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1 Introduction

Energy transfer, pre-reactive complex formation
and recombination reactions during the collision
of peroxy radicals¥

£*? Itai Zakai, 12 ° Rashid Valiev, (2 2
*¢ and Theo Kurtén*@

Christopher David Daub,
Vili-Taneli Salo, 2 ? R. Benny Gerber

In this paper we study collisions between polyatomic radicals — an important process in fields ranging
from biology to combustion. Energy transfer, formation of intermediate complexes and recombination
reactions are treated, with applications to peroxy radicals in atmospheric chemistry. Multi-reference
perturbation theory, supplemented by coupled-cluster calculations, describes the potential energy
surfaces with high accuracy, including the interaction of singlet and triplet spin states during radical
recombination. Our multi-reference molecular dynamics (MD) trajectories on methyl peroxy radicals
confirm the reaction mechanism postulated in earlier studies. Specifically, they show that if suitable pre-
reactive complexes are formed, they will rapidly lead to the formation and subsequent decomposition of
tetroxide intermediates. However, generating multi-reference MD trajectories is exceedingly
computationally demanding, and we cannot adequately sample the whole conformational space. To
answer this challenge, we promote the use of a novel simplified semi-empirical MD methodology. It
assumes the collision is governed by two states, a singlet (Sg) and a triplet (T,) state. The method
predicts differences between collisions on Sg and T; surfaces, and qualitatively includes not only pre-
reactive complex formation, but also recombination processes such as tetroxide formation. Finally,
classical MD simulations using force-fields for non-reactive collisions are employed to generate
thousands of collision trajectories, to verify that the semi-empirical method is sampling collisions
adequately, and to carry out preliminary investigations of larger systems. For systems with low activation
energies, the experimental rate coefficient is surprisingly well reproduced by simply multiplying the gas-
kinetic collision rate by the simulated probability for long-lived complex formation.

Due to their lack of reactivity with O,, as well as the absence
of rapid (i.e. >1 s~ " at 298 K) unimolecular reaction channels,

Peroxy radicals (also referred to as peroxyradicals, as well as peroxide
or peroxyl radicals), with the general structure RO,, are ubiquitous
intermediates formed in the oxidation of almost any organic
compound in the presence of molecular oxygen. Their reactions
are therefore important in diverse contexts, including atmospheric
chemistry, combustion, and biochemistry.
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RO, in the gas phase are relatively long-lived compared to most
other free radicals, such as alkyl or alkoxy radicals. Their
chemistry is also more versatile, with a given RO, typically
having several different competing radical propagation and
termination channels. While unimolecular isomerization reac-
tions have recently”>™* been shown to be important for highly
functionalized RO, especially in clean atmospheric conditions,
bimolecular reactions form the main sink for most RO, species
in the atmosphere. The main bimolecular reaction partners for
atmospheric RO, are nitrogen monoxide (NO) in polluted
conditions, and the hydroperoxyl radical (HO,) in clean
conditions." Self- and cross-reactions are rarely the dominant
sink for gas phase RO, outside of laboratory studies. Never-
theless, this reaction class has recently received increasing
attention, as it is one of the only known gas-phase routes for
forming low-volatility accretion products relevant to atmo-
spheric aerosol formation.>”
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Fig.1 Schematic of the formation of CHzO4CHs from two colliding
methyl peroxy radicals, proceeding via the formation of a prereactive
complex.

Russell® already suggested in 1957 that the reaction of two
peroxy radicals proceeds via the formation of a tetroxide
(RO4R’) intermediate. A schematic of the tetroxide formation
is shown for two methyl peroxy radicals in Fig. 1. In the original
Russell hypothesis, the reaction channels available to a given
RO, + R'O, pair correspond to different structural rearrange-
ments of the RO4R’ tetroxide. Later computational studies by us
and others’"® have nuanced this picture somewhat, as they
indicate that rather than rearranging directly to the products,
all tetroxides inevitably decompose, yielding two alkoxy (RO)
radicals and O,.

Individual peroxy radicals are open-shell systems, and as
such radical pairs can couple as either a ground-state singlet
(denoted S,) or in an excited triplet state (T;). However, the
tetroxide can only be formed on the S, potential energy surface,
and the O, must be formed in its ground triplet state for the
reaction to be energetically feasible. Therefore, the two alkoxy
radicals must accordingly be coupled as a triplet. Different
RO, + R’0, reaction channels then correspond to different fates
of this coupled alkoxy radical pair, including dissociation to
yield the free RO + R’O radicals, hydrogen shifts forming
alcohol and carbonyl products (R = O + R'OH), and intersystem
crossing (ISC) to the singlet surface, followed by recombination
to form the peroxide accretion product ROOR’ (the O, co-
product is assumed to be ejected, as it is only very weakly
bound to the alkoxy radical pair).

Previous computational studies’*° have focused only on the
energetics of the possible reaction channels, and computed e.g.
activation energies (barrier heights) corresponding to energy
differences between various minima and transition states (sad-
dle points) between them. However, to our knowledge the
actual dynamics of peroxy radical self- and cross-reactions have
not been studied before. Using molecular dynamics (MD) to
study this system is very challenging. The reactions themselves
require the use of computationally expensive multi-reference
methods, possibly combined with coupled-cluster methods, in
order to be described correctly. This makes the simulation of
long trajectories of a sufficient number to be statistically
representative prohibitively time-consuming. On the other
hand, empirical force field models can be used to generate a
large number of long trajectories, but they cannot model bond
making and breaking processes. Semi-empirical methods can
in principle describe the reactions, even including their multi-
reference character correctly, and they are much more compu-
tationally efficient than the purely ab initio wavefunction-based
methods. However they may not be accurate enough or suffi-
ciently well parameterized for practical use. In this study, we

10034 | Phys. Chem. Chem. Phys., 2022, 24,10033-10043

View Article Online

PCCP

use multiple different methods to investigate the dynamics of
the interaction of two peroxy radicals. We focus primarily on
the initial steps of the reaction, including both collisional
energy transfer, and the possible formation, lifetime and fate
of weakly bound pre-reactive complexes. These all affect the
pre-exponential part of the overall reaction rate coefficient, as
expressed e.g. by the Arrhenius equation, and thus complement
previous studies focusing on activation energies.

We employ three complementary approaches to compute
molecular dynamics trajectories for the interaction and reac-
tion of two peroxy radicals. First, our multi-reference MD
trajectories on methyl peroxy self-reactions confirm the pre-
viously postulated reaction mechanism involving the rapid
formation and decomposition of tetroxide intermediates, and
further illustrate the key role played by the pre-reactive com-
plexes. Then, to sample many more trajectories while taking
into account the spin state of the system, we promote the use of
a simplified semi-empirical MD methodology, which relies on
singlet (Sy) and triplet (T;) single-reference potential energy
surfaces. While the focus of the present paper is on peroxy
radical self-reactions, we note that this methodology is applic-
able more generally, to any collisions of polyatomic radicals.

Finally, force-field simulations verify that the semi-empirical
method is sampling collisions adequately. We also use force-
field based MD to lay the basis for investigations of larger
peroxy systems, t-butyl peroxy ((CH3);COO), and acetonyl per-
oxy (CH3COCH,00). The choice of the two larger systems is
motivated by the fact that the overall self-reaction rate of
acetonyl peroxy radicals is high, while that of ¢butyl peroxy
radicals is exceptionally low: over 20 times higher, and 160 000
times lower, respectively, than that of the methyl peroxy
system.” The acetonyl peroxy radical self-reaction is also the
smallest known system able to produce ROOR accretion pro-
ducts in the gas phase.”

The outline of the paper is as follows: in the Computational
methods section we discuss in detail and separately the four
methods that we used for computing the potential energy
surface of the two radicals, as well as the details of the MD
simulations. The Results and discussion section presents the
MD simulations of the radicals obtained using three different
methods, while highlighting the similarities and differences
between the different simulations. In the Concluding remarks
section we compare our findings resulting from the different
methodologies and present some new insights into the
dynamics of the peroxy radical reactions.

2 Computational methods

2.1 Multi-reference perturbation theory benchmarked by
coupled-cluster calculations

The gas phase dynamics of the colliding CH;00 radicals are
highly dependent on the spin state of the system, as the
outcomes of triplet state (T) collisions may differ significantly
from collisions in the singlet state (S,). Furthermore, the
electronic structure of the system, whether in the S, or T, state,
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is of a complex nature due to the interactions of different
possible electronic configurations. Such interactions are non-
negligible in open shell systems such as the system of interest.
Thus, the method of choice for computing the potential energy
surface of the two radicals must be an electronic structure-
based method that accounts for the different possible spin
states, and that also incorporates configuration interaction to
account for the complex electron correlations.

Our method of choice which can correctly describe all of the
relevant configurational space is the extended quasi-degenerate
2nd-order multi-reference perturbation theory (XMC-QDPT2).""
This theory takes into account both static and dynamic electro-
nic correlation. The minimum-energy structure of the pre-
reactive complex of CH;00---CH3;00 on the singlet surface
was obtained using the XMC-QDPT2 method, an active space
with 10 electrons in 8 molecular orbitals (MOs), and the
6-311++G(d,p) basis set. This active space includes the bonding
6-MOs of O-O bonds, two lone pair MOs, two MOs for the
n-bonding of O-O bonds and two anti-bonding ¢*-MOs located
on each radical. This active space is quite stable during the
geometry optimisation and also can be applied to determine
the transition state for tetroxide formation, which according to
our previous study lies around 1.5 kcal mol~" above the pre-
reactive complex.’ Subsequent MD calculations were carried
out using the same approach, as described in Section 2.4.

Note that calculations using smaller active spaces (for
example, 4 electrons in 4 MOs) were not stable, leading to
swapping orbitals between active and inactive spaces and
finally to incorrect gradient values and molecular dynamics.
Also, we should note that only including static electronic
correlation in the gradient calculation of the molecular
dynamics scheme did not lead to RO4R formation, presumably
since it does not correctly include the dispersion interaction
between two radicals.

To benchmark the XMC-QDPT2 results, especially with
respect to the energy of the tetroxide intermediate relative to
the isolated free peroxy radicals (a quantity difficult to compute
accurately with multi-reference approaches), coupled-cluster
calculations were conducted with the explicitly correlated
R(O)CCSD(T)-F12 level of theory. We used the diagonal 3C
ansatz with fixed amplitudes, and geminal exponent f = 0.9
with the cc-pVDZ-F12 basis set.'>'® The underlying Hartree-
Fock/cc-pVDZ-F12 wavefunction was perturbed by generating
100 input files with 15 random orbital rotations between
occupied and unoccupied orbitals, and subsequently solving
the SCF solution. Orbital rotations were done in order to drive
the Hartree-Fock (HF) solution from a possible local minimum
to the global minimum.'* The lowest energy HF wavefunction
was then used as the starting point for CCSD(T)-F12 calcula-
tions. The F12a solution was used instead of F12b, as suggested
for basis sets smaller than triple-{."* All orbital rotation and coupled-
cluster calculations were done with MOLPRO software."®

Molecular geometries for coupled-cluster calculations were
generated by thoroughly investigating the conformational
space of different molecular species and selecting the global
minimum conformer. The general approach is one we have
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developed in our previous studies of larger peroxy radical
complexes, where considerable conformational sampling is
necessary.”'° First, a list of plausible conformers was generated
by scanning over relevant torsional degrees of freedom as a
function of the MMFF94 energy,'” using Spartan 16 software."®
Then, single-point energies were calculated using B3LYP den-
sity functional theory (DFT) with the 6-31+G(d) basis set. The
number of relevant conformers was narrowed down by unique-
ness filtering and a 5 kcal mol™" energetic cutoff from the
apparent global minimum. The remaining conformers were
then further optimized at the B3LYP/6-311+G(d) level, and the
conformers were further narrowed down by filtering and a
2 keal mol™! cutoff. Finally, the remaining conformers were
optimized and vibrational analysis was carried out with the
®B97XD level of theory and the aug-cc-pVTZ basis set. All DFT
calculations were done with Gaussian 16 software."®

2.2 Semi-empirical calculations of the collision dynamics and
recombination of the peroxy radicals

2.2.1 Potential energy calculations. The XMC-QDPT2
method, as described in Section 2.1, has been demonstrated
to give quantitatively and qualitatively reliable results for
peroxy radicals and tetroxides, and the transition state between
them.’ However, this first-principles method is very computa-
tionally demanding, and therefore more computationally effi-
cient methods which can still describe at least some of the
relevant states are desirable so that enough trajectories can be
generated for statistical analysis.

Hence, to complement the XMC-QDPT2 results and to
extend their scope, we investigated the use of the orthogonali-
zation corrected methods including Grimme’s dispersion cor-
rections, including the multi-reference configuration interaction
(ODMX/MRCI). We calculated the potential energy surfaces using
different active spaces and different sets of reference states. The
ODMx methods are based on orthogonalization-corrected MNDO
theory with additional dispersion correction including three-body
terms,”®>* but ODM2 and ODM3 each use different parameteriza-
tion procedures best fit semi-empirical
parameters.”>>® Multi-reference effects can also be included via a
GUGA-CI approach.* Potential energy surfaces generated with these
methods should, in principle, yield qualitatively correct results
assuming a large enough active space and the relevant reference
states are used. It may also allow for generation of a sufficient
number of trajectories for statistical analysis of the results.

As seen in our results for potential energies of different
states of two peroxy radicals (available in the ESIt), including
MRCI in the semi-empirical calculations does have advantages
over the single-reference ODMx methods. However, longer
trajectories generated using MRCI suffered from instabilities,
such as discontinuities in the energy or failure at the self-
consistent field (SCF) part of the calculation.

We also compared the results from the ODM2 and ODM3
methods. Compared with high-level results, ODM3 predicts the
tetroxide minimum in reasonable agreement, but with a higher
barrier for formation. ODM2 predicts a deeper tetroxide
minimum, but a similar small barrier for recombination

to determine the
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~1 keal mol™" in good agreement with the XMC-QDPT2 value
(~1.5 keal mol™"). The barrier height is a crucial quantity for
observing the tetroxide formation. Therefore, in this study we
focused our molecular dynamics simulations on the ODM2
single-reference method, since it has been shown to describe
peroxides and related Criegee intermediates well,>”*® and
because it is computationally cheap.

Another consideration is the choice between restricted and
unrestricted Hartree-Fock wavefunctions (RHF, UHF) for the
singlet surface. As shown in the ESI,¥ RHF wavefunctions are
not a good description for the separated radicals, or the pre-
reactive complex. Therefore, we have used UHF wavefunctions
for all of our ODM2 simulations on both S, and T, surfaces.

2.2.2 A semi-empirical model using single reference wave-
functions for T, — S, transitions. A single-reference potential
energy surface cannot describe all of the active processes in
collisions between two radicals. One obvious difficulty is with
the possible occurrence of non-adiabatic transitions. On the
other hand, more general and rigorous methods such as the
XMC-QDPT2 algorithm discussed in Section 2.1 are extremely
difficult to apply for all but the simplest chemical systems. In
view of this we propose here a computationally simple two state
model which is meant to provide a practical approach to the
collision problem which can describe all of the various reactive
and non-reactive processes addressed here.

The ingredients of this new model are as follows: (1) we
describe the system by two potential energy surfaces (electronic
states) and these states will be constructed on the basis of the
semi-empirical quantum chemical method ODM2. The lower of
the two potential energy surfaces will have essentially the
character of the ground singlet (S,) state between the colliders
at least in the ODM2 framework. The second ‘‘excited state” has
a triplet character (T,) in the framework of ODM2. The calibra-
tion of these states will be discussed later. (2) Non adiabatic
transitions between the two states are allowed in this limited
framework by assuming it happens at a critical distance
between the respective radical groups of the collision partners.
This certainly significantly oversimplifies the treatment and
must be viewed as no more than an empirical replacement of
proper surface hopping. We will refer here to the two potential
energy surfaces as S, and T; retaining only these two states.

This geometric condition (transitions happen with a prob-
ability of 1.0 once a critical distance between radical groups is
reached) was chosen because the spin-orbit coupling between
the Sy and T, states is expected to be most sensitive to roq, the
distance between the terminal oxygen atoms of the colliders. A
strong spin-orbit coupling is necessary for the transition to
occur, and the coupling increases for short distances between
the radicals. Minaev and Yashchuk® studied the spin-orbit
coupling between the singlet and triplet states of O,, and found
sufficiently strong spin-orbit coupling for distances of roo <
2.5 A between the oxygen atoms. We chose this as the critical
distance between terminal oxygen atoms in each radical for
triplet to singlet transition to occur in our model. To test our
choice we carried out simulations for different assumed values
of the critical distance. The results are shown in Fig. S3 of the
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ESLt If the critical distance is set at roo < 2.3 A the transition
probability is negligibly small. If the critical distance is taken to
be oo > 2.8 A the transition probability obtained seems
unphysically large. We conclude that the value of roo = 2.5 A
is compatible with our model.

It may be argued that the T; — S, transitions that are
simulated by this model are somewhat artificial because they
do not correspond to a detailed microscopic treatment of these
non-adiabatic transitions, e.g. as in the surface hopping
approach. However, they do mimic the real physics of the
transitions because the model is grounded on physical data
(spin-orbit coupling) that reflects the occurrence and rate of
electronic transitions directly. Since we strive for a model which
will have both significant predictive power as well as computa-
tional efficiency, we found this model satisfactory for our
purposes.

In principle, the non-adiabatic transitions S, — T; can be
treated by our model in a similar way to T; — S, transitions. We
chose to ignore the “excitation” S, — T, transitions altogether.
These were neglected because our main interest in this study
was focused on the possibility of the unreactive triplet surface
transitioning over to the reactive singlet surface. In addition, it
turns out that for our system the number of recombination
events is very small, therefore the inclusion of all possible
reactive events is crucial. On the other hand, transitions from
So to the unreactive T; surface are relatively insignificant. We
carried out an equal number of MD trajectories using the
model for S, and T, initial conditions, as in both cases the free
energy of the colliders (at the beginning of the interaction, i.e.
at large distances) is the same.

2.3 Empirical fixed-charge force fields

Although simple fixed-charge force fields cannot describe bond
making and breaking processes, they may still be adequate to
describe the formation of pre-reactive complexes. Their simpli-
city makes the generation of a large number of trajectories
convenient, and they may also be easily extended to modelling
larger peroxy systems which are not tractable using explicitly
quantum mechanical or even semi-empirical methods.

We base the empirical force fields we use for peroxy radicals
on the OPLS-AA parameter set.’*> We used the LigParGen
webserver®>** to automatically generate the LAMMPS data file.
Since the OPLS-AA parameter set does not explicitly include
peroxy radicals, we have also added partial charges, Lennard-
Jones parameters, bonds, and angular terms from other work
on peroxy radicals.*®

2.4 Molecular dynamics

To the greatest extent possible we have used the same methods
for propagating the MD trajectories, regardless of the very
different methods used to calculate energies.

XMC-QDPT2 trajectories were initiated, starting from the
geometry of the minimum-energy pre-reactive complex, by
generating random atomic velocities chosen from a Boltzmann
distribution at 7 = 300 K using the Newton-X code.?®*” The
gradient of XMC-QDPT2 was calculated numerically using
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Firefly software®® and then was used in the integration of
Newton’s equations using the Newton-X software for each point
on the potential energy surface (PES). The integration time step
was set to 2 fs, due to the high computational cost of the
gradient calculation. Although a smaller time step would be
preferable to ensure correct treatment of the XH vibrations, we
found no significant difference in the time required for tetr-
oxide formation when using a time step of 0.5 fs.

The adiabatic molecular dynamics simulation was done for
1 ps for each trajectory on the S, surface. Note that the T,
surface is repulsive at short distances according to XMC-QDPT2
calculation and thus reactive collisions occur only on the S,
surface in the absence of surface-hopping. Therefore we limited
our XMC-QDPT2 calculations to the state specific CASSCF
(SS-CASSCF).

We also carried out XMC-QDPT2 MD trajectory simulations
for the decomposition of the CH;-0O,-CHj tetroxide, using the
same size of active space: 10 electrons in 8 MOs. However, the
details of the active space are subtly different from the previous
set of trajectories, as it contains the bonding ¢-MOs and two
anti-bonding ¢*-MOs of the O-O bonds, and the two n-MOs of
nascent O,. As the main focus of the present article is on the
initial collision of two peroxy radicals, we calculated only one
trajectory for the tetroxide decomposition, using the same MD
parameters as described above. The minimum-energy CH3;-O4—
CHj; structure, optimized at the XMC-QDPT2(10,8)/6-311++G(d,p)
level of theory, was used as the starting point for this trajectory.

For semi-empirical ODM2-based MD simulations we made
use of the MNDO99 software package,®® and for OPLS-AA we
used a recent version of the LAMMPS simulation package.*’ In
both the semi-empirical ODM2 and OPLS-AA force field simu-
lations, two radicals were initially placed some distance apart
(10 A for ODM2, 40 A for OPLS-AA), with randomised orienta-
tions, and with each atom given an initial velocity consistent
with a total molecular temperature of 300 K. We used a time-
step of 0.1 fs for the ODM2 simulations and 0.2 fs for the OPLS-
AA simulations.

After some equilibration using a Nosé-Hoover thermostat
(OPLS-AA) or simple velocity scaling (ODM2), one of the radi-
cals was given a center-of-mass velocity in the direction of the
center-of-mass of the other radical and the remainder of the
trajectory was simulated within the NVE ensemble. A collision
velocity of v, = 520 m s ' was used to correspond with the
average relative velocity of methyl peroxy radicals at 300 K. This
velocity was lowered for simulations of larger peroxy radicals to
keep the kinetic energy the same. We also did some simula-
tions with lower collision velocities to measure the impact of
temperature on the formation and lifetime of the pre-reactive
complex.

The simulations were run for a total time of 10 ps in the case
of ODM2, and for 200 to 400 ps in the case of OPLS-AA. This was
sufficient time to observe the initial collision of the two
radicals, and except in extremely rare cases the eventual dis-
sociation and separation of the pre-reactive complex as well.

The three different MD methodologies have vastly different
computational demands, both in the number of processors
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required and in the computational time. A comparison of the
methods is shown in Table S3 of the ESI.f The OPLS-AA
simulations require only 6.3 ps per timestep, while the XMC-
QDPT trajectories require ~3 minutes per timestep and multi-
ple processors. ODM2 simulations are ~200x slower than
OPLS-AA but also ~15000x faster than XMC-QDPT.

3 Results and discussion

We benchmarked the potential energy surfaces of the different
methods by computing potential energies for various relevant
states of our systems, from two separate peroxy radicals
through the formation of the pre-reactive complex, the RO4R
complex, and where possible, the 2RO + O, system. These data
are available in the ESL.{

A comparison of the different energetics for recombination
shows that ODM2 with UHF wavefunctions is in reasonable
accord with the high level XMC-QDPT2 potential. Most importantly,
both methods predict that the reaction path for recombination has
a chemically insignificant barrier, and thus we expect ODM2 to yield
a valid prediction of the recombination rate.

In the rest of this Section, we focus on presenting our
molecular dynamics results. Table 1 collects information about
the overall number of trajectories computed using all of our
different methods.

We begin in Section 3.1 by discussing the multi-reference
ab initio results using the XMC-QDPT2 method, since this
approach has been previously established as a benchmark
method able to accurately simulate the formation of RO,R
from the pre-reactive complex.

The main limitations of our XMC-QDPT2 findings are the
relatively small number of trajectories and the difficulty of
starting these trajectories from configurations with two radicals
far apart. In Section 3.2 we turn our focus to the use of semi-
empirical methods and empirical force fields to generate large
numbers of collision trajectories from random orientations and
study the statistics of these collisions.

In Section 3.3 we compare collisions on the singlet (S,)
surface versus the triplet (T,) surface and the results of our
model for transitions from T; — S,, followed by comparing
how the formation of the RO4R intermediate is described by our
semi-empirical approach and by the XMC-QDPT2 method.

Table 1 Summary of the number of collision trajectories ny.,; generated
for different peroxy radical systems, models and initial conditions

System v/m s} Neraj, XMC-QDPT2 Initial state
Methyl — 100 Pre-reactive

— 1 RO,R
System v/ms " Ntraj, ODM2 Niraj, OPLS-AA
Methyl 520 1000(S,), 1000(T;) 30000

400 15000

200 15000
Acetonyl 378 20000
t-Butyl 378 10000
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We end this section by considering our results using empiri-
cal force fields for the collisional energy transfer and binding
times of larger peroxy systems in Section 3.4.

3.1 XMC-QDPT?2 trajectories

When starting from the pre-reactive S, complex CH3;0O0-: - --
CH,;00, collision of the two radicals, and subsequent for-
mation of the CH3;-0,-CHj; tetroxide, occurs within 1 ps in all
XMC-QDPT? trajectories. By choosing random atomic velocities
chosen from a Boltzmann distribution at 300 K, we have
initiated multiple trajectories from the same initial geometry.
Over all 100 trajectories with a timestep of 2.0 fs, the average
time for tetroxide formation (defined as the first time when the
distance between the terminal oxygens of each peroxy radical
Too < 1.6 A) was 863 + 118 fs. One test trajectory with a shorter
timestep of 0.5 fs formed the tetroxide in 875 fs. Snapshots
showing examples of the XMD-QDPT2 MD trajectories leading
to tetroxide formation, as well as the subsequent decomposi-
tion into 2CH;0 + O,, are shown in Fig. 2.

The XMC-QDPT2 trajectory results validate the mechanism
postulated in previous computational studies: peroxy radical
self-reactions indeed proceed via the formation of a tetroxide
intermediate, which is - at least for the methyl peroxy system —
extremely efficient provided that the initial collision forms a
pre-reactive complex with the correct geometry. The overall
reaction rate is thus likely to be primarily governed by the
probability that collisions lead to pre-reactive complexes in the
first place, as well as by the lifetime of these complexes, which
in turn determines the probability that they reach the specific
geometry allowing for tetroxide formation. As a simple order-of-
magnitude estimate, the reaction rate coefficient in this frame-
work should then correspond to the product of the gas kinetic
collision rate and the simulated probability that a collision
forms a sufficiently long-lived complex.

Recombination reaction of RO,:
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Our single trajectory starting from the optimized structure
of the CH3;-0,-CHj; tetroxide shows that the breaking of two O-
O bonds occurs within 200 fs, followed by the release of O,, and
leaving a complex of CH;0 radicals in the triplet state. Though
we caution that further studies with multiple trajectories are
likely needed for quantitative confirmation, this result agrees
with earlier computational studies,”® and suggests that the
modification of the original Russell hypothesis® (i.e. branching
between the different reaction channels occurs from CH;0O-: - -
CH;0 rather than from CH;-0,-CHj3) is likely valid.

3.2 Collisional energy transfer and association lifetimes

Using the ODM2 potential energy surface we calculated 1000
trajectories on the excited triplet state (T,) surface, and 1000
trajectories on the ground state (S,). As was expected, recombi-
nation occurs only on the S, surface, while the T; state is
repulsive and produces only inelastic collisions. This calls for a
comparison between the excited T, state collisions and the
unreactive portion of the S, collisions, as well as between the
non-reactive collisions generated with the OPLS-AA force field.
The comparison also validates that the MD trajectories per-
formed with ODM2 adequately sample the phase space.

Fig. 3 shows our analysis of unreactive collisions, comparing
the ODM2 results with the OPLS-AA results. We note that the
ODM2 results here do not include the fraction of T, trajectories
which underwent transitions to the S, ground state, according
to our model described in Section 2.2.2. The results shown also
do not include those trajectories which led to tetroxide for-
mation. These transitions will be described later in Section 3.3.

First, Fig. 3 shows the ratio of the translational kinetic
energy of the system, after and before the end and the start
of the collision event, i.e. Eyans(f)/Etrans(f)- Momentum conser-
vation places a lower limit of 0.5 on Eans(f)/Eqans(f) for a
perfectly inelastic collision between two equal masses, while an

\ t=0.0ps t=0.4ps t=0.8ps t=0.9 ps
+ T b 2.28
—_— — 242A —_ :
243 Afﬁ 2.39A J J
J 9
Decomposition of RO,R and O, formation :
t = 0.00 ps t=0.10 ps t=0.15ps t=0.30 ps

J

_.m — " i, @
} 2.42A X

3 39A
o % ﬁ{ *{ »
o J

Fig. 2 Snapshots taken from two MD trajectories showing the recombination reaction to form RO4R, and the decomposition reaction to form 2CHzO +

O,, both calculated using the XMC-QDPT2 method.
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Fig. 3 A comparison between unreactive collisions of CH3OO initially in the triplet (T;) state or in the singlet state (Sp) using ODM2 (black), and collisions
of CHz00 modelled with the OPLS-AA force-field (red). The collision velocity is 520 m st in both cases. (left) Histograms of the energy transfer during
the collision, indicated by the ratio between the initial translational energy of the colliding molecules versus the final translational energy. (right)
Histograms of the association time t,ssoc Of the colliding molecules. Note that the ODM2 data does not include those trajectories that underwent T; — Sq

transitions, or that formed the tetroxide.

elastic collision would conserve translational energy so that
Etrans(f)/Etrans(f) = 1.0. These outcomes represent idealized
cases; in reality, some transfer of energy from or to internal
modes of each molecule can be expected, so that Eyans(f)/
Eirans(i) may take on values ranging from 0.5 to well above one.

The profile of the translational energy transfer during collisions
between radicals modelled using ODM2 agrees quite closely with
the spinless collisions of the OPLS-AA simulations. However, as can
be inferred from Fig. 3, in around 80% of ODM2 collisions energy
was transferred from the translational degrees of freedom to
internal degrees of freedom of the colliders, whereas collisions
simulated by the OPLS-AA force field are somewhat less likely (ca.
60%) to lose translational energy.

In Fig. 3 we also show the histograms of association times
tassoc, €. the time between the initial collision and the re-
separation, for methyl peroxy collisions. Defining 715 min as the
smallest inter-molecular atom-atom distance between the two
radicals (hydrogen atoms are not included), the association
duration spans from the first time 715 min < 4.0 A up to the last
time 7z min < 4.0 A. This allows for transient oscillations of
T'12,min above the distance criterion without ending the associa-
tion event. In Table 2, we also summarise the data for ¢4, for
all of the systems and methods we studied by showing the
probability for t,5s0. to be <1 ps, >8 ps and >100 ps.

Overall, the OPLS-AA results for the methyl peroxy system
are rather similar to the non-reactive ODM2 collisions, which
gives us confidence that the fixed-charge force field methods
are giving the correct qualitative picture of the dynamics of the
pre-reactive complex. As can be seen in Fig. 3, a large propor-
tion of collisions on the ODM2 as well as on OPLS-AA surfaces
quickly re-separate, with #,s0c < 1.0 ps. Hence, the most
common scenario after these non-reactive collisions is a very
short-lived complex or no complex formation at all.

However, a noticeable difference between the ODM2 and
OPLS-AA trajectories is the possibility of some very long

This journal is © the Owner Societies 2022

Table 2 Probability of different durations of association times tassoc
between two radicals during unreactive collisions with different collision
velocities v,. 520 m s* for the methyl system and 378 for the larger
systems correspond roughly to the most likely translational velocity from a
Boltzmann distribution at 298 K

% chance for t,4,. to be:

System (method) v/ms" <1ps >8 ps >100 ps
Methyl(ODM2) 520 68 0.7 N/A
Methyl(OPLS-AA) 200 41 20 1.7

400 49 15 0.7

520 56 11 0.4
Acetonyl(OPLS-AA) 378 9.4 62 8.2
t-Butyl(OPLS-AA) 378 43 24 0.9

association times (up to 200 ps) in a small fraction of OPLS-
AA trajectories, and these were not observed on the ODM2 T,
and S, surfaces. For illustration, the data represented by Fig. 3,
comprises only ~90% of the OPLS-AA trajectories, with the rest
of the trajectories resulting in complex formation where
tassoc > 8 ps. This difference certainly stems from the slightly
more attractive character of the OPLS-AA force field compared
to ODM2. However, complex formation on the ODM2 potential
is also possible, although rare, as a small fraction of collisions
(<1%) resulted in a binding of the radicals for the entire
simulation after the initial collision.

We also studied the effect of changing the collision velocity
using the OPLS-AA model. Although we only have data for
different collision velocities of methyl peroxy, it is likely that
these findings are quite general and can be relevant to the
larger peroxy systems we discuss in Section 3.4.

The association time histograms in Fig. 4 show that the
chance of fast re-separation rises as the collision velocity is
increased; at v, = 200, 400, and 520 m s~ ', respectively ~41, 49
and 56% of the collisions re-separate within 1.0 ps. In the rest
of the collisions the radicals remain associated for a longer
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Fig. 4 Histograms of t,ssoc for methyl peroxy dimer collisions modelled
with the OPLS-AA force field with three different initial velocities.

time. For all collision velocities the distribution of t,,.. shows a
broad peak in probability for ¢,0. between 1.5 and 2 ps, followed by
a monotonic decrease as o increases. The distributions of
association times for the same molecular pairs are not affected very
much by the collision velocity when ;550 > 1.0 ps.

The probability of overall translational kinetic energy loss
increases as the collision velocity v, increases (results not
shown). For the highest incident velocity we studied, the
majority of the collisions undergo some amount of kinetic
energy loss, as some of the energy is transferred into internal
degrees of freedom and/or inter-molecular potential energy.

3.3 Recombination and tetroxide formation

The 1000 trajectories that were computed with ODM2 and
started on the excited T; surface, were allowed to undergo a

Recombination after T; — S, transition:
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transition to S, following our crude model for surface hopping
described in Section 2.2.2. T; — S, transitions were observed in
63 trajectories (6.3% of trajectories) which occurred, according
to the model, when the distance roo between the two terminal
oxygen atoms became smaller than 2.5 A.

Only one out of the 63 collisions that started on the T,
surface and transitioned to S, resulted in recombination. This
is also the only collision out of the 1000 simulations that
started on T; that resulted in recombination, as triplet colli-
sions that did not undergo transition to S, were completely
unreactive. Snapshots taken from this single reactive trajectory
are shown in Fig. 5. It can be seen that following transition to
So, recombination occurred in less than 0.1 ps.

A larger number of recombination events was recorded for
collisions that started on the S, surface of ODM2. These
trajectories remained exclusively on S,, as transitions to T
were not treated by our model. Recombination occurred in 13
out of 1000 collisions (1.3%). In the majority of cases (11
collisions) the peroxy radicals recombined over the course of
only 0.5 ps following the initial association of the radicals. In
two collision simulations only, 5.0 and 7.0 ps passed after the
initial association and before recombination. This result
implies that recombination events that are preceded by a
formation of a long-lived pre-reaction complex are less
common than recombination events during the first pico-
second following the association of the radicals. Fig. 5 shows
snapshots from one of the reactive trajectories in which recom-
bination was preceded by the formation of a pre-reactive
complex.

t=0.0ps t=1.2ps t=13ps
- 7 Recombination
Too & 2 5A
Tl T1 =] So SO
Recombination in a trajectory that propagated entirelv on the S, surface:
t=0.0ps 5 t=15ps t=5.0ps
J Pre- reactive
s complex formatlon
()} So
2 t=7.1ps t=8.5ps
— J —
J
J J
So Recombination

Fig. 5 Snapshots taken from two collision trajectories in which recombination occurred, representing the two possible routes for recombination in the

framework of our crude semi-empirical model.
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Strong support for our crude semi-empirical model comes
from its agreement with experiments that measured the self-
reaction rate coefficient of methyl peroxy radicals. Assuming
that the likelihood of a triplet collision is three times higher
than the likelihood of a singlet collision, due to the existence of
three configurations for the triplet state while only one for the
singlet, we conclude the total recombination probability is

(1)

where P, is the probability for recombination according to our
ODM2 simulations. This is indeed quite close to the ratio
between the experimental rate coefficient' (on the order of
107" ecm® molecule ™" s7') and the gas-kinetic collision rate
for small molecules (on the order of 10~ *° em® molecule ' s™1).

0.25 X (P(So)) + 0.75 x (P{(Ty)) = 0.4%,

3.4 Larger systems

In Fig. 6 we compare the distributions of ¢,45,. and the pre- and
post-collision translational kinetic energy ratio between the
three different species we study, for the largest value of incident
velocity (v, = 520 m s~ * for methyl peroxy, v, = 378 m s~ for
acetonyl and #-butyl). We plot t,50c Over two different time
ranges. First, the left side of Fig. 6b shows the distributions of
tassoc OVer short times (< 8 ps). The right side of Fig. 6b shows a
broader range of times, to highlight the rare cases where the
binding time is longer. Again, we can see that all species have a
significant probability for collisions to immediately result in re-
separation of the colliding molecules with ¢4, effectively less
than 1 ps. However, this probability is much lower for acetonyl
peroxy collisions (ca. 9%) versus the other species (ca. 56% and
43% for methyl and ¢-butyl, respectively).

Looking at larger values of ¢,ss0c, We see that the acetonyl
peroxy has a significantly higher proportion of collisions lead-
ing to longer association times, with ~8% chance of t,s50c
being larger than 100 ps. In contrast, methyl peroxy and ¢-butyl
peroxy collisions tend to be very short, with only ~20% of
collisions remaining associated for longer than 8 ps and less
than 1% for longer than 100 ps.

Approximately 60% of the collisions between methyl peroxy
and t-butyl peroxy radicals with v = 520 m s~ result in the loss
of translational energy. This proportion is even higher (~70%)
for the acetonyl peroxy radicals with the same translational
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kinetic energy, which goes some way towards explaining the
higher chance of longer association between these, despite the
rather similar potential energy landscape for the pre-reactive
complexes at this level of description.

Our finding that the acetonyl peroxy radical pair has the
longest average ¢,ss0c qualitatively agrees with the fact that the
reaction between acetonyl peroxy radicals has a higher overall
rate than the other two reactions." The longer association
between the acetonyl peroxy radicals may also help explain
why this system is able to produce ROOR accretion products in
the gas phase.” In contrast, the similarity of our MD results for
methyl and ¢butyl peroxy collisions suggests that the over 5
orders of magnitude slower rate coefficient of the t-butyl self-
reaction® is likely caused by higher reaction barriers (e.g. for the
formation of the tetroxide, as suggested previously’), rather
than by substantial differences in the initial collision dynamics.

It would seem that the main factor driving the increased
association times and higher chance of translational energy
loss in acetonyl peroxy is the presence of somewhat more
attractive interactions between the carbonyl groups and the
methyl groups (as reflected by the interaction energies in
Table S1, ESIt). In methyl and #-butyl peroxy systems, on the
other hand, there is a higher chance that the initial collision
results in repulsive interactions between methyl groups, which
quickly lead to re-separation.

4 Concluding remarks

Our study focuses on extending our previous work elucidating
gas phase peroxy radical interactions and reactions by includ-
ing molecular dynamics trajectories. We present results from
three different methods of computing energies and forces/
gradients in MD trajectories: (1) multi-reference perturbation
theory (XMC-QDPT2), (2) semi-empirical ODM2 method, and
(3) empirical OPLS-AA force-field method.

The XMC-QDPT2 results support our earlier findings from
purely energetic considerations,” i.e. that the initial reaction
between RO, radicals rapidly forms a RO4R tetroxide inter-
mediate on the ground state (S,) surface, provided that the
initial collision forms a pre-reactive complex with the correct
geometry.
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Fig. 6 Comparison of gas phase collisions between two colliding molecules of the three systems we have studied (methyl, acetonyl and t-butyl peroxy)
modelled with the OPLS-AA force field using our highest collision velocity. (a) Histograms of the energy transfer during the collision, indicated by the ratio
between the initial translational energy of the colliding molecules versus the final translational energy. (b) Histograms of the complex association time
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We have presented a novel, very simplified model to
describe surface hopping transitions from the excited triplet
(T,) state to the S, state when the distance between terminal
oxygen atoms in each radical becomes small. We find that the
collisions on the T, surface are unreactive, while a small
fraction (1.3%) of collisions on the S, surface lead to recombi-
nation, forming the tetroxide intermediate. Only 0.1% of the
total number of trajectories that start on T, result in recombi-
nation after a transition to the S, surface. Overall, our ODM2
results predict that tetroxide formation should result from
approximately 0.4% of all methyl peroxy collisions, in good
agreement with experimental results indicating that the rate
coefficient is roughly three orders of magnitude smaller than
the gas-kinetic collision rate."

Finally, we present the results of a large number of collision
trajectories generated with the empirical OPLS-AA force field.
We find that overall, the results for these inherently unreactive
collisions agree well with unreactive collisions on the semi-
empirical ODM2 surfaces. Furthermore, we note that analogous
to the ODM2 case, multiplying the gas-kinetic rate coefficient
for the collision of two methyl peroxy radicals (on the order of
107"° em™® s at 298 K) by the probability that they form a
complex with a lifetime on the order of tens of picoseconds
(between 0.1 and 1 percent according to OPLS-AA simulations)
leads to a result fairly close to the experimentally measured rate
coefficient for methyl peroxy self-reactions (on the order of
107" em™® s7' at 298 K)." This demonstrates the utility of
combining a small number of high-level ab initio trajectories with
a much larger number of lower-level simulations - even unreactive
simulations - sampling the initial collision dynamics.

We have also been able to use the empirical models to study
some larger peroxy systems. We find that, compared to the
methyl peroxy system, the acetonyl peroxy radical collisions
have a roughly 20 times higher probability of forming pre-
reactive complexes with lifetimes longer than 100 picoseconds
- in perfect agreement with experimental data indicating a
20 times higher self-reaction rate coefficient for this system." In
contrast, the initial collision dynamics of ¢-butyl peroxy radicals
is not very different from that of methyl peroxy radicals,
indicating that the large differences in experimentally mea-
sured reaction rates must be due to higher energy barriers in
the t-butyl system, as already suggested in our earlier work.’

Our future work will proceed in two main directions. First,
we intend to use high-level ab initio methods to thoroughly
explore the final steps of the reaction, where the RO4R tetroxide
breaks up via (at least) three different pathways. One improve-
ment we will consider is the use of relativistic perturbation
theory, where energies and gradients are computed using the
Dirac equation which includes spin-orbit coupling explicitly.

Second, we will further examine the general utility of our
novel simplified semi-empirical method for describing two-
state surface hopping during radical collisions. In order to
demonstrate the full scope of its utility, we will compare a
wider variety of relevant radical systems and their collisions,
using both semi-empirical methodologies and empirical force-
field models. We are optimistic that this model, despite its
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crudeness, can be a pathway towards improving our under-
standing of radical reactivity in the atmosphere.
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