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We have investigated the reaction between 2-methylallyl radicals and oxygen molecules with experimental and
computational methods. Kinetic experiments were conducted in a tubular laminar flow reactor using laser
photolysis for radical production and photoionization mass spectrometry for detection. The reaction was
investigated as a function of temperature (203-730 K) and pressure (0.2-9 torr) in helium and nitrogen bath
gases. At low temperatures (T < 410 K), the reaction proceeds by a barrierless reaction to form 2-
methylallylperoxyl. Equilibration of the peroxyl adduct and the reactants was observed between 350-410 K.
Measurements were extended to even higher temperatures, up to 730 K, but no reaction could be observed.
Master equation simulations of the reaction system were performed with the MESMER program. Kinetic para-
meters in the master equation model were optimized by direct fitting to time-resolved experimental 2-
methylallyl traces. Trace fitting is a recently implemented novel feature in MESMER. The trace approach was
compared with the more traditional approach where one uses experimental rate coefficients for parameter
optimization. The optimized parameters yielded by the two approaches are very similar and do an excellent job
at reproducing the experimental data. The optimized master equation model was then used to simulate the
reaction under study over a wide temperature and pressure range, from 200 K and 0.01 bar to 1500 K and
100 bar. The simulations predict a small phenomenological rate coefficient under autoignition conditions; about
1x 107 cm® st at 400 K and 5 x 107 cm® s* at 1000 K. We provide modified Arrhenius expressions in
PLOG format for the most important product channels to facilitate the use of our results in combustion
models.
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between modeled and measured rate coefficients. This
approach is satisfactory in many cases, but runs into trouble

1 Introduction

Master equation (ME) models of gas-phase reactions typically
contain many parameters that are not known very accurately, so
they often need to be adjusted to obtain quantitative agreement
with experiment. Common adjustable parameters are well-
depths, barrier heights, and the (AE)gown and Lennard-Jones
parameter values of different species. To evaluate the goodness
of a master equation model, one usually compares the phe-
nomenological Bartis-Widom rate coefficients’ produced by
the model to experimental rate coefficients. Parameter optimi-
zation can then be performed to minimize the difference

“ Department of Chemistry, University of Helsinki, P.O. Box 55 (A.L Virtasen aukio
1), 00014 Helsinki, Finland. E-mail: arkke.eskola@helsinki.fi

b Dassault Systémes, 334 Science Park, Cambridge CB4 OWN, UK

¢ Institute of Materials and Environmental Chemistry, Research Centre for Natural
Sciences, Magyar Tuddsok krt. 2., Budapest H-1117, Hungary

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d1cp05591g

This journal is © the Owner Societies 2022

in at least two scenarios.

1. When kinetic traces are multi-exponential. In this case,
the functions that need to be fitted to experimental traces
tend to be complicated, and it can be difficult, if not
impossible, to obtain reliable values for the parameters in
the fitting function. This uncertainty will be reflected in
the rate coefficients because the rate coefficients are
functions of these parameters.

2. When chemically significant eigenvalues (CSEs) mix
with internal energy relaxation eigenvalues (IEREs). The
Bartis-Widom technique that is used to obtain phenom-
enological rate coefficients from master equation simu-
lations is only valid when CSEs and IEREs are well
separated. When they are not, a rate coefficient descrip-
tion of the reaction system is difficult to define.

Both of these problems can be avoided if one compares
experimental and modeled species traces, rather than rate
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coefficients, with each other. The traces produced by a master
equation simulation are valid even in cases where a rate
coefficient description does not exist. The trace approach is
superior to the conventional rate coefficient approach also in
the sense that a more direct comparison between experiments
and simulations is made. After all, it is time-resolved kinetic
traces that kineticists measure, not rate coefficients. Typically,
of course, experiments are never simple and will contain
secondary chemistry or diffusion phenomena that affect the
time-resolved behaviour of the measured traces. This needs to
be accounted for when performing trace fitting, just as it does
for the conventional approach.

Trace fitting was implemented in MESMER version 6.0.” The
details of this implementation are presented by Medeiros et al.®
In version 6.1, this feature was extended to allow the user to
specify first-order loss rates (diffusive losses) for all species
present in the reaction system. The purpose of these loss rates
is to account for processes other than the studied reaction
which have an effect on the measured traces. For example, the
loss rate could be the rate at which a species diffuses out of the
monitored reaction zone. In other experiments, this loss rate
could be the rate at which the studied species reacts with
reactor surfaces. In this work, we use the trace fitting feature
in MESMER for the reaction between 2-methylallyl radicals (2-
methylprop-2-en-1-yl) and oxygen molecules. The reaction sys-
tem under study is

kg k
CH,C(CH;3)CH3 +0, A:' CH,C(CH;3)CH,00°* — Products
(1)

kw

CH,C(CH3)CHj = Wall.

Here k; and k. are the forward and reverse rate coefficients of the
initial association reaction, k;, is the irreversible first-order loss rate
of the peroxyl adduct (this includes its wall rate), and &, is the wall
rate of 2-methylallyl. The wall rate &, is the loss rate of 2-methylallyl
in the absence of added oxygen and is almost entirely due to the
heterogeneous reaction of 2-methylallyl with the reactor wall. The
reaction system is relatively simple and the rate coefficients can be
obtained by performing single- or double-exponential fits to the
measured traces. Thus, both the rate coefficient and trace approach
can be used for parameter optimization and should yield similar
results.

In combustion systems, 2-methylallyl radicals can be produced
by abstracting hydrogen from isobutene (2-methylpropene), a
major oxidation and pyrolysis product of iso-octane (2,2,4-
trimethylpentane).” Hydrogen abstraction from isobutene is far
more likely to produce 2-methylallyl radicals than vinylic 2-
methylprop-1-en-1-yl radicals because six of the eight hydrogens in
isobutene are allylic, which are much easier to abstract than vinylic
hydrogens. 2-Methylallyl is a resonance stabilized hydrocarbon
radical (RSHR, see Fig. 1). Such radicals exhibit decreased reactivity
towards O, and increased thermal stability compared to similar-
sized hydrocarbon radicals that are not resonance-stabilized.” There-
fore, RSHRs can accumulate in combustion environments to reach
concentrations where their cross-reactions become relevant.

4730 | Phys. Chem. Chem. Phys., 2022, 24, 4729-4742

View Article Online

PCCP

>

PN P

Fig. 1 The equivalent resonance structures of 2-methylallyl.

Reactions between RSHRs are an important step in forming “the
first aromatic ring”, a key precursor in soot formation.® Since RSHR
+ O, reactions compete with soot-initiating RSHR + RSHR reactions,
quantitative data is needed for both categories of reactions to
accurately model soot formation.

Because O, addition causes RSHRs to lose their resonance
stabilization, RSHR + O, — RO, reactions have shallow wells
(zero-kelvin binding enthalpies) and, consequently, begin to equili-
brate at relatively low temperatures. For allylic and propargylic
radicals, the reverse reaction has been observed to become signifi-
cant already between 300-400 K.”* RSHR + O, reactions are
therefore expected to be “dead-ends” in combustion systems unless
new reaction channels become accessible at higher temperatures.
Bimolecular product channels at high temperatures (T > 500 K)
have been observed for propargylic RSHRs and for 1,1-
dimethylallyl,”""* but such reactions appear to be very slow for
allyl and 1-methylallyl.">" The relatively high reactivity of 1,1-
dimethylallyl with molecular oxygen at high temperatures is
explained by the presence of a low-barrier, well-skipping channel
that produces hydroperoxyl and 2-methylbuta-1,3-diene. This
conjugate-alkene-forming channel is not available for allyl, which
would explain its low reactivity with molecular oxygen at high
temperatures. However, this channel is present for 1-methylallyl,
but Knyazev and Slagle were not able to observe any reaction
between 1-methylallyl and molecular oxygen even at 700 K.'> This
suggests that the conjugate-alkene-forming channel has a noticeably
higher barrier for 1-methylallyl than 1,1-dimethylallyl. Similarly to
allyl, there is no conjugate-alkene-forming channel for 2-methylallyl,
so one might expect it to exhibit low reactivity towards oxygen at
high temperatures. However, there are three allylic hydrogens
available for internal abstraction in 2-methylallylperoxyl, so it may
have important QOOH chemistry.

The reaction investigated in this work, CH,C(CH3)CH,* + O,
has only been studied once experimentally. Schleier et al
measured the rate coefficient of the reaction at 298 K and
0.001-0.003 bar and found k = 8.5 + 1.7 x 10" "% cm?® s *,'®
independent of pressure, from which they concluded that the
reaction is already at its high-pressure limit. Computational
studies on the reaction have been reported by Chen and
Bozzelli as well as by Zheng et al'”'® Chen and Bozzelli
searched for the stationary points (local minima and transition
structures connecting neighbouring minima) on the potential
energy surface (PES) of reaction (1) using several levels of theory
(CBS-q, MP2, and B3LYP) and combined their quantum
chemical calculations with QRRK/master equation simulations.
They found that the most probable reaction pathways for the
initial association product are dissociation back to reactants as
well as formation of the QOOH radical by an internal hydrogen
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abstraction reaction. The dominant bimolecular product chan-
nel was predicted to be the formation 2-methylidene-1,3-
epoxypropane and hydroxyl radical. Zheng et al. computed
the stationary points of reaction (1) at the CBS-QB3 level of
theory. Except for a few transition structures, their relative
energies were in good agreement with those of Chen and
Bozzelli. Zheng et al. further investigated the subsequent
QOOH + O, reaction pathway and found the formation of
2-(hydroperoxymethyl)prop-2-enal, a ketohydroperoxide (KHP)
species, and hydroxyl radical to be the most likely bimolecular
product channel.

In this work, we have measured reaction (1) as a function of
temperature (203-730 K) and pressure (0.2-9 torr) in helium
and nitrogen bath gases using laser-photolysis photoionization
mass spectrometry (LP-PIMS). Quantum chemical calculations
and master equation simulations were performed to comple-
ment our experimental work. Kinetically important parameters
in the master equation model were optimized using the trace
fitting feature implemented in MESMER. The results of this
optimization were compared with the more conventional
approach where one uses experimental rate coefficient data in
parameter optimization. The optimized master equation model
was then used to simulate reaction (1) over a wide temperature
and pressure range.

2 Experimental

We have measured the kinetics of reaction (1) in real time using
a laminar flow reactor coupled to a photoionization mass
spectrometer. Laser-photolysis was used for radical production.
The measurements were performed at low pressures (p < 10
torr) using tubular stainless steel (halocarbon wax coating),
Pyrex (polydimethylsiloxane coating), and quartz (boric oxide
coating) reactors. The stainless steel reactors had inner dia-
meters of 0.80 cm or 1.70 cm, the Pyrex reactor had an inner
diameter of 1.65 cm, and the quartz reactors had inner dia-
meters of 0.85 cm or 1.70 cm.

A brominated precursor (3-bromo-2-methylpropene, purity
>97%, Sigma-Aldrich) was used in all experiments. The liquid
precursor was degassed with several freeze-pump-thaw cycles
before its use. Gaseous precursor was introduced to the reactor
by bubbling helium (or nitrogen) through temperature-
controlled liquid precursor. Helium (purity 99.9996%), mole-
cular nitrogen (purity 99.9996%), and molecular oxygen (purity
99.9995%) were used as supplied. The radical under study was
homogeneously produced along the reactor by photolysis of the
precursor with a pulsed KrF exciplex laser (4 = 248 nm). The
laser fluences used were between 4-44 mJ cm™>. The major
photolysis reaction observed is

CH,C(CH;3)CH,Br + hv — CH,C(CH3)CH,* + Br*.  (2)
We performed the experiments under pseudo-first-order
conditions ([0,] >» [CH,C(CH3)CH,*]) with helium bath gas

being in large excess over molecular oxygen (po /Pior < 0.05).
Nitrogen (N,) was used as bath gas in a few experiments.
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A small, known portion (<20%) of the flowing gas mixture
was sampled through a small hole on the side of the reactor
into a vacuum chamber containing the photoionization mass
spectrometer. Either a xenon lamp (E = 8.44 eV) with a sapphire
window or a chlorine lamp (E = 8.9-9.1 eV) with a CaF, or BaF,
window was used to ionize 2-methylallyl radicals. Products were
sought using a hydrogen lamp (E = 10.2 eV) with a MgF,
window and a neon lamp (£ = 16.7 eV). With the neon lamp
we used a collimated hole structure (CHS) in place of a salt
window. We observed product signals at m/z = 15 and
mf/z = 40 with H/MgF, when no oxygen was added, which
indicates that these products are produced directly by the
photolysis event. The signals most likely correspond to methyl
radical (m/z = 15) and allene (propadiene, m/z = 40).

In a typical bimolecular rate coefficient measurement at a

fixed p and T, we perform the following steps:

1. The wall rate k,, of the studied radical is measured at the
beginning of the rate coefficient measurement. The wall
rate is the decay rate of the radical in the absence of
molecular oxygen (or some other reactant). The wall rate
accounts for the reaction of the radicals with the reactor
surface, the self-reaction of the radicals, and for the
reaction between the radicals and the radical precursor
molecules. Low radical and precursor concentrations are
typically used to minimize the effect of self-reactions and
radical-precursor reactions. The wall rate measurement is
repeated at the end of a bimolecular rate coefficient
measurement to ensure that it has remained approxi-
mately constant. A single-exponential function

[R] =4 + [R*]oe ™™ €)

is fitted to the measured radical trace to determine k.
Here A is the background signal of the trace, [R*], is some
value proportional to the initial radical concentration,
and ¢ is the time after the laser pulse.

2. After the wall rate measurement, a known concentration
of oxygen is added into the reactor. The radical decay rate
is then monitored and a single-exponential function

[R*] = 4 + [R*]pe ™" (4)

is fitted to the obtained trace to determine the pseudo-
first order rate coefficient k'. The pseudo-first order rate
coefficient is defined as

k' = KOs] + ky, (5)

where k is the bimolecular rate coefficient we wish to
determine. The pseudo-first order rate coefficient is
typically determined at four or five different oxygen
concentrations.

3. Finally, the obtained pseudo-first order rate coefficients
are plotted as a function of [O,]. The slope of a linear fit
made onto these data points gives the bimolecular rate
coefficient k. The intercept of the fit gives k,, and the &,
value obtained from the fit is compared with the mea-
sured k, value to assess the reliability of the fit. We
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typically report both values, and this is also done in this
work (see Table S1, ESIT).

When redissociation of the association adduct (R* + O, < RO,*)
is significant, the procedure described above cannot be used,
because the radical trace is not single- but double-exponential. For
double-exponential decays, we use an alternative approach that
permits us to determine both the forward and reverse rate
coefficients.'® The procedure is as follows:

1. The wall rate is measured (same as previously).

2. A known concentration of oxygen is added to the reactor

and the radical decay rate is monitored.

3. A double-exponential function

[R'] = A+ Be "+ Ce ™ (6)

is fitted to the obtained trace. Here A is the background
signal of the trace and B, C, 44, and /, are fitting
parameters. Knyazev and Slagle derived the following
expressions to obtain the pseudo-first-order forward rate
coefficient, the reverse rate coefficient, and the rate
coefficient for the further irreversible reaction of the
RO,* adduct from the parameters returned by a double-
exponential fit:'°

B
F=— 7
- @
Fiy+ 2
kf[02] :ﬁ—kw (8)
_ 1 . M+ WLF
kp = 50a] (AIAQ kw T F ) 9)

ke =+ Jy — kfO5] — Ky — Ky (10)

The radical wall rate (k) is not obtained from the double-
exponential fit but is measured separately. Note that the
experimentally obtained k, contains the wall rate of the
RO,* adduct. After k¢ and k; are known, the equilibrium
constant for the initial association reaction can be
calculated from

ke p®

"k RT (11)

Here the standard states of the reactants and products
have been chosen as pure ideal gas at standard pressure
(p®© =1 bar) at the temperature of interest.
The experimental apparatus has been described in more
detail elsewhere."®

3 Quantum chemistry

The geometries of the stationary points on the PES of reaction
(1) were optimized at the MN15/Def2TZVP level of theory.>*!
We performed intrinsic reaction coordinate (IRC) calculations
to ensure that each saddle point on the PES connects the right
local minima. The same level of theory was used to compute

4732 | Phys. Chem. Chem. Phys., 2022, 24, 4729-4742

View Article Online

PCCP

harmonic frequencies and zero-point energies (ZPEs) and to
perform relaxed PES scans (5° increments) to obtain one-
dimensional hindered rotation potentials. The harmonic fre-
quencies and zero-point energies were scaled by a factor of
0.979.>

Single-point energies were calculated for the stationary
points at the ROHF-CCSD(T),>* UHF-CCSD(T), ROHF-DLPNO-
CCSD(T1),>*** and CASPT2 levels of theory. The T1 in the
parentheses means that an improved, iterative triples calcula-
tion is used in the DLPNO method; it should not be confused
with the T1 diagnostic.>® The correlation consistent basis sets
cc-pVDZ, cc-pVTZ, and cc-pVQZ were used in the single-point
calculations.?” A three-parameter exponential function

Eup(X) = Eup, o + Bupe ™™

(12)

was used to extrapolate computed HF energies to the complete
basis set (CBS) limit.”® Here X = 2, X = 3, or X = 4 for the cc-
pVDZ, cc-pVTZ, and cc-pVQZ basis sets, respectively. For the
slower converging correlation energies, we estimated the CBS
limit using a power function®

Ecord(X) = Ecorr, oo + BeorrX ™. (13)

In both cases, o, B, and E, are obtained by solving a system of
three equations. Gaussian 16 software®® was used to perform
the MN15 and UHF/ROHF-CCSD(T) calculations. The CASPT2
and ROHF-DLPNO-CCSD(T1) calculations were performed with
the ORCA software package (program version 4.2.0).>' The
CASPT2 calculations were run with the default settings. Nota-
bly, this means that no IPEA or level shifts were used. For
CASPT2 calculations, the CBS energy difference was extrapo-
lated from cc-pVTZ and cc-pVQZ calculations using the
formula®>

4

4
AEinf = AEcc-pVQZ - (AEcc-pVTZ - AEcc-pVQZ>7

T (19)

The output files of our electronic structure calculations are
available upon request.

4 Master equation modeling

We used MESMER (version 6.1)” in our master equation simu-
lations. MESMER is a one-dimensional master equation code,
meaning that angular momentum dependence is not consid-
ered (not even in an averaged manner). Neglecting to properly
account for angular momentum effects introduces some error,
but it is not believed to be the main source of uncertainty in
master equation simulations of unimolecular reactions.
RRKM theory was used to calculate microcanonical rate coeffi-
cients for reactions that have well-defined barriers. For barrier-
less reactions, we used the Inverse Laplace Transform (ILT)
approach implemented in MESMER to obtain the number of
states available for the loose transition state. The expression
that is transformed is the modified Arrhenius equation

T m
koo(T) = A (7() e~ Ea/RT (15)
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of the high-pressure (canonical) rate coefficient k., (7) of the
barrierless reaction. Here A, m, and E, are the modified
Arrhenius equation parameters and Ty is a reference tempera-
ture. For barrierless reactions, E, is usually set to zero. If
experimental data is provided, optimal values for the Arrhenius
parameters in eqn (15) can be obtained using MESMER’s built-
in least squares fitting algorithm. Note that angular momen-
tum dependence is implicitly considered for barrierless reac-
tions with the use of the ILT approach and an experimental
expression for k., (7).
The exponential-down model

T \"
<AE>down = <AE>downAref <T71> (16)

was used to account for collisional energy transfer between
reaction intermediates (local minima on the PES) and bath gas
atoms/molecules. Here (AE)gownref is the collisional energy
transfer parameter at a reference temperature T.g; 7 accounts
for its temperature dependence. Like the Arrhenius parameters,
the collisional energy transfer parameters can be optimized
using experimental data. The collision frequency between bath
gas atoms/molecules and reaction intermediates were calcu-
lated using Lennard-Jones (LJ) interaction potentials. The
Lennard-Jones parameters ¢;; and op; were taken from the
literature for helium and molecular nitrogen.** The online
resources of Cantherm were used to estimate (Joback method)
the LJ parameters of 2-methylprop-1-ene-3-peroxol and
2-(hydroperoxymethyl)prop-1-ene-3-peroxol and we assigned
these values to the C4H,0, and C4H-,O, intermediates,
respectively.>® The values used in the ME simulations are:

ery(He) = 10.22K ory(He) = 2.551 A

ery(Ny) =71.4K oLs(N,) = 3.798 A
eL1(C4H70,) = 439.9 K 015(C4H70,) = 6.15 A
eL1(C4H704) = 5242 K 015(C4H704) = 7.04 A.

An energy grain size of 75 cm ™" was used in all simulations.
The cut-off energy was set to 25kgT above the highest energy
stationary point. The Eckart tunneling model was used to
calculate tunneling corrections for hydrogen abstraction
reactions.

To treat the coupling between internal and external rota-
tions, we used the method of Gang et al implemented in
MESMER.** This treatment is classical, so to ensure that the
ZPEs of the internal rotations are not double-counted, we
subtracted these ZPEs from the ZPE-corrected relative energy
of each species. We calculated the ZPEs for internal rotations
with the uncoupled quantum mechanical hindered rotor
model. While the method of Gang et al. is general (within the
classical approximation), the current implementation in MES-
MER 6.1 does not explicitly treat potential coupling between
hindered rotors.

When using experimental rate coefficient data (k; exp(p,T)) for
parameter optimization in MESMER, the expression that is
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being minimized is

4

(17)

1
Here k; ve(p,T) are the rate coefficients obtained in ME simula-
tions and o; is the error of measurement i. The specified rate
coefficient can be for a single elementary reaction or for the
total loss rate of a species (sum of all the elementary reactions
that contribute to the loss rate). As mentioned in the Introduc-
tion, in some cases it is advantageous to directly use experi-
mental traces for parameter optimization. The particulars of
the trace fitting feature in MESMER are explained in ref. 3.
Briefly, the error function that is minimized is

n m; B 1 p, T) — p, T 2
P = Z Wi Z (yy,exp( . T) —yime(tp )) 7 (18)
=1 =1

Oij

where y,(t,p,T) is jth point of trace i at time ¢, w; is the weight
given to trace i, n is the number of traces, and m; is the number
of points in trace i. The error ¢ associated with each trace point
is generally not known and is assumed to be constant for each
trace. The weights w; are generally not known either and in
these cases MESMER can be used to evaluate them from

(19)

where s; is obtained from an unweighted fit and is defined as

1 m;

— S Giew (6.2, T) = yime(t,p. T)) .
i 7=

Si = (20)
When defined this way, the weight reduces the contribution of
noisy and/or outlier data on y>.

A practical problem with fitting traces is that the initial
concentration of the deficient reactant is not known in the
experiments. This issue has been addressed by Medeiros et al.
using a least squares fit of the amplitude of the calculated trace
to the measured trace. The details are presented in ref. 3.

5 Results and discussion
5.1 Experimental

In the experimental temperature range, the bimolecular rate
coefficient k; exhibits negative temperature dependence and
depends on bath gas density. At slightly elevated temperatures
(347-410 K), the dissociation reaction back to reactants
becomes significant and the observed radical traces were
double-exponential. In this temperature range, both & and k;
were determined, which were then used to calculate the equili-
brium constant of the association reaction. We further investi-
gated reaction (1) at high temperatures, but no clear reaction
between CH,C(CH;3)CH,* and O, could be observed even at
T =730 K and [0,] = 2.54 x 10'® cm>. At this temperature, we
determined an upper limit value of 2 x 107'® em® s™* for the
rate coefficient. At temperatures above 730 K the radical pre-
cursor 3-bromo-2-methylpropene becomes thermally unstable
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and kinetic measurements were no longer possible. Examples
of measured traces are shown in Fig. 2 and 3. An example of a
bimolecular plot is given in Fig. 3. This figure also displays a
modified van’t Hoff plot of the measured equilibrium con-
stants. We have included tables in the ESI,i that detail the
experimental conditions and result of each measurement
(Tables S1-S3, ESIf). No reaction products were observed at
any temperature. We estimate the uncertainty of the bimole-
cular rate coefficient and equilibrium constant measurements
to be £15%. The main source of uncertainty is the uncertainty
in the employed O, concentration, which results from uncer-
tainties in measured helium and oxygen flow rates. Uncertain-
ties in the fitting parameters of the fitting functions are also a
source of uncertainty-especially in the measurements where a
four-parameter function was fitted to the traces.

5.2 Quantum chemistry and thermochemistry

The results of our quantum mechanical calculations are given
in the ESIf (Table S4). We found that the energy difference
between UHF-CCSD(T)/CBS and ROHF-CCSD(T)/CBS energies
were generally less than two k] mol~'. However, some transi-
tion structures had huge spin contaminations and in these
cases the energy differences between UHF-CCSD(T) and ROHF-
CCSD(T) could be quite large. For this reason, ROHF-CCSD(T)
calculations were preferred. Fig. S1 in the ESIf shows the
optimized geometries of all stationary points. Preliminary
master equation simulations were run with the ROHF-
CCSD(T)/CBS energies to find the reaction channels that had
non-negligible branching ratios at high temperatures and
pressures. Reaction channels with negligible branching ratios
were removed from the model to reduce the computational cost
of the simulations. The reaction enthalpy profile shown in
Fig. 4 shows the kinetically relevant reaction pathways and this
is the profile that was used in master equation simulations
(except for the preliminary tests). In Table 1 we provide the
computational details for the species that were included in the

1200
368 K, 0.74 Torr, [0,] = 6.74 x 10" cm”®
1000+ 4 410K, 1.17 Torr, [0,] = 1.47 x 10" cm™
= 203K, 0.20 Torr, [0,] = 3.40 x 10" cm”®

800

Lines: trace fits to experimental data

0.04
t(s)

Fig. 2 Examples of measured kinetic traces (symbols). The lines are
simulated traces from our optimized master equation model.
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final model. An optical symmetry number of two was specified
for all species except for 2-methylallyl, O,, Int1, Int2, and Int7.
2-Methylallyl and O, do not have optical isomers and in Int1,
Int2, and Int7 internal rotations permit interconversion
between mirror images.

For the initial association reaction, R — Intl, a transition
structure was found at the MN15/Def2TZVP level of theory. At
this level of theory the relative energy of this structure was
slightly negative, —0.5054 kJ mol '. A ROHF-CCSD(T)/CBS
single-point calculation at this geometry reduces the energy
of the submerged barrier to —5.588 k] mol ™', but this energy is
not reliable because the T1 diagnostic is quite high, 0.047.
Nevertheless, the experimental findings are consistent with a
barrierless association reaction. We did not investigate the
association potential in more detail because this information
is not needed if one uses the Inverse Laplace transform
approach to compute microcanonical rate coefficients for the
association reaction.

Although T1 diagnostics were generally acceptable, below
0.04 (TS35 being an exception with a high T1 diagnostic of
0.070), we chose to calculate CASPT2 energies for the kinetically
important structures. This was motivated by our recent work"*
on the kinetics of the reaction between 1,1-dimethylallyl and O,
where we discovered that ROHF-CCSD(T) energies were unable
to explain the observed kinetics at high temperatures. Similarly
to the current system, the T1 diagnostics appeared acceptable.
CASPT? yielded lower barrier heights than ROHF-CCSD(T) and
these barriers were more consistent with the experimental
observations. In the present study, CASPT2 also predicts lower
barriers, and the relative energies of transition structures are
roughly 5-10 kJ mol™* lower with CASPT2 than with ROHF-
CCSD(T) (see Table S4, ESIT). Accordingly, we have chosen to
use CASPT2 energies for all transition structures in this work.
For stable intermediates, we decided to use the ROHF-CCSD(T)
energies because they were very similar to the CASPT2 energies
and, therefore, presumably reliable. We note, however, that in
this work no reaction is observed at high temperatures, and
there is no obvious way of telling whether the CASPT2 energies
of the transition structures are more accurate than the ROHF-
CCSD(T) energies.

An (11,11) active space was used in the CASPT(2) calcula-
tions. For the reaction channel Int1 — Int2 — P1, this active
space consists of the bonding and anti-bonding O-O c-orbitals
(2,2), the bonding and anti-bonding C-O c-orbitals (2,2), the
bonding and anti-bonding C-C m-orbitals (2,2), the bonding
and anti-bonding C-H oc-orbitals of the hydrogen that is
abstracted (2,2), the non-bonding and anti-bonding orbitals
of the lone pair of the non-terminal oxygen (2,2), and the
radical orbital (1,1) of the terminal oxygen. For the five-
membered ring channel, Int1 — Int3 — P3, the active space
was the same except that the bonding and anti-bonding C-H
c-orbitals were replaced by the non-bonding and anti-bonding
orbitals of the lone pair of the terminal oxygen.

For the QOOH + O, (Int2 + O,) channel, DLPNO-ROHF-
CCSD(T1) energies were used. This is for the simple reason that
ROHF-CCSD(T) and CASPT2 calculations are prohibitively
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Fig. 3 (a) A typical low-temperature bimolecular plot. A radical trace in the absence of O, is shown in the bottom right corner. A radical trace with added
oxygen is shown in the top left corner. (b) A modified van't Hoff plot of In(K) + f(T) versus reciprocal temperature for the CH,C(CH3)CH,* + O, =

CH,C(CH3)CH,OO0?* reaction. Radical traces measured at 368 K (orange) and 410 K (red) are shown in the top left and bottom right corners, respectively.
In both figures, the coloured symbols depict the measurements that correspond to the shown traces.
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Fig. 4 The zero-kelvin reaction enthalpy profile used in the master equation simulations. The energies are in kJ mol™.
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Table 1 Zero-kelvin reaction enthalpies (A,Hg) for the kinetically important stationary points on the CH,C(CH3)CH,* + O, potential energy surface. The
enthalpies are reported at various levels of theory. The coupled cluster and CASPT2 energies have been extrapolated to the complete basis set limit

(CexTindMopc” ROHF-CCSD(T)” DLPNO-ROHF-CCSD(T1)° CASPT2%
Species kJ mol ™! k] mol ™! k] mol ™!
R (23)1, (2-1)1 0 (0.029, 0.017) 0 (0.028, 0.017)
Int1 (1-3)1 —81.12 (0.025) —80.57 (0.023) —79.51 (0.78)°
Int2 (1-2)1 —70.46 (0.023) —72.51 (0.022) —73.52 (0.78)
Int3 (1-3)2 —71.30 (0.015) —73.73 (0.014) —69.49 (0.78)
TS12A (1-1)/2 21.52 (0.027) 23.30 (0.024) 15.50 (0.77)
TS12B (1-1)/2 27.81 (0.024) 23.78 (0.77)
TS2P1 (1-1)/2 66.69 (0.026) 68.31 (0.025) 58.55 (0.77)
TS13 (1-3)/2 32.69 (0.026) 35.07 (0.030) 28.19 (0.78)
TS35 (1-3)/2 13.43 (0.070) 39.24 (0.046) 25.47 (0.78)
P1 —79.81 (0.011, 0.013) —86.18 (0.011, 0.016)
P3 —135.4 (0.018, 0.015) —138.4 (0.017, 0.015)
Int7 (1-1)1 —151.5 (0.022)
TS78A (1-1)/2 —53.07 (0.021)
TS78B (1-1)/2 —57.97 (0.021)
P5 —281.3 (0.013, 0.016)

“ Here oex and oy, are the external and internal symmetry numbers, respectively, and my is the optical symmetry number. 5 The value in the
parentheses is the T1 diagnostic.  The value in the parentheses is the T1 diagnostic. The tight PNO setting was specified in the DLPNO
calculations. ¢ The value in the parentheses is the reference weight. © The CASPT2 energies here are reported relative to Int1. The reported Int1

value is the optimized well depth from the weighted trace fit.

expensive for species of this size. One can see from Table 1 and
Table S4 (ESIt) that the difference between the DLPNO-ROHF-
CCSD(T1)/CBS and the ROHF-CCSD(T)/CBS energies is gener-
ally less than four k] mol ", so we do not believe there are gross
errors in the energies in the QOOH + O, channel.

We used the third-law method to evaluate the well-depth of
the initial association reaction. To do this, a correction function

CAHF -~ AHy AST — ASiy

£() 7 x

(21)

was first computed with MESMER and then In(K) + f(T) was
plotted as a function of 1/T (see Fig. 3). The purpose of the
correction function is to account for the temperature depen-
dence in AH® and A,S®. In our case, the value of the
correction function is very small and always less than 0.1% of
the value of In(K) (see Table S2, ESIt). In a third-law analysis,
ASSsx is fixed with a computational value and AHBgx is
obtained from the slope of a linear fit to In(K) + f(7) data. This
procedure yielded the following values:

ASSsk =-128.7 J mol ' K™' (computational)
AHsk = -82.40 k] mol " (computational)

AHsk = -81.03 + 0.11 k] mol " (third-law).

The reported uncertainty is the standard error (1) of the fit.
The computational AHRgx is provided for comparison, and as
can be seen, the agreement between the fitted and computed
value is very good. The difference between the two enthalpies
results mainly from the difference between the actual and
computed Intl well depth. Thus, the computed well depth
can be adjusted with the difference between the room-
temperature enthalpies to obtain an “experimental” well depth
AHS =-79.75 k] mol ™.

4736 | Phys. Chem. Chem. Phys., 2022, 24, 4729-4742

5.3 Master equation modeling

5.3.1 Parameter optimization. Four parameters were opti-
mized: the ILT Arrhenius parameters A and m and the colli-
sional energy transfer parameters (AE)gownret and n. In
addition, the well depth of Int1 was optimized in the trace fits.
In the rate coefficient fit, the well depth was fixed to A\Hy =
-79.75 k] mol %, the value obtained from the third-law analysis.
This was done because well depths are often strongly correlated
with (AE)gown, Occasionally yielding unphysical parameters.
The source of the strong (AE)gown — Well depth correlation is
that a too shallow well depth can be compensated for by using a
larger (AE)qown (0T vice versa). With trace fitting we did not see
this problem, presumably because the traces contain informa-
tion about the equilibrium concentrations, which are indepen-
dent of (AE)qown but not of the well depth. The reference
temperatures were set to T, = Tyer = 300 K and E, was set to zero.

In the fitting simulations, only the initial association/dis-
sociation reaction was considered (CH,C(CH3)CH,® + O, =
CH,C(CH3)CH,00°). This was done to reduce the computa-
tional cost of the simulations. Under the conditions of our
experiments, only the initial association/dissociation reaction
is significant. As mentioned before, we were unable to see any
further reaction even at 730 K, indicating that any reaction over
TS12A and TS12B is very slow. Furthermore, the values of the
irreversible first order loss rate k;, (see eqn (9)) remain approxi-
mately constant across the temperature range 347-410 K (see
Table S2, ESIt). This very strongly suggests that this value is in
fact just the wall rate of the peroxyl adduct and that unim-
olecular isomerization reactions do not contribute to k. Thus,
the k, values were used as the peroxyl adduct wall rates in the
trace fit simulations. Fits were first performed using our helium
bath gas data. In the nitrogen bath gas fits, all the parameters
were fixed to their optimized helium bath gas values except

This journal is © the Owner Societies 2022
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Table 2 Optimized master equation model parameters using different fitting approaches. The reported errors are standard errors (1o)

Unweighted trace fit Weighted trace fit

Parameter Rate coefficient fit
A (107" em® s7) 1.95 + 0.06
m —0.727 £+ 0.086
(AE)$oh et (em ™) 146 + 3
n 0.0746 £+ 0.1131
AHy (Ig mol ™) —79.75% + 0.1

N, _
<AE>((10\;/)n,ref (Cm l) 353+7

¢ Fixed to the third-law analysis value.

(AE)down,rer- The Arrhenius parameters and the well depth of
Intl do not depend on the bath gas. The parameter n does
depend on the bath gas, but we have insufficient temperature-
dependent data in nitrogen bath gas to fit this parameter.
Altogether 173 experimental traces were simultaneously fitted
in the helium bath gas trace fits. The corresponding number of
traces in the nitrogen bath gas trace fits was 21.

The results of rate coefficient, unweighted trace, and
weighted trace fits are tabulated in Table 2. We used the three
sets of optimized parameters to plot fall-off curves for reaction
(1) in helium bath gas and this is depicted in Fig. 5. The same
figure shows the effect the well depth of Intl1 has on the
equilibrium constant. The simulation results are shown
together with experimental results. As can be seen, all three
fits give very similar values for the optimized parameters and
the quality of the three fits is difficult to distinguish. In fact, the
optimized parameters of the three sets coincide within or
almost within fitting uncertainties (10). Based on a visual
inspection of the fall-off curves, one can speculate that in the
rate coefficient fit the fall-off curves begin to bend toward the
high-pressure limit too early.

From this point onward, all simulations were run using the
reaction enthalpy profile shown in Fig. 4 and the parameters
obtained from the weighted trace fit. Unless otherwise stated,

a) 25010} =TT = =]
10-12 i
" 7.5x10™° 243 K
mg 5x10™ - / A 300K
: / Solid lines: rate coefficient fit
13 Dashed lines: unweighted trace fit
2.5x10°" 1 Dotted lines: weighted trace fit
(The dotted and dashed lines almost
10734 perfectly overlap in this figure)
10" * 102 10" 10° 10" 10°
p (bar)
Fig. 5

2.46 £+ 0.44 2.42 £+ 0.35
—0.351 £ 0.387 —0.387 £ 0.318
139 £ 10 144 £ 11

0.100 & 0.216 0.0235 £ 0.363
—79.44 £ 0.05 —79.51 £ 0.09
339 £45 336 £ 57

nitrogen bath gas used. The QOOH + O, reaction (Int2 + O, — Int7)
is included in the ME model because we expected it to be the main
sink of 2-methylallyl at low temperatures. We assumed this reaction
to be barrierless and assigned it the optimized ILT Arrhenius
parameters that were obtained for the CH,C(CH3)CH,® + O, —
CH,C(CH3)CH,00° reaction. This is a very crude approximation,
and the results obtained for the QOOH + O, channel are semi-
quantitative at best.

5.3.2 Comparison with previous work done on allylic sys-
tems. In Fig. 6 we compare the current results to experimental
and modeling work done on allylic systems by other
authors.”'?7'1%36 All data presented in this figure is in helium
bath gas. An immediate observation is that substituting hydro-
gens in allyl with alkyl groups increases reactivity. The
enhanced reactivity is seen also at the high-pressure limit, so
the increase is not just due to collisional energy transfer being
more effective for larger molecules.’” It appears that E/Z-1-
methylallyl is slightly more reactive than 2-methylallyl, but
high-pressure data is needed to confirm this.

The comparison of our experimental and modeling results
for 2-methylallyl with the experimental results of Schleier
et al.'® shows that the measured rate coefficients are in pretty
good agreement; at 0.003 bar the measurements agree within
experimental uncertainty and at 0.001 bar there is only a factor

b) 14

13

B Experimental In(K)
9 | == AH;=-81.12kJ mol” (computed)
j —ArHZ = -79.75 kJ mol” (third-law analysis)

8 AHS = -79.44 kJ mol" (unweighted trace fit)
1 ==aH =-79.51 k) mol" (weighted trace fit)
7 T T T T T T T
350 360 370 380 390 400 410
T (K)

(a) Fall-off curves for reaction (1) calculated using three different sets of optimized parameters obtained from rate coefficient fitting or trace fitting

with or without weighting. The results are shown alongside the experimental results. (b) The equilibrium constant of the CH,C(CH3)CH2* + O, =
CH>C(CH3)CH,OO0" reaction plotted as a function of temperature with four different A,H§ values. The results are shown alongside the experimental

results. The bath gas is helium in all experiments and simulations.
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Fig. 6 Fall-off curves for allylic radical + O, reactions at around 300 K in helium bath gas.

of two difference. There is, however, a discrepancy. Schleier et al.
observe no pressure dependence and conclude that the reaction is
at its high-pressure limit already at 0.001-0.003 bar, whilst our
results clearly show pressure dependence in this pressure range. In
our view, our results are more in line with what is known about the
pressure dependence of hydrocarbon radical + O, reactions.
Furthermore, we have consistently observed with our apparatus
that allylic radical + O, reactions are in the fall-off region between
0.001-0.01 bar. The same has been observed by Slagle et al. and
Knyazev et al.,">*® though it should be noted that their experimental
technique is very similar to ours. We also believe that the features of
the potential energy surface of reaction (1), namely the shallow well,
support the finding that the reaction is still in the fall-off region
between 0.001-0.003 bar. Pressure independence can be observed
for a radical-molecule reaction if there is a well-skipping reaction
pathway that leads directly to bimolecular products. In the present
system, all bimolecular product channels have barriers with ener-
gies above that of the reactants, which means that well-skipping will
not be significant at low temperatures.

We did not include in the comparison the computational
results of Chen and Bozzelli and by Zheng et al.'”*® in Fig. 6
because their kinetic predictions are orders of magnitude
slower than our experimental and modeling results. They found
a small positive barrier for the association reaction between 2-
methylallyl and O, and this has a huge impact on the kinetic
predictions. The positive barrier almost certainly results from
the use of low-level single-reference methods. In general, multi-
reference methods are needed to probe the association poten-
tials in radical-molecule reactions, in particular those involving
molecular oxygen.

5.3.3 High-temperature mechanism. Due to the shallow
well of the initial association reaction and the low isomeriza-
tion barriers between Intl and Int2, CSEs begin to mix with

4738 | Phys. Chem. Chem. Phys., 2022, 24, 4729-4742

IEREs at relatively low temperatures. The exact temperature at
which this mixing begins depends on the pressure and oxygen
concentration; at 1 bar and [0,] =1 x 10" em? it is around
600 K. This means that Bartis-Widom rate coefficients cannot
be computed at elevated temperatures. Despite this mixing, we
noticed that in high-temperature simulations 2-methylallyl
decays were often single-exponential and the least negative
CSE was equal to the decay rate. Therefore, it is possible to
use this CSE and branching ratios to compute channel-specific
rate coefficients at elevated temperatures. However, some care
is needed in doing this because the employed O, concentration
has a significant effect on when 2-methylallyl decays shift from
non- or multi-exponential to single-exponential. We illustrate
this behavior in Fig. 7.

In Fig. 7a we show the pressure and temperature depen-
dence of the CSEs at constant [O,]. Some of the CSE curves
terminate abruptly and this is because at the termination point
they merge with the “sea of IEREs”. Several observations can be
made from the subfigure:

1. Eigenvalues /5 and /4 correspond mainly to the reactions R =
Int1 and Int2 = Int7, respectively, and are connected to their
association and dissociation rate coefficients approximately by
—Aass = k{O,] + k. At high temperatures, 4, is the loss rate of
2-methylallyl and is connected to the phenomenological loss
rate coefficient by k;,[O,] &~ —Z,. Eigenvalues /; and /; cannot
be easily equated with a single reaction step, but it is clear
from their pressure dependence that these describe the
unimolecular isomerization reactions in the system.

2. There is a transition zone between 350-500 K where the
behavior of some of the CSE curves change. Inspection of
simulated traces shows that in this region 2-methylallyl
decays are not single-exponential and there is equili-
bration between the reactants and the initial peroxyl

This journal is © the Owner Societies 2022
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Fig. 7 Chemically significant eigenvalues of the CH,C(CH3)CH,* + O,
reaction plotted as a function of temperature, pressure, and O,
concentration.

adduct. Below 350 K, the decays are single-exponential
and the eigenvalue that describes these decays is —15 =
kdO,]. Above 500 K, single-exponential decays are again
observed and the relevant eigenvalue is kpn[O,] & —4.

3. Eigenvalue /, is pressure-independent for all practical
purposes, meaning that the phenomenological loss of
2-methylallyl will be pressure-independent at elevated
temperatures.

Fig. 7b illustrates the [O,]-dependence of the CSE curves and
this subfigure confirms many of the conclusions that were
made based on subfigure (a). Eigenvalues 15 and 1, depend
linearly on [O,] at low temperatures, as they should, and 4,
depends linearly on [O,] at high temperatures, as it should. The
eigenvalues 1, and 1; have very weak [O,]-dependence, which
makes sense if they mainly describe unimolecular isomeriza-
tion reactions. Furthermore, it can be seen that increasing O,
concentration pushes the transition zone (or equilibration
zone) to higher temperatures, which is as one would expect.

Because 4, is pressure-independent, it is tempting to
assume that the branching ratios will also be pressure-
independent. In Fig. 8a we display the branching ratios as a
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Fig. 8 Branching ratios of the products of the CH,C(CHz)CH,* + O,
reaction plotted as a function of temperature, pressure, and O,
concentration.

function of temperature and pressure, which indeed demon-
strates that they have very weak pressure dependence. Fig. 8b
shows the [O,]-dependence of the branching ratios. One can see
the employed O, concentration has a huge effect on the
branching ratios and this is because the QOOH + O, channel
is included in the model. Under realistic autoignition condi-
tions, (hydroperoxymethyl)prop-2-enal and hydroxyl radical
(product channel P5) will be the dominant product channel.
As temperature is increased, formation of product P3 (1,2-
epoxypropan-2-yl + methanal) becomes the dominant product
channel. At above 1000 K, P1 (2-methylidene-1,3-epoxypropane
+ hydroxyl) replaces P3 as the most important product channel.

To provide a simple way of incorporating the results of our
simulations in combustion models, we ran simulations
between 0.01-100 bar and 400-1500 K, setting the O, mole
fraction to 0.21. To obtain channel-specific rate coefficients, we
divided the —/, values shown as solid-lines in Fig. 7b with [O,]
and multiplied this with the branching ratios obtained from
the aforementioned simulations. The results of this procedure
at 0.01, 1, and 100 bar are displayed in Fig. 9. This figure also
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function of temperature and pressure at x(O,) = 0.21.

shows why no reaction was observed at 730 K. At that tempera-
ture, the phenomenological bimolecular rate coefficient is
around 5 x 10™'7 cm® s7%, so the reaction is too slow to observe
with our experimental apparatus. Fits to the channel-specific
rate coefficients with the simple modified Arrhenius expression
showed that this formula is not flexible enough to capture the
temperature dependence of the rate coefficients and there can
be up to a factor of five difference between the Arrhenius and
the modeled channel-specific rate coefficient. However, we
believe the fits are good enough to give a rough description
of chemistry of the CH,C(CH3)CH,* + O, reaction at high
temperatures. It should also be noted at very high O, concen-
trations the equilibration zone can extend up to 800-900 K and
under these conditions it is not entirely accurate to model the
phenomenological loss of 2-methylallyl as a single-step
reaction. We provide Arrhenius representations of the
channel-specific rate coefficients in ChemKin compatible
PLOG-format in the ESI{ (PLOG.txt). The input file of our
master equation model is also provided (C4H7+02.xml).

5.3.4 Combustion relevance. To assess the importance of
reaction (1) under combustion-relevant conditions, we com-
pared its phenomenological rate coefficient at high tempera-
tures with three different reactions:***°

CH,C(CH;)CH,* + CH,C(CH;)CH,*

— CH,C(CH;)CH,CH,C(CH3)CH, (22)
CH,C(CH;)CH,* — CH;* + CH,CCH, (23)
CH,CHCH,* + HO,* — Products. (24)
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Fig. 10 The high-temperature kinetics of the CH,C(CH3)CH,* + O,
reaction compared with the kinetics of the reactions (a) CH,C(CH3z)CH,*®
+ CH,C(CH3)CH,* — CH,C(CH3)CH,CH,C(CH=)CH, and CH,CHCH,* +
HOZ. — Products and (b) CHzc(CHg)CHZ. - CH3. + CH2CCH2

The rate coefficient of reaction (24) is probably quite similar to
the corresponding rate coefficient (which is unknown) in the 2-
methyallyl + HO,* system. The comparison is depicted graphi-
cally in Fig. 10. As can be seen, the 2-methylallyl recombination
and the allyl + HO,® reactions are orders of magnitude faster
than reaction (1). At very high temperatures, the unimolecular
decomposition of 2-methylallyl is also competitive with reac-
tion (1). The results of the current work predict that the 2-
methylallyl + O, reaction has a very small rate coefficient under
autoignition conditions, around 1 x 10™'® em?® s ™" at 400 K and
5 x 107'® em® s7" at 1000 K. Thus, the oxygen reaction is
expected to be the main sink of 2-methylallyl only under very
lean conditions.

6 Conclusions

We have investigated the kinetics of the reaction between 2-
methylallyl radicals (CH,C(CH;3)CH,*) and O, with both experi-
mental and computational methods. CH,C(CH;)CH,* traces
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were measured in real time under pseudo-first-order
([CH,C(CH3)CH,*] « [0O,]) conditions using laser-photolysis
photoionization mass spectrometry. At low temperatures (T <
410 K), the reaction proceeds by a barrierless association to
form 2-methylallylperoxyl. Between 347-410 K the reactants
and products are found to equilibrate. No further reaction is
observed even at 730 K. Quantum chemical calculations were
performed to probe the possible reaction pathways. A master
equation model was constructed that includes all the kineti-
cally relevant reaction pathways. We used our experimental
data to optimize various parameters in the model. This opti-
mization was done both by comparing experimental and mod-
eled rate coefficients with each other and by directly comparing
experimental species traces with modeled ones. For the studied
system, both approaches yielded very similar results and were
able to reproduce the experimental data. The optimized model
was used to simulate the reaction over the range 0.01-100 bar
and 200-1500 K. According to the simulations, the
CH,C(CH;3)CH,* + O, reaction is slow under autoignition con-
ditions and combustion models are not expected to be sensitive
to it. We provide modified Arrhenius representations for the
high-temperature bimolecular product channels.
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