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Abstract: Methyl-Crotonate (MC, (E)-methylbut-2-enoate, CH;CHCHC(O)OCH3) is
a potential component of surrogate fuels that aim to emulate the combus-
tion of fatty acid methyl ester (FAME) biodiesels with significant unsaturated
FAME content. MC has three allylic hydrogens that can be readily abstracted
under autoignition and combustion conditions to form a resonantly-stabilized
CH,CHCHC(0O)OCHj3 radical. In this study we have utilized photoionization mass
spectrometry to investigate the O, addition kinetics and thermal unimolecular
decomposition of CH,CHCHC(0)OCH3; radical. First we determined an upper limit
for the bimolecular rate coefficient of CH,CHCHC(O)OCH; + O, reaction at 600 K
(k 75 10 Y cm® molecule !'s !). Such a small rate coefficient suggest this
reaction is unlikely to be important under combustion conditions and subse-
quent efforts were directed towards measuring thermal unimolecular decomposi-
tion kinetics of CH,CHCHC(O)OCHj; radical. These measurements were performed
between 750 and 869 K temperatures at low pressures (<9 Torr) using both helium
and nitrogen bath gases. The potential energy surface of the unimolecular decom-
position reaction was probed at density functional (MN15/cc-pVTZ) level of theory
and the electronic energies of the stationary points obtained were then refined
using the DLPNO-CCSD(T) method with the cc-pVTZ and cc-pVQZ basis sets.
Master equation simulations were subsequently carried out using MESMER code
along the kinetically important reaction pathway. The master equation model
was first optimized by fitting the zero-point energy corrected reaction barriers
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and the collisional energy transfer parameters AEgown, ref and n to the measured
rate coefficients data and then utilize the constrained model to extrapolate the
decomposition kinetics to higher pressures and temperatures. Both the experi-
mental results and the MESMER simulations show that the current experiments
for the thermal unimolecular decomposition of CH,CHCHC(O)OCH3 radical are in
the fall-off region. The experiments did not provide definite evidence about the
primary decomposition products.

Keywords: CH,CHCHC(O)OCHj3 radical; fatty acid methyl ester; master equation
modelling; photo-ionization-mass-spectrometer; unimolecular decomposition.

1 Introduction

Bio-fuels derived from non-edible plant oils are promising alternative fuels to
supplement or replace conventional fossil fuels due to their renewable nature
and lower particulate matter (PM) emission characteristics [1, 2]. Contempo-
rary commercial bio-fuels contain saturated and unsaturated fatty acid methyl
esters (FAMEs) as major components and can be mixed with conventional fos-
sil fuels. FAMEs are produced by esterifying fatty acids present in vegetable oils
[3]. This process is essential for increasing the overall performance of bio-fuels
as FAMEs are less corrosive to the combustion engines and have significantly
lower ignition delay times than simple fatty acids [4]. Standard commercial bio-
fuels usually contain saturated and unsaturated, relatively complicated long-
chain FAMEs (Ci4—Cy). This complexity makes it difficult to understand their
combustion properties in detail [5]. To address this problem, surrogate fuel mod-
els have been constructed to emulate the autoignition and combustion chemistry
of complicated bio-fuels [6, 7]. Methyl-Crotonate (MC, (E)-methylbut-2-enoate,
CH3CHCHC(0)OCHj3), an unsaturated C,4-ester, is a potential component of such a
surrogate fuel model.

The flame chemistry and the high-temperature combustion of MC have been
studied using shock-tubes, different flame techniques, and jet-stirred reactors
(JSR) [8-14]. Little is known about the low-temperature combustion (LTC) of MC,
although JSR experiments indicate that MC experiences some LTC chemistry [8].
Under combustion conditions MC undergoes hydrogen-atom abstraction via reac-
tion with atoms and radicals such as: H, O, OH, R, RO,, etc. As shown in Scheme 1,
MC has three allylic hydrogens, two distinct vinylic hydrogens, and three alkylic
hydrogens available for abstraction.

The allylic and the alkylic hydrogens have the lowest and second lowest bond
enthalpies, respectively (87.7 and 100 kcal/mol) [12]. A recent theoretical study by
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Allyl-type R . Alkyl-type R
CHZCHCHC(O)OCH3<-— CH;CHCHC(0)OCHj CH;CHCHC(0O)OCH,
CH;CCHC(0)OCH; CH3;CHCC(0)OCH;
Vinyl-type R Vinyl-type R

Scheme 1: H-atom abstraction reactions from MC produce four different types of radicals.

Zhou et al. [15] on the Kinetics of OH + MC reaction shows that the abstraction of
one of the allylic hydrogens is the dominant reaction pathway over a wide range
of conditions (500-1800 K and 0.001-100 atm).

As Scheme 2 shows, the highly resonantly-stabilized structure of the
CH,CHCHC(0O)OCH; radical suggest that under LTC conditions its bimolecular
reaction with molecular oxygen (O,) may be very slow. For instance, Knyazev et al.
[16] measured an upper limit of 2 10 ! cm?® molecule !'s ! for the bimolecu-
lar rate coefficient of 1-methylallyl + O, reaction at 700 K. Hence, while model-
ing autoignition chemistry and combustion of such radicals, the contribution of
thermal unimolecular decomposition reaction may play an important role.

CH,CHCHC(O)OCH; + M(He, N3) kg products (n

In this study, we have measured a low upper limit for the bimolecular
rate coefficient of the CH,CHCHC(O)OCH3 + O, reaction (2) at 600 K. The LTC
chemistry of the CH,CHCHC(O)OCH; was further studied by performing the
first direct kinetic measurements of the thermal unimolecular decomposition of
CH,CHCHC(O)OCHj3 radical as a function of temperature and bath gas density.
Both helium and nitrogen bath gases were used in the measurements. The experi-
mental results of the thermal unimolecular decomposition kinetics were comple-
mented with quantum-chemistry calculations and master equation modelling.

NIP (PR ) G >

Scheme 2: Resonance structures of the CH,CHCHC(O)OCHj5 radical.
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2 Experimental

The experimental apparatus employed in the current measurements is a photo-
ionization-mass-spectrometer (PIMS) coupled with a laminar flow reactor. The
PIMS setup has been described previously [17], so only details relevant to the
current study will be discussed here.

In the kinetic measurements of reaction (1), the reaction mixture flow-
ing through the laminar flow rector consisted mainly (>99.7%) of the bath
gas (Helium or N;) and only a small amount of precursor (<0.3%) was
present. In the upper limit experiment a similar amount of precursor was
used, but a significant portion of the reaction mixture consisted of O, (<37%).
The resonantly-stabilized CH,CHCHC(O)OCH; radical was produced along the
reactor axis by 248 nm excimer laser (COMPex 201) photolysis of methyl 5-
methylhex-2-enoate, (CH3),CHCH,CHCHC(O)OCH;3 (m/z = 142). In addition to
the CH,CHCHC(O)OCH3; radical observed at m/z = 99, photolysis products were
observed at m/z = 43 and m/z = 141, which are expected to originate from
(CH3),CH and (CH3),CHCHCHCHC(0)OCHj3; radicals, respectively.

(CH3),CHCH,CHCHC(O)OCH3 + hv248 nm
L] CH2CHCHC(O)OCH3 + (CH3)2CH (Pla)
¥ Other products (P1b)

In addition to the thermal unimolecular decomposition and O, addition reac-
tions, the self-reaction of the radical (A) and heterogeneous wall reactions (B)
contribute to the loss of CH,CHCHC(O)OCH;.

R+ R ¥ Products (A)
R ¥ Heterogeneous loss (B)

In order to minimize reaction (A), low precursor concentrations were used
to keep radical concentrations low. This ensured that the observed decay of
CH,CHCHC(O)OCH3 radical was single-exponential and depended only on the
employed temperature and bath gas density.

The thermal unimolecular decomposition rate coefficient measurements
were performed between 750 and 869 K temperatures. Bath gas density ranges
of 0.6-10  10'® molecules cm > and 2.6-5 10'® molecules cm > were used
for helium and nitrogen, respectively. Boric oxide coated quartz tubes with inner
diameters of 0.85 or 1.7 cm were utilized. The reactors were heated using PID con-
trolled resistive heating. In the temperature ranges 750—836 K and 836—-869 K the
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temperature uniformity of the reaction zone was measured tobe 2 Kand 5K,
respectively.

The CH,CHCHC(0)OCH3; radical was ionized using a Cl,-lamp (microwave dis-
charge of Cl,-helium mixture with a CaF, window to produce radiation in the
range 8.9-9.1 eV), while potential products were sought using either a H,-lamp
(discharge of H, with a MgF, window to produce radiation at around 10.2 eV) or an
Ar-lamp (discharge of Ar with a LiF window to produce radiation in the range 11.6—
11.8 eV). A quadrupole mass-spectrometer was utilized to mass-select ions based
on their m/z ratio. An electron multiplier was used for temporal ion counting, and
an amplifier/discriminator for production of NIM-pulses, which were detected
using a multichannel scaler and analyzed in PC. A temporal radical ion decay
signal measurement was typically repeated 4000-8000 times and a product for-
mation measurement 15,000 times to obtain reasonable signal-to-noise ratio
with a repetition rate of 5 Hz. Data was collected from 10 ms before to 40 ms after
each excimer laser pulse. An exponential function [R¢(] = A +[Ro] exp( k’1,2t)
was fitted to the radical ion decay signal by employing nonlinear least-squares
method to obtain k’1,, = k’1 or k’;. For reaction (1), k1 = k1 + kyay, where ki
is the unimolecular reaction rate coefficient at a certain T and P and k, is
the rate coefficient for the heterogeneous wall-loss reactions. For reaction (2),
k' =k, [02] + kyan, where k; is the bimolecular reaction rate coefficient at
a certain T and P. A is the signal background. [Ry] and [R;] are proportional to the
initial (t = 0) and temporal radical concentration, respectively.

Thermal unimolecular decay of the CH,CHCHC(O)OCH; radical starts to
become observable at temperatures above 610 K. To calculate the value of k; at
any particular temperature requires knowledge of k1. However, the value of ki
cannot be deduced directly under conditions where unimolecular decomposition
rate coefficient is significant, i.e. T > 610 K. Hence, we assume that k,;; remains
temperature independent under the temperature range of 610-869 K. In order to
minimize any possible errors this assumption introduces, we follow the scheme
proposed by Knyazev et al. [18] for locating the lower limit of k’; (i.e. k1 3 kyan),
at which k; can be measured reliably. In our case this lower limit of k’; value cor-
responds to 750 K temperature. Since, with our current experimental set-up the
k’1,, values >500's ! possess larger than desired uncertainty, the upper temper-
ature limit for the thermal unimolecular decay rate measurements was limited to
869 K. An upper limit for the bimolecular rate coefficient of the reaction between
CH,CHCHC(0)OCH; radical and 0, was measured at 600 K, just below the tem-
perature where the thermal unimolecular decay of CH,CHCHC(O)OCH; becomes
relevant.

Before use, the photolytic precursor (methyl 5-methylhex-2-enoate, Apollo
Scientific, purity >97%) was degassed with several freeze-pump-thaw cycles. He
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(Aga, purity of 99.9996%), N, (Aga, purity of 99.999%), and O, (Aga, purity of
99.998%) were used as supplied.

3 Computational techniques and master equation
simulations

Geometry optimizations and normal mode analysis for the stationary points on
the potential energy surface (PES) of reaction (1) were performed using the MN15
density functional with the cc-pVTZ basis set. Subsequently, the obtained vibra-
tional frequencies and zero point energies (ZPE) were scaled with respect to
a semi-empirical scaling factor of 0.993 and 0.979, respectively [19]. The elec-
tronic energies of the optimized stationary points were further refined with the
domain-based local pair natural orbital coupled cluster, DLPNO-CCSD(T) method.
Electronic energies were extrapolated to the complete basis set (E¢y)) using the

following equation:

ESBS (X, X+1) =~ ESS(X, X +1) + EMRCECBS) (x| x 4 1)
+ (E(CCSD(T); X) E(MDCI; X)) (El)

corr corr

Here, X and X + 1 are the basis set cardinal numbers used for the extrapo-
lation. In our case, we used the cc-pVTZ and cc-pVQZ basis sets, hence, X = 3
in the above equation [20]. In order to obtain the self-cglsistent field (SCF) CBS
energy, an extrapolation of the form E (S}((:)F = E(s"c"% +Ae * *wasused and an opti-
mization of a was done for each pair of basis sets used for extrapolation. For the
correlation energy extrapolation, Schwenke’s linear combination approach using

. s _ XPEEXD  (x+1)fEUrD .
the equation of the form, E{,,y = e 1P cor  was implemented and § has
been optimized for the same pair of basis sets that was used for the optimization
of a.

The DLPNO calculations were performed with ORCA 4.1.1 [21] software and
the MN15 calculations were performed using the Gaussian 16 software package
[22]. KinBot, an automated reaction pathway generator, was used for searching
possible reaction pathways for reaction (1) prior to the optimizations [23].

Master equation simulations (rate calculations) of reaction (1) were performed
using MESMER 5.2 code and the PES calculated above was used to obtain a best fit
with the experimental rate data by adjusting a few parameters discussed below
[24]. MESMER uses Rice-Ramsperger—Kassel-Marcus theory to calculate micro-
canonical rate coefficients. A harmonic oscillator — rigid rotor approximation was
used for all modes except those that correspond to internal rotations. For internal
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rotations, 1-D hindered rotor potentials were obtained at the MN15/cc-pVTZ level
of theory. MESMER uses a single-exponential down model (E2) to obtain colli-
sional energy transfer probabilities. Energy transfer occurs via collisions between
a modeled species and bath gas atoms / molecules. Collision frequencies are
obtained from a Lennard—Jones (L-J) model.
T n
AEgown = AEdown, ref T (E2)
ref
In equation (2), AEgown is the average downward energy transferred per col-
lision, AEgown, ref is the value of AEgqyy at Trer (=298 K) and n is an independent
parameter that describes the temperature dependence of AEqyyy,. If experimen-
tal data is provided, MESMER can vary the collisional energy transfer parameters
together with transition state energies to obtain values that best reproduce exper-
imental results. A Levenberg—Marquardt fitting algorithm was used to minimize
the value of x*(k;(exp.) — ki(calc.))’.

4 Results and discussion

An upper limit for the bimolecular rate coefficient of CH,CHCHC(O)OCH3 + O,
reaction was measured at 600 K. The results are shown in Figure 1 from which an
upper limit k; (600 K) 75 10 Y cm?® molecule 's !within 20-uncertainty at
p = 5 Torr pressure is deduced. A low upper limit suggests that other reactions are
probably responsible for the loss of CH,CHCHC(O)OCH; radical under autoigni-
tion and combustion conditions and thermal unimolecular decomposition of
CH,CHCHC(O)OCHj3 is potentially such a reaction.

As discussed in the experimental section, for calculating the unimolecular
decomposition rate coefficients (k;) using equation k’y = ky + kyy, We assume
that k. remains temperature independent under the temperature range of 500—
869 K. In order to check the validity of this assumption the measured values of k’;
are plotted as function of temperature (T = 500-869 K).

As shown in Figure 2, in the temperature range 500-610 K the measured
value of k’; is uniform (6.1-7.6 s 1). However, above 610 K, a sharp rise in k’;
is observed, where an exponential increase in k’; originates from the strongly
temperature-dependent reaction (1) and k’; quickly becomes much larger than
kwan- This observation shows that any minor change in the value of ky,; above
610 K has negligible effect on the obtained values of k;.

The measured thermal unimolecular decay rate coefficients of reaction (1)
are presented in Table 1. The total uncertainties of the k; values shown in
Table 1 are estimated to be 25%. This originates mainly from uncertainties in
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[0,]/ 10"® molecules cm

Fig. 1: A bimolecular plot for the CH,CHCHC(0O)OCH;3 + O, reaction. The measurements were
performed at T = 600 K and p = 5 Torr. The uncertainties shown are 10. Here, k’; is the
pseudo-first-order rate coefficient of reaction (2). A linear fit performed on the data points
returns a value of k, (600 K) = (5.1 1.2(10)) 10 * cm? molecule s *forthe slope.
Confidence bands shown are within 95%. The inset shows a typical CH,CHCHC(0)OCHj5 radical
decay profile together with a single-exponential fit to the data. The decay profile is for the red
circle shown in the main figure.

measured temperatures and pressures in the reaction zone as well as from fitting
errors.

To rule out a presence of vinyl- or alkyl-type isomers (see Scheme 1), a parallel
set of experiments were conducted by adding a high concentration of molecu-
lar oxygen, [0,] = (1.3 0.1) 10" molecules cm 2, to the reaction mixture
(labeled as superscript “” in Table 1). An [0,] this high should rapidly, well within
1 ms, consume all vinyl- and alkyl-type radicals [25]. No difference in unimolec-
ular decay rate coefficients was detected when molecular oxygen was added into
the reaction mixture, so we conclude that vinyl- and alkyl-type radicals were not
present in the reactor, see Figure S4.
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Fig. 2: A plot of the measured values of k’; vs. temperature at constant total density. In the
insets are presented typical CH,CHCHC(0O)OCHs radical decay profiles measured at m/z = 99
with the corresponding single-exponential decay fits at 505 K (only kyay) and 804 K (ki + kyay)
temperatures, respectively.

A series of experiments were conducted to identify the nature of products
formed by reaction (1). However, based upon the experimental results discussed
next no definite conclusion about the nature of products was obtained.

Figure 3 presents a potential energy profile for the unimolecular decompo-
sition of CH,CHCHC(O)OCH; radical. Here, R and R, are different conformers
for CH,CHCHC(0O)OCH; radical associated with channel (1) and channels (2 & 3),
respectively. The calculations show that the most favorable channel produces 2-
furanone (Py, a cyclic C40,H; compound with m/z = 84), a closed shell specie,
and a methyl radical (CH3, m/z = 15). However, no direct product signals were
observed at parent masses that correspond to these products.

A signal was observed at m/z = 141, which sharp increase in intensity
immediately after the excimer laser pulse at t = 0 ms indicates that all or
large majority of the observed signal originates from removal of an allylic H-
atom from the precursor molecule with m/z = 142 in the photolysis process,
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Tab. 1: The results and conditions of the kinetics measurements of reaction (1).2

T(K) [Bath gas]/1016 [Pr]/1013 ks Kyau LI
(cm 3) (cm 3) s " (s )  (m)/cm?pulse)
He as bath gas
750° 0.65 0.39 12.1 3.2 56 1.0 70
7500 1.30 0.61 23.2 4.1 5.6 1.0 70
750 2.58 0.97 29.7 0.4 6.7 0.6 70
750 5.15 1.18 33.3 1.7 6.7 0.6 70
750¢ 5.13 0.86 31.2 2.1 7.4 0.6 120
75054 5.14 0.86 30.9 1.7 7.4 0.6 120
7504 5.12 1.78 31.3 1.3 16.5 0.7 120
750¢ 5.12 1.79 31.9 1.3 16.5 0.7 120
750 10.3 1.05 37.4 1.6 6.7 0.6 70
776P 0.65 0.37 29.6 2.0 7.5 0.8 70
776 1.30 0.53 46.3 3.0 7.5 0.8 70
776 2.62 1.46 57.8 2.3 8.9 0.5 70
776 5.10 1.40 65.4 1.9 8.9 0.5 70
776 10.1 1.19 74.4 2.4 8.9 0.5 70
804 0.64 0.42 60.9 3.5 7.5 0.8 70
8040 1.30 0.61 80.7 2.0 7.5 0.8 70
804 2.60 1.31 111 5.7 8.9 0.5 70
804 5.20 1.23 135 4.2 8.9 0.5 70
804¢ 5.16 0.83 134 4.9 7.4 0.6 120
80454 5.16 0.84 134 4.7 7.4 0.6 120
80454 5.16 1.91 133 2.9 16.5 0.7 120
804¢ 5.16 1.92 133 3.2 16.5 0.7 120
804 10.3 1.25 157 6.2 8.9 0.5 70
836" 1.30 0.66 161 10 7.2 1.3 70
836 2.59 1.01 182 11 53 0.7 70
836 5.21 0.91 220 8.6 53 0.7 70
836 10.3 1.09 274 13 53 0.7 70
860° 5.13 0.72 347 23 8.5 0.9 120
860%d 5.13 0.72 350 19 8.5 0.9 120
8604 5.12 1.80 353 14 16.5 0.7 120
860°¢ 5.13 1.80 351 12 16.5 0.7 120
869" 1.30 0.75 241 24 5.6 1.0 70
869 2.55 0.89 315 26 6.9 0.7 70
869 5.19 0.86 408 21 6.9 0.7 70
869 10.3 0.66 509 28 6.9 0.7 70
N, as bath gas
750 2.63 1.08 322 2.1 15.0 0.8 190
750 5.16 1.18 38.6 2.6 15.0 0.8 190
776 2.62 1.39 57.5 2.8 8.5 0.8 70
776 5.17 1.41 68.5 4.3 8.5 0.8 70
804 2.63 1.45 114 5.8 8.5 0.8 70
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Tab. 1 (continued)

T(K) [Bath gas]/10%¢ [Pr]/1013 k1 Kwau LI

(cm 3) (cm 3) (D) s " (m)/cm?pulse)
804 5.16 1.38 138 7.4 8.5 0.8 70
836 2.64 1.44 179 11 8.1 0.8 70
836 5.15 1.31 222 13 8.1 0.8 70
869 2.64 1.32 314 19 8.1 0.8 70
869 5.19 1.29 408 25 8.1 0.8 70

Uncertainties shown are 10. 2Chlorine lamp with a CaF, window used for detection, KrF laser
(248 nm) for radical production, Quartz reactor with boric acid coating and inner diameter
(id) = 0.85 cm used, unless otherwise stated. "Quartz reactor with boric acid coating and
inner diameter (id) = 1.7 cm. “Measurements conducted by varying precursor concentration
for ruling out the possibility of reaction between CH,CHCHC(O)OCHj5 radical and precursor
molecule. YMeasurements performed by adding a known amount of molecular oxygen

([02] = (1.3 0.1) 10% molecules cm 3)to the reaction mixture.

834
804 —Channel1 . 3 TS2;
- - Channel 2 P2 -—4‘\‘ ¢
- Channel 3 -8
P, +OCH, 546
60 - Ia P; + OCH4
A
= ®
5 49 ) _ %‘w
€ /I TS15, 7 42.4(TS2,) o~
g1 ! 35.3(TS . <N
g , 2B3(TsL)
W
<
20 .
P, + CH,
: /‘>,,@
Ro
09 R.To K

Fig. 3: A zero-point energy inclusive PES for the thermal unimolecular decomposition of
CH,CHCHC(0)OCHs radical in kcal mol . KinBot was used to search for possible reaction
channels. The lowest energy reaction pathway found (channel 1) was simulated with MESMER.
In order to obtain agreement with the experimental results, the barrier heights of TS1. and TS2,
were lowered (shown in blue) to 32.0 and 39.1 kcal/mol, respectively, while maintaining the
energy gap between the transition states. The red channels (channels 2 and 3) are high-energy
reaction channels, which were not included in the master equation model. The optimized
geometries and single-point energies of the stationary points are given in the Supplementary
Information (see Figure S1and Table S1).
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see Figure S2. Most likely the signal observed at m/z = 141 originates from
(CH3),CHCHCHCHC(O)OCH; radical, where a weakly-bonded allylic H-atom is
removed in the photolysis. Product measurements were also conducted by adding
[0,] = (14 0.1) 10" molecules cm > to the reaction mixture at 776 K. The
bimolecular rate coefficient of CH; + O, — CH300 reaction under these con-
ditions is about 1 10 ' cm? molecule !s ! [26], giving about 14 s ! for
rate of CH300 radical formation. A very weak product formation signal was
observed at m/z = 47, which could originate from CH300, see Figure S3. How-
ever, it is not possible to definitely assign the origin of signal at m/z = 47 and
consequently methyl radical production to the P1 + CH3 channel, since the above
discussed (CH3),CHCHCHCHC(O)OCH3; radical (m/z = 141) may also decompose
to CH3CHCHCHCHC(O)OCH;3 + CHj3 products.

It is important to consider if the CH,CHCHC(O)OCH; radical could abstract
a hydrogen from the precursor, because such a reaction would be an additional
loss channel for the radical and affect our thermal unimolecular decomposition
rate coefficient measurements. Wang et al. have calculated the kinetics of methyl
radical and allyl radical H-atom abstraction reactions from different alkenes [27].
They have found, for example, that k(CH; + CH3;CHCHCH,CH3)1000k =2 10 ™
cm’ molecule s ' and k(CH,CHCH, + CH;CHCHCH,CH3)1000x =5 10 '°
cm?® molecule 's !, where CH;CHCHCH,CH; resembles structure of the current
photolytic precursor. Multiplying the above-mentioned bimolecular rate coeffi-
cients with the highest precursor concentration utilized in this work, 1.92 108
molecules cm 2, give therates 0.4s and 0.01s !, respectively. These values are
far too low to have any effect on the current decomposition kinetic measurements
even if these rates are an order of magnitude incorrect for the current system. A set
of experiments were conducted (labeled as superscript ““” in Table 1) by varying
the amount of precursor in the reaction mixture from (0.7-0.9) 10" molecules
cm > to (1.8-1.9) 10® molecules cm ° in the temperature range 750-860 K at
helium density 5.1 10 moleculescm °.The results of these experiments clearly
show that the observed thermal unimolecular decomposition rate coefficient is
independent of precursor concentration employed (see Figure S4), which is fur-
ther evidence that the radical does react with the precursor to any measurable
degree.

No product signal was observed at m/z = 84 (P1, 2-furanone), although our
calculations suggest that the lowest energy channel of reaction (1) should pro-
duce 2-furanone (P1). To test if our PIMS apparatus is able to detect this closed-
shell molecule, a measurement was conducted at 750 K and 1.2 Torr by intro-
ducing 2 10" molecules cm > of 2(5H)-furanone (Sigma-Aldrich, purity
>98%) to the flow reactor with helium bath gas being in excess. A relatively
weak signal was observed for 2(5H)-furanone when a Hy-lamp (or an Ar-lamp) was
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employed. However, in our kinetic measurements, the initial radical concentra-
tion is expected to be [CH,CHCHC(O)OCHsli=o ~ 1-2 10" molecules cm 2, and
it could well be that our apparatus is not sensitive enough to observe 2-furanone
(P1) at such low concentrations.

Experiments were also conducted to detect a possible product signal at
m/z = 68 that, according to our calculations, corresponds to the mass of the reac-
tion products of channels (2) and (3). However, as is shown in Figure 4, photolysis
of the precursor at 248 nm already produces a signal at 612 K with sharp pho-
tolytic formation followed by a very slow formation. The very slow formation
could originate from a product that is formed by a wall reaction of the studied rad-
ical. Remember that at 612 K the rate of thermal unimolecular decomposition is
negligible. Interestingly, as temperature is increased to 750 K, the post-photolysis

e ‘&° ® e
- G R
> ‘.5*0\.»:0% ¢
2 ry ° :. ”: o* ¢
S ¥] e °e o,
E ° e 0e® o.:. 0‘0 °
o] .‘., ...*..'.”.. ...o.‘?rj
gl #F-
= °
g °
S y « 776K
° e 750K
e 612K

10 20 30 40
Time/ ms

Fig. 4: A comparative plot for the signals observed at m/z = 68 at different temperatures
(p = 4 Torr). Signal intensities before laser photolysis were used for signal normalization.
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formation signal at m/z = 68 becomes more intense and faster. However, it is
important to note that such an increase in the signal intensity cannot be used
to draw any definite conclusions, since m/z = 68 may be produced also by other
sources than reaction (1). Our PIMS apparatus is not able to detect methoxy radi-
cal (CH30, m/z = 31), which is the other product produced by channels (2) and (3),
due to the combination of high ionization potential 10.7 eV [28] and low sensitivity
of PIMS apparatus to detect CH50 radical.

Our master equation model includes only the kinetically most favored chan-
nel (channel (1), see Figure 3). This was done because products of channels 2and 3
(P, + CH30 and P; + CH30) were observed in preliminary MESMER simulations
to exist too high in energy to explain the current experimental Kinetic results.
Employed L-] parameters associated with the collisions between modeled species
(i.e. R, Ic) [15] and the bath gases (Helium and N,) [24] are given in supplementary
information (see Table S2).

The plots in Figure 5 show the measured thermal unimolecular decom-
position rate coefficients of CH,CHCHC(O)OCH;3 radical as function of helium
and N, bath gas density, respectively. Also shown are the best fit results of
MESMER simulations obtained by minimizing )(2 using TS1. and TS2; barrier
heights as well as the collisional energy transfer parameters AEgoun, ref and n
as variable parameters. MESMER simulation results are overall in good agree-
ment with the measured rate coefficients. However, in order to obtain good
agreement with the experimental results, the barrier heights of the TS1. and
TS2. had to be reduced by 3.3 kcal/mol, while maintaining the energy gap
between both the transition states. The reasoning behind lowering both barri-
ers by the same amount is that the relative energies of stationary points along
a PES computed using ab-initio quantum calculations are more reliable than
their absolute energies. Without making such modification to the TS1. and
TS2: barrier heights, the results of MESMER simulations would be on average

80% lower than the experimental rate coefficients. The following (see also
Table 2), optimized expressions were obtained for the energy transfer parameter

Tab. 2: The optimized collisional energy transfer parameter values for AEgown, rer and n as well
as the corresponding x?/point, obtained by fitting against experimental results measured
using helium and N, bath gases.

h AEgoun = A )
Bath gas Egqown = Edown, ref(ﬂ)
AEdown, ref n X%/point
Helium 152 0.33 24.2
N, 211 0.12 12.6
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Fig. 5: Left- and right-hand side plots show the measured thermal unimolecular decomposition
rate coefficients of CH,CHCHC(O)OCHs radical as function of helium and N, bath gas density,
respectively. Different temperature conditions are labeled as colored points. The results of
MESMER simulations are shown as colored lines. The optimized collisional energy transfer
parameters and the optimized TS1. and TS2. energies are shown on the top left corner of the
plots.

AE4own depending upon the nature of bath gas (Helium or N»): (AEgown)He =
0.3 0.12

3
152 5 cm ' and (AEgown)n, =211 5% cm 1.

The MESMER optimized AEqown, ref and n values for helium (152 cm land
0.33)and N, (211 cm ! and 0.12) bath gases are reasonable [24]. The results of our
simulations are provided in ChemKin PLOG format in the supplementary material.
The MESMER input file is also provided.

Figure 6 shows Arrhenius plots of reaction (1) measured in helium and nitro-
gen bath gases, where k;° = ky/[bath gas] are plotted as function of tempera-
ture. It is apparent from Figure 6 that the obtained k;° values do not converge
in employed bath gas density ranges 0.6-10  10'® molecules cm > (He) and
2.6-5 10 moleculescm 3 (N,). This shows that our measurements for reaction
(1) are in the fall-off region, which is in agreement with the MESMER simulations
shown in Figure 5.
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Fig. 6: On the left- and right-hand-side are the Arrhenius plots for the thermal unimolecular
decomposition of CH,CHCHC(0)OCHj3 radical measured in helium and N, bath gases,
respectively. A typical CH,CHCHC(O)OCH; radical decay profile and a corresponding
single-exponential fit is shown in an inset of each plot.

5 Conclusion

We have measured the thermal unimolecular decomposition kinetics of
CH,CHCHC(O)OCH; radical as function of temperature (750-869 K) and bath
gas density (0.6-10  10'® molecules cm ). Both helium and nitrogen bath gases
were used. In addition, we determined a low upper limit value for the bimolec-
ular rate coefficient of the CH,CHCHC(O)OCH5 + O, reaction at 600 K (k, 75

10 Y cm?® molecule !s !). The measured unimolecular decomposition rate
coefficients were in the range 10-500 s ! in the experimental temperatures, sug-
gesting that the decomposition reaction may be an important loss pathway for
the resonantly-stabilized CH,CHCHC(O)OCH; radical under LTC (T < 1000 K)
and high temperature combustion conditions. No definite evidence of reaction
products was obtained experimentally, potentially due to our apparatus being
probably too insensitive to observe the plausible product (2-Furanone). The exper-
iments were complemented with quantum chemical calculations and master
equation simulations using the MESMER code. The master equation model was
optimized by fitting the collisional energy transfer parameters AEgqyn, ref and nas
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well as the TS1; and TS2. barrier heights (reduced by 3 kcal/mol). The simula-
tions returned reasonable values for the AEqown, ref Parameter (152 and 211 cm !
for helium and N, bath gases, respectively) and values obtained for the parame-
ter n (0.33 and 0.12) reflects that for both (helium and N,) bath gases AEjow, has
small positive temperature dependency. The optimized master equation model
is in good agreement with the experimental results. The experimentally con-
strained master equation model was used to simulate thermal unimolecular
decomposition kinetics of CH,CHCHC(O)OCH; radical at pressures and temper-
atures relevant for autoignition, LTC, and high-temperature combustion. The
simulation results are provided in the ChemKin compatible PLOG format.

6 Supporting information

Optimized geometries and associated energies of the stationary points on the PES
of reaction (1), measured ion signal profiles at m/z = 47 and 141, k; vs. 1000 K/T
figure to test (0,) and (precursor) dependencies, L-J parameters of the bath gases
and modeled species, MESMER input files (MESMER.xml), and PLOG files.
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