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Cost-effective approach for atmospheric
accretion reactions: a case of peroxy radical
addition to isoprene†

Dominika Pasik,ab Siddharth Iyer c and Nanna Myllys *ab

We present an accurate and cost-effective method for investigating the accretion reactions between

unsaturated hydrocarbons and oxidized organic radicals. We use accretion between isoprene and

primary, secondary and tertiary alkyl peroxy radicals as model reactions. We show that a systematic

semiempirical transition state search can lead to better transition state structures than relaxed scanning

with density functional theory with a significant gain in computational efficiency. Additionally, we

suggest accurate and effective quantum chemical methods to study accretion reactions between large

unsaturated hydrocarbons and oxidized organic radicals. Furthermore, we examine the atmospheric

relevance of these types of reactions by calculating the bimolecular reaction rate coefficients and

formation rates under atmospheric conditions from the quantum chemical reaction energy barriers.

1 Introduction

Volatile organic compounds (VOCs) are primarily emitted into
the atmosphere by forests and have immense significance in
the lives of plants, animals, and microorganisms, influencing
their functioning.1–4 High emissions of anthropogenic volatile
organic compounds (AVOCs) are observed mainly in urbanized
areas due to human activity.1,5,6 Nonetheless, it is biogenic
volatile organic compounds (BVOCs) which play a crucial role
in atmospheric chemistry due to their larger global scale
emissions and higher reactivity than many AVOCs.5 These
compounds have an impact on health and climate and also
interact with entire ecosystems. Among BVOCs, isoprene is the
dominant non-methane hydrocarbon present in the atmo-
sphere, with estimated emissions of 500 Tg C per year.7–11

Due to its abundance and the presence of carbon–carbon
double bonds (CQC), this compound plays a significant role
in atmospheric processes, and its reactions have implications
not only for regional air quality but also climate models.8,9

The primary source of isoprene is the de novo synthesis in
plants, where carbon dioxide from the Calvin cycle is
processed.3,8 It has been confirmed that isoprene also originates
from the ocean, with estimated emissions ranging around 10 Tg

C per year. However, this source is much less significant
compared to the synthesis from plants.12,13 Due to its short
atmospheric lifetime of approximately 1 hour, isoprene does not
travel far from its source before undergoing oxidation.8,14,15

There exists a substantial body of literature elucidating the
oxidation reactions of isoprene that it readily and rapidly
undergoes.7,8,11,16–18 Of particular significance is the reaction
with the hydroxyl radical (OH), considered to be the primary
sink for isoprene.3,8,19,20 This reaction is deemed to be rapid
(k298K = (1.00� 0.15)� 10�10 cm3 molecule�1 s�1). At sufficiently
high reagent concentrations, the reaction of isoprene with
OH accounts for 66–95 percent of isoprene removal.3 Other
important reactions occur with ozone as well as with NO and
NO3.7,21,22 Isoprene oxidation products may also contribute to
the production of Secondary Organic Aerosols (SOAs). As the
volatility of oxidized organic species is strongly linked to its
ability to drive SOA formation, isoprene oxidation products are
likely to participate only in SOA growth as the volatility of C5
compounds is unlikely to be extremely low. However, if isoprene
forms accretion products, which have a higher molar mass, and
they further oxidize, those products could have significantly
lower vapor pressures.1,8,12,16,23–25

The purpose of this study is to develop a cost-effective,
computationally efficient, and accurate methodology for inves-
tigating accretion reactions between unsaturated hydrocarbon
and oxygenated organic radicals. We used reactions between
isoprene and four peroxy radicals (methyl, ethyl, 1-propyl, and
2-propyl) as simple model systems. These reactions offer a good
balance between computational simplicity and complexity.
They are relatively simple to model as isoprene only contains
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five carbon atoms and its molecular structure is rigid due to
conjugated double bonds. Furthermore, the selected alkyl
peroxy radicals contain a maximum of five heavy atoms (propyl
peroxy radicals has three carbon and two oxygen atoms). The
reaction still contains some complexity as the peroxy radical
can add four different carbons into the isoprene structure
leading to different transition state (TS) and product structures
(see Fig. 1), and the TS and product structures contain multiple
different conformers as the structure of the isoprene carbon
chain becomes flexible. This provides us with perfect test
reactions to find a computational approach which (1) leads to
an accurate description of the potential energy surface, (2) is
cost-effective and fast, (3) can handle an enormous number of
TS conformers, and (4) is directly applicable to much larger
reactions. Additionally, this allows us to gain chemical infor-
mation about (A) how the structure of an alkyl peroxy radical
affects its reactivity, (B) how the structure of an organic
peroxide containing a carbon-centered radical affects its stabi-
lity, and (C) how the structure of an unsaturated hydrocarbon
affects its reactivity with peroxy radicals.

2 Computational details
2.1 Configurational sampling

The products of the accretion reaction between isoprene and
peroxy radicals as well as the reactants and transition states
have been studied using accurate quantum chemical methods.
The lowest energy conformers were identified using the free
software CREST at the extended tight-binding level GFN2-
xTB.26,27 To determine an effective method for describing these
systems, we employed two strategies using a combination of the
GFN2-xTB method and density functional theory (DFT) level
oB97X-D/6-31+G*. In the first one (Approach 1), the conforma-
tional search begins with the accretion product, and after

optimizing the geometrical structure at the DFT level,28,29 the
transition state of the accretion reaction is located from
the relaxed potential energy surface scan using the DFT level.
The highest energy relaxed structure is identified, and subse-
quent TS optimization and frequency calculation is performed.
The correct TS structure is verified through one imaginary
frequency. In the second approach (Approach 2), first one TS
structure is located at the GFN2-xTB level and that structure is
used in the CREST configurational search by freezing the
reactive area of the TS structure (i.e., the distance when forming
the C–O bond). As a result, varying numbers of TS conformers
were obtained (around 30 for small systems, over 300 for large
systems). The next step was to optimize structures at the DFT
level still keeping the C–O bond distance frozen. This allows the
structure to relax on the DFT structure, which simplifies the
subsequent full TS state optimization and frequency calcula-
tion. Indeed, TS structures were identified to be correct through
one imaginary frequency. Scheme of different approaches is
presented in Fig. 2. The results comparing these configura-
tional sampling techniques are presented in Section 3.1.

2.2 Computational methods

To find an efficient quantum chemical method for describing
such systems, the lowest energy conformers for each TS struc-
ture were optimized and the frequencies were calculated using
the oB97X-D functional with three different basis sets: 6-31+G*,
aug-cc-pVTZ, and Def2TZVPP.29–33 The choice of the functional

Fig. 1 Possible pathways for the reaction of isoprene and peroxy radicals.

Fig. 2 A comparison of the TS conformer search process using two
approaches. The most time- and resource-consuming part of the process
is highlighted using dashed lines.
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is driven by the fact that it has proven to be effective in studying
similar systems.28,34,35 Subsequently, coupled-cluster with sin-
gle and double excitations as well as perturbative inclusion of
triples (CCSD(T)) calculations were performed using the
DLPNO-CCSD(T)/aug-cc-pVDZ, DLPNO-CCSD(T)/aug-cc-pVTZ,
and CCSD(T)-F12/cc-pVDZ-F12 levels.36–38 Domain-based local
pair natural, DLPNO, approximation leads to linear scaling of
computational resources when the system size increases,
whereas the canonical coupled cluster scales to the seventh
power, making it only possible for applications in small mole-
cular systems. We used tight pair natural orbital (TightPNO)
criteria in all DLPNO calculations.39 All the DFT calculations
were performed using Gaussian 16 RevC.02 software.40 Single-
point energies were calculated in ORCA version 5.0.3.41,42 For
all conformers, the zero-point corrected energies were calcu-
lated. Barrier heights were computed as a difference between
TS and reactants energies.

The reaction rate coefficients were calculated with the multi-
conformational transition state theory (MC-TST) approach for
the bimolecular reaction following the expression:43–47

k ¼ kt
kBT

hPrefQisop

PallTSconf :

i

exp �DEi

kBT

� �
QTS;i

PallRconf :

j

exp �DEj

kBT

� �
QR;j

exp �ETS � ER

kBT

� �

(1)

where the quantum-mechanical tunneling coefficient kt is 1 for
the reaction between heavy atoms, T is the room temperature
(= 298.15 K), h is the Planck’s constant, Pref is the reference
pressure (= 2.45 � 1019 molecules cm�3) and kB is the Boltz-
mann’s constant. QR,j and QTS,i are the partition functions of
the reactant (peroxy radical) and transition state conformers j
and i, respectively, Qisop is a partition function for the isoprene
conformer and DEj and DEi correspond to the zero-point
corrected electronic energies of the reactant and transition
state conformers relative to the lowest energy conformers,
respectively. ETS and ER are the zero-point corrected electronic
energies of the lowest energy reactant and transition state
conformers. Partition functions were calculated using DFT
at the oB97X-D/6-31+G* level of theory, while the reaction
barrier (ETS � ER) includes the DLPNO-CCSD(T)/aug-cc-pVTZ
correction.

To estimate the significance of considering multiple con-
formers in reaction kinetics calculations, we also compute the
reaction rate coefficient using the lowest-conformer transitions
state theory (LC-TST)

k ¼ kt
kBT

hPref

QLTS

QLR
exp �ETS � ER

kBT

� �
(2)

where QLTS and QLR represent partition functions for the lowest
energy conformer of TS and reactants, respectively. The
obtained values were computed at the DLPNO-CCSD(T)/aug-
cc-pVTZ//oB97X-D/6-31+G* level of theory.

3 Results and discussion

Our goal is to find a cost-effective but accurate computational
approach to study the reactions between any unsaturated
hydrocarbons and oxygenated hydrocarbon radicals. We are
searching for reactions with sufficiently low energy barriers so
that, at the current known atmospheric concentrations of the
reactants, the reaction rates would be high enough to consider
them as feasible. For this reason, we calculate the value of the
energy barrier for the studied reactions between isoprene and
peroxy radicals, which allows us to estimate whether the reac-
tion will have atmospheric significance.

3.1 Cost-effective transition state search

To achieve this, the conformational space for all isoprene +
peroxy radical systems was explored in two approaches, aiming
to identify the lowest energy conformer for each system. We
found that Approach 1 and Approach 2 might lead to different
lowest energy TS structures, and consequently, the calculated
reaction barriers differ (see Table 1).

The accuracy of this observation is evidenced for the me-3, p-
1.3, and p-2.3 TS structures, for which the calculated energy
barriers in the two approaches differ, 0.55, 1.96, and 0.62 kcal
mol�1, respectively. For the remaining systems, the calculated
energy barrier values are comparable or identical in both
approaches, indicating that the identified conformers are the
same in both cases. Notably, when the found TS structure is
different, the better (lower energy) TS structure is always found
in Approach 2. This indicates that that Approach 2, in which
the TS conformer search has been done using the xTB method
and freezing the reactive TS area in CREST sampling, is a
superior way to search TS conformers over the traditional
relaxed scan DFT approach.

Furthermore, we observed that for systems with more than
one carbon, Approach 1 consistently resulted in finding a

Table 1 DFT energy barrier heights for the studied reactions calculated at
the oB97X-D/6-31+G* level of theory in two approaches. The DE was
calculated as Eapp1–Eapp2. All values are in [kcal mol�1]

Approach 1 Approach 2 DE

me-1 6.66 6.66 0.00
me-2 14.39 14.11 0.28
me-3 15.54 15.00 0.55
me-4 7.47 7.47 0.00

et-1 6.46 6.46 0.00
et-2 14.54 14.36 0.18
et-3 14.57 14.57 0.00
et-4 7.05 7.05 0.00

p-1.1 6.10 6.00 0.10
p-1.2 13.97 13.96 0.01
p-1.3 16.25 14.29 1.96
p-1.4 6.67 6.67 0.00

p-2.1 6.44 6.44 0.00
p-2.2 14.75 14.65 0.10
p-2.3 15.45 14.83 0.62
p-2.4 7.10 7.10 0.00
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higher number of initial CREST conformers compared to
Approach 2 (see Fig. 3). This is an interesting finding, as
Approach 2 results in a better or the same TS structure even
though Approach 1 finds a larger number of initial CREST
conformers. This can be explained by the fact, that in Approach
1 the CREST conformers are product conformers, for which
DFT optimization and further relaxed potential energy surface
scanning leads to many duplicate structures. For instance, in
the case of system p-1.1, Approach 1 initially found 261 product
conformers, but after TS scanning and removing the duplicates,
only 41 unique TS conformers remained at the DFT level.
In contrast, Approach 2 identified 124 initial TS conformers
for the same system, which resulted in 54 unique TS confor-
mers at the DFT level. Furthermore, only the low-energy con-
formers contribute significantly to the reaction rate.48

To ensure that MC-TST remains computationally feasible, it is
important to reduce the number of conformers before compu-
tationally demanding high-level calculations. This indicates
that Approach 1 leads to a larger consumption of computa-
tional resources without improving the quality of the results,
which has a great importance while considering large accretion
reactions in future research.

Aiming to further reduce computational costs, we analyzed
the correlation between the relative energies of the identified
conformers at the xTB level, and the same structures were re-
optimized using DFT.49 We found a remarkable correlation
(R2 = 0.87) between the relative conformer energies compared to
the lowest energy conformer at DFT and xTB levels, DE(DFT)
and DE(GFN2-xTB), respectively (see Fig. 4 as an example for
the correlation plot of the me-1 TS conformers). This implies
that in the case of a large number of conformers, there is no
need to optimize all of them; optimizing only a subset (e.g.,
within 2 kcal mol�1) is sufficient. This result is consistent with
a recent study where relative xTB and DFT conformer energies
were strongly correlating in the case of acid–base cluster

conformers.50 For the me-1 system, the lowest energy confor-
mer was among the first 10 structures.

We found that Approach 2 always leads to the same or better
TS conformer than Approach 1 (see Table 1). As the TS search
on the xTB level of theory is significantly faster than that at the
DFT level, our finding makes it possible to perform a systematic
TS search for large and flexible systems. In addition, there is no
need to do a TS search at the DFT level, and we also found a
remarkable correlation between xTB and DFT relative confor-
mer energies, indicating that only a subset of the lowest energy
xTB conformers are needed for computations at the DFT level.
This allows accurate but cost-effective studies of atmospheric
accretion reactions which often contain a plethora of different
TS configurations.

3.2 Cost-effective quantum chemistry approach

In the previous section, we optimized the geometries and
calculated frequencies using the oB97X-D/6-31+G* level of
theory. Here we will test whether this small basis set is good
enough to accurately describe the studied systems. Due to the
fact that Approach 2 has proven to yield better results than
Approach 1 and considering its simpler and less resource-
intensive nature in finding the lowest-energy conformer, we
focus exclusively on structures obtained through Approach 2 in
the following sections of the article. Information and calcula-
tions for structures from Approach 1 can be found in the ESI.†

Here we use the previously found lowest energy oB97X-D/
6-31+G* structures, which are reoptimized and the frequencies
are calculated using the oB97X-D functional with larger
Def2TZVPP and aug-cc-pVTZ basis sets. Barrier height energies
with these three level of theories are presented in Table 2.

Assuming that the most reliable results are provided by
calculations using the largest aug-cc-pVTZ basis set, we com-
pared the energies calculated using the 6-31+G* and Def2TZVPP
basis sets to aug-cc-pVTZ energies. Using the smallest 6-31+G*
basis set, the results are consistently 1.5–2.0 kcal mol�1 lower in

Fig. 3 The number of initial conformers found in the CREST conforma-
tional search for investigated systems in Approach 1 (blue) and Approach 2
(orange). Approach 1 produces initial product structures and Approach 2
initial TS structures. The exact values can be found in the ESI.†

Fig. 4 The correlation plot for relative conformer energies at the DFT and
GFN2-xTB levels.
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energy, and at the Def2TZVPP basis the values are quite similar,
consistently 0.2–0.3 kcal mol�1 higher in energy compared to the
aug-cc-pVTZ results. This has also been presented in Fig. 5. This
is consistent with previous results for acid–base clusters, which
have shown that when calculating binding energies at the DFT
level, at least a triple zeta basis set is required to produce
converged results.28,51,52 However, those studies have also shown
a highly correlated electronic energy method is needed for
electronic energy correction to lead to chemically accurate
results. When energy correction is performed on top of the
DFT structure, a significantly smaller basis set might be needed.

To obtain a more accurate description of electronic energy
compared to what DFT offers, single point Coupled Cluster
(CC) calculations were performed on top of the calculated DFT
structures. For each structure optimized with a DFT/basis combi-
nation, we conducted Coupled Cluster calculations using
three approaches: DLPNO-CCSD(T)/aug-cc-pVDZ (DLPNO/aVDZ),

DLPNO-CCSD(T)/aug-cc-pVTZ (DLPNO/aVTZ), and CCSD(T)-F12/
cc-pVDZ-F12 (F12/VDZ). The Coupled Cluster energy barrier
values for the studied systems are presented in Table 3.

Similarly to the DFT results, the lowest activation barriers
are observed for the largest systems (1-propyl and 2-propyl
substituents), while the highest barriers are found for the smallest
system (methyl substituent) indicating that with an increase in
system size smaller activation energy values are observed (methyl
4 ethyl 4 propyl), which can be attributed to the greater
structural stabilization resulting from the enlargement of the
system. Additionally, the lowest energy barriers occur for reaction

Table 2 DFT energy barrier heights (kcal mol�1) for the studied reactions
calculated with three different basis sets

Approach 2 6-31+G* Def2TZVPP aug-cc-pVTZ

me-1 6.66 8.54 8.37
me-2 14.11 16.21 15.97
me-3 15.00 16.98 16.76
me-4 7.47 9.38 9.20

et-1 6.46 8.28 8.15
et-2 14.36 16.18 15.98
et-3 14.57 16.36 16.18
et-4 7.05 8.87 8.74

p-1.1 6.00 7.93 7.76
p-1.2 13.96 15.78 15.57
p-1.3 14.29 16.11 15.95
p-1.4 6.67 8.51 8.30

p-2.1 6.44 8.26 8.11
p-2.2 14.65 16.40 16.22
p-2.3 14.83 16.54 16.38
p-2.4 7.10 8.93 8.78

Fig. 5 Differences in the DFT energies calculated using the 6-31+G* and
Def2TZVPP basis sets, relative to energies calculated with the aug-cc-
pVTZ basis set.

Table 3 Coupled-cluster corrected activation energy values (kcal mol�1)
for investigated systems

DLPNO/aVDZ DLPNO/aVTZ F12/VDZ

oB97X-D/6-31+G*
me-1 6.73 8.34 8.52
me-2 11.42 13.59 13.98
me-3 12.96 14.86 15.24
me-4 7.38 8.93 9.25
et-1 5.95 7.87 8.13
et-2 11.23 13.54 13.92
et-3 12.38 14.34 14.61
et-4 6.33 8.35 8.75
p-1.1 5.48 7.50 7.90
p-1.2 10.65 13.15 13.58
p-1.3 11.80 13.98 14.25
p-1.4 5.85 8.05 8.56
p-2.1 5.48 7.72 8.06
p-2.2 11.13 13.69 14.07
p-2.3 12.26 14.46 14.74
p-2.4 5.97 8.28 8.73

oB97X-D/Def2TZVPP
me-1 6.62 8.21 8.43
me-2 11.37 13.62 13.99
me-3 12.83 14.85 15.19
me-4 7.25 8.87 9.17
et-1 5.77 7.77 8.03
et-2 11.03 13.42 13.77
et-3 12.25 14.29 14.52
et-4 6.14 8.21 8.58
p-1.1 5.46 7.58 7.89
p-1.2 10.51 13.03 13.43
p-1.3 11.70 13.96 14.19
p-1.4 5.74 8.00 8.47
p-2.1 5.30 7.68 7.96
p-2.2 10.87 13.56 13.90
p-2.3 12.08 14.36 14.60
p-2.4 5.80 8.23 8.61

oB97X-D/aug-cc-pVTZ
me-1 6.62 8.20 8.41
me-2 11.36 13.61 13.98
me-3 12.83 14.86 15.18
me-4 7.22 8.84 9.14
et-1 5.80 7.81 8.06
et-2 11.04 13.43 13.78
et-3 12.24 14.28 14.51
et-4 6.18 8.25 8.62
p-1.1 5.45 7.58 7.87
p-1.2 10.50 13.04 13.44
p-1.3 11.66 13.93 14.15
p-1.4 5.70 7.97 8.43
p-2.1 5.31 7.69 7.96
p-2.2 10.88 13.55 13.89
p-2.3 12.08 14.36 14.59
p-2.4 5.81 8.24 8.61
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pathways 1 and 4. This is because these pathways yield secondary
and tertiary radicals, which stabilize the structure compared to
the primary radical structures. Furthermore, it should be noted
that the conformers corresponding to pathways 1 and 4 exhibit
lower energy than the conformers associated with pathways 2 and
3 and also lead to products with significantly lower energy
compared to the energy of the substrates making them more
favorable due to the system’s tendency to achieve lower energy
states (see the ESI†).

Although the results are consistent for all methods and
functional bases, it is clear that the activation energy calculated
at the DLPNO-CCSD(T)/aug-cc-pVDZ level is notably lower than
that obtained using the other two methods. The canonical
CCSD(T)-F12/cc-VDZ-F12 energies calculated on top of the
oB97X-D/aug-cc-pVTZ structures are assumed to offer the most
accurate energies, and therefore, we have calculated the values
of root square mean error (RMSE) relative to the level of theory
(see Fig. 6, and the calculated mean absolute error (MAE) values
can be found in the ESI†).

Interestingly, the results are quite consistent regardless of
the DFT/basis used for structure optimization. These results
confirm that for the studied accretion reactions, DFT optimiza-
tion and frequency calculations can be carried out using a small
basis set such as 6-31+G* when the electronic energy correction
at a higher level of theory is performed. In relation to the
selection of the CC method, as previously noted, computations
employing DLPNO-CCSD(T)/aug-cc-pVDZ produce imprecise
outcomes. Conversely, results from the remaining two methods
are quite similar. Hence, we propose the application of DLPNO-

CCSD(T)/aug-cc-pVTZ due to its computational speed and
reduced resource demands.

3.3 MC-TST bimolecular reaction rate coefficient

For the investigated systems, the atmospheric significance can
be defined by calculating the reaction rate. Due to the fact
that the lowest energy barrier values among all investigated
systems were obtained for reaction pathway 1, we focus exclu-
sively on this structure in the following sections of the article.
As mentioned before, calculating the value of the bimolecular
reaction rate allows us to estimate whether a given reaction is
feasible under atmospheric conditions.

Table 4 presents the calculated rate coefficients for the
reaction of isoprene and four peroxy radicals following pathway
1 and the estimated rates of formation. The adopted reagent
concentrations are the upper limits that we managed to find in
the literature. Unfortunately, specific concentrations for peroxy
radicals like ethyl, 1-propyl, and 2-propyl were not available.
Hence, the values of formation rates are calculated based on
concentrations derived from measurements of total RO2 sys-
tems. We used the following upper limit value concentrations:
[methyl peroxy radical] = 6 � 108,53,54 [other peroxy radicals] =
109,55–57 [isoprene] = 1011 cm�3.58,59

Rate coefficients calculated for the reactions between iso-
prene and peroxy radicals using LC-TST and MC-TST yield
values of a similar order of magnitude. However, analysis of
the LC-TST/MC-TST ratios reveals that, in reactions with methyl
and 1-propyl radicals, the calculated rate coefficient at MC-TST
is nearly two times greater than that of LC-TST. This disparity
has significant implications for reaction kinetics. Therefore, we
recommend the utilization of the MC-TST approach, as it
provides more accurate results.

MC-TST rate coefficients for investigated reactions are in the
order of 10�21 cm3 molecules�1 s�1. Under atmospheric iso-
prene and peroxy radical concentrations, the reaction rates are
in the order of 10�1 molecules cm�3 s�1. Even when the
estimated upper limit concentrations of the reactants are taken
into consideration, these reactions are still much slower than
the dominant oxidation with the OH radical making its con-
tribution negligible in the atmosphere.3

Recently, it has been proposed that unsaturated alkenes and
peroxy radicals can form accretion products ROOR0, involving
an addition to the double CQC bond under atmospheric
conditions.60 Although our study focuses on isoprene, we are
a bit skeptical that the accretion reaction between atmospheric
unsaturated hydrocarbons and aliphatic peroxy radicals could

Fig. 6 Calculated RSME [kcal mol�1] for all methods and basis sets
(reference CCSD(T)-F12/cc-pVDZ-F12//oB97X-D/aug-cc-pVTZ).

Table 4 Bimolecular reaction rate coefficient values for the investigated systems (pathway 1) and calculated upper limits of formation rates based on the
estimated atmospheric reactant concentrations58,59

LC-TST rate coefficient
[cm3 molecules�1 s�1]

MC-TST rate coefficient
[cm3 molecules�1 s�1]

Rate of formation
[molecules cm�3 s�1]

LC-TST/MC-TST ratio
[molecules cm�3 s�1]

me-1 1.22 � 10�21 2.30 � 10�21 1.38 � 10�1 0.53
et-1 1.85 � 10�21 1.10 � 10�21 1.10 � 10�1 1.68
p-1.1 2.01 � 10�21 3.37 � 10�21 3.37 � 10�1 0.60
p-2.1 1.66 � 10�21 2.18 � 10�22 2.18 � 10�1 0.76
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have meaningful atmospheric importance. We investigated
primary, secondary and tertiary alkyl peroxy radical additions
to isoprene leading to primary, secondary and tertiary carbon-
centered radicals: None of these reactions yielded reaction rates
which could have non-negligible contributors to atmospheric
chemistry. Despite the high reaction barriers in peroxy radical
reactions with unsaturated hydrocarbons, it is possible that
more reactive radical structures such as acyl peroxy radicals,
could potentially form accretion products with unsaturated
hydrocarbons such as isoprene and monoterpenes under atmo-
spheric conditions. Additionally, unimolecular ring-forming
reactions between double bond and peroxy radical groups
could occur under atmospheric conditions as they are kineti-
cally feasible also at higher activation energy barriers. This
could lead to new mechanistic insights, e.g., in a-pinene oxida-
tion pathways.

4 Conclusions

We have investigated the mechanism of the accretion reaction
between isoprene and aliphatic peroxy radicals using a set of
different computational approaches. Based on the conducted
calculations for various methods and basis sets, we propose an
efficient approach for investigating these chemical systems. For
conformational space exploration to find the lowest energy
transition state structures, we employed two approaches. We
found that the reactive area frozen CREST sampling at the xTB
level with subsequent DFT calculations yields quicker and
superior results compared to the traditional relaxed scan at
the DFT level. This is a significant discovery as it allows an
accurate TS search also for accretion reactions between large
reactants which would be unfeasible with DFT scanning.

For the studied accretion reactions, geometry optimization
at the DFT level is insensitive to the applied basis set when
electronic energy correction is performed on top of the DFT
structure. Therefore, we recommend utilizing the Pople’s basis
set (6-31+G*) for geometry optimization and frequency calcula-
tion, as it is faster and computationally feasible also for large
system sizes. The outcomes indicate that coupled cluster cal-
culations using DLPNO-CCSD(T)/aug-cc-pVTZ offer computa-
tional accuracy of the canonical CCSD(T)-F12/cc-VDZ-F12
method with a significantly reduced computational cost. Due
to that and the linear scaling behavior of the DLPNO method,
we suggest electronic energy computations at the DLPNO-
CCSD(T)/aug-cc-pVTZ level of theory.

The calculated activation barrier values for the studied
reactions indicate that the reaction between isoprene and
peroxyl radical most likely follows pathway 1, as this pathway
exhibits the lowest barrier for the reaction. This can be
explained by the formation of tertiary radical TS and product
structures, which exhibit greater stability compared to the
secondary radical (R4) and the primary radicals (R2, R3) in
alternative pathways. Comparing the four examined radicals, it
can be observed that the calculated activation barriers increase
in the order: 1-propyl o 2-propyl o ethyl o methyl. This can be

explained by the fact that larger radicals lead to higher internal
structural stabilization, resulting in lower barriers.

The atmospheric significance of these reactions was also
determined by defining the rate coefficient and calculating
the formation rates. The calculated rate coefficients were in
the order of 10�21 cm3 molecule�1 s�1 indicating that under
atmospherically relevant conditions, reactions between unsa-
turated hydrocarbons and peroxy radicals are unlikely to have
an atmospheric impact.
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