOO ).
Products with the elemental composition C6H10O4 were abun-
dantly observed, suggesting ISC as the major channel. On the
other hand, Peräkylä et al.17 detected C19 esters as the primary
accretion product of α-pinene (C10) ozonolysis, implying that β-
scission dominates the accretion product formation.

Although experiments can probe the final product distribu-

tion of RO2 + RO2 reactions, and even have recently cap-
tured the tetroxide intermediate in the gas phase (observed as
R2O4(H2O)H+)26, current techniques are still unable to detect the
3(RO · · ·OR) directly, as this complex is too short-lived for spec-
troscopic detection or isolation. Alternatively, theoretical meth-
ods can reveal the structures of key intermediates and estimate
the stepwise reaction rates.

Previous theoretical studies14,15 have shown the difficulties of
studying the in-complex reactions: (1) The 3(RO · · ·OR) com-
plex, an open-shell species with two unpaired electrons, is differ-
ent from the benchmarking species used by major computational
chemistry methods, up to and including state-of-the-art methods
such as coupled cluster. It is noteworthy that the training sets of
xTB methods, which are commonly used for semi-empirical con-
former sampling, are primarily closed-shell species.27–29 (2) The
structural variety of 3(RO · · ·OR) conformers affects the accuracy
of predicted thermodynamic and kinetic parameters. By defini-
tion, each conformer corresponds to a distinct potential energy
minimum30. Energetically low-lying conformers influence the
rate coefficient as their Boltzmann population is non-zero.31,32

Previous computational studies have suggested that ignoring con-
formers other than the global minimum may lower the accuracy
of the rate coefficient prediction, especially at higher tempera-
tures relevant to combustion.31,33 Furthermore, compared to RO ,
a larger number of conformers can be expected for 3(RO · · ·OR)
due to intermolecular interactions.

Based on the discussions above, to compute the reaction rate
coefficients of 3(RO · · ·OR) more accurately, a systematic con-
former search workflow is required. In this study, we improve
the conformer sampling workflow reported by Hasan et al.14,15

and Møller et al.31, with a special focus on intermolecular H-shift
reactions. Since these reactions involve both RO in the 3(RO · ·
·OR) complex and certain computational tools (e.g. GOAT) had
not been developed at that time, previous studies14,15 encoun-
tered challenges to sample the transition state (TS) conformers of
intermolecular H-shift reactions comprehensively. Then, we apply
our updated workflow to four 3(RO · · ·OR) systems correspond-
ing to representative RO2 + RO2 pairs in the atmosphere. We
determine the 𝑘 values of β-scission, intermolecular H-shift and
other selected reactions, such as RO addition to a double bond
(R3.2.2(a)-(b) in Figure 3) and epoxy formation-decomposition
(R3.3.2 (1)-(2) in Figure 4). In addition to investigating the rel-
evance of these novel pathways, our main purpose is to assess
how clustering with another RO affects the reactivity of alkoxy
radicals, which is achieved by comparing the free-radical and in-
complex 𝑘 values.

This study does not include the rate coefficients of dissociation
and ISC channels. For the dissociation channel, 𝑘 strongly depend
on the binding energy (𝐷) of the 3(RO · · ·OR)13, and the 𝐷 val-
ues are reported in Table S2 of the Supplementary information
(SI) (with relevant notations defined in Table S1). For the ISC
channel, determining both the ISC rate and the post-ISC product
distribution require additional calculations on the highly multiref-
erence open-shell singlet surface, which is beyond the scope of
this work.

The names and RO molecular formulas of the four systems are

2 | 1–12Journal Name, [year], [vol.],

Page 2 of 13Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 1
:5

0:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04635A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04635a


listed in Table 1. Each system includes both free radicals and
triplet complexes. The simplified notations for 3(RO · · ·OR) are
similar to their corresponding RO .

These four systems were selected based on experimental ev-
idence and atmospheric importance: AceO can be formed
in tetramethylethylene (TME) ozonolysis, and several experi-
mental studies18,34,35 have investigated its product distribution.
β ISOPO , as the name implies, can be generated in the OH-
oxidation processes of isoprene36. Since stereochemistry is not
the focus of this study, we selected only (S)-enantiomers of the
β ISOPO for simplicity. PhC(O)O and PhCH2O were selected
as representative aromatic alkoxy radials as they are formed dur-
ing the oxidation of toluene. In brief, Cl , OH or NO3 initiate a
methyl H-abstraction reaction from toluene,37 followed by O2 ad-
dition to form PhCH2OO . Recombination reactions of PhCH2OO
then generate the corresponding alkoxy radical, PhCH2O , as well
as benzaldehyde (PhCHO).38 Subsequently, PhCHO can be oxi-
dized into PhC(O)O .39

2 Computational details

2.1 Notations and computational chemistry programs ap-
plied in this study

For clarity and succinctness, Table 2 summarizes the simplified
notations of the types of reactants and transition states, compu-
tational methods and energy terms used in this study. Detailed
discussions of computational methods are provided in Sections
2.2 – 2.4. A schematic representation of the conformer sampling
workflow is reported in Figure S1.

The initial structures of isolated RO were built in SPAR-
TAN’2440. Reactant and transition state (TS) dimers were gen-
erated using the artificial bee colony algorithm for cluster global
optimization (ABCluster) 3.3 program41,42. Transition state struc-
tures of intermolecular H-shift reactions (TS H-shift) were gen-
erated using the global optimization algorithm (GOAT)43 imple-
mented in ORCA 6.0.144. Semi-empirical calculations were per-
formed using XTB 6.7.145,46. Calculations at higher level of theo-
ries, including density functional theory (DFT) and coupled clus-
ter methods, were performed with ORCA 6.0.144. Filtering and
analysis of the results were done using the Jammy Key for Con-
figurational Sampling (JKCS) 2.1 program47–49.

2.2 Method for rate coefficient calculation and relevant en-
ergy barriers

Earlier studies reported that β-scission and intermolecular H-
shift reactions of 3(RO · · ·OR) proceed through a single transition
state14,15, and can thus be treated as elementary reactions50. In
addition, reactions taking place within a 3(RO · · ·OR) complex
do not involve collisions or exchanges with other molecular en-
tities, and can therefore be treated as unimolecular elementary
reactions. These reactions are further categorized as follows: If
the reaction involves only one RO in the 3(RO · · ·OR) complex,
it is a unimolecular intramolecular reaction. In contrast, if the
reaction involves both RO in the complex, it is a unimolecular
intermolecular reaction. The first category includes β-scission,
epoxy formation and decomposition, while the second category

includes intermolecular H-shift and RO addition to the double
bond.

Therefore, reaction rate coefficients in this study are calcu-
lated using the elementary transition state theory (TST)51,52. Al-
though absolute 𝑘 values predicted by elementary TST are of-
ten inaccurate, the relative rates are more reliable (e.g. the
𝑘(β-scission, in-complex)
𝑘(β-scission, free-radical) factor, which is further discussed in Section
3.5.). In addition, according to Hasan et al.14, variational effects
are unlikely to be a major source of error even for rapid reac-
tions in alkoxy complexes. The difference between their H-shift
rate coefficients computed using elementary and variational TST
are generally within a factor of two14, suggesting that elemen-
tary TST is capable of describing such systems, and consequently,
sufficient for this study.

In practice, elementary TST is applied in two forms when calcu-
lating 𝑘 31: multi-conformer TST (MC-TST)31,53, which accounts
for contributions from multiple conformers (within an energy cut-
off) in Equation 1; or lowest-conformer TST (LC-TST)31, which
includes only the conformer with the lowest (free) energy value,
and thus with the highest Boltzmann probability, in Equation 2.

𝑘(MC-TST) = 𝜅min
𝑘B𝑇

ℎ

∑𝑛TS
𝑖

exp
(
−

𝐺TS𝑖
−𝐺Rmin
𝑅𝑇

)
∑𝑛R

𝑗
exp

(
−

𝐺R 𝑗
−𝐺Rmin
𝑅𝑇

) (1)

𝑘(LC-TST) = 𝜅min
𝑘B𝑇

ℎ
exp

(
−
𝐺TSmin − 𝐺Rmin

𝑅𝑇

)
(2)

In Equations 1 and 2, 𝜅min is the tunneling coefficient, 𝑇 is the
temperature, 𝑘B is the Boltzmann constant, ℎ is the Planck con-
stant, 𝑅 is the gas constant, 𝐺TS is the Gibbs free energy value
of the transition state and 𝐺R is the the Gibbs free energy value
of the reactant. The subscripts indicate the following informa-
tion: "min" is for the lowest-energy conformer, "𝑖" is for any TS
conformer, and " 𝑗" is for any reactant conformer.

As Møller et al.31 reported, one 𝜅 value is often sufficient to
represent the tunneling effect for all conformers of the same re-
action. This coefficient corresponds to the tunneling coefficient of
the lowest-energy TS conformer31, denoted 𝜅min. In practice, the
𝜅min value was calculated using the Eckart tunneling method54,
which requires the forward and backward barrier heights and
imaginary frequency (𝜔𝑖) of the TS on the potential energy sur-
face (PES). The PES was obtained with the intrinsic reaction coor-
dinate (IRC)55 approach in ORCA 6.0.1. The IRC endpoints were
then optimized, and their zero-point corrected electronic energy
(𝐸elzc) values were used to compute the barrier heights for the
𝜅min calculation.31,32

2.3 Conformer sampling of free-radical reactions

For each reaction channel, a single RO structure (reactant
monomer) from SPARTAN was optimized at two density func-
tional theory (DFT) levels in ORCA: first at the B3LYP56,57/ma-
def2-SVP58,59 level, and then at the ωB97X-D360,61/ma-def2-
TZVP58,59 level. The choice of B3LYP and ωB97X-D3 func-
tionals is suggested by previous studies on 3(RO · · ·OR) com-
plexes14,15,17,21, as well as benchmarking work on general chem-
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Table 1 Systems involved in this study, and the names used to refer to them throughout this paper.

Simplified notation in this paper Full name Molecular formula of RO Structure of RO

AceO radical or AceO Acetonyl alkoxy radical C3H5O2

β-ISOPO radical or β-ISOPO (S)-1-methyl-1-vinyl-2-hydroxyethyl alkoxy radical C5H9O2

PhCH2O radical or PhCH2O Benzyl alkoxy radical C7H7O

PhC(O)O radical or PhC(O)O Benzyl acyloxy radical C7H5O2

ical databases62 and atmospheric molecular clusters63. Tests of
different basis sets on 3(AceO · · ·OAce)64 and small gas-phase
clusters65 indicate that ma-def2-SVP and ma-def2-TZVP basis sets
are sufficiently accurate for the systems studied in this paper with
good computational efficiency.

After optimization at the B3LYP level, the reactant monomer
was optimized at the ωB97X-D3 level in two subsequent steps:
first with the default grid size (no additional keywords required,
or specified by the keyword "DefGrid2")44,66 and then with the
largest predefined grid size in ORCA 6.0.1 (invoked by the key-
word "DefGrid3")66,67. These two steps at ωB97X-D3 level will
be referred to as "ωB97X-D3 (Grid2)" and "ωB97X-D3 (Grid3)"
throughout this paper. Grid3 was applied to eliminate the imagi-
nary frequencies caused by numerical noise68. If there were still
small imaginary frequencies after optimizations with Grid3, ap-
proaches such as subtle displacement along the vector or applying
tighter convergence criteria would be applied.

The TS monomer was determined by relaxed surface scans at
the B3LYP level of theory. The TS structure from scans were then
optimized at B3LYP, ωB97X-D3 (Grid2) and ωB97X-D3 (Grid3)
levels, similar to its corresponding reactant monomer.

Based on the optimized reactant and TS monomer struc-
tures, conformer searches were performed using GOAT with the
GFN2-xTB28,45 method in ORCA, with an energy cutoff of 15
kcal mol−1II. Conformers generated by GOAT were then opti-
mized at the B3LYP level, followed by filtering based on their
uniqueness and relative energy values. Detailed selection crite-
ria are:

• Any two selected conformers must differ by more than 0.01
Å in gyration radius (Δ𝑅𝑔 > 0.01), 0.001 Hartree in elec-
tronic energy (Δ𝐸el > 0.001 Hartree), and 0.1 Debye in
dipole moment (Δ𝑝 > 0.1 Debye)14,49. This criterion, which
is also the default setting in JKCS 2.1, will hereafter be re-
ferred to as the "uniqueness filter" or "filtered by unique-
ness".

• The Gibbs free energy value of every selected conformer
must be no more than 5 kcal mol−1 14,31 above the global
minimum (𝐺 − 𝐺min < 5 kcal mol−1). This criterion will
be referred to as "𝐺cutoff = 5 kcal mol−1" hereafter. Other

II The conformer search will stop going uphill if 𝐸 (new conformer) −
𝐸 (initial conformer) > 15+3𝑁atom kcal mol−1, where 𝑁atom is the number of atoms
in the conformer. This is invoked by the keyword "MaxEn 15.0". 43

energy-based filters will also be written in the form of
"𝐸energy type, cutoff = 𝑥 kcal mol−1".

B3LYP-optimized and filtered conformers were further opti-
mized at the ωB97X-D3 (Grid2) level, and the optimized struc-
tures were filtered by uniqueness. Following this, the conformers
were optimized at the ωB97X-D3 (Grid3) level, and then filtered
by uniqueness and 𝐺cutoff = 2 kcal mol−1.

Conformers satisfying all the criteria discussed above were
forwarded to the next step. To improve the accuracy of rel-
ative energy predictions, single-point energy calculations on
top of the ωB97X-D3 (Grid3) optimized structures were per-
formed using the following coupled cluster method: UHF69-
DLPNO-CCSD(T)70-F1271/cc-pVDZ-F1272, with the keyword
"tightPNO"73 and "tightSCF", cc-pVDZ-F12-CABS72 as the aux-
iliary basis set, and aug74-cc-pVDZ75/C as the RI approxima-
tion basis set. This method was suggested by our benchmark-
ing results and previous studies on atmospheric molecular clus-
ters63,76. Coupled cluster calculations were only carried out on
lowest-energy conformers (𝐺min), as suggested by previous stud-
ies14,15,31,32.

Following the DLPNO-CCSD(T)-F12 calculations, energy cor-
rections were computed as 𝐸sp (CCSD(T)) − 𝐸el (DFT) for the
lowest-energy reactant and TS monomers, respectively, and ap-
plied to other conformers of the same type. The coupled cluster-
corrected 𝐺R and 𝐺TS values were applied to calculate the 𝑘(CC)
of free-radical reactions.

Finally, 𝑘(DFT) and 𝑘(CC) were computed using both MC-TST
(Equation 1) and LC-TST (Equation 2) methods to evaluate the
effects of coupled-cluster corrections and contributions from mul-
tiple conformers. Consequently, four 𝑘 values were reported for
each reaction channel.

2.4 Conformer sampling of in-complex reactions
2.4.1 Conformer sampling of reactant dimers

Based on the reactant monomers from Section 2.3, reactant
dimers were generated using ABCluster 3.3, executed through
JKCS2.1. Monomers were treated rigidly (i.e. with fixed in-
ternal coordinates)42 and placed against each other with a
CHARMM3677,78-based force field. ABCluster requires three
types of input data41,42: monomer coordinates (in .xyz format),
atom-wise partial charges and force field parameters (𝜀 and 𝜎).
Partial charges were calculated using the natural bond orbital
(NBO) 7.0.1079,80 program interfaced to ORCA 6.0.1. The 𝜀 and
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Table 2 Simplified notations of conformers, computational methods and
energy terms in this study.

Simplified notation in this
paper

Detailed descriptions

Reactant monomer An isolated RO radical.
TS monomer A transition state conformer of intramolecu-

lar RO reactions.
Reactant dimer A triplet alkoxy complex, 3(RO · · · OR).
TS H-shift conformer A transition state conformer of the inter-

molecular H-shift reaction of 3(RO · · · OR),
which involves both RO in the complex.

TS dimer A transition state conformer of other in-
tramolecular reaction channels of 3(RO · · ·
OR), which takes place within one RO of
the complex.

B3LYP B3LYP/ma-def2-SVP.
ωB97X-D3 (Grid2) ωB97X-D3/ma-def2-TZVP, with the default

grid size of ORCA 6.0.1.
ωB97X-D3 (Grid3) ωB97X-D3/ma-def2-TZVP, with the largest

predefined grid size of ORCA 6.0.1.
DLPNO-CCSD(T)-F12 UHF-DLPNO-CCSD(T)-F12/cc-pVDZ-F12,

with the keyword "tightPNO" and "tightSCF",
cc-pVDZ-F12-CABS as the auxiliary basis set,
and aug-cc-pVDZ/C as the RI approximation
basis set.

𝑓 (DFT) Values calculated at the ωB97X-D3/ma-
def2-TZVP (DefGrid3) level of theory, where
𝑓 can be an energy term (𝐸) or rate coeffi-
cient (𝑘).

𝑓 (CC) Values calculated at the UHF-DLPNO-
CCSD(T)-F12/cc-pVDZ-F12 level of theory,
where 𝑓 can be 𝐸 or 𝑘.

𝐸el Electronic energy
𝐸elzc Zero-point corrected electronic energy
𝐺 Gibbs free energy
𝐷 Dissociation energy of a complex
𝐸sp Single-point energy
Δ𝑏𝐸 The energy barrier of a reaction (Δ𝑏𝐸 = 𝐸TS−

𝐸Reactant), which reflects the kinetic feasibil-
ity of the reaction.

Δ𝑟𝐸 The reaction energy (Δ𝑟𝐸 = 𝐸Product −
𝐸Reactant), which reflects the thermodynamic
feasibility of the reaction.

𝜎 values were generated using the "topgen" module of ABCluster,
and then examined and adjusted by the authors when necessary.
With the input data above, ABCluster was invoked by the fol-
lowing command: JKCS2_explore -pop 1280 -gen 320 -lm 100
-exploded -repeat 10. This command would guarantee that the
initial number of dimers generated for each monomer combina-
tion was 1000III, as previous studies suggested15,81.

Reactant dimers were collected and optimized using the GFN1-
xTB27,45 method with necessary constraints. For atmospheric
molecular clusters, the GFN1-xTB method was reported to have
better agreement with DFT energy values than GFN2-xTB.81,82 In
addition, GFN1-xTB showed less problems than GFN2-xTB dur-
ing the geometry optimization of alkoxy dimers. GFN1-optimized

III For example, if there are two conformers of AceO , the number of possible
3(AceO · · · OAce) combinations will be three, and the ABCluster step will generate
3000 initial structures of 3(AceO · · · OAce).

structures were then filtered by uniqueness and 𝐸el, cutoff = 15
kcal mol−1 15.

The filtered conformers were then optimized at the B3LYP level
in ORCA. Based on our benchmarking results, applying the 𝐸el

cutoff of 5 kcal mol−1 was equivalent to applying the 𝐺 cutoff
of 5 kcal mol−1. Thus, frequency calculations were omitted at
this step to reduce computational cost. After B3LYP optimiza-
tion, reactant dimers were filtered by uniqueness and 𝐸el, cutoff = 5
kcal mol−1 15,31.

Subsequently, reactant dimers were optimized at the ωB97X-D3
level in ORCA. Geometry optimizations and frequency calcula-
tions were first performed with Grid2 and filtered by uniqueness.
Similar calculations were then performed with Grid3, with special
attention to convergence and frequencies, and the final structures
were filtered by uniqueness.

The reactant dimer with the lowest 𝐺 value at the ωB97X-D3
(Grid3) level was selected for the coupled cluster calculation. Its
𝐸sp was calculated using the DLPNO-CCSD(T)-F12 method, and
the energy correction (see Section 2.3) was applied to other re-
actant dimers. The coupled cluster-corrected 𝐺 values of reactant
dimers were substituted into the 𝐺R terms of Equations 1 and 2.

2.4.2 Conformer sampling of TS H-shift conformers

As discussed in Section 2.4.1, ABCluster 3.3 requires "isolated"
monomers as input to generate corresponding dimers. However,
the TS H-shift conformer resembles more a connected moiety
(two RO connected through a C H· · ·O structure) rather than
two separate monomers. Thus, ABCluster is not suitable for build-
ing initial TS H-shift structures. Alternatively, generation and
semi-empirical optimization of TS H-shift conformers were per-
formed using GOAT, with the GFN1-xTB method and an energy
cutoff of 15 kcal mol−1.

TS H-shift conformers from GOAT were then optimized using
the B3LYP method. A constrained optimization without frequency
calculation was first performed. The constrained optimization
step fixes the distance between the two atoms strongly involved
in the TS, while relaxing and optimizing the rest part of the struc-
ture.83 For the alkoxy systems studied, this step can reduce the
computational cost and allow the following TS optimization to
converge more easily. Each imaginary frequency was checked
carefully to ensure it corresponded to the expected vibrational
mode. Conformers that converged with correct vibrational modes
at the B3LYP level were filtered by uniqueness and 𝐺cutoff = 5
kcal mol−1.

Following that, TS H-shift conformers were optimized at the
ωB97X-D3 level in three steps: constrained optimization, TS op-
timization with Grid2, and TS optimization with Grid3. Frequen-
cies were carefully examined, and de-noise approaches described
in Section 2.3 were applied if necessary. A uniqueness filter was
applied both before and after the ωB97X-D3 (Grid3) optimiza-
tion.

Finally, a single point calculation of the TS H-shift conformer
at the DLPNO-CCSD(T)-F12 level was performed on top of the
ωB97X-D3 (Grid3) optimized structure with the lowest 𝐺 value.
Energy corrections were calculated as discussed in Section 2.3.
The coupled cluster-corrected 𝐺 values of TS H-shift conformers

Journal Name, [year], [vol.], 1–12 | 5

Page 5 of 13 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 1
:5

0:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04635A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04635a


were then substituted into the 𝐺TS terms of Equations 2 and 1.
Together with the 𝐺R terms from Section 2.4.1, these values were
applied to calculate the 𝑘(CC) of intermolecular H-shift reaction.
In addition, 𝑘(DFT) values were also calculated as described in
Section 2.3.

2.4.3 Conformer sampling of TS dimers

For other intramolecular reaction channels of 3(RO · · ·OR), their
TS conformers behave more like a complex consisting of two sep-
arate RO moieties, similar to the reactant dimers described in
Section 2.4.1. Therefore, ABCluster can be used to generate these
TS dimers with suitable input (one reactant monomer and one
TS monomer). Semi-empirical optimizations were performed us-
ing the GFN1-xTB method. After applying the uniqueness and
𝐸el, cutoff = 15 kcal mol−1 filters, TS dimers were optimized at
the B3LYP level in two steps: constrained and TS optimization.
Geometry convergence and frequencies were carefully examined,
followed by the uniqueness and 𝐺cutoff = 5 kcal mol−1 filters.

After B3LYP optimizations and filtering, the TS dimers were
optimized at the ωB97X-D3 level in three steps, as described in
Section 2.4.2. A uniqueness filter was applied both before and af-
ter the ωB97X-D3 (Grid3) optimization. Frequencies were exam-
ined as in Section 2.4.2, and when required, de-noise approaches
(see Section 2.3) were applied. Thereafter, 𝐸sp were calculated
at the DLPNO-CCSD(T)-F12 level, and energy corrections were
applied as in Section 2.3. The coupled cluster-corrected 𝐺 values
of TS dimers were substituted into the 𝐺TS terms of Equations 2
and 1. Together with the 𝐺R terms from Section 2.4.1, these val-
ues were employed to compute the 𝑘(CC) of other intramolecular
3(RO · · ·OR) reactions. Additionally, 𝑘(DFT) values were also cal-
culated as described in Section 2.3.

3 Results and discussion
This section first presents the number of conformers for each
alkoxy system after sampling (Table 3) and calculated 𝑘 values
using different methods (Table 4). Further discussions on each
system are provided in the following subsections. Multireference
and spin contamination diagnostics, conformer-wise relative en-
ergy values (including conformers from sampling and IRC end-
points) and imaginary frequencies that correspond to vibrational
modes of the transition state are reported in Tables S3 – S10.

3.1 The AceO system

Structures of key species during the β-scission and intermolecular
H-shift reactions are shown in Figure 2. Given the relatively sim-
ple structure of AceO , only a small number of conformers were
found for the AceO system after the sampling workflow (see Ta-
ble 3). Rate coefficients calculated at different levels of theory
are listed in Table 4.

Table 4 and previous theoretical studies indicate that the in-
complex β-scission is among the fastest of the four reaction chan-
nels of 3(AceO · · ·OAce): Its rate coefficient (109 – 1010 s−1) ex-
ceeds that of the intermolecular H-shift (105 – 107 s−1, this study)
and ISC (4 × 108 s−1 14,16) reactions, and is comparable to that of
dissociation (1.5 × 109 s−1 13). Moreover, for all four methods
employed to compute 𝑘 values, the presence of another AceO

Table 3 Final conformers for 𝑘 calculation after ωB97X-D3 (Grid3) op-
timization and filtering.

System Conformer type Number

AceO

Reactant monomer 2
TS monomer (β-scission) 2
Reactant dimer 7
TS dimer (β-scission) 3
TS H-shift conformer 11

β-ISOPO

Reactant monomer 8
TS monomer (β-scission, hydroxymethyl side) 6
Reactant dimer 25
TS dimer (β-scission, hydroxymethyl side) 26

PhCH2O

Reactant monomer 1
TS monomer (epoxy formation) 1
Epoxy radical 1
TS monomer (epoxy decomposition) 1
Reactant dimer 3
TS dimer (epoxy formation) 7
Epoxy-PhCH2O complex 12
TS dimer (epoxy decomposition)a 12
TS H-shift conformer 3

PhC(O)O

Reactant monomer 1
TS monomer (β-scission) 1
Reactant dimera 9
TS dimer (β-scission)a 7

a The total number of conformers were counted after excluding the
high-energy conformers which had a small imaginary frequency that
could not be eliminated. (See Sections 3.3 and 3.4 for detailed dis-
cussions.)

in 3(AceO · · ·OAce) consistently increases the β-scission rate (see
the 𝑘 values in the same column of Table 4).

However, in contrast to the high theoretical 𝑘 values, accre-
tion products corresponding to the β-scission reaction (acetonyl
acetate, C5H8O3) were only observed at concentrations close to
the detection limit in a recent experimental study18. Mean-
while, peroxide products (C6H10O4) corresponding to ISC were
more abundant. The discrepancy between theoretical and ex-
perimental results implies that competing processes, rather than
direct recombination on the triplet surface, may take place af-
ter the β-scission reaction. Our preliminary calculations on the
3(CH3C(O) · · ·OAce) complexIV indicate that although recombi-
nation on the triplet surface is thermodynamically feasible, it is
prevented by a substantial barrier (see Table S11). Thus, the for-
mation of ROR’-type products likely requires an ISC after the β-
scission.

For the intermolecular H-shift reaction, our 𝑘(DFT) values
agree well with the reported value (8.85 × 106 s−1 14), while our
𝑘(CC) values are two orders of magnitude higher than the re-
ported value (1.62 × 103 s−1 14). The lowest-energy TS H-shift
conformer found by our conformer sampling workflow has lower
𝐸elzc and 𝐺 than that reported by Hasan et al.14 (see Table S12),

IV This complex corresponds to the product complex of the β-scission reaction after
ejecting the formaldehyde. The processes can be summarized as follows: 3(AceO · ·
· OAce)→3(CH3C(O) · · · CH2O · · · OAce)→3(CH3C(O) · · · OAce) + CH2O

6 | 1–12Journal Name, [year], [vol.],
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Table 4 Rate coefficients of four alkoxy systems at 298.15 K. The k values were calculated at ωB97X-D3 (Grid3) (labeled "DFT") and DLPNO-
CCSD(T)-F12 (labeled "CC") levels using LC-TST (labeled "LC") and MC-TST (labeled "MC") methods, and are reported in s−1.

System Reaction Type 𝜅min (DFT) 𝜅min (CC) 𝑘LC (DFT) 𝑘LC (CC) 𝑘MC (DFT) 𝑘MC (CC)

AceO
β-scission, free-radical 1.0 1.0 2.33 × 108 3.57 × 109 2.33 × 108 3.56 × 109

β-scission, in-complex 1.0 1.0 1.65 × 109 1.54 × 1010 6.40 × 108 5.99 × 109

Intermolecular H-shift 1.7 1.7 8.91 × 106 6.22 × 105 1.29 × 107 8.98 × 105

β-ISOPO
a

β-scission, free-radical 1.2 1.2 2.91 × 109 7.44 × 108 3.70 × 109 9.47 × 108

β-scission, in-complex 1.1 1.1 7.49 × 1011 6.46 × 1011 3.73 × 1011 3.22 × 1011

PhCH2O

Epoxy formation, free-radicalb 1.3 1.3 1.19 × 103 1.59 × 104 1.19 × 103 1.59 × 104

Epoxy formation, in-complex 1.2 0.9 2.93 × 103 2.33 × 104 3.13 × 103 2.49 × 104

Epoxy decomposition, free-radicalb 1.7 1.7 1.21 × 106 1.29 × 107 1.21 × 106 1.29 × 107

Epoxy decomposition, in-complexc 1.7 1.7 7.19 × 105 9.99 × 106 5.40 × 105 7.50 × 106

Intermolecular H-shift 3.5 4.0 6.79 × 106 2.96 × 106 6.30 × 106 2.75 × 106

PhC(O)O
β-scission, free-radicalb 1.1d 1.1d 1.97 × 107 2.49 × 108 1.97 × 107 2.49 × 108

β-scission, in-complexc 1.1 1.0 1.05 × 107 1.32 × 108 6.40 × 106 8.02 × 107

a Only the β-scission reaction from the hydroxymethyl side is reported here (Rm3.2.1 in Figure 3, see Section 3.2 for further discussions).
b The epoxy formation and decomposition reactions of PhCH2O and the β-scission reaction of PhC(O)O only have one conformer for each species.

Thus, for these reactions 𝑘MC-TST = 𝑘LC-TST.
c High-energy dimers with a small imaginary frequency were excluded from 𝑘 calculations (See Sections 3.3 and 3.4 for detailed discussions.).
d The reactant monomer obtained from IRC showed nonphysical imaginary frequencies after DFT optimization. Instead, a reactant monomer with the

same geometry (RMSD = 0.09 Å) was used to calculate 𝜅min values.

Fig. 2 Reaction scheme of 3(AceO · · ·OAce). All 3D structures pre-
sented here are conformers with the lowest 𝐺 after the ωB97X-D3 (Grid3)
optimization and filtering. Color coding: gray for C, white for H, and red
for O.

suggesting that part of this variation may arise from different ge-
ometries used for CCSD(T) calculations. In addition, subtle dif-
ferences in the CCSD(T) methods employed by the two studies
may also contribute.

3.2 The β-ISOPO system
The increased structural complexity of the β-ISOPO system leads
to several possible pathways: β-scissions from the hydroxymethyl
(Rm3.2.1 in Figure 3), methyl (Rm3.2.2 in Figure 3) and ethenyl
(Rm3.2.3 in Figure 3) sides; radical-double bond addition reac-
tions at the β position (R3.2.2 (a) in Figure 3) and the γ position
(R3.2.2 (b) in Figure 3). Intermolecular H-shift reactions are un-
likely to occur, as no "aldehyde + alcohol" products can be formed
for the 3(β ISOPO· · ·β ISOPO).

Given the expected large number of reaction channels and con-
formers of the β-ISOPO system, we first calculated the energy
barriers (Δ𝑏𝐸elzc and Δ𝑏𝐺, as defined in Table 2) of the follow-
ing reactions, prior to comprehensive conformer sampling: three

β-scission channels of isolated β ISOPO (Rm3.2.1-3.2.3), and
two radical-double bond addition channels of the 3(β ISOPO·
· ·β ISOPO)(R3.2.2 (a)-(b)). This step aimed to determine the
energetically most favorable pathway, which was then selected
for systematic conformer sampling. The barrier heights are listed
in Table S13.

Fig. 3 Reaction scheme of the β-ISOPO system. All 3D structures
presented are the lowest-𝐺 conformers, with the same level of theory and
color coding as Figure 2.

As shown in Table S13, Rm3.2.1 has significantly lower energy
barriers than the other channels. The barrier heights of the three
β-scission channels align with the trend of unimolecular RO re-
actions predicted by structure-activity relationship (SAR) mod-
els19 (Δ𝑏𝐸elzc ( CH2OH) < Δ𝑏𝐸elzc ( CH3) < Δ𝑏𝐸elzc ( CH CH2)).
Furthermore, differences among Δ𝑏𝐸elzc and Δ𝑏𝐺 values are large
enough that the presence of another β ISOPO is unlikely to
change this conclusion. Thus, the systematic conformer sampling
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workflow was applied only to β-scission reactions from the hy-
droxymethyl side (Rm3.2.1 and R3.2.1 in Figure 3). The number
of conformers and calculated 𝑘 values are presented in Tables 3
and 4, respectively.

For Rm3.2.1, our 𝑘(CC) values (2.33 × 108 s−1) are around 10
times larger than the reported values (107 s−1 at 300 K and 760
Torr)84,85. This discrepancy may result from different computa-
tional methods and kinetic models between earlier works and this
study (e.g. B3LYP84,85 and ωB97X-D3, CCSD(T)84,85 and DLPNO-
CCSD(T)-F12, RRKM85 and elementary TST, where in each pair
the latter method is used in this study).

According to the first two sections in Table 4, the presence
of another RO in the 3(RO · · ·OR) has a stronger impact on β-
scission rates for the β-ISOPO system than for AceO. For β-ISOPO,
the 𝑘(in-complex) values are over two orders of magnitude higher
than 𝑘(free-radical). We note that the Δ𝑏𝐺 of R3.2.1 is only 1.30
kcal mol−1 at the ωB97X-D3 (Grid3) level, implying that elemen-
tary TST may not provide accurate 𝑘 values86. Nevertheless,
the notable difference in barrier heights (Δ𝑏𝐺(free-radical, DFT)−
Δ𝑏𝐺(in-complex, DFT) = 3.34 kcal mol−1) supports our qualita-
tive conclusion: The in-complex β-scission reaction of β-ISOPO
proceeds much faster than its free-radical counterpart.

3.3 The PhCH2O system

The β-scission reaction of isolated PhCH2O has large energy bar-
riers (Δ𝑏𝐸elzc = 25.98 kcal mol−1, Δ𝑏𝐺 = 25.35 kcal mol−1) at
the ωB97X-D3 (Grid3) level. Since the difference in Δ𝑏𝐸 values
between in-complex and free-radical reactions is typically less
than 5 kcal mol−1 (see Section S5 in SI), the β-scission chan-
nel is unlikely to be significant for 3(PhCH2O· · ·OCH2Ph) as
well. We then examined other possible free-radical reactions
of PhCH2O and proposed an epoxy formation-decomposition
pathway (R3.3.2(1)-(2) in Figure 4). Similar epoxy formation-
decomposition processes have been reported for unsaturated
aliphatic RO .22,87 The conformer sampling workflow in Sec-
tion 2 was applied to the species involved in epoxy formation-
decomposition and intermolecular H-shift reactions.

Each monomer of the PhCH2O system (see Table 3) has
only one conformer because of the rigid benzene ring. Thus,
𝑘(MC-TST) equals to 𝑘(LC-TST) for free-radical epoxy formation
and decomposition reactions. Besides, one high-energy TS dimer
of the epoxy decomposition reaction showed a second small imag-
inary frequency (−8.39 cm−1), which could not be eliminated by
the Grid3 optimization or manual displacements as described in
Section 2.3. This conformer was therefore excluded from the 𝑘

calculation.

Table 4 summarizes the 𝑘 values for the free-radical
and in-complex reactions of the PhCH2O system. Com-
pared to earlier studies22,87, the epoxy formation reac-
tion shows a larger energy barrier in isolated PhCH2O
(Δ𝑏𝐸elzc (CC, this study) = 12.86 kcal mol−1) than in aliphatic
RO (Δ𝑏𝐸(coupled cluster, earlier studies) = 4.6022 – 9.587

kcal mol−1). This gap is significant regardless of the differ-
ent coupled cluster methods applied. We further examined
their reaction energies (Δ𝑟𝐸, defined in Table 2). The epoxy

Fig. 4 Reaction scheme of the PhCH2O system. All 3D structures
presented are the lowest-𝐺 conformers, with the same level of theory and
color coding as Figure 2.

formation reaction in aliphatic RO is isoergic or slightly en-
doergic (Δ𝑟𝐸(coupled cluster, earlier studies) = −0.66 – 2.23
kcal mol−1 22), while in PhCH2O it is much more endoergic
(Δ𝑟𝐸elzc (CC) = 10.27 kcal mol−1), and therefore, thermodynami-
cally less favorable.

Although the epoxy decomposition channel has 𝑘 values com-
parable to intermolecular H-shift, its contribution is not expected
to exceed 1% of the final products. This is because its prerequisite
step, epoxy formation, proceeds around two orders of magnitude
more slowly than the intermolecular H-shift (see Table 4).

Unlike the two systems in Sections 3.1 and 3.2, the presence of
another PhCH2O does not exhibit a consistent effect on the reac-
tions of 3(PhCH2O· · ·OCH2Ph): It slightly increases the 𝑘 values
of epoxy formation, but decreases those of epoxy decomposition
(see Table 4).

3.4 The PhC(O)O system

Due to the structural constraints of PhC(O)O , only the β-scission
channel (see Figure 5) is feasible for this system, and the num-
ber of conformers is relatively small (see Table 3). Similar to the
PhCH2O system, one high-energy reactant dimer and two high-
energy TS dimers of the β-scission in 3(PhC(O)O · · ·O(O)Ph)
showed small imaginary frequencies that could not be eliminated
after using the techniques in Section 2.3. Thus, these three con-
formers were not included when calculating 𝑘.

As shown in Table 4, free-radical and in-complex β-scission
reactions are relatively fast for the PhC(O)O system. The pres-
ence of another PhC(O)O in the complex increases 𝑘(CC) while
decreasing 𝑘(DFT). However, based on previous studies of
CH3C(O)O 88,89, the CO2 ejection transition state likely has sub-
stantial multireference characters, suggesting that neither 𝑘(DFT)
nor 𝑘(CC) is particularly accurate.
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Fig. 5 Reaction scheme of the PhC(O)O system. All 3D structures
presented are the lowest-𝐺 conformers, with the same level of theory and
color coding as Figure 2.

3.5 General findings of the four systems
We plotted the range of 𝑘 for β-scission reactions in AceO, β-
ISOPO and PhC(O)O systems, as shown in Figure 6. The β-
scission reaction is kinetically unfeasible for the PhCH2O system
and is thus not included in the figure.

Fig. 6 The range of free-radical and in-complex β-scission reactions of
different systems. The origin of the x-axis is set to 106 s−1. Acronyms:
MC for MC-TST, LC for LC-TST, DFT for ωB97X-D3 (Grid3), CC for
DLPNO-CCSD(T)-F12.

From Figure 6, the in-complex β-scission reaction roughly fol-
lows the trend 𝑘(β-ISOPO) > 𝑘(AceO) > 𝑘(PhC(O)O), which is
consistent with the SAR-predicted order of unimolecular RO re-
actions19,87. While Figure 6 shows the overall magnitude of 𝑘 for
β-scission reactions, we also evaluate factors that influence the
calculated 𝑘 values of all studied reaction channels. These factors
include:(1) The reaction takes place in 3(RO · · ·OR) or in isolated
RO . (2) The 𝑘 was calculated using MC-TST or LC-TST meth-
ods. (3) The Δ𝑏𝐺 values were calculated at ωB97X-D3 (Grid3) or
DLPNO-CCSD(T)-F12 levels of theory.

To quantify the effects of those factors on 𝑘, we defined three
parameters: 𝑝(d/m), 𝑝(MC/LC) and 𝑝(CC/DFT). For comput-
ing 𝑝(d/m) (Equation 3) and 𝑝(CC/DFT) (Equation 5), only
𝑘(LC-TST) values are used to eliminate the effect of multiple con-
formers. Since intermolecular H-shift reactions involves two RO
in the 3(RO · · ·OR) complex, 𝑝(d/m) does not apply to them.
𝑝(MC/LC) reflects the effects of multiple conformers and is com-
puted using only 𝑘(in-complex) values. For some free-radical re-
actions, there is only one conformer for each species (see Table 3),
and consequently, their 𝑝(MC/LC) always equals to 1. Calculated
𝑝 values are listed in Table 5.

𝑝(d/m) = 𝑘LC (in-complex, CC)
𝑘LC (free-radical, CC) (3)

𝑝(MC/LC) = 𝑘MC (in-complex, CC)
𝑘LC (in-complex, CC) (4)

𝑝(CC/DFT) = 𝑘LC (in-complex, CC)
𝑘LC (in-complex, DFT) (5)

Table 5 Results of 𝑝(d/m), 𝑝(MC/LC) and 𝑝(CC/DFT). Parameters
were calculated using Equations 3, 4 and 5, respectively. Definitions of
𝑘(DFT) and 𝑘(CC) are explained in Table 2.

System and reaction 𝑝(d/m) 𝑝(MC/LC) 𝑝(CC/DFT)

AceO, β-scission 4.33 0.39 9.35
AceO, Intermolecular H-shift — 1.44 0.07
β-ISOPO, β-scission 868.81 0.50 0.86
PhCH2O, Epoxy formation 1.46 1.07 7.96
PhCH2O, Epoxy decomposition 0.77 0.75 13.89
PhCH2O, Intermolecular H-shift — 0.93 0.44
PhC(O)O, β-scission 0.53 0.61 12.52

According to Tables 4 and 5, the formation of 3(RO · · ·OR)
significantly increases the β-scission rates of aliphatic systems.
In particular, the presence of the other β ISOPO raises the
𝑘(β-scission) by a factor of 868 at the DLPNO-CCSD(T)-F12 level.
This increase possibly results from an intermolecular hydrogen
bond that stabilizes the TS dimer (O3 H12 · · ·O1 in Figure S2 b).
Although the TS monomer also has a hydrogen bond (O1 H3 · · ·
O2 in Figure S2 a), it is much weaker compared to its counterpart
in the TS dimer: The O · · ·H distance is longer (2.4 Å vs. 1.7 Å
in the TS dimer), and the O H· · ·O angle is less favorable (103◦

vs. 177◦ in the TS dimer).
In addition, the binding energy of 3(RO · · ·OR) may also af-

fect 𝑝(d/m) values. For example, the 3(β ISOPO· · ·β ISOPO)
is among the strongest-bound complexes (𝐷elzc (DFT) =

7.96 kcal mol−1, 𝐷elzc (CC) = 6.52 kcal mol−1; see Table S2), and
its 𝑝(d/m) is exceptionally large. However, the other three com-
plexes have similar binding energies (within 6 – 8 kcal mol−1,
see Table S2), while their 𝑝(d/m) values are between 0.5 and 5.
This observation suggests that while the binding energy may con-
tribute to differences between 𝑘(in-complex) and 𝑘(free-radical),
it is unlikely to be the determining factor.

𝑝(MC/LC) depends on the relative number of low-energy TS
and reactant conformers (see Table 3). For example, the inter-
molecular H-shift reaction of 3(AceO · · ·OAce) has 11 low-energy
TS conformers, leading to 𝑝(MC/LC) > 1. However, all 𝑝(MC/LC)
values are between 0.3 – 1.5, indicating that multiple conformers
change the 𝑘 value by less than a factor of three. Thus, the multi-
conformer effects are a relatively minor source of error, as long
as the global minimum conformers (with lowest 𝐺) have been
correctly identified by the sampling workflow.

𝑝(CC/DFT) is an indicator of consistency between 𝑘(DFT) and
𝑘(CC) values. If the difference between DFT and CCSD(T) re-
sults were consistent and systematic among the four systems, the
four 𝑝(CC/DFT) values could be expected to be similar. However,
𝑝(CC/DFT) varies from 0.07 to 12.54 (see Table 5. Notably, the
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two H-shift reactions have 𝑝(CC/DFT) < 1, while the β-scission
reactions have 𝑝(CC/DFT) values close to or above one. Consid-
ering the typical uncertainties when applying DFT and CCSD(T)
methods to complex open-shell systems, the disagreement shown
in Table 5 is within an acceptable range.

4 Conclusions
Based on previous studies14,15,31, we developed a systematic con-
former sampling workflow for the key intermediate in RO2 re-
combination reactions, 3(RO · · ·OR). This workflow was applied
to four representative alkoxy systems in the atmosphere: AceO,
β-ISOPO, PhCH2O and PhC(O)O. Rate coefficients for typical re-
actions were computed at ωB97X-D3/ma-def2-TZVP (Grid3) and
UHF-DLPNO-CCSD(T)-F12/cc-pVDZ-F12 levels of theory.

We examined the established channels of these systems, includ-
ing β-scission and intermolecular H-shift reactions. Our workflow
improved the conformer sampling especially for intermolecular
H-shift reactions. For example, we identified a lower-energy TS
dimer for the β-scission of 3(AceO · · ·OAce), compared to the best
TS conformer reported previously14. Furthermore, we investi-
gated two novel pathways: RO addition to the double bond of
the other RO in the complex (R3.2.2(a)-(b) in Figure 3), and
epoxy formation-decomposition of PhCH2O , leading to a phe-
noxymethyl radical (R3.3.2(1)-(2) in Figure 4). However, nei-
ther novel pathway was competitive compared to in-complex β-
scission and intermolecular H-shift reactions (see Table 4).

Our conformer sampling workflow was tested and found to be
robust for both aliphatic and aromatic systems. Including mul-
tiple conformers in 𝑘 calculations has a modest effect (less than
a factor of three, see Table 5), provided that the lowest-energy
conformers have been correctly identified. On the other hand,
CCSD(T) energy corrections influence 𝑘 values by less than a fac-
tor of 15 (see Table 5). Interestingly, our CCSD(T) corrections
tend to slow down intermolecular H-shift reactions, while accel-
erating β-scission reactions (see Table 5).

For β-scission reactions in the other three alkoxy systems, the
𝑘(in-complex) and 𝑘(free-radical) values are comparable. How-
ever, in the β-ISOPO system, the 𝑘(in-complex) is two orders of
magnitude higher than 𝑘(free-radical). This rate enhancement is
likely due to the intermolecular hydrogen bond that stabilizes the
transition state (see Figure S2).

Our observations on 𝑘 values tentatively suggest that for β-
scission reactions, 𝑘(free-radical) can constrain the lower limit
of 𝑘(in-complex), as well as estimate the order-of-magnitude
for 𝑘(in-complex) in relatively simple or weakly-bound systems.
However, for aerosol-relevant systems with H-bonding functional
groups, 𝑘(in-complex) may be significantly enhanced. This may
help explain the substantial ester formation detected in α-pinene
ozonolysis17.
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