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In recent work [Daub et al., ACS Earth Space Chem., 2022, 6, 2446] we have developed a simple model for

describing the lifetime of pre-reactive complexes, and demonstrated its use for predicting the reactivity of

barrierless reactions between peroxy radicals. Here, we modify and extend the method in three important

ways. First, we compare the use of a Langevin thermostat for initial equilibration of the system with the
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Nosé—-Hoover thermostat. Then, we show some new results for the lifetimes of complexes of secondary

and tertiary ozonolysis and hydroxyl radical products from a-pinene. Finally, we use the method to
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measure the temperature dependence of complex lifetimes and compare them with available
experimental results for reaction rates as a function of temperature.

Despite a great deal of research work, peroxy radical reactions have been difficult to model theoretically. In particular, the accurate quantum chemical methods

required are not tractable for the large peroxy radicals produced from volatile organic compounds (VOCs) known to be important in atmospheric new particle

formation. Our work demonstrates that simple empirical force-field based methods can be used to predict the overall reactivity of peroxy radicals in cases where

the tetroxide formation is barrierless, including the calculation of activation energies in good agreement with experiments. Our approach offers a computa-

tionally inexpensive way to predict the reactivity of other peroxy radicals which have not yet been (or cannot be) studied experimentally.

1 Introduction

Reactions of volatile organic compounds (VOCs) with abundant
atmospheric oxidizers (OH, O;) can initiate the formation of
peroxy radicals (RO,)."* These radicals are comparatively long-
lived, usually undergoing further reactions with NO or HO,,
or, especially in less polluted regions, undergoing self- or cross-
reactions with another peroxy radical.® These latter reactions
have attracted a great deal of recent research interest, since they
can form larger accretion products such as ROOR or R(O)OR
species which then can act as seeds for new particle formation
leading to the growth of aerosols.**”

Our research group, among others, has long been involved in
using theoretical chemistry methods to understand bi-
molecular reactions between peroxy radicals.®® In particular,
we have been attempting to extend our studies to include the
dynamics of the reactions.''* In many cases, experimental
results>'”* show a decrease in overall reactivity as temperature
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is increased, consistent with a negative activation energy E, in
the framework of an Arrhenius relation,

k = de B/RT, (1)

This negative E, shows that any activation barrier in the
reaction is either non-existent, or at least very small compared
with the thermal energy of the system.

If a particular reaction is found to be effectively barrierless,
then it suggests that expensive quantum chemical calculations
to determine the entire potential energy surface and all of the
possible reaction pathways may not always be needed. Instead,
another approach is to use empirical force field models and
molecular dynamics simulations to model the lifetime of the
pre-reactive complex formation.

Even though tetroxide formation may be barrierless, it still
will not occur unless the relative orientation of the two radicals
is conducive to allowing the reaction. Over time, molecular
vibrations within the complex should allow this particular
geometry to be sampled, but only if the complex remains
associated for a sufficient time. Therefore, under the assump-
tion that the likelihood of reaction depends only on the
complex lifetime, it should be possible to correlate between the
simulated lifetime of the complexes and the experimental
reactivity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In our previous work," we have already demonstrated the
success of this idea. We found that for a range of different
peroxy radicals experimentally determined to have negative
values of E,, a strong correlation between the experimental
reactivity and the simulated lifetime of the complex was estab-
lished, with only one system (the cross-reaction between methyl
peroxy and acetyl peroxy) being determined to be an outlier.

Since then, we have continued to develop our methods and
apply them in new ways. In this work, we report on three of
these developments. First, we have changed our equilibration
method to use a Langevin thermostat, instead of the Nosé-
Hoover thermostat we used previously. Second, we have
extended the systems we studied to include some of the
secondary and tertiary products of reactions between OH,
ozone, O, and o-pinene, including some of the interesting
highly oxygenated molecules (HOMs) which can be produced as
accretion products.”»* Finally, we have done simulations at
a range of temperatures, and have shown that the temperature
dependence can be fit well by an Arrhenius equation with
parameters in reasonable agreement with the available experi-
mental data.

2 Methods and models

Most of the methods we used have been well-described in our
recent papers."' In the current work, we only give a brief
summary, along with describing any differences in the methods
used.

Since we do not need to model bond-making and bond-
breaking processes to describe pre-reactive complexes of per-
oxy radicals, we used computationally inexpensive empirical
force-field models for our simulations. We used the OPLS force
fields,*>® with some small modifications required to model
peroxy radicals instead of hydroperoxides.*”

We used the LAMMPS software package to run our simula-
tions.”® Each individual simulation started with two peroxy
radicals, with centers of mass initially separated by 30 to 50 A,
depending on the size of the system. The energy and force
calculation was cut off at a distance 5 to 10 A less than the initial
separation, so that there was no interaction between the
systems during the equilibration phase. Each radical was given
a randomized orientation, and a new random number seed was
used each time to generate initial velocities. Some examples of
LAMMPS input and data files we used are given in the ESIL.{

Independent thermostats were used to equilibrate each
molecule before initiating the collision. Recent work has given
reasons for caution when using Nosé-Hoover thermostats in
gas-phase systems.* Therefore, we have rerun the complete set
of simulations we previously used to establish a correlation
between the lifetime of pre-reactive complexes and overall
reactivity," using a Langevin thermostat for initial equilibration
instead of a Nosé-Hoover thermostat. We also checked a few
other possible issues, such as the duration of the equilibrations.
In this work the equilibration was done for 0.75 x 10° timesteps
(0.5 x 10° for MeQO). New random number seeds were also
used in each simulation to initialize the random friction force
generation in the Langevin thermostats.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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After equilibration, the thermostats were removed and the
rest of the simulation was run with constant total energy (NVE
ensemble). One of the molecules' center of mass was given an
initial velocity oriented in the direction of the other center of
mass, chosen to match the relative velocity of two molecules of
given mass at temperature 7. This led to a collision after a few
picoseconds. Different trajectories led to complex formation
with variable association times. By running thousands of
independent simulations, we were able to collect a histogram of
association times.

In most cases, there was a peak in the histogram repre-
senting very short collisions which are effectively repulsive, and
do not lead to complex formation. This would be difficult to
include in our model for the association time histogram, so we
did not attempt to fit the data at short times ¢ < ¢,. For ¢ > ¢;, we
fit the association time histogram to a simple bi-exponential
model with four parameters,

—{i=t5)

—{1=t5)

P
long e w + Ade s . [2)

Prc(t) = T+ Ayts
Here, Pjong is the fraction of collisions which last longer than ¢,
15 and 7y, are two exponential decay constants, and 4, is a fitting
parameter describing the balance between the long and short
decay regimes. We used t; = 2 ps in all of the simulations re-
ported here.

3 Results

3.1 Langevin thermostat vs. Nosé-Hoover thermostat

In addition to the systems we studied previously, we added one
new system, (CHj3),C(OH)CH,0,, representing one of the
possible butanol peroxy radicals (HOBuOO). The starting
configuration for HOBuOO is shown in Fig. 2. Our results
including fits to eqn (2) are shown in Table 1.

As in our previous paper,'* we then plotted our values for 1y,
versus available experimental data for the overall rate coefficient k
for the recombination of peroxy radicals (Fig. 1). We observe
a strong correlation (with correlation coefficient r = 0.788)
between 1, and kexy. A direct comparison between the new
results and our previous results can be found in the ESL.{ Even
though the correlation coefficient is marginally lower than in our
previous work (r = 0.845), we do not find this difference to be very
significant. We note again that, even if our empirical force fields
and the lifetime model of eqn (2) were perfect, and our simula-
tions devoid of statistical error, due to the large uncertainties in
the experimental reactivity ks, (approximately a factor of two in
some cases), we should not necessarily expect to see a stronger
correlation. Therefore, a small difference in the correlation
coefficient can likely be attributed to random chance.

Overall, there are not very large changes from our previous
work, suggesting that, despite the equipartition issues arising
from the use of the Nosé-Hoover thermostat, those results were
still essentially correct. The main difference in the new data is
a modest increase (ca. 5-10%) in the simulated association life-
times, which seems to be general. Combined with the addition of
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Table1 Experimental data for overall reactivity kexpr and fit parameters used in eqn (2) for all sets of collision simulations done at T = 300 K only.
Each fit was done on association time histograms measured from 10 000 collisions (15 000 for MeOO). Experimental data are from ref. 5 unless

otherwise noted

1 1

System Kexpt/10~** cm® per molecule per s Piong A, Tg/ps” T /ps”
MeOO 3.5 0.421 7.0 2.8 15.9
AcOO 130 (ref. 19) 0.726 7.6 3.5 64.9
AceOO 54 (ref. 20) 0.801 3.4 4.7 53.1
MeOO + AcOO 200 (ref. 19) 0.571 5.7 3.1 25.9
MeOO + AceOO 38 (ref. 20) 0.616 3.3 31 20.8
AcOO + AceOO 50 (ref. 20) 0.766 4.7 4.5 57.0
CICH,00 35 0.613 5.8 3.8 26.3
HOEtOO 22 0.751 3.5 4.8 33.0
HOBuOO 48 0.721 3.5 4.6 43.4
T T T T T T T T scheme for such reactions based on experimental observa-
T T T 7 T T T T A sch f h t based p tal ob
L / o - tions has been proposed by Berndt et al. (see Fig. 2 of ref. 1). We
L i chose several of the products in this scheme to run our simula-
60 // h 1 of the products in this scheme t 1
i o / | tions on, and show optimized configurations of these in Fig. 2.
50k o // i We ran between 2500 and 3000 separate collision trajectories
/ for each system. Since these systems usually remained associ-
4 o v ated for significantly longer than smaller peroxy radical
& or // ] systems, we used a longer timestep (0.5 fs) and longer simula-
~ [ =& / i tion times (5 ns) than previously. Association time histograms
< 30F |:|// T for these are shown in Fig. 3, and results of the fits to eqn (2) are
i / * tabulated in Table 2, including a prediction of the reaction rate
20F // o . kprea based on dividing 7, by the correlation factor of 0.678 x
s.k__ (Table 1 . . . .
=y, . onv kexpl( i/[ ‘;(; 200 | T 10" determined as described in Section 3.1. We note that one of
T VS. -- Me +AC! . . .
10F 7 x 0L678 o (new fit) (=0.758) | these systems (product 5) was studied in our previous work
i // - e ' ] (system 1 in Fig. 3 and Table 2 of ref. 14); the new fit parameters
0 are somewhat different, primarily due to our use of a Langevin

1 1 1 1 1 1 1 1 1 1 L 1 L 1
0 25 50 75 100 125 150 175 200
Ko/ 10" em’ molec.” s™

Fig.1 Correlation between 1 determined from fits of the association
lifetime histograms simulated at 300 K to egn (2), and experimental
data for overall reactivity ke, fOr reactions between peroxy radicals.
The MeOO + AcOO system (indicated by the red x) was not included.

the new HOBuOO system, the end result is a small increase in the
correlation factor between 7y, and keyp from 0.577 x 10** to 0.678
x 10"%, where kexpt 18 in units of cm™? per molecule per s and 1y, is
in units of ps. We suggest that this new value is likely to be more
reliable than the one we published previously.

3.2 Secondary and tertiary products of «-pinene ozonolysis
and hydroxy radical reactions

In our previous work," we ran collision simulations and the
association lifetime analysis on three different peroxy radical
products arising from atmospheric reactions of a-pinene with
OH radicals and ozone,* and we compared our results with
some of the available experimental data for formation of ROOR/
accretion products from these.> Here, we extend these simula-
tions to a wider range of compounds, including highly oxidized
molecules (HOMs) which can be formed by further reactions
downstream from the initial formation of a peroxy radical.

734 | Environ. Sci.. Atmos., 2024, 4, 732-739

thermostat instead of a Nosé-Hoover thermostat for equilibra-
tion as discussed in Section 3.1.

Several noteworthy results of this analysis stand out. First,
we note that products 3 and 5 are very similar, differing only in
the fact that the locations of the OH group and the peroxy
radical group are swapped. However, the association time
histograms and fits are surprisingly different, with the values of
1y, differing by a factor of two.

Secondly, the association times of HOMs resulting from reac-
tions with additional O, molecules (products 19, 20 and 29) are
~10x longer than for the first generation peroxy radicals. For one
of these systems, product 29, we were unable to fit the results to
our model due to the fact that even after 5 ns, the majority of the
trajectories remained bound in the complex. At the same time,
there is still a significant chance (=15-30%) of shorter association
times, resulting from unfavourable initial collision geometries
which do not form strong inter-molecular hydrogen bonds.
Products 19 and 20, which are identical except for swapping the
positions of the peroxy radical group and the hydroperoxide group,
have nearly identical values of 7y, even though the association time
histograms for small values of ¢ are measurably different.

Interpreting our analysis of the complex lifetimes in these
larger peroxy radical systems should be done with caution.
These are complicated molecules, and it is likely that in some
cases, significant reaction barriers could exist, which would

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Configurations of butanol peroxy (HOBuUOO), and 5 larger a.-pinene derived peroxy radicals studied for this work. The product numbers
given are taken from ref. 1. Products 3 and 4 come from reactions between one O, molecule and the secondary alkyl radical generated by OH
addition to a-pinene, while products 19, 20 and 29 come from further reactions with additional O, to form HOMs.
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Fig. 3 Association time histograms and fits to egn (2) (dashed black lines) for complexes of two a-pinene derived peroxy radicals. The product
numbers given are taken from ref. 1, for further details see the caption to Fig. 2 and the main text. Product 29 is not shown (see Table 2 and the

text).

Table 2 Probabilities of given association times and parameters from fits of association time histograms to eqgn (2) for complexes of two a-
pinene derived peroxy radicals. The unit of kpreq is cm? per molecules per s. For further details see the caption to Fig. 2 and the text

Piong =

Product # P(>2g ps) P(>100 ps) P(>2 ns) A, T/ps ™t T /pst kprea = 71/0.678 x 10"
3 0.877 0.512 0.004 6.6 4.2 228 3.36 x 1071

4 0.896 0.578 0.034 11.3 4.7 351 5.18 x 10~

5 0.796 0.274 0.0 6.9 3.8 111 1.64 x 107!

19 0.876 0.721 0.336 109 3.1 1995 2.94 x 1070

20 0.922 0.794 0.358 66 4.0 2072 3.05 x 1010

29 0.909 0.837 0.764 NA NA >2000 >3 x 1070

© 2024 The Author(s). Published by the Royal Society of Chemistry
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significantly lower the reactivity, regardless of the long lifetime
of the pre-reactive complex. That caveat aside, these new results
reinforce the claims made in the original experimental work of
Berndt et al. that the overall reactivity between a-pinene peroxy
radical products that have undergone one or more autoxidation
events is collision limited;* although collisions between them
are rare in typical atmospheric conditions, if they do collide,
they will stick together long enough to react.

3.3 Temperature dependence and fits to the Arrhenius
equation

Experimentally, the temperature dependence of a reaction can
be derived in a straightforward way, by simply measuring the
reactivity at a series of different temperatures. In our approach,
since we have established that the reaction rate coefficient k
correlates with the complex lifetime parameter 7y, from eqn (2),
we can similarly perform our MD simulations at a range of
temperatures to get the temperature dependence.

We have done this for five different systems, including
complexes of two methyl peroxys (MeOO), two acetonyl peroxys
(Ace0O0), two ethanol peroxys (HOEtOO), and two butanol peroxy
compounds (HOBuOO), as well as the mixed AceOO + MeOO
system. The histograms of complex lifetimes for the system of
two AceOO molecules at temperatures 7' = 260, 280, 300, 320 and
340 K are shown in Fig. 4; similar plots for the other four systems
are included in the ESI.{ The fitted parameters for all five systems
are given in Table 3. Finally, in Fig. 5 we plot the lifetime
parameters 7, and fit them to an Arrhenius equation (eqn (1)).

The Arrhenius relation agrees well with our data for all five
systems, suggesting that it should be generally possible to
determine the temperature dependence in the same way for all
similar peroxy radical systems which feature a barrier-less
reaction to form the tetroxide. In one case (AceOO), there is
a very recent experimental result which we can directly compare

.l — Ace00,260K

1F — 280K g

300 K ]

320K .

_ — 340K -

\Q* 0.01g E

ot y
0.001¢

0.0001

0 350 400
t/ps

Fig. 4 Association time histograms for complexes of two AceOO
molecules at different temperatures, and fits of the data to egn (2)
(dashed black lines).
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Table 3 Table of fit parameters from fits of our association time
histograms simulated at different temperatures to eqn (2)

T/K Plong Ay 175/13371 ":L/p571
MeOO

255 0.487 4.81 2.62 16.76
270 0.464 4.76 2.52 15.37
285 0.442 4.87 2.40 13.89
300 0.421 7.02 2.77 15.90
315 0.397 4.71 2.20 12.10
330 0.389 3.44 1.87 9.56
AceOO

260 0.857 4.81 5.46 98.82
280 0.831 3.84 5.28 70.34
300 0.801 3.39 4.74 53.11
320 0.770 2.85 5.06 39.99
340 0.757 2.43 3.94 29.81
AceOO + MeOO

260 0.685 5.23 4.90 40.18
280 0.646 4.27 3.77 29.01
300 0.616 3.29 3.14 20.79
320 0.583 2.90 2.77 17.77
340 0.550 4.11 3.49 18.22
HOEtOO

260 0.807 3.99 6.45 58.86
280 0.782 3.19 5.28 40.89
300 0.751 3.48 4.83 33.02
320 0.714 4.05 5.49 29.95
340 0.676 3.14 5.09 23.41
HOBuOO

260 0.767 5.94 4.67 82.88
280 0.748 4.52 4.63 56.35
300 0.721 3.50 4.63 43.43
320 0.692 2.88 4.07 31.28
340 0.679 2.55 4.18 27.04
360 0.649 1.73 3.14 20.00
380 0.637 1.59 2.68 17.25
400 0.602 1.65 3.09 16.20

with." Some other older experimental estimates, albeit with
high uncertainties, are also available in the review by Orlando
and Tyndall® and/or the website of the IUPAC Task Group on
Atmospheric Chemical Data Evaluation,” or in other publica-
tions. We show comparisons between our results for the acti-
vation energy E,/R determined from the Arrhenius equation fits
and the available experimental data in Table 4.

In the more usual case where reactivity increases with
temperature, in terms of the Arrhenius equation this arises due
to an activation barrier with a characteristic activation energy
E,. However, when the temperature dependence is opposite, the
interpretation is less clear. Even though a negative “activation
energy” may be a strange concept, this is commonly done in
experimental work in this field>*' and so we do the same in
order to compare our results with the experiments.

The experimental values of E,/R we compare to have a large
relative error. We have also reported the statistical error for our
estimates; it is lower than in the experiments, however we also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Arrhenius plots of the temperature dependence of values of 7,
for all five systems we studied.

Table 4 Comparison of our measurements of the activation energy
E./R with available experimental data. Our error estimates are the
statistical standard deviation in the slope —E,/R derived from the linear
regression of Int_ versus 1/T, assuming the validity of the Arrhenius
relation (egn (1)

System (Eo/R)/K (this work)  (Ea/R)/K (experiment)
MeOO —527 £173 —365 =+ 200 (ref. ® and 21)
AceOO —1307 + 43 —996 =+ 334 (ref. '%)

AceOO0 + MeOO —938 + 156 —500 + 300 (ref. *")
HOEtOO —960 =+ 83 —1000 % 300 (ref. > and 21)
HOBuOO —1247 £ 40 —1740 £ 300 (ref. * and 21)

have significant systematic errors arising from uncertainties
and limitations of the potential models and simulation
methods we chose. Overall, our values agree rather well with the
experimental data for barrierless reactions. We get similar high
(negative) values of E,/R for AceOO and HOBuOO, slightly lower
for HOEtOO and the mixed AceOO + MeOO case, and the values
of E,/R for two MeOO are significantly lower in magnitude, in
agreement with experiments. In some cases, we have some
difficulty in separating the long and short decay regimes when
1, < 20 ps, which would make some of our data at high
temperature less accurate, especially in the case of MeOO where
7, < 20 ps at all temperatures we simulated.

We can finally also attempt to estimate the pre-exponential
factor A in the Arrhenius equation, if we combine the correla-
tion determined previously to relate 1y, to the rate coefficient k
with the Arrhenius fits reported in Fig. 5. The pre-exponential
factor determined by us (which we call 7,) has units of pico-
seconds, but can be converted to a rate by dividing by the
factor 0.678 x 10" we obtained from the analysis in Fig. 1. A

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of experimental values of the pre-exponential
factor Aeypr With simulated values obtained via the fits shown in Fig. 5.
The unit of A is cm® per molecules per s

System To/PS  Agimul = T0/0.678 X 10" A

MeOO 2.23 3.28 x 10713 0.95 x 10~
AceOO 0.66 0.97 x 107" 1.53 x 107"
AceOO + MeOO 1.02 1.50 x 10713 7.5 x 10713
HOEtOO 1.40 2.06 x 1073 0.78 x 107
HOBuOO 0.67 0.98 x 10 0.14 x 107 **

comparison of experimental and simulated values of A is shown
in Table 5.

Determining A requires extrapolation of the results far
outside of the temperature range measured, so it is not
surprising that both experimental results and our simulated
results should have large errors. Given this caveat, it is
remarkable that our simulation-based determinations of A are
at least within an order of magnitude of the experimental data.

4 Conclusions

We already have developed a procedure to use empirical force
fields and molecular dynamics simulations of bimolecular
collisions to study the formation and lifetime of pre-reactive
complexes of two peroxy radicals.’* The goal of the current
work was to modify and extend our methods in three important
ways.

First, we found that changing the equilibration method to
use Langevin thermostats instead of Nosé-Hoover thermostats
for temperature control had only a small effect, causing an
increase of 5 to 10% in the simulated association lifetime.
Despite the problems noted by others with using Nosé-Hoover
thermostats for equilibration of gas-phase systems,* in our case
the practical effect was minor. Nevertheless, we would
encourage researchers making use of our results to use our
updated value for the correlation coefficient between our
simulation-based association time decay constant t;, and overall
experimental reactivity k for peroxy radical recombination (see
Fig. 1).

Second, we have run collision simulations of five additional
secondary and tertiary products of OH addition and ozonolysis
of a-pinene, including HOMs resulting from subsequent reac-
tions between one of the products (product 4) and additional O,
molecules." The average association time between these radi-
cals is significantly longer than it is between smaller peroxy
radicals, consistent with the conclusion that reactions between
aerosol-relevant highly oxidized peroxy radicals derived from
VOCs are collision limited. For the HOMs, association times are
an additional order of magnitude longer. Our detailed results
predict significant differences in the dynamics of complex
formation and breakup for very similar molecules. We are keen
to see how the specificity of our methods can be combined with
experimental results based on mass spectrometry for example,
which are usually unable to distinguish between isomers of
molecules with the same mass.
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Finally, by running collision simulations with a range of
initial temperatures, we demonstrated that we can predict the
experimental activation energies E, for barrierless reactions
between peroxy radicals via the use of Arrhenius plots. In 4 of
the 5 cases we studied, our predicted range for E,/R overlaps
with the experimental range of measured E,/R. Additionally, we
were also able to extrapolate to the infinite temperature limit in
predicting the pre-exponential factor in the Arrhenius equation.
While this extrapolation is somewhat lacking in predictive
power, our predictions at least agree with experiments within
one order of magnitude. It seems unlikely that this good
agreement with the experimental data is simply a fluke, strongly
suggesting that our method has pinpointed the lifetime of the
pre-reactive complex as the main factor influencing the reac-
tivity of RO, + R'O, systems where the reaction is effectively
barrierless, including the temperature dependence.

Overall, while our method boasts smaller statistical errors
compared with experiments, significant systematic errors
remain due to uncertainty about the accuracy of the OPLS-based
force fields used to describe the systems. As force field devel-
opment continues, aided by e.g. machine learning methods,
trajectory based methods such as the one we have developed
can continue to be helpful to understand experimental trends in
a broader range of different gas phase reactions.
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