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Abstract

This research explores the ion chemistry and pyrolysis of a selection of formates. Alternative
fuels have become increasingly popular over the past decade, one of particular interest is
biofuels. Biofuels contain a variety of oxygenated compounds that are not present in
traditional crude-oil fuels such as formates. Therefore, knowing the pyrolysis and ion
chemistry of a selection of formates is of particular interest in being able to determine the
environmental implications of switching to biofuels. The pyrolysis in particular for these
formates have largely been studied using shock-tube experiments where both unimolecular
and bimolecular reactions occur. This study employs the use of a micro-reactor coupled to
imaging photoelectron photoion coincidence spectroscopy (iPEPICO) using synchrotron
vacuum ultra-violet (VUV) radiation at the Swiss Light Source (SLS). The sample is introduced
in the dilute-gas phase to optimise for unimolecular reactions. This thesis therefore presents
the unimolecular pyrolysis chemistry of methyl formate, ethyl formate and methyl
chloroformate and the ion chemistry of methyl chloroformate, phenyl formate and phenyl

chloroformate.

In chapter 3, the thermal dissociation of the atmospheric constituent methyl formate was
probed by coupling pyrolysis with iPEPICO. The pyrolysis products of dilute methyl formate,
CH30C(O)H, were elucidated to be CH30H*, CO, 2 CH,0 and CH4 + CO; as in part distinct from
the dissociation of the radical cation (CH3OH** + CO and CH,OH* + HCO). Density functional
theory, CCSD(T), and CBS-QB3 calculations were used to describe the experimentally
observed reaction mechanisms, and the thermal decomposition kinetics and the competition
between the reaction channels are addressed in a statistical model. One result of the

theoretical model is that CH,0 formation was predicted to come directly from methyl formate



at temperatures below 1200 K, while above 1800 K, it is formed primarily from the thermal

decomposition of methanol.

Chapter 4 utilises the same techniques but expands on it by taking advantage of threshold
photoionization and ion imaging, parent ions of neutral pyrolysis products and dissociative
photoionization products could be distinguished, and multiple spectral carriers could be
identified in several ms-TPES. The TPES and mass-selected TPES for ethyl formate are reported
for the first time and appear to correspond to ionization of the lowest energy conformation
having a cis configuration of the O=C(H)-O—C(H2)—CHs and trans configuration of the O=C(H)—
O—C(H2)—CHs dihedral angles. We observed the following ethyl formate pyrolysis products:
CH3CH,0H, CH3CHO, C;Hs, C;Hs, HC(O)OH, CH,0, CO2, and CO, with HC(O)OH and C;Hs

pyrolyzing further, forming CO + H,0 and C;H; + Ha.

The reaction paths and energetics leading to these products, together with the products of
two homolytic bond cleavage reactions, CHsCH;O" + ‘CHO and CH3CH, + HC(O)O', were studied
computationally at the MO06-2X-GD3/aug-cc-pVTZ and SVECV-f12 levels of theory,
complemented by further theoretical methods for comparison. The calculated reaction
pathways were used to derive Arrhenius rate parameters for each reaction. The reaction rate
constants and branching ratios are discussed in terms of the residence time and suggest

carbon monoxide as a competitive primary fragmentation product at high temperatures.

Chapter 5 explores the pyrolysis chemistry of methyl chloroformate (MCF) in a similar manner
but also introduces the study of the ion chemistry. The TPES for MCF was acquired for the
first time; the geometry change upon ionization of MCF results in a broad, poorly defined
TPES. Franck-Condon simulations are consistent with an ionisation energy (IE) of 10.90 + 0.05

eV. lonized MCF dissociated by the expected loss of Cl with a measured appearance energy



(AE) of 11.30 £ 0.01 eV. Together with the above IE, this AE suggests a reaction barrier of 0.40
eV, consistent with that found from SVECV-f12 calculations (0.41 eV). At higher internal
energies, the loss of CH30® becomes competitive due to its more favourable entropy of

activation.

Pyrolysis of neutral MCF formed the anticipated major products of CH3Cl + CO2 (R1) and the
minor products HCI + CO + CH20 (R2), all species being confirmed by their mass-selected TPES.
Several possible reactions were computationally explored but these two were confirmed to
be the dominant reaction channels. R1 proceeds by a concerted Cl atom migration via a 4-
membered transition state in agreement with that proposed in the literature. R2 is a two-
step reaction proceeding first by loss of HCl to make 2-oxiranone which then decomposes to
CH>0 and CO. Kinetic modelling of the neutral decomposition could be made to simulate the
observed reactions only if the vibrational temperature of the MCF was assumed not to cool

during the expansion.

Chapter 6 further expands on the ion chemistry study by exploring the ion dissociation of
phenyl formate (PF) and phenyl chloroformate (PCF). Imaging photoelectron photoion
coincidence (iPEPICO) spectroscopy and tandem mass spectrometry were employed to
explore the ionisation and dissociative ionisation of phenyl formate (PF) and phenyl
chloroformate (PCF). The threshold photoelectron spectra of both compounds are featureless
and lack a definitive origin transition, owing to the internal rotation of the formate functional
group relative to the benzene ring, active upon ionisation. CBS-QB3 calculations vyield
ionisation energies of 8.88 and 9.03 eV for PF and PCF, respectively. lonised PF dissociates by
the loss of CO via a transition state composed of a phenoxy cation and a HCO moieties. The

dissociation of PCF ions involves the competing losses of CO (m/z 128/130), Cl (m/z 121), and



CO; (m/z 112/114), with Cl loss also shown to occur from the second excited state in a non-
statistical process. The primary CO- and Cl-loss fragment ions undergo sequential reactions
leading to fragment ions at m/z 98 and 77. The mass-analysed ion kinetic energy (MIKE)
spectrum of PCF* showed that the loss of CO; occurs with a large reverse energy barrier, which

is consistent with the computationally derived minimum energy reaction pathway.

Chapter 7 highlights the conclusions drawn from across the chapters 3-6 and brings chapter
1 back into focus with how these findings can help to inform future studies on pyrolysis.
Furthermore, chapter 7 discusses how future technologies for biofuels can be shaped with

the understanding of the pyrolysis products of these biofuel related compounds.
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Chapter 1. Formates in the Atmosphere

1.1. Background

1.1.1. Structure of the atmosphere

Earth’s atmosphere is composed of several layers, each of which possesses different properties with
different chemical environments, and it is therefore important to understand the structure of the
atmosphere to understand the chemical processes that can be expected. The layer closest to the
Earth is the troposphere. From the Greek word ‘tropos’ meaning ‘change’, the troposphere is
characterised by its changing weather systems and varying temperature, with a turnover timescale
on the order of days. This variation enables varied chemical reactions as there is increased mixing of

gases, which can be affected by the weather.

The troposphere is between 8 and 16 km in altitude, depending on where it is measured from Earth.*
Although there is great variation in the temperature within the troposphere, the temperature is
generally warmer closer to the Earth and decreases with increasing altitude, as depicted in Figure
1-1. This is due to the Sun’s radiation warming the Earth, which then warms the air closest to the
Earth’s surface. Heat is then distributed throughout the troposphere through convection currents

and vertical mixing.
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Figure 1-1: Diagram demonstrating the layers of the atmosphere and the change of
temperature with increasing altitude.

Despite being the smallest of the layers, it accounts for ~80% of the total mass of the atmosphere;?
this is largely due to the effect of gravity in combination with the compressibility of air. This causes
the density to decrease exponentially with increasing altitude.® These factors combined with the
large content of water vapour are largely responsible for clouds and stormy weather, which provide

different environments for chemical reactions to occur.

The stratosphere is the layer next to the troposphere and extends upward from the Earth’s surface
to an altitude of ~50 km. Where the troposphere and stratosphere meet is known as the tropopause.
Unlike the troposphere, which is well-mixed, the stratosphere is composed of stable (stratified)

layers. This means that with increasing altitude, the temperature increases as the main source of

2
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heating is no longer from the Earth and subsequent convection, but is directly from the Sun’s
radiation.! The distribution of molecules within the stratosphere is largely based on size, with heavier
molecules closer to the Earth, owing to the greater effect of gravity on them. Mixing in the
stratosphere is very slow, on a timescale of years, which leads to reduced chemical interactions with
increasing altitude. The stratosphere contains the Ozone layer, which will be described in greater

detail later.

The mesosphere and thermosphere are two more layers that extend from the stratosphere
respectively. These layers are largely decoupled from the lower layers and thus have little influence
on the Earth’s weather or pollutant transport processes, and also experience little effect from these

processes. 4

1.1.2. Radiation Exposure

The Sun provides a wide range of wavelengths, spanning from the near-IR to soft X-ray regions of the
electromagnetic spectra with a maximum intensity at ~500 nm, corresponding to the blue portion of
the visible spectrum,®> depicted by the blue line in Figure 1-2. As radiation passes through the

atmosphere, it is filtered according to the chemical environment.
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Figure 1-2: Adaptation of a solar irradiance spectrum (blue) and the spectra of radiation
reaching Earth’s surface (orange) with the visible region highlighted by its respective colours.

When the radiation reaches the thermosphere, almost all the extreme ultraviolet radiation (below
170 nm) is absorbed, as shown by the orange line in Figure 1-2.° Absorption by Oz and N2 accounts
for most of the absorption in the wavelength region of 91.2 — 79.6 nm, while below 79.6 nm atomic
O absorption dominates.® This accounts for the increase in temperature in the thermosphere shown
in Figure 1-1, and this leads to the ionisation of the gases in this region, known as the ionosphere.
The gases here are above the turbopause and are no longer mixed but are separated according to
molecular mass with heavier molecules at lower altitudes. The visible portion of the solar irradiance
remains almost constant, unlike XUV radiation, which experiences large fluxes depending on solar

activity, such as solar flares.

Similar processes occur throughout the mesosphere; however, they lie beneath the turbopause, such

that the gases undergo mixing. The mesosphere has very low gas density; therefore, bimolecular
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reactions are rare. The presence of polar mesospheric clouds contributes to the reflection of

radiation back into space, as shown in Figure 1-3.

o

Figure 1-3: Figure of the way that radiation is absorbed and emitted from the Earth through
the atmosphere.

As the radiation continues further down the Earth’s atmosphere it encounters the stratosphere,
where there is a notable reduction in the intensity of the high energy UV. Absorption from O3, Oy,
and O in what is known as the Ozone layer is largely responsible for this, as shown in Figure 1-3. The
absorption region for O3 is complicated and spans across the region of ~950-100 nm with varying
degrees of absorption cross section. The UV-Vis region of this spectrum is shown in Figure 1-4. 72 All
the absorption bands are dissociative, leading to the production of O and O;, shown in equation
(1-3). The strongest absorption band is known as the Hartley band and covers the region of ~300-
200 nm, which covers the UV-C region. The bands at longer wavelengths, known as the Chappuis and
Wulf bands are weak and don’t account for much intensity loss of radiation entering the

atmosphere.®
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Figure 1-4: Absorption Spectra of O, (blue) and Os (black) in the UV-Vis region, including band
labels. Based on the image from International Geophysics.?

0, absorbs at a higher frequency than Oz due to the stronger bonds that comprise it. There are two
sets of very intense absorption bands in the ultraviolet region: the Hopfield bands, which extend the
wavelengths of 67 and 100 nm 9, and the Schumann—Runge continuum between 135 and 176 nm, !
with diffuse bands connecting them. At a slightly longer wavelength, the Herzberg continuum
extends to the region of 240-260 nm with a lower absorption cross-section. These bands are
dissociative (Equation 1-1) and have been proposed as the first step in the Chapman cycle,'? a series
of reactions to describe O3 creation. Longer wavelength bands, including those in the visible and
infrared regions responsible for the ionisation of O, to O;" and vibrations, respectively, are also
present but have a greater effect on tropospheric warming, as described later.’®> Because of the
absorption regions of O3 and O, only low-energy UV (UVA & UVB) passes through the atmosphere
to Earth, thus preventing harmful high-energy radiation from damaging biological organisms. This

determines the photoinduced chemistry of the troposphere.



Chapter1

hv (A<240 nm)
— 20 (1-1)

Bimolecular reactions can occur in the troposphere because of gas mixing and a higher concentration
of gases; because this is still relatively low, the frequency of collisions is also low oxygen radicals are
produced in the ground-level triplet state (3P), are highly reactive given their two unpaired electrons,
and combine with O3 to form O3, where M is a nonreactive species that absorbs the energy released

from the reaction.
0+0,+M—05+M (1-2)

Ozone also absorbs these higher-frequency photons, and its bond energy is lower than that of Oy;

therefore, O3 photolyses, but from a longer wavelength than O,.

hv (A<320 )
0, 2" 0,+0( 'p) (1-3)

O('D) is an excited singlet state of oxygen that relaxes to the 3P state.

o( 'D)+M—0+M (1-4)

Since O is regenerated, (1-2) can occur again, therefore equations (1-2) — (1-4) are propagation steps.

The termination step for the Os sink occurs when Os reacts with O, given in (1-5).

0+0;—20, (1-5)
Halogen radicals and other pollutants such as OH and NO provide alternative sinks for Os. Halogen
radicals are released into the atmosphere by chlorofluorocarbons and other halocarbons that do not
break down in the troposphere because of stronger bonds; however, the stratosphere’s higher
energy radiation will enable dissociation into radicals and undergo a series of reactions of their own
that lead to the depletion of 0s.!* In recent years, this has led to a reduction in Ozone in the

stratosphere, which is particularly prominent over the poles because of the extended periods of low
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temperatures, leading to the formation of polar stratospheric clouds (PSC).'> Interactions on the
surface of the PSCs allow for an increase in the rate of Ozone depletion, which further increases in
the spring when PSCs are still present but increased temperature.'® Therefore, Ozone holes are
formed at the poles. This means that the radiation that was once not reaching Earth in a significant
guantity due to Ozone absorption was now extending beyond the stratosphere, enabling higher-
energy photochemistry in the troposphere. However, owing to legislation, including the Montreal
Protocol, Ozone concentrations have again been increasing, and there has been a significant

reduction in Ozone hole sizes.!”

Once past the stratosphere, tropospheric clouds and the Earth cause a large amount of radiation to
be reflected into space. The Earth emits long-wave black-body radiation, depicted in Figure 1-3 by
the red outgoing arrows, much of which is absorbed by molecules in the troposphere, such as water,
CO;, and CH4, which are known as greenhouse gases. Upon absorption, these molecules vibrate. This
kinetic motion leads to a temperature increase, thereby keeping the Earth warmer than it would
without this absorption. This is essential for life; however, because it is low-frequency radiation, it

does not have a significant impact on photolyzed reactions.

1.1.3. Reactive Organic Carbon in the Atmosphere

Volatile organic compounds (VOC) are organic molecules with a high vapour pressure at room
temperature. The gas-phase molecules are then able to diffuse into the atmosphere and perform
gas-phase chemistry. As previously mentioned, whether this is in the troposphere or stratosphere is
determined by the relative bond strength. VOCs are emitted from both natural (biogenic) sources
and anthropogenic sources, released from plants, burning of fuels, and are also commonly found in

household chemicals such as paint or cleaning solvents.'®% VOC concentrations are usually higher
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indoors than outdoors, but undergo thorough mixing in the troposphere. These chemicals are often

toxic and contribute to tropospheric Ozone generation.

Unlike stratospheric Ozone, tropospheric Ozone is a pollutant that can be detrimental to human
health because the troposphere is a part of the atmosphere in which we live and the gases we
breathe in. Tropospheric Ozone is generated through a series of chemical reactions involving nitrous
oxides (NOy), carbon monoxide or VOCs, all of which require OH radicals. OH radicals are formed even
in ‘clean’ tropospheric conditions where O3 is present in low concentrations and is photolyzed to
form O('D) radicals as described in equation (1-3). These O(!D) radicals react with water vapour to

generate OH radicals, as shown in equation (1-6).%°
o( 'D)+H,0—20H (1-6)

These hydroxyl radicals then react with NOy, CO, or VOCs. The scheme for VOC Ozone production is
presented, and the schemes for NOy and CO are similar.?! The simplest VOC is methane, which is the

molecule used in the scheme. 2

OH+CH,—H,0+CH, (1-7)
CH;+0,+M—MCH;0, (1-8)
MCH30,+NO—CH;0+NO, (1-9)
CH30+0,—HCHO+HO, (1-10)

Here, HO; is produced because methane is the example; in other systems, it may be RO, which

undergoes analogous reactions with NO to form RO and NO.

HO,+NO—OH+NO, (1-11)
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NO; is photolyzed by UV-A radiation and the resulting oxygen radicals can react with molecular
oxygen to form Ozone, as in reaction (1-2). The last three steps are the Ozone-forming steps of the

cycle and are common, despite the precursor molecule.

hv (A<400 nm)
0, ———— NO+0 (1-12)

Atmospheric aerosols participate in a significant amount of the chemistry occurring in the
troposphere. They range in size, from 10° — 10° m, and chemical composition, the larger particles
are primarily formed from mechanical processes, e.g. sea salt and plant debris, smaller particles are
mostly emitted from combustion processes, or formed in the atmosphere.?? Particles are formed
when the gas-phase molecules partition to the particle-phase, both surface and bulk reactions are
then possible once in the particle-phase. Secondary organic aerosols (SOA) are formed largely from
oxidised VOC reactions, causing changes in volatility and accumulation, as shown in Figure 1-5.
Oxidation in the atmosphere has two main pathways, degradation to form higher volatility
compounds, or incorporation of functional groups such as carbonyl, hydroxyl, and nitrate into the
intact molecule, thus lowering the volatility of the molecule and therefore more likely to contribute

to SOA formation.2*

Submicron
Particle

Condensation and

o accumulation of less
O oxidised molecules

Oogo Oxi»dation

VOCs Clusten.r cff highly
oxidised
molecules

Figure 1-5: Summary of secondary organic aerosol formation.
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1.2. Formates

Having looked at the major reactions of carbon in the atmosphere, the aim of the work undertaken
in this study is to probe some of the reactions and products resulting from a small subset of molecules
in the atmosphere. We will study methyl formate, ethyl formate, phenyl formate, methyl

chloroformate, and phenyl chloroformate.

1.2.1. Sources of formates

Formates are largely released anthropogenically, with all non-chlorinated formates in this study
being biodiesel components. Methyl formate is used as a drying agent for resins and foam blowing
or as a precursor to other molecules in the chemical industry. Ethyl formate is used as a precursor in
the chemical industry and used in pest control.?> All of the formates discussed can be produced in
the atmosphere from oxidation of VOCs such as ethyl vinyl ethers with radicals such as OH, NO3 and

03_26,27

The process by which this occurs for ethyl formate is as follows:
M
OH+C,H,OCH=CH,+(+0,+NO) — C,H,OCH(OH)CH,0+NO, (1-13)

M
OH+C,H OCH=CH,+(+0,+NO) — C,H,OCH(0)CH,OH+NO, (1-14)

Here, ethyl vinyl ether undergoes OH addition to the carbon-carbon double bond. The resulting
hydroxyalcoxyl radicals can react with O, to form hydroxycarbonyl compounds; alternatively, they
may undergo decomposition to form ethyl formate and formaldehyde. This route tends to

dominate.?®

M
C,H,OCH(OH)CH,0 — C,H,OCHOH+HCHO (1-15)

C,H,OCHOH+0, > C,H,0C(0)H+HO, (1-16)
11
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M
C,H,OCH(0)CH,0H — C,H,0C(O)H+CH,OH (1-17)

Alternatively, in the absence of NO,, it has been shown that ethyl formate is formed, from self-
reaction of the ethyl vinyl ether that forms these hydroxycarbonyl compounds shown in reactions
1.2-3-5.%% Phenyl formate is particularly useful in synthesis as a CO surrogate, due to the weak

bonding and formation of the stable phenol.?®?°

Methyl chloroformate has uses in the chemical industry in synthesis of insecticides and formerly as a
warfare agent in world war 1.3931 Phenyl chloroformate is also primarily used in the chemical

industry as a reagent.3233

Chlorine atom-initiated oxidation of unsaturated species can lead to the formation of products such
as chloroacetaldehyde and chloroacetone.3* However, the direct formation of chloroformates from
oxidation processes has not yet been reported. Elimination reactions in the atmosphere could lead
to the formation of formates, as reported by Chuchani et al., where the elimination of CO led to the
formation of methyl chloroformate.?> Therefore, it is expected that the decomposition of longer-
chain chlorinated species will lead to the formation of shorter chloroformates, such as those that are

to be investigated in this study.

1.2.2. Pyrolysis

Formates are prevalent in biofuels,?®3” due to this they are exposed to high heat and pyrolysis
conditions. Kinetic modelling experiments and engine experiments have shown that oxygenated
hydrocarbons can reduce soot production in diesel engines.3® Knowledge of the pyrolysis is therefore
of importance. Since the formates typically present in biofuels are long chain formates, it is simpler
to use surrogates to study the expected chemistry. Previous shock-tube studies have shown the
primary loses to be from the functional group to lose CO, CO; and methanol among other

12
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products.383%-41 Shock-tube studies have their limitations due to the lack of specificity in the type of
dissociations occurring and also due to the longer residence time many sequential reactions can take
place and not show the full scope of what is occurring in these processes. Previous work using a
micro-reactor coupled to imaging photoelectron photoion coincidence (iPEPICO) spectroscopy has

enabled study of various molecules while optimising for unimolecular dissociations.*?=%

1.2.3. lon Chemistry

One method of VOC abatement is to use nonthermal plasma.*>® This process is characterised by low
gas temperature, neutrals and radicals, and high electron temperature. These high-energy electrons
cause ionisation and excitation of neutrals. This can be utilised to promote oxidative decomposition
of VOCs present in the plasma, thus leading to VOC reduction in the plasma. Such systems have been
used for air filtration and have potential uses in retroactively adding to vehicles to primarily reduce
NOy emissions, however, VOC emissions would also be reduced.*®*’ Therefore ion-chemistry of these
VOCs, particularly those found in automotives is of interest in determining the decomposition

products and mechanisms.

1.3. Goals

This thesis will focus on the pyrolysis chemistry of methyl formate, ethyl formate and methyl
chloroformate and the ion dissociation of methyl chloroformate, phenyl formate and phenyl
chloroformate. A major goal is to compare the results from the micro-reactor coupled to iPEPICO
with previous studies that involved higher sample pressures and thus were dominated by bi-
molecular reactions. Each of these will be explored using iPEPICO at the Swiss Light Source (SLS) and

will highlight the unimolecular reactions in the neutral (pyrolysis only) and ion (ion dissociation).

13
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Chapter 2. Techniques

2.1. Introduction

To study the ion chemistry and pyrolysis of the selected formates we used primarily iPEPICO at the
Swiss Light Source (SLS). We used computational techniques to support the findings and to fit the

data.

2.2. Imaging Photoelectron Photoion Coincidence Spectroscopy
(iPEPICO)

iPEPICO was the primary experimental technique used for the study of both the ion chemistry and
pyrolysis of the formates studied. An overall schematic of the iPEPICO apparatus at the SLS is shown
in Figure 2-1 and where the left side focuses on sample introduction, the centre is for the study of

pyrolysis and the right side is the iPEPICO set-up itself.

40 sccm Ar ——

Si:C Heating
l — ] Extraction
LOR 0sg nig & _
1sccm Ar —\ (—' = Fattees Bt ey o — potential

Cooled
chamber

M+

Cooled water bath
8°C

Figure 2-1: Schematic of the pyrolysis set up at the SLS. The left shows the sample
introduction by passing argon gas over the liquid sample that is contained in a cooled water
bath. The centre shows the sample gas being diluted with more argon gas and passing
through the cooled chamber as a molecular beam (blue dashed arrow) and into the
microreactor, where circles highlight that pyrolysis occurs here to form different
compounds. The right side shows the iPEPICO set up where the sample is ionised by
synchrotron radiation (solid blue line), where the extraction potential causes the ions (green
lines) and electrons (yellow lines) to be accelerated to their respective detectors.

14



2.2.1. Sample introduction

¥

Figure 2-2: Sample introduction pictured at the SLS.

Chapter 2

All the samples studied are volatile
liquids, therefore for sample
introduction argon gas is passed
over a container filled with the
sample. The container is kept inside
a cooled water bath at 8°C to
maintain a constant  vapour
pressure. The sample gas and argon
then passes out and is diluted by

more argon gas to optimise for

unimolecular reactions, the argon gas mixture then passes through to the pyrolysis chamber. Figure

2-2 shows the experimental set-up at the SLS, the cooled water bath is not pictured.

2.2.2. Pyrolysis Chamber

Before the gas mixture passes into the Si:C heating tube it passes through a cooled chamber; the

purpose of the cooled chamber is to ensure that all the instrument elements prior to the heating

element are protected from heat damage. The mixture passes through an orifice to form a molecular

beam.

15
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The molecular beam passes into the Si:C heating tube and unimolecular pyrolysis occurs. Here neutral
decomposition occurs, so neutrals are formed. The cooled chamber and Si:C microreactor are
pictured in Figure 2-3. The molecular beam containing the pyrolysis products and unreacted material

passes through to the iPEPICO set up.

chamber

Figure 2-3: Cooling chamber and Si:C heating tube pictured at the SLS.

2.2.3. iPEPICO
The molecular beam is ionised by the synchrotron radiation, leading to the release of an electron and

formation of a molecular ion.

hv
M- M'+e (2-1)

There is an extraction potential across the ionisation region that leads to the electrons and ions being
accelerated in opposite directions, toward their respective detectors. Electrons travel 3 orders of
magnitude faster than the ions, and upon the electron hitting the detector the time-of-flight timer
starts and it ends when the ion hits the ion detector. This is a coincidence event. Equation 2-2 shows
the relationship of photon energy (hv) with adiabatic ionisation energy (IE), internal energy of the ion

(Ei) and kinetic energy of the electron (KEe.) upon photoionisation.

16
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hv = IE +E+KE,- (2-2)

The electrons released may have kinetic energy, known as ‘hot’ electrons. Hot electrons can travel
perpendicular to the detector, so upon acceleration the electron will hit the imaging detector off-
centre, shown in Figure 2-4a as route 1. Those with zero kinetic energy will not travel until accelerated
by the extraction potential therefore they will hit the centre of the detector, route 2 in Figure 2-4a.
Therefore, the centre spot of the electron detector is selected in the i2PEPICO software for data
processing (Figure 2-4b), this eliminates the KE.. term in equation 2-2. However, the hot electrons
can also have kinetic energy in the direction towards or away from the electron detector, leading to

them hitting the detector in the centre also, shown as route 3 in Figure 2-4a. To account for these, a

Figure 2-4: (a) [left] Diagram showing how electrons can move upon ionisation of a molecule within
the ionisation region of the iPEPICO. If the electron has kinetic energy perpendicular to the
electron detector that ‘hot’ electron will hit the detector off centre (1). If the electron has 0 kinetic
energy, a threshold electron, or has kinetic energy in the direction of the detector, it will hit the
detector in the centre, 2 and 3 respectively. (b) [right] Electron detector images with the top
showing the bright centre spot and the bottom showing the same image but with a ring selected
for subtracting hot electron contribution to the threshold (centre) electrons.
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ring is taken from around the centre spot and subtracted from the total of coincidences inside the

ring, Figure 2-4b.

Since the sample is introduced to the ionisation region as a molecular beam, the ions travel fast in
the direction perpendicular to the detector with a narrow velocity distribution,*® this leads to a short
intense line on the imaging ion detector. The background signal has a broad and uniform velocity
distribution and no average momentum,*?® leading to a broad uniform circular signal on the ion
detector. The ions formed from neutrals in the molecular beam are selected by using an oval shape

over that portion of the ion detector image, shown in Figure 2-5.

Effusive
Sample

e

Molecular
beam

Figure 2-5: Molecular beam selection on an iPEPICO ion detector image. Molecular beam selection
depicted by yellow oblong.
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2.3. Data processing

2.3.1. iPEPICO Data

The data extracted contains the electron intensity from the “centre” spot and the “ring” correction,
integrated ion intensities from coindicences corresponding to electron events from the “centre” spot
(circle) and the “ring”, acquisition times and the photon energy. This is used to create threshold
photoelectron spectra (TPES), mass-selected TPES (ms-TPES) and breakdown diagrams (BD), the data

that composes each of these is compiled in Figure 2-6.

TPES = electron intensity vs photon energy

ms-TPES =ion intensity,,, vs photon energy

Breakdown diagram = normalized % of product ion to parent
ion vs photon energy

Figure 2-6: Diagram to show what the iPEPICO data can be used to make for data processing,
including a small example of each respectively.

The first step in determing any of the above is to make the correction for hot electrons, this is done
by multiplying the ring data with a multiplication factor (B) such as 0.6, then subtracting the resultant
value from the ‘central circle’ data. If too much of the ring is subtracted from the inner-circle then it

can produce negative signals in the data, so B is optimised to account for hot electron contribution

while not leading to negative values.
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Raw data extracted

Circle-ringxB
Where B is a multiplication
factor

Divide by acquisition
time, D and a scale
factor

Peak Intensity

) All BD peak intensities

TPES & Breakdown
ms-TPES Curve

Figure 2-7: Flowchart to depict how the raw iPEPICO data is processed to give the breakdown
curves and TPES and ms-TPES.

For breakdown curves the intensity is normalised by summing the individual peaks to be included in
the BD curve then to divide the individual peaks by the sum value, equation 2-3. This process is

summarised in Figure 2-7.

) ) Peak intensity
Normalised Peak Intensity= S"AIl BD peak intensitics x100% (2-3)
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2.3.2. Vibrational Structure

The ms-TPES can sometimes show vibrational structure, this is due to the Franck-Condon principle.
Since the equilibrium structure of the ion is not the same as the neutral equilbrium structure and
nuclear displacement (Figure 2-8b) is slower than for electrons, ionisation occurs into the vibrational
state with the best nuclear overlap, therefore forming bands of higher intensity according to
vibrational states. This is summarised in Figure 2-8. The FC-overlap can be simulated using Gaussian

and overlaid on ms-TPES to show the vibrational structure occuring.

X

C,H,*

15 -
VAVAVAN

C,H,

-4 -2 0 2 4 6
Nuclear Displacement

Figure 2-8: (a) [left] Energy level diagram showing vertical ionisation according to nuclear
overlap, denoting the Franck-Condon Principle. (b) [right] equilibrium structure of the ion and
neutral for C;Hs with bond lengths (A) overlaid to highlight the change in structure upon
ionisation.

2.3.3. Statistical Modelling

Rice-Ramsperger-Kassel-Marcus (RRKM) theory is a chemical kinetics theory for estimating the rate
of unimolecular reactions.*®*° In RRKM each vibrational mode is treated individually, giving it the

advantage of not using a single oscillator to describe the entire system, unlike in the preceding RRK
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theory.*>°% In RRKM it is assumed that the rate is related to the number of ways that energy can be
distributed among the internal degrees of freedom of the reactant and transition state (unimolecular
process), where the critical energy is located in one particular degree of freedom known as the critical

oscillator.”?

The equation that defines the microcanonical rate
constant (k(E)) is given in equation 2-4 where o is the
reaction degeneracy, the number of ways that the
given reaction can proceed from the reactant
molecule; h is Planck’s constant, N*(E-Eo) is the ‘sum
of states’ for the transition state at an internal
energy of E-Eo; p(E) is ‘density of states’ of the
reacting ion at an internal energy of E. The

relationship of E and Eo is given in Figure 2-9.>1

Figure 2-9: Energy level diagram to show the
relationship between E and Eo.

o N¥(E-Eo)

ME= S —®

(2-4)

N* represents the number of ways the energy can be distributed among the ‘s’ number of oscillators.
Giving equal weighting to each of the configurations, they are all summed.>! Therefore, N*(E-Eo)
reflects the number of ways to pass through the TS that has total energy E-Eo (Figure 2-9), thus the
number of ways the reaction can proceed to products. The more ways to proceed to products, the

higher the rate constant k(E). p represents the number of ways the energy, E, can be distributed
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amongst the rotational-vibrational states of the reacting molecule.”® The more ways the energy is

distributed, the more ways it cannot find its way into the critical oscillator.

An important part of the statistical processing is the determination of the activation entropy (AS*)
and how this can affect how fast or slow the reaction proceeds.>? Transition states that are less
constrained than the reactant ion have a positive AS* value, a typical example are bond-cleavage
reactions, as the atoms are simply pulling away from each other. Where the transition state is more
constrained than the reactant ion the AS* value is negative, for example rearrangement processes.

Since the value of the ASt is

10* 4
determined by the geometry of the
1010 transition state compared to the
_ 3 Activation Entropy reactant ion, ab initio vibrational
2 10° +14 J K" mol”
~ +3 J K" mol” frequency values can be used to
i —— -6 J K" moal”
—— 14 J K" mol”!
106 ] me determine AS* directly. If the TS
3 geometry is not known, for example
10* T T 1 .
1 2 3 a2 for a Dbarrierless bond cleavage

Ey/ eV

; %
Figure 2-10: How the rate of reaction changes in RRKM reaction then the AST can be

according to the activation entropy using methyl

. . e estimated and changed according to
chloroformate ion dissociation of a Cl neutral as an example. & g

the BD or TOF RRKM fitting.

A positive AS* causes the rate to increase rapidly with increasing photon energy and will therefore
dominate particularly at higher energies, shown in Figure 2-10. The opposite is true for a negative
AS* this allows channels that have a higher activation energy to dominate at higher energies, despite

being energetically less favourable.
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The process by which the computer program that is used (minimal-pepico) operates by is summarised
in Figure 2-11.>3 The program includes the physical parameters of the ion optics in the iPEPICO

experiment, the internal ener
Calculate p(E) and Nt(E-E,) for all dissociations P gy

distribution of the parent ion (obtained

Generate internal energy distribution of M* using the
M’s p(E), energy resolution functions and experimental
hv

based on the neutral temperature,

shifted up by the photon energy less the

In the case of slow or parallel dissociations, calculate
dissociation rates as a function of the ion internal
energy

adiabatic ionization energy) and the
statistical rate constant for each reaction

Calculate dissociation rate(s) of the intermediate to calculate theoretical branching ratios
fragment ion as a function of internal energy

and TOF distributions, which are then
CH L el DA E e D e e compared to the  experimental data.
to then determine the % products to parent.
Adjusting the various k(E) curves for the
Calculate TOF distributions for selected TOFs (if observed reactions is done manua”y and
applicable)
the results visually and mathematically
spectra to experimental data

achieve the best fit possible.

Adjust E; and AS* until best fit to experiment is
reached RRKM theory is used to calculate k(E)

according to  equation = 2-4°%%

Repeat from step (1) until convergence is reached Rovibrational densities and sums of

Figure 2-11: Flow diagram depicted the process by which
minimalpepico determines the fitting of a breakdown states are calculated using M06-2X/aug-
curve or TOFs from iPEPICO data and RRKM.

cc-pVTZ  rotational constants and
harmonic vibrational frequencies by the direct count algorithm of Beyer and Swinehart.>> The DFT-
calculated rate-limiting transition states combined with the CBS-QB3-computed activation energies
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serve as a starting point for the fitting procedure. The fit is optimised to reproduce the measurement
within its signal-to-noise ratio by scaling the lowest five transition state vibrational frequencies, to
adjust the entropy of activation A*S, and barrier heights. Frequency multiplication factors less than
one increase, while values greater than one decrease, A*S.** The agreement between the
experimental and theoretical breakdown curves was thus achieved by varying only A*S to minimize

the error function:

Error=1—L (2-5)

VZiel Xim?
Where e; and m; refer to experimental and modelled fractional ion abundances in the breakdown

diagram as well as TOF channel counts, weighted so that breakdown diagram and TOF modelling

errors influence the fit in a balanced way.
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2.4. Mass-analysed lon Kinetic Energy Spectroscopy

2.4.1. Experimental Set-up

] FFR2 For the ion chemistry of phenyl
Magnetic
Sector chloroformate in chapter 6 MIKES was
. performed. This is completed at the
Field-free FFR3

region (FFR) 1

Eﬂ

Figure 2-12: Schematic of the modified VG-ZAB instrument.

University of Ottawa using a modified

VG-ZAB mass spectrometer. The outline

for the mode of operation is given in
Figure 2-12. The sample is introduced as
vapour into the ion source through a heated septum using a syringe, where it is ionised using electron
ionisation. The ions are then accelerated to the magnetic sector where the ions are separated
according to mass and the ion of choice can be selected.® The selected ions then pass through to the
second field-free region (FFR). The metastable ions undergo dissociation, those with sufficient
internal energy to dissociate within the FFR, with no collisions. The resulting ions are detected in the

first electrostatic analyser (ESA) according to their kinetic energy.>’

2.5. Computational Methods

2.5.1. Basis Sets

Basis sets are linear combinations of basis functions to create molecular orbital approximations. Basis
functions are comprised of a linear combination of wavefunctions, each are solutions to the
Schrodinger equation. The variational method is applied to optimise the coefficients for the basis

functions, with the criteria being to find the lowest energy. A typical basis set is made up of a linear
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combination of atomic orbitals (LCAO), where each atomic orbital (AO) function is centred on its
respective nuclei. The AOs can be Slater-type orbitals (exact hydrogenic orbitals) which are
computationally heavy or Gaussian-type orbitals (GTO), where a Gaussian approximation is used. To
better account for the molecular orbital shape in GTOs multiple basis functions are used for each AO.
The number of basis functions applied to each AO is defined in the notation as shown in Figure 2-13
using a double zeta basis set as an example. Triple zeta basis sets can be applied which instead of 2

sets of basis functions adds 3 sets of basis functions to the valence orbitals.

Polarisation functions are added throughout the studies to improve the accuracy by accounting for

MPG

N is the number of - shows a split-basis M is the number of
Gaussian functions set where the inner and basis functions used

used for each inner- valence orbitals are for each inner-
shell orbital treated separately valence orbitals

Figure 2-13: Gaussian basis set notation summarised.
the polarizability of the molecules, it does this by adding these functions to the atoms defined in the
basis set. Throughout the forthcoming chapters d,p polarisation is specified which adds the

polarisation function d to second row atoms only and p polarisation function to hydrogen atoms.

Diffuse functions are also added to the basis set to help describe the electronic structure of the
outermost electrons and account for the long-range electron density. This is useful for systems that
have weak intermolecular interactions, such as Van-der-Waals, therefore particularly helping in
transition state determination. These are denoted by + or ++ depending on the number and

application of the diffuse functions.
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2.5.2. Correlation methods

Density functional theory (DFT) calculations were performed. DFT methods were adapted from
Hartree-Fock methods that assume electrons move in an average potential generated by all of the
other electrons without accounting for the interactions between them, known as electron
correlation. However, DFT treats electron correlation differently by using Kohn-Sham equations,
which includes contributions from both exchange (the repulsion between identical electrons) and
correlation (the tendency of electrons to avoid each other), known as the exchange-correlation
functional. Hybrid functionals between Hartree-Fock exchange and DFT-exchange correlation can

improve the accuracy of the calculations.

B3LYP is used in this study which includes local (short-range) and non-local (long-range) exchange
contributions, while staying less computationally intensive for the geometry optimisations. The
commonly used B3LYP methods used in the chapters is B3LYP/6-311++G(d,p) which is a triple zeta,
split valence basis set with the inclusion of diffuse and polarisation functions. This provides a good
balance between a complete basis set and computational efficiency and is used for geometry

optimisations as a result.

Similarly, M06-2X-GD3/aug-cc-pVTZ is used throughout the chapters which is also a DFT method used
for geometry optimisations. Zhao’s and Truhlar’s M06-2X functional is specified including Grimme’s
empirical dispersion correction (GD3) and the cc-pVTZ and aug-cc-pVTZ basis sets of Dunning.>#-0
The ‘aug’ specifies diffuse functions applied to ‘augment’ the basis set, ‘cc-p’ stands for 'correlation-

consistent polarised’, 'V' shows they are valence-only basis sets and ‘TZ’ stands for triple zeta.

CCSD(T)®%%? is also specified in the chapters to refine the energetics by completing a single-point

energy calculation. CC specifies a coupled-cluster method that takes the basic Hartree-Fock
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molecular orbital method and to account for electron correlation uses multi-electron wavefunctions
that use the exponential cluster operator. SD(T) allows for the number of excitations, single, double
and triple respectively for S D and T. It is a much more computationally heavy method; however, it

produces some of the most accurate energetics for small molecules.

2.5.3. Composite Methods

For more accurate energy determinations, single point composite calculations were implemented.
These are more computationally intensive so were chosen to be energy calculations from the already
determined geometries from the previously discussed B3LYP or M06 DFT methods. Composite
methods apply more complete basis sets and then extrapolate to obtain the best energy
approximation. The composite methods applied are CBS-QB3%3 and the more recently developed
SVECV-f12 method of Ventura et al.%* The former delivers reasonably accurate energetics at a
moderate computational cost.®> The latter is specially developed to give more accurate
approximations for reaction barriers in particular.®* The basis sets that are applied before complete

basis set extrapolation are shown in Figure 2-14.

CBS-QB3 SVECV-f12

B3LYP/6-311G(2d,d,p)

CCSD(T)-F12/pVDZ-F12

(5D, 7F)
CCSD(T)/6-31+G(d’) CCSD(T)-F12/pVTZ-F12
weasoqicases  COpRieiebes et
MP2/CBSB3

Complete basis set
extrapolation

Figure 2-14: Flow chart showing the basis sets applied in the composite methods, CBS-QB3
(left) and SVECV-f12 (right).
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Chapter 3. Probing the Pyrolysis of Methyl
Formate in the Dilute Gas Phase by
Synchrotron Radiation and Theory

3.1. Published Contributions

B. Lowe, A. L. Cardona, J. Salas, A. Bodi, M. A. Burgos Paci and P. M. Mayer, J. Mass Spectrom., 2022,

57, e4868.

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO

data and wrote the accompanying sections along with the introduction.

A. L. Cardona along with assistance from J. Salas and supervised by M. A. Burgos Paci completed the
computational side including the Gaussian calculations and statistical modelling, writing the methods

and findings in the accompanying sections.

A. Bodi assisted with work completed at the Swiss Light Source.

3.2. Introduction

The need for oxygenated fuel additives, designed to decrease particulate matter emissions, has led
to the increased release of formates into the atmosphere. These formates are also produced in the
atmosphere through reactions involving volatile organic compounds (VOCs).5>% Understanding the
role that these molecules play in atmospheric chemical processes is therefore of importance. Methyl
formate (MF) is a colourless liquid with a high vapour pressure which is commonly used as a quick-
dry finishing solvent in resins, a cooling agent, and a precursor to other molecules in the chemical
industry.®’ It is also produced in the atmosphere from oxidation of VOCs, such as ethyl vinyl ethers,

with *OH, NOs and 03.2%%7 In addition, methyl formate is a good model compound to understand the
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chemistry of more complex esters used in the production of and found in biodiesel.®>%668 When such
esters experience high-temperature combustion environments, they may also decompose to smaller
molecules or ions, such as CH30CO*, CH3OH, and CO.%° The combination of the atmospheric presence
of these molecules and the high engine temperatures that these formates are exposed to make the

pyrolysis pathways significant in the determination of the atmospheric fate of these molecules.

The increasing interest in biofuel development has inspired several studies on methyl formate
combustion chemistry. The generally accepted mechanism was developed by Dooley et al.*? from
shock tube experiments. They showed the major MF decomposition pathways to be hydrogen
abstraction, with reactions (3-1) and (3-2) contributing 31% and 17%, respectively. The remaining MF
is decomposed in unimolecular processes outlined in reactions (3-3) and (3-4), which contribute to

38% and 3% to the total methyl formate decomposition.®®

CH30CHO+0->CH;0CO0 + OH (3-1)
CH30CHO+OH->CH;0C0 + H,0 (3-2)
CH30CHO->CH30H + CO (3-3)
CH30CHO -> CH,4+CO, (3-4)

Dooley also saw CH;0 as a product, however, attributed it to the sequential thermal decomposition

of methanol (3-5).

CH30H > CH,0+H, (3-5)

This is in contrast to computational studies by Francisco’® suggesting the direct decomposition of

CH,0 from MF (3-6).

CH;0CHO = CH,0+CH,0 (3-6)
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Dooley disregarded this option because the activation energy calculated by Francisco, when inserted
into his kinetic model, did not match his experimental results.*° In this study, we employ low-pressure
pyrolysis to study primarily unimolecular decomposition processes as a function of temperature,
identifying the products by photoion mass-selected threshold photoelectron spectroscopy (ms-
TPES). To distinguish neutral decomposition from dissociative ionization conclusively, it is important
to know the chemistry and fragmentation paths of the MF radical cation. MF** decompose to
CH3OH** + CO at low internal energies,’! then the fragments CH,OH* + HCO* dominate above 11.8

ev.

3.3. Experimental Procedures

The experiments were carried out at the Swiss Light Source (SLS, Paul Scherrer Institut, Villigen,
Switzerland) using imaging photoelectron photoion coincidence (iPEPICO) spectroscopy at the VUV
beamline, the details of which have been described thoroughly elsewhere.”?73 Pyrolysis was carried
out using the high-temperature pyrolysis microreactor previously described for this endstation.**74
Synchrotron radiation with 3 meV energy resolution was dispersed using a 600 grooves/mm grating,
the higher harmonics filtered out using a differentially pumped gas filter filled with 9 mbar of a Ne:Ar
mixture over 10 cm optical length. The resulting monochromatic VUV radiation photoionises
molecules in a 2x2 mm? interaction region. Both photoions and photoelectrons were velocity-
mapped on imaging RoentDek delay line detectors. The electrons are time- and position-stamped at
the detector, and the delayed, coincident photoion signal is evaluated to obtain the time-of-flight
mass spectrum. Threshold photoelectrons are detected at the centre of the electron detector,
whereas non-zero-kinetic energy (“hot”) electrons are detected according to their off-axis
momentum. Hot electrons without an initial lateral momentum component also have a trajectory to

hit the centre spot. The mass spectrum based on electrons detected in a ring around the centre spot
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is used to subtract the hot electron contamination from the centre signal to obtain the threshold
photoionisation mass spectrum.’ Plotting the normalized intensity of a peak with a particular m/z
ratio from these mass spectra as a function of photon energy yields the photoion mass-selected TPES,

ms-TPES.’®

Pyrolysis experiments were performed by passing argon, at a pressure of 1.8 bar and a flow rate of 1
sccm, over a vial cooled to 8 °C and containing the sample. At this temperature, the methyl formate
vapor pressure is ca. 380 mbar.”’ This mixture was further diluted with argon to a flow of 41 sccm,
resulting in about 0.5% sample in argon, which expanded through a 100 um pinhole into the 3 cm
long, 1 mm internal diameter, resistively heated SiC pyrolysis microreactor. Reactor surface
temperatures had been measured in an identical pyrolysis setup by a type C thermocouple, and the
reactor temperatures herein have been derived based on the previously observed power

dependence (3-7):

T/°C = P/W x 14.27 + 303 (3-7)

Where T is the reactor temperature and P is the heating power. The reactor temperature is
considered to represent the gas temperature inside the reactor to within 100 °C.”® The pressure and
residence time in the reactor has been estimated to be 10-40 mbar and up to 100 ups,
respectively.”®”® The reactor is placed in the source vacuum chamber, where the pressure was ~ 5 x
107> mbar during measurements. The molecular beam exiting the pyrolysis reactor passed through a
2 mm diameter skimmer into the detection chamber, kept at a pressure of 10°® mbar during
measurements. Cation velocity map imaging means we could select only ion signals from the
molecular beam portion of the ion image (Figure Al-1 of appendix 1), disregarding the scattered, re-

thermalized background signal (Figure A1-2), thereby selecting unambiguously pyrolysis products
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exiting the furnace. Temperatures between 200 and 1000 °C can be explored as a function of photon

energy to probe the distribution of pyrolysis products as a function of temperature.

3.4. Computational Details

3.4.1. Electronic Structure Calculations

The optimized structures and thermochemical properties for stationary points in the calculated
reaction pathways were obtained using density functional theory (DFT) with Zhao’s and Truhlar’s
MO06-2X>8 functional including Grimme’s empirical dispersion correction (GD3)° and the cc-pVTZ
basis set of Dunning.®® For transition states, intrinsic reaction coordinate (IRC) calculations were
carried out to confirm that they connect the proposed reactants and products. Single-point energy
calculations with coupled cluster singles and doubles including perturbative triples correction
CCSD(T)8%%2 were performed at the DFT-optimized geometries. In addition, the CBS-QB3 composite
method was also used, which delivers reasonably accurate energetics at a moderate computational
cost.®® The Franck—Condon simulation of the MF TPES was carried out at the B3LYP/6-311++G(d,p)

level of theory. All electronic structure calculations were carried out using Gaussian 16.8°

3.4.2. Kinetics

The kinetics calculations were carried out using the thermo and ktools programs of the MultiWell
suite®-83 over the temperature range of 300-2500 K. The molecular channels were calculated using
canonical transition state theory (TST) with Eckart asymmetric tunnelling correction.®* For
dissociation channels, canonical variational transition state theory (CVTST) was used to locate the
transition state assuming that the path corresponded to a bond being broken, i.e., a barrierless
reverse association channel. Constrained geometry optimizations were carried out at fixed C—O and
O-C bond distances depending on the case (Figures A1-4 and A1-5), starting with 30 points with a

step size of 0.03 A. The optimized geometries at each point were used to obtain the rotational
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constants, the vibrational zero-point energy (ZPE) corrections and frequencies orthogonal to the
reaction path. The CVTST rate constant for a given temperature is identified as the minimum “trial”
CVST rate constant as a function of distance along the reaction coordinate.?>®” Using the simulated
kinetics constants, a sensitivity analysis was performed using the KINTECUS®® program to determine

the weight of the proposed dissociation pathways at different pyrolysis temperatures.

3.5. Results and Discussion

MF pyrolysis mass spectra recorded at a photon energy of 14 eV and at varying pyrolysis
temperatures are presented in Figure 3-1. The mass spectrum at 474 °C shows peaks at m/z 60 (MF*
= methyl formate radical cation), 32 (CH30H"), 31 (CH,OH*) and 28 (CO*) with the assignment given

in brackets. The m/z 18 peak corresponds to water, present in the chamber as background.

28 > CO* 30  CH,0*
31 5 CH,OH*
32 > CH,OH"
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Figure 3-1: Mass spectra over varying pyrolysis temperatures recorded at 14 eV photon energy.

When the pyrolysis temperature is increased to 688 °C and beyond, new peaks appear in the mass

spectrum at m/z 44 (CO;*), 30 (CH20%), and 29 (CHO*). It is also observed that the intensity of the m/z
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60 peak decreases when the temperature increases. The most abundant peaks are in accordance

with previous studies. #6884

To confirm the isomeric identity of the spectral carriers of the m/z peaks, the corresponding ms-TPES
were extracted and compared with the literature. Figure 3-2 shows the TPES for m/z 60, ionized MF,

at 688 °C.

The origin band at 10.83 £ 0.01 eV agrees with the ionization energy reported by Waterstradt et al.
using threshold electron detection® and a recent He(l) photoelectron spectrum by Nunes et al.*° The
peaks following show the presence of vibrational structure: the spacing of 832 cm™ corresponds
primarily to a stretching vibration of the methyl carbon and the adjacent oxygen and that of 1485
cm™ corresponding to a methyl group deformation, which were confirmed by Franck—Condon

simulation of the spectrum, shown in red in Figure 3-2.
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Figure 3-2: ms-TPES for m/z 60 (black markers), methyl formate, obtained at a pyrolysis
temperature of 688 °C with a FC-simulation overlaid (solid red curve).

Figure 3-3 shows the ms-TPES for m/z 30 (CH,0). This TPES exhibits a single peak at 10.88 + 0.01 eV,
which corresponds to the ionization energy of formaldehyde, 10.889 eV.°! This is also in agreement

with the PEPICO studies completed by Nishimura et al.”*

1 10.88 +0.01 eV

Intensity / arbitrary units

v

10.0 10.2 10.4 10.6 10.8 11.0 11.2 11.4 11.6 11.8 12.0
Photon Energy / eV

Figure 3-3: ms-TPES for CH,0, m/z 30, obtained at a pyrolysis temperature of 974 °C.
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The ms-TPES for m/z 31 is shown in Figure 3-4. The peak indicated in red (10.88 eV) in the figure is

the residual *3CH,0 signal after correction based on the m/z 30 ms-TPES (Figure 3-3) and is likely an
artefact. Dooley et al. showed that CH30® is produced when the CH30CO® radical (formed by

hydrogen abstraction from methyl formate) itself decomposes by reaction (3-8).%8

CH;0CO -> CH;0 + CO (3-8)

However, the spectrum in Figure 3-4 exhibits a gradual onset starting from 10.72 eV and the profile
is similar to that obtained by Yu et. al.?> for CH,OH* produced from the dissociative photoionization
of methanol. The authors complemented the TPES spectrum with theoretical modelling and assigned
m/z 31 to CH,OH". In addition, this TPES was completed at 974 °C where neutral MF (and thus the
radical cation) is in very low abundance (see Figure 3-1), so producing this amount of CH,OH* from
MF** dissociation is unlikely. Furthermore, if neutral *CH,OH were made by pyrolysis, it would be
observed at much lower photon energy than its onset in Figure 3-4 because of its low ionization
energy of IE(CH20H) = 7.56 eV.* Finally, the recently measured TPES of CH30°® by Tang et al.®* shows
a discrete band at 10.72 eV, which is not observed in the present study, confirming that the peak

corresponds to CH,OH* from the dissociative photoionization of methanol.

h 10.72 eV 13CH20

Intensity / arbitrary units

10.0 105 11.0 11.5 12.0 125 13.0 13.5 14.0
Photon Energy / eV
Figure 3-4: ms-TPES for m/z 31 obtained at a pyrolysis temperature of 974 °C.
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Methanol radical cations are known to be a product of the dissociative photoionization of methyl
formate, but the appearance energy for this process is 11.58 eV,°> higher than that shown in Figure
3-5, indicating that neutral methanol is also being formed by pyrolysis and then ionized. However, at
lower temperatures (and thus higher methyl formate radical cation abundance), we also observed a

contribution to m/z 32 from the dissociative ionization of MF.
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Figure 3-5: ms-TPES for CH30H, m/z 32, obtained at a pyrolysis temperature of 974 °C.

3.5.1. Reaction Pathways and Kinetics

Ground state reaction mechanisms for the thermal decomposition of methyl formate were evaluated
using ab initio calculations. Six channels were postulated (Figure 3-6), which explain the final products
found by experiment, plus two homolytic bond cleavages to form CH30® + HCO® (Do-c) and CHs® +

HCO:* (Dc-0). The formyl hydrogen atom is presented in red in the figure.
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Figure 3-6: Unimolecular dissociation mechanisms for MF. To highlight hydrogen migration, the
formyl hydrogen atom is shown in red.

Five channels start from the most stable conformer Z-methyl formate (Z-MF). Do-c and Dco
correspond to direct homolytic fission and are barrierless paths with loose transition states. The first
one corresponds to the homolytic dissociation of the O—C bond to give HCO* and CH30° radicals and
channel Dco yields CHs* + HCO;". The other channels give rise to closed-shell products. Channel 1
yields CO and CH3OH involving a three-centre transition state, TS (TS_ki). In this case, the hydrogen
from the formyl group is part of the TS and interacts with the central O to form the O—H bond of
CH3O0H. The second channel involves a four-centre TS (TS_kz) that dissociates to give two CH;0

molecules. In this case, one H from the CH3 fragment is involved in the TS and migrates from the CH3
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to the CH=0 moiety. In the third channel, isomerization from the Z to the E conformer takes place
first, followed by a four-centre TS, TS_ks, which dissociates to give CHs4 and CO: as final products. In
this four-centre TS, the formyl H interacts with the methyl carbon to form CHa4. Channel 4 gives,
through a five centre TS (TS_ka), CH,0 and hydroxy methylene fragment HOCH that further
isomerizes to CH,0 (TS_kim). Molecular structures for these TS’s are presented in Figure 3-7, and the

optimized structures for MF conformers and reaction products are included in appendix 1.

Z-MF E-MF

TS_meon TS_kim
Figure 3-7: Optimized geometries at the M06-2X-GD3/cc-pVTZ level of theory of the MF conformers
and transition states for decomposition (bond lengths in A). Blue arrows illustrate the normal mode
with the imaginary frequency, corresponding to the reaction coordinate, in each TS.

The minimum energy reaction surface for the thermal decomposition of MF is depicted in Figure 3-8

and the calculated energies are presented in Table Al-1. The difference in the activation energy
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values between the three methods is less than 12 kJ mol™? (ca. 4%). For the final product energies,
the three methods give more of a spread with deviations of 25% for route 1 and 12 % for the other
routes. Inspection of Figure 3-7 and Table Al1-1 indicate that the first step of channel 1 has the lowest
activation energy (TS_k1), followed by TS_k2. The next TS is TS_k3 that is close in energy with the
homolytic Do-c and Dc-o paths. TS_k4 has the highest energy from reagent and TS_kim corresponds
with the highest energy TS of the PES and corresponds to the isomerization of the HC=OH
intermediate. The second step of channel 1, which is the dissociation of CH3OH to CH;0 and H;

(TS_meon) is also a high energy path.
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Figure 3-8: Minimum energy reaction pathways for the thermal decomposition of MF at the M06-2X-
GD3/cc-pVTZ level of theory.

3.5.2. Kinetic Analysis

Theoretical rate constants for the decay channels discussed in the previous section are tabulated in

Tables A1-1 and A1-3 in appendix 1. They correspond to two bond fission channels with loose TS
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(kp_c-oand kp_o-c) and four isomerization channels over tight TS (ki1 to ka). Our calculations estimate
that the decomposition rate of MF to methanol and carbon monoxide is the dominant channel
compared to the other molecular channels. However, when the temperature increases, the fission
channel of the O—C bond begins to be more favoured.

From the rate constants calculated for the different channels, a sensitivity analysis for the MF
concentration was performed for each temperature. In the sensitivity analysis, coefficients near zero
represent reactions with no influence on the concentration of a particular species and positive and
negative values indicate sources and sinks, respectively, for that component. The coefficients

obtained are presented in Table A1-2.

The coefficients obtained indicate that the prevailing channel is 1. At 474 °C, all the other channels
have zero coefficients, so only methanol and CO, the products from this channel are expected to be
formed. This result agrees with the species present in the mass spectrum (Figure 3-1) at this
temperature: MF*, CH3OH*, CH,OH* (from methanol) and CO*. Also, when the temperature increases
(688 °C, 973 °C and 1087 °C), the other channels are enabled (coefficients are nonzero) so in the mass

spectra the signal of MF diminishes, and other products appear (COz and CH;0).

In general, as the temperature increases, the differences between the computed rate constants
decrease, which indicates a broader spectrum of decomposition products, such as formaldehyde,
carbon dioxide and methane. This can be observed in Figure 3-9, where the ratio between ki and k;
is depicted as function of temperature with the energies and configurations obtained for the three
theoretical methods. As can be seen, the ratio diminishes considerably with temperature, indicating
that the rate constants become similar. A similar behaviour is observed for the other channels, shown

in appendix 1. It is worth noting that, for the Do-c channel, the rate constant becomes higher than ki
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around 1000 K. The fact that CH30* and HCO® are not observed in the experiment indicates that they

likely react with surfaces in the furnace, or decompose sequentially.
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Figure 3-9: Relationship of the theoretical reaction rates ki and k; as a function of temperature.

In Table Al-3, the Arrhenius parameters calculated from the reaction rate constants are listed at
different temperatures. In general, there is good agreement with the values obtained previously4%-°¢
(Figure 3-10 and Figures A1-16 to A1-20 in appendix 1) but with deviation at low temperatures. Below
1500 K, the partition functions differ by many orders of magnitude making the rate constants very
sensitive to the vibrational frequencies from the electronic structure calculations. The CBS-QB3
method presents a non-linear plot due to the known limitations of this method in transition state
characterization.?”® In addition, it is observed that the trend is similar, especially the increase in the
pre-exponential factors of the decomposition channels through bond fission, calculated from loose

transition states that are more sensitive to the uncertainty in the kinetic model.
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Figure 3-10: Comparison between calculated ki with previous experimental values.

3.5.3. Formaldehyde branching ratio

Francisco’® calculated that CH,0 can come from both the decomposition of MF (our k2) or from the
sequential decomposition of CH3OH formed in ki (via TS_meon) as deduced by Dooley.*° The full
kinetic model comparing these two pathways is described in appendix 1. Due to the high barrier to
methanol decomposition in Figure 3-8, CH,0 formation directly from MF dominates at temperatures
below 1200K (Figure 3-11). At 747K, 99.96% of the formed formaldehyde comes directly from MF by
path 2. At higher temperatures the proportion of path 1 continues to increase until it reaches levels
above 97% at 2500 K. Although the barrier TS_ki is lower in energy, at low temperatures the energy
of the system is not enough to overcome TS_meon and the formation of formaldehyde via path 2 is
favoured. As the temperature increases, the system has more energy and finally the ratio changes

and the reaction goes almost exclusively by path 1.

45



Chapter 3

120%

110% 1 1 | 1
1 1 1 1
1 1 1 I
100% & - &= <= - - SB-0- - P
99.96% , 98.28% “ ' . _o-6--C-6-9-
1 1 ~ 1 I - “O—
90% - 1 1 N 1 1 L9
1 1 ~ I 1
1 | ~ 1 1 Fd
80% - i i “oi i ~
9 [ 1 Y] 1 7’
+= 1
® 0% - | | 71as% o
gﬂ : : : \ : /I
- ] ] ] 1 ® 1 ’
g A o
5 51.01% -5-
T 50% - | ' i » 26.99% CERRETA I
@ | : My
(@] 40% - | 1 1 7 -5 -
< I I RN Yo/ Yot
S '. ! A
30% 1 : . 2855% 4 1 S
i i @': i .
20% 1 i i S i i \Q\
1 1 1
10% - : v .’ Lo hal oo
0.04% ! 172%!' , ! ! ‘@‘@‘0——0--@_0_*
0% & -0--0--0-09-0--07 ' '
747K' 961K’ 1247K' 11370K
-10% : ; . . . : : .
300 550 800 1050 1300 1550 1800 2050 2300
T(K)

Figure 3-11: Branching ratio for formaldehyde formation by MF - CH30H + CO - CH,0 (P3) + Hy +
CO (P2) (Y1) and MF = 2 CH;0 (P3) (Y2) as function of temperature in the thermal decomposition of
MF. Calculated at M06-2X/GD3/cc-pVTZ level of theory. See appendix 1 for full model details.

3.6. Conclusions

The low-pressure pyrolysis of methyl formate was studied using synchrotron radiation alongside
theory to show the main channels to thermal decomposition. To reach the different decomposition
channels, molecules were exposed to high temperatures. The thermal decomposition pathways of
the neutral were differentiated from dissociative ionization with the help of photoion mass selected
TPES and trends of the ion abundance with pyrolysis temperature. We can accurately determine
routes of thermal decomposition due to the low-pressure environment where primarily unimolecular
processes occur at a quantifiable rate. We were also able to computationally confirm Francisco’s
prediction of methyl formate thermally decomposing directly to formaldehyde and not just via the
initial loss of methanol.”® The predicted rates suggest this direct path is kinetically more favourable
than the path forming CH,0 from sequential methanol decomposition at low temperatures.

The three predominant thermal channels elucidated in this study are:
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CH30CHO->CH;0H + CO

CH;0CHO->2 CH,0

CH;0CHO->CH, + CO,

These results also validate the methodology for studying larger formates and esters in the future.
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Chapter 4. Probing the Pyrolysis of Ethyl
Formate in the Dilute Gas Phase by
Synchrotron Radiation and Theory

4.1. Published Contributions

B. Lowe, A. L. Cardona, J. Salas, A. Bodi, P. M. Mayer and M. A. B. Paci, J. Mass Spectrom., 2023,

e4901.

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO

data and wrote the accompanying sections along with the introduction.

A. L. Cardona along with assistance from J. Salas and supervised by M. A. Burgos Paci completed the
computational side including the Gaussian calculations and statistical modelling, writing the methods

and findings in the accompanying sections.

A. Bodi assisted with work completed at the Swiss Light Source.

4.2. Introduction

Biodiesel is a promising alternative to fossil fuels having a lower carbon burden on the atmosphere.
It is typically made by the transesterification of vegetable oils to produce fatty acid methyl esters
(FAMEs); alternative methods using ethanol can be used to produce fatty acid ethyl esters
(FAEEs).36°° Although the combustion of FAEEs is considered to be closer to ‘carbon neutral,’ it is still
important to study the products resulting from combustion and thermal decomposition in the engine
and their potential for toxic emissions. Ethyl formate (EF) is the smallest of these ethyl esters and
can be used to study the breakdown of larger FAEEs. Shock-tube methods by Balla et al. showed that

the primary decomposition of ethyl formate is by a unimolecular elimination step to produce ethene
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and formic acid.3® This accounted for up to 95% of the products at 927 °C. Since the lowest pressure
employed in the experiment was 0.01 atm, bimolecular reactions made a large contribution to the
total decomposition. This includes the production of methane and propane. Carbon monoxide was
further predicted to be released in the direct decomposition of EF and from the decomposition of
formic acid. However, some products could not be quantified, including Hz, H,0, and CO. Later shock-
wave studies by Ning et al.*! and Ren et al.® also showed the dominance of the decomposition
channel leading to ethene and formic acid. CO, was proposed to be the minor product of a

bimolecular reaction involving ethane rather than originate directly from EF.

Previous theoretical studies explored the mechanism for forming C;Hs + HC(O)OH and found a six-
membered ring transition state mediating the reaction.'%1%! Hermida-Ramdn et al.1®? predicted
three local minimum-energy conformations for EF and studied how different levels of theory affect
the predicted mechanism. More recent work explored further decay channels predicted to be

accessible at high temperatures following kinetic treatment of the results,396103

The experiment at the Swiss Light Source ionizes neutral molecules and radicals to form two distinct
classes of ions relevant to this study: a) unfragmented parent ions of neutral EF and its pyrolysis
products and b) ions resulting from the decomposition of the EF radical cation or of pyrolysis product
parent ions themselves by dissociative ionization. It is therefore important to understand the ion
chemistry of EF to help identify the products of pyrolysis. Zha et al.1®* studied the unimolecular
decomposition of EF** using photoelectron photoion coincidence (PEPICO) spectroscopy and found
that decomposition into C;Hs* + HC(O)OH dominated between 11.0 and 12.5 eV, while
decomposition to CH,OH* + CO + *CHs became the major path above 12.5 eV. Other observed
dissociative ionization channels yielded CH,OCHO* + *CHs; C;H4CO** + H,0; HCOzH,* + *CoH3; CoHsO*

+ *CHO; CoHs* + HC(0)O'; and HCO* + CH3CH,0".
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In this study, we use a low-pressure pyrolysis microreactor coupled to imaging photoelectron
photoion coincidence (iPEPICO) to determine the pyrolysis products for EF.4474105 Coincidence mass
spectra were obtained at different temperatures as a function of photon energy to yield the photoion
mass-selected threshold photoelectron spectra (ms-TPES) of thermal degradation products. In
addition to experimental results, a computational study was performed to provide a complete
mechanism, potential energy surfaces and unimolecular dissociation rate constants of EF. These
results were compared with those obtained experimentally and in previous works to confirm and

validate the implemented methods.

4.3. Experimental Procedures

Imaging photoelectron photoion coincidence (iPEPICO) spectroscopy experiments were carried out
at the Swiss Light Source (SLS, Paul Scherrer Institute, Villigen, Switzerland) on the VUV beamline,
which has been described in detail elsewhere.”>”® The set-up is as described in Chapter 3.3, using

ethyl formate here as the sample.

Previous work with these types of reactors have concluded that the role of unimolecular vs.
bimolecular reactions is largely molecule dependent, with bimolecular reactions increasing with
sample pressure (for obvious reasons). Reactions involving 0.2% propionic acid in argon and 0.3%
furfural in helium gave results consistent with primarily unimolecular chemistry,'9197 while
benzaldehyde pyrolysis at similar concentrations evidenced bimolecular chemistry,% as well as

analogous acetone pyrolysis experiments.108
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4.4. Computational Details

4.4.1. Electronic structure calculations

Computational methods are as described in Chapter 3.4.1. Comparisons to the other methods can be

found in Appendix 2.

4.4.2. Kinetics

Kinetics calculations for the decomposition paths in the high pressure limit were carried out over the
300-2500 K temperature range: unimolecular dissociation rates were calculated using canonical
transition state theory (CTST) with Eckart asymmetric tunnelling correction® for molecular pathways
and canonical variational transition state theory (CVTST) for barrierless pathways assuming that the
reaction path corresponded to a homolytic bond dissociation channel.®>” Temperature and
pressure-dependent rate constants were determined from master equation calculations done with

MultiWell program suite 8183

4.5. Results and Discussion

4.5.1. Threshold photoelectron spectra

Mass spectra obtained at 11 eV photon energy show the EF radical cation as a low intensity peak,
decreasing in abundance with increasing pyrolysis temperature. At 14 eV, where all the products
produced by pyrolysis can be ionised, major peaks were observed at m/z 44, 28, 26, and 18. The
corresponding ms-TPES can be used to identify the spectral carriers of these peaks (Figure 4-1 —

Figure 4-5).

Figure 4-1a shows the TPES for ethyl formate obtained without pyrolysis and the mass-selected TPES
(ms-TPES) for m/z 74. The ms-TPES intensity declines above 10.8 eV due to the dissociation of the

radical cation.’® The measured ionisation energy, IE, of 10.60 + 0.02 eV agrees with that measured
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by Zha et al (10.61 + 0.05 eV).1%* The ms-TPES can be compared to the He(l) photoelectron spectrum

obtained by Smiatek and co-workers.199110 They observed vibrational structure due to modes at 1567
and 596 cm™ and assigned an adiabatic IE of 10.588 eV. FC simulations (Figure 4-1a, red curves)
compare favourably with the experimental spectrum and highlight vibrational excitation of three
main modes, 575 cm™ (scissor bend of the CO, group), 703 cm™ (internal rotation of the HC(O)O
group relative to ethyl), and 1583 cm™ (stretching of the C—O bond between HCO and the ethoxy
group), two of which were identified by Smiatek et al.1®® Figure 4-1b corresponds to the ms-TPES of
m/z 74 with the furnace at 717 °C (990 K). The low signal in Figure 4-1b is due to the pyrolytic
degradation of ethyl formate reducing the amount of m/z 74 produced by photoionization. With the
heater on, only the ms-TPES can be derived as the total electron signal has contributions from the

ionization of neutrals formed by the pyrolysis of ethyl formate.
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Figure 4-1: (a) TPES and ms-TPES for m/z 74 with 0 W on the furnace along with Franck-
Condon simulation (red) corresponding to the most stable C-T isomer (see text) of ethyl
formate. (b) ms-TPES for m/z 74 at 717 °C, with the Franck—Condon simulation overlaid in red.
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Figure 4-2 shows the m/z 30 ms-TPES. The measured IE of 10.87 + 0.02 eV corresponds to the

ionization energy of formaldehyde (CH,0, 10.88 eV).%?

10.87 £ 0.02 eV

—

Intensity / arbitrary units

0 ] L) - L)
10.2 10.4 10.6 10.8 11.0 11.2 11.4
Photon Energy / eV

Figure 4-2: ms-TPES for CH,0, m/z 30, obtained at 717 °C (990 K). The reported ionization energy of
formaldehyde is 10.88 eV.

The ms-TPES for m/z 44 is shown in Figure 4-3. Observed pyrolysis species are acetaldehyde, IE =
10.21 + 0.02 eV (compared to the reported 10.24 eV),*'! and CO,, IE = 13.76 + 0.02 eV (compared to
the known 13.78 eV).1'2 The FC simulation of acetaldehyde ionization matches very well with the
experimental spectrum and displays a progression in a 1307 cm™ mode corresponding to a hydrogen
wagging mode. The m/z 44 ms-TPES also illustrates a unique analytical advantage of PEPICO
detection: at the ionization energy of CO,, acetaldehyde dissociatively photoionizes. Thus, the pure
CO; TPES can be recorded and assigned in this energy range, although acetaldehyde is another

significant component in the reaction mixture with 44 amu mass.
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Figure 4-3: ms-TPES of m/z 44 indicating the presence of acetaldehyde (CH3CHO, left peak)
and carbon dioxide (CO>, right peak). An FC simulation is overlaid in red for CH3CHO.

The ms-TPES for m/z 28 exhibits three features in Figure 4-4. The leftmost band is due to C;Hs formed
by pyrolysis of EF, (IE = 10.50 + 0.02 eV, corresponding to that obtained by Williams and Cool).*3 FC
simulations (shown in red) showed the major vibrational excitation to be 891 cm™ corresponding to
a rocking motion of the hydrogens. The broad peak in the centre of Figure 4-4 at ~12.5 eV also
corresponds to CaHs**; however, the ethylene cation seen in threshold ionization in this photon
energy range is due to the dissociative ionization of ethane, C;Hs. Ethane parent ions yield C;Ha** only
0.57 eV (0 K) above the adiabatic ionization energy of 11.8 eV,*41> due to the quantum tunnelling
of H atoms.1%® Our experiment has ions at much higher temperatures, which shifts the onset lower
in energy. We did not observe a TPES signal in coincidence with m/z 30 ions corresponding to CoHe*™*
(see Figure 4-2). Since the photoelectron spectrum for ethane is already broad due to Jahn-Teller

distortion and vibrational coupling effects,*!’ the resulting TPES for ethane in our experiment may be
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below the detection limit. The rightmost peak at 13.98 + 0.02 eV is due to CO, based on its known

ionisation energy.!'® Thus, in the m/z 30 channel, PEPICO is capable of identifying three neutral

spectral carriers independently.

- 10.50 £ 0.02 eV 13.98 £0.02 eV

Intensity / arbitrary units

100 105 110 115 120 125 13.0 135 140

Photon Energy / eV

Figure 4-4: ms-TPES of m/z 28 showing the presence of ionized C;Hs4 from the pyrolysis of EF (left
most peak), C;Ha** formed from the dissociation of CoHe** (centre peak) and ionized CO from the
pyrolysis of EF (right most peak). The FC simulation for CaHaionization is overlaid in red.

Figure 4-5 shows the ms-TPES for m/z 46, which contains two sets of bands. The low-energy band
with an onset at 10.46 £ 0.02 eV corresponds to ethanol, with a reported ionisation onset of 10.48
eV.1* Its ionisation energy is ca. 100 meV lower, which indicates large geometry change and explains
the broad nature of the peak.’?° The 0 K appearance energy for H loss is 10.81 eV,*2° which explains
the disappearance of the ethanol signal above 10.75 eV. The set of peaks to the right are due to the
ionization of formic acid (IE = 11.32 eV).'?! The vibrational fine structure is primarily from an
asymmetric CO stretch with a frequency of 1536 cm™ as confirmed by the FC simulation. Two neutral

spectral carriers are thereby identified.
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Figure 4-5: ms-TPES of m/z 46 showing ethanol (low-E band) and formic acid (high-E band)
contributions. An FC simulation is overlaid in red for formic acid.

Finally, the m/z 26 ms-TPES is shown in Figure 4-6. Acetylene is the carrier of the peak on the left at
11.38 £0.02 eV, which is formed in the decomposition of neutral EF (IE = 11.40 eV).*?2 The vibrational
fine structure is due to the active symmetric stretch at 1889 cm™ as confirmed by the FC simulation.
The high-energy band is due to C;H,** formed in the dissociative ionisation of C;Hs, with an
appearance energy of 13.2 eV. The dissociative ionisation onset is skewed to lower photon energies
by the high thermal internal energy of the precursor ion.'?* Other hydrocarbon fragments could also
produce C;Hx** by dissociative ionization. At least two neutrals are, thus, found with the help of the

m/z 26 ms-TPES.
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Figure 4-6: ms-TPES of m/z 26 showing the ionization of C;H, formed in the thermal
decomposition of EF (left) and CoH,** formed from the dissociative ionization of CaHs (right).

An FC simulation for C2Hz is overlaid in red.

Based on the experimental TPES, the observed pyrolysis reactions of ethyl formate are summarized

in Table 4-1.

Table 4-1: Neutral reaction pathways based on products observed in the experiment and where these

reactions are found in the literature.

No. Reaction ms-TPES assigned of References
R1  CH3CH20C(O)H = CzHs + HC(O)OH C,Ha, HC(O)OH 39,41,124
R2  CH3CH20C(O)H = CH3CH20H +CO  C2HsOH, CO 39,41,125
R3  CH3CH,OC(O)H - CHsCHO + CH,0 CH3CHO, CH20 103,126
R4  CH3CH,OC(O)H - CyHg + CO> CoHe*, CO2 96,103,115
Rla HC(O)OH - CO + H;0 Cco 39,127
R1b CoHs > CoHz + Hy C2H> 126

*Ethane is not directly observed but inferred based on dissociative ionization products (see text).
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4.5.2. The ethyl formate molecule

We have labelled the oxygen and carbon atoms in EF as 01=C1(H)-02—C2(H,)—C3Hs. The lower
energy conformations of EF according to the cis-trans and cis-gauche dihedral angles 01-C1-02—-C2
and C1-02—-C2-C3 are denoted as C-G, T-G, C-T and T-T, respectively (Figure 4-7). These
conformations can be compared with previous studies that predicted between three and five
equilibrium species.*%192103 The C-G and the C-T forms are the most stable conformations of EF with
an estimated enthalpy difference of about 1 kJ mol™ with all calculation methods (appendix 2). The
results agree with previous experimental observations of the gas phase conformer distribution!?® and
calculated energy differences.'%%12° The energy of the C-T geometry was predicted to be 1.1 (1.2),
19.6 (19.4), and 20.0 (19.7) k) mol~* lower than C-G, T-G and T-T geometries, respectively (energies

at the M06-2X-GD3/aug-cc-pVTZ and SVECV-f12 levels).

8o.coc=-175.97 Sococ= 056

8cocc= 8873 8c.o.cc=80.66
T-G C-G

8o.coc= 0.00 80.c.0.c =180.00

8c.0.c.c =180.00 8co.c.c =180.00
C-T T-T

Figure 4-7: Optimized geometry of the EF minima
conformation at the M06-2X-GD3/aug-cc-pVTZ level.
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The calculated relative energies for the geometries of EF and all transition states between them can
be found as supporting material. Of the four minimum EF molecular conformers found in this study,
only the C-T conformer was found to have significant Franck—Condon factors near the ionization
threshold (and is responsible for the FC simulations in Figure 4-1). This is due to the stable C-T radical
cation conformation, which minimizes electrostatic repulsion between the O atoms and the
neighbouring CH; group hydrogens, both of which carry small positive charges. The other conformers
undergo large geometry change upon ionization, which leads to small FC factors close to the adiabatic
ionization energy and, presumably, a slowly rising and featureless photoelectron spectrum for the

ground-state cation.

4.5.3. Reaction pathways for the thermal decomposition of EF

We considered eight EF decomposition pathways: six unimolecular rearrangement pathways that
account for reactions listed in Table 4-1 through well-defined transition states and two direct
homolytic bond fission pathways. A scheme of EF decomposition is shown in Figure 4-8 and the
energetics for each path are summarized in Figure 4-9. There is good agreement between the
calculation methods employed for the optimized structures and their energies (Table A2-1 in
appendix 2). R1 corresponds to an internal elimination mechanism through a concerted six-
membered TS in which a hydrogen goes from C3 in the ethyl group to the carbonyl oxygen, while
breaking the C1-02 bond. The relative energy for the TS_1 is 209.4 (208.1) mol™ (listed hereafter at
the M06-2X-GD3/aug-cc-pVTZ and (SVECV-f12) levels of theory). This is the path with the lowest

barrier and the products formed in this path are favoured in the thermal decomposition process.

Reactions R2-R5 involve hydrogen migration. R5, which forms an isomer of CH,O, occur by the same

hydrogen transfer mechanisms as reported for methyl formate.6870,130,131
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CH5CH,0C(0)H ->CH;CHO + HC=0H (R5)

The calculated relative energies for TS_2, TS_3, TS_4 and TS_5 are 295.7 (284.7), 301.9 (301.9), 348.6
(335.8) and 439.1 (429.0) kJ mol™. The hydroxymethylene intermediate (IM) formed in (R5) may

finally yield formaldehyde through internal H rearrangement.
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Figure 4-8: Paths in the unimolecular decomposition of EF. The formyl hydrogen is
shown in red.
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Figure 4-9: Enthalpy diagram (298 K) for the unimolecular decomposition of EF at the M06-2X-
GD3/aug-cc-pVTZ level of theory. See Figure 8 for the description of each channel.

Chou et al.!® proposed a four-membered ring TS for reaction R6, an H; elimination yielding

CH2CHOCHO + Hy, at an energy of 471 kJ mol™ at the (U)B3LYP/aug-cc-pVQZ//(U)B3LYP/aug-cc-pVTZ

level. Instead of this path, we have found a six-membered ring TS at ca. 170 kJ mol™ lower energy,

namely 306 kJ mol™ at the M06-2X-GD3/aug-cc-pVTZ level. In TS_6, H; is formed when the formyl

hydrogen bonds to a C3 hydrogen while the C1-H, 02—C2 and C3—-H bonds are broken, leading to

CzHa, COz and Ha. As can be seen in Figure 4-10, the six-membered ring geometry makes the TS_6

energetically and sterically more feasible.
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TS 1 TS 2 TS 3

TS_4 TS_5 TS_6
Figure 4-10: Optimized geometries of the EF thermal decomposition TS at the M06-
2X-GD3/aug-cc-pVTZ level of theory.

The direct bond fission channels are endothermic with the C2—-02 (R8) channel being 23.5 kJ mol™
lower in energy than the 02—C1 channel (R7). Secondary products as C2H, and CH3CHO could also be
produced from the decomposition of C;Hs (R1 and R6) and CH3CH,OH (R2) via Hz elimination. The
C2Ha decomposition to C;Hz is a two-step Hz elimination through the ethylidene intermediate and
two TS with relative energies 362.2 (355.7), and 506.5 (506.6) k] mol™. While CH3CH,OH decays
through a four-centre TS with an energy of 409.8 (402.0) mol~t. HC(O)OH could decay to CO + H,0
via a three-centre TS at 361.9 (345.2) kJ mol~* or CO; + H> via a four-centre TS 365.0 (355.5) kJ mol=.
The complete EF decomposition mechanism and schematic PES are shown in Figures A2-15 and A2-

16 in appendix 2. Reaction products agree with those reported in the experiments performed.

The calculated barrier values for transition states at the SVECV-f12 level agree well with the previous
values calculated with the high level methods*103129 with an estimated difference below 1%,
suggesting that the SVECV-f12 composite method is a good choice for describing thermal

decomposition barriers and mechanism of formates (Table 4-2).
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Table 4-2: Relative zero-point corrected energy (E-ZPE) for the unimolecular thermal decomposition
of EF. Comparison between methods (k) mol™).

MO06-2X-GD3/a-TZ? SVECV-f12 B3LYP/a-QZ>* CCSD(T)/CBS(T-Q)¢
TS Products TS Products TS Products TS Products
R1 209.4 71.3 208.5 63.3 188.0 - 210.0 63.2
R2 295.7 51.0 284.7 41.8 274.1 - 285.8 39.8
R3 301.9 123.8 301.9 113.0 284.2 - 301.7 113.0
R4 348.6 -77.2 335.8 -88.5 299.4 - 335.1 -89.1
R5 439.1 336.6 429.0 330.8 405.3 - 429.7 330.1
R6 306.4 56.4 300.0 42.1 - - - -
R7 - 417.2 - 412.0 - - - 415.47
R8 - 393.4 - 389.6 - - - 379.49
2 a-TZ stands for aug-cc-pVTZ and a-QZ represents aug-cc-pVQZ
b REf 103
c Ref 41

4.5.4. Kinetic Modelling

High-pressure limit (HPL) rate constant calculations for all unimolecular decomposition pathways of
EF employed harmonic vibrational frequencies also for large-amplitude internal motions. Considering
the less than 100 ps residence time of the sample in the heated region of the pyrolysis microreactor,
the absolute rate constants are too low to account for the observed conversion of the sample. This
is consistent with the findings of Pazdera et al., who calculated dimethoxymethane decomposition
rate constants, which also appear to be too low for the reaction to proceed significantly in the heated
zone.'3? Photoelectron spectroscopy and dissociative ionization experiments have shown that the
rovibrational cooling in the expansion is negligible after the sample leaves the reactor.*® Therefore,
unimolecular reactions may proceed further during the ca. 1 ms collision-free flight time from the
reactor exit to the ionization region. Therefore, only relative rate constants are analysed to obtain
branching ratios. The calculated rate constants, as well as the relative energies of the TS’s (Table A2-
1), indicate that the decomposition to HC(O)OH + C;Ha is the main reaction path in the temperature

range used for calculations (300-2500 K), in agreement with experimental observations. However, it
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is observed that when the temperature rises, other decomposition routes become energetically
accessible. At 990 K (717 °C), the ratios of kn/kn (n = 2-6) are
1.73x1073/6.65x107%/1.84x1076/6.03x1071%/3.39x107>; when the temperature rises to 1347 K (1074
°C), the ratios kn/k1 increase to 2.11x1072 /1.35x1074/1.22x107%/8.29x107°/7.71x107* and, at 2500 K
(2227°C) the ratios go to 0.51/6.1x1073 /2.48x107%/8.69x107°/4.4x1072. The branching ratios
calculated assuming additive rate constants based in the energies at the SCVECV-f12 level for k16 at
1347 K (the highest experimental temperature) were 97.84 %, 2.06%, 0.01%, 0.01%, 0.0% and 0.8%,
respectively (Figure 4-11). Data for all temperatures are depicted in Tables A2-2 to A2-16. It is
observed that with increasing temperature the different reaction channels become more important
(mainly R2), suggesting that experimental observation of products from the six channels is possible

because of the high sensitivity of the technique.

Pressure-dependent rate constants of the main reactions channels (R1 and R2) are given in Tables
A2-17 to A2-18. The rates constants were calculated at pressures of 0.01, 0.1, 1.0, 10 and 100 bar for
temperatures above 818 K and were used to obtain the fall-off curves and pressure-dependent
Arrhenius parameters. As temperature increases the dependence of the unimolecular decomposition
rate with pressure becomes stronger, i.e., at temperatures up to 2000 K the relationship is almost

linear (Figures A2-31-2-32).

The HPL Arrhenius parameters for the unimolecular decomposition of EF calculated with the M06-
2X-GD3/aug-cc-pVTZ and SVECV-f12 levels of theory can be found in Table 4-3 and compared to the
other levels described in the computational section in Table A2-21. The Arrhenius form of the rate
constants calculated at the SVECV-f12 level for the main paths are (The units of the activation energy

are kJ mol™):
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k1eo(T) = 2.55 x 1014 @-2095/RT g-1.

k2o (T) =1.89 x 1015 e-275.7/RT 5_1’

k3o (T) = 2.34 x 1014 73084/RT -1

The kinetic values for different temperature and pressure are in good agreement with previous
values.3941103 The calculated branching ratios at 1347 K explain only the formation of products by the

R1 and R2 pathways.

Acetaldehyde and formaldehyde are proposed to arise from hydrogen abstraction mechanisms and
not through unimolecular EF decomposition.'?® The present results in Figure 4-11 and those of Chou
et al.19 suggest the unimolecular paths R3 and R5 are not kinetically competitive with formation of
CO + ethanol (R2). However, the required homolytic cleave prior to the hydrogen abstraction
reactions proposed by Osswald et al.” makes this mechanism less competitive than R3. Bimolecular
processes have been observed in SiC pyrolysis microreactors primarily when the primary
decomposition channel yields reactive species, such as radicals?*2¢ or when reactants are supplied in
large concentrations.'3® The number density of the reagent in our system (10> cm) together with
the assumption of a high H abstraction rate constant of 10712 cm3 s predicts a half-life of 600 ps,
higher than the residence time in the reactor. The missing primary radical products and the
insufficient residence time in the reactor suggest that the unimolecular reaction R3 is the sole source
of the acetaldehyde and formaldehyde in the present experiment, likely occurring during transit to
the ionization region. CO; is also a known minor neutral decomposition path accompanied by ethane
loss and is a similar reaction to that seen in the decomposition of methyl formate.?®103131 |t can also
be produced in formic acid decomposition along with H,; however, formic acid decomposition to CO

and water is kinetically preferred.?”/134 C;H, is a product of the major EF decomposition pathway to
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formic acid and ethene.3® CO can be formed directly from ethyl formate producing ethanol (R2) or
from formic acid decomposition (R1a).3°4%13> The latter is the kinetically preferred reaction according
to shock tube experiments3® and comparison of the RRKM rates of the two pathways.'3* However,
the barrier leading from formic acid to CO + H>0 is significant (TS_1a, 351 k) mol™). A comparison of
the overall yield of CO from reaction R2 (CO + CH3CH,OH) and formic acid (R1 then R1a) reveals that
the former is dominant at low temperatures (where TS_1a cannot be reached, Tables A2-22-A2-26,
Figures A2-33-A2-37). R2 then declines in importance as R1 becomes dominant and returns to
compete at high temperatures due to the looseness of the transition state compared to TS_1 (A*Seook
= 26 J K mol™}, Figure 4-11, R2). We are unable to characterise H,O due to its presence in the
background overlapping with the molecular beam signal. C2H; has been studied as a decomposition

product from C;Ha4 pyrolysis, which was determined to be through sequential H losses,

via a CoHs intermediate.126
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Figure 4-11: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500
K at the SVECV-f12 level of theory.
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Tables A2-2-A2-16 show the kinetics results obtained using different computational levels of theory.
It is worth mentioning that the best results for energies and rates were obtained with the M06-2X-
GD3/aug-cc-pVTZ and SVECV-f12 levels of theory, while the CBS-QB3 method give results with the
largest deviations from previously reported values (Table A2-21). The explicit correction of the
empirical dispersion included in the SVECV-f12 optimisation step better describes the non-covalent
attractive forces present in some transition states, improving the performance of this method over
CBS-QB3.°713% |n addition, it has been proposed that the f12 correction improves the convergence of
the basis set; i.e. calculations with a TZ basis set are more accurate and faster than the standard
CCSD(T)/5Z calculation.3! The energy values for the transition states at the SVECV-f12 level have a
difference of less than 1% with the values calculated at the CCSD(T)/CBS(T-Q)//M06-2X/6-

311++G(d,p) level.®

Table 4-3: Arrhenius parameters, A (s) and E. (k) mol™) for EF thermal decomposition in the range
of 300-2500 K.

MO06-2X-GD3/a-TZ ? SVECV-f12
A Ea A Ea
k1 2.57x10**  210.5 2.55x10**  209.5
k> 1.83x10%°>  286.4 1.89x10'°  275.7
ks 2.34x10**  308.4 2.34x10*  308.4
Ka 5.31x10%> 357.3 5.31x10'°> 3445
ks 1.32x10%  446.2 1.33x10%  436.2
ke 1.33x10%°>  314.4 1.33x10'°>  307.9
ks 2.31x10  401.1 2.12x10*  397.2
ks 2.76x10*  425.0 2.66x10™ 419.6

@ a-TZ stands for aug-cc-pVTZ
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4.6. Conclusions

Pyrolysis imaging photoelectron photoion coincidence spectroscopy was employed to elucidate the
products of the thermal degradation of EF by their mass-selected threshold photoelectron spectra
(ms-TPES). Thanks to substantial differences in the ionization energies and dissociative
photoionization of the lower-IE neutral, single mass channel ms-TPE spectra could be employed to
identify multiple neutral spectral carriers unambiguously. The observed pyrolysis products for neutral
ethyl formate are CH3CH,OH, CH3CHO, C;Hs, C;Ha, HC(O)OH, CH,0, CO,, and CO. The TPES of EF was
acquired for the first time and confirmed a He(l) ionization energy for EF of 10.60 £ 0.02 eV. Of the
four lowest energy EF molecular conformers found in this study, only the lowest energy one (C-T),
having a cis-configuration of the O=C(H)-O-C(H;)-CHs dihedral angle and trans-configuration about
0=C(H)-0-C(H2)-CH3 angle, was found to have significant Franck—Condon factors near the ionization

threshold.

The energetics and kinetics of the unimolecular thermal decomposition of ethyl formate were
calculated. The predicted neutral pyrolysis reactions generally confirmed those in the literature. The
calculated absolute rates, however, are too low compared with the residence time of the
microreactor, which may be indicative of unimolecular processes taking place in the collision-free
environment after expansion. The primary thermal process yields formic acid and ethene, with
several other reactions making up the remainder small fraction of the total reactivity. Previous
studies suggested CO is primarily formed in the decomposition of the formic acid primary pyrolysis
product. However, our kinetic analysis showed that direct CO loss from ethyl formate to yield the
ethanol co-product is comparatively fast at high temperatures due to the looseness of the transition
state compared to that governing the main decomposition channel R1. We also confirm that the
primary steps of ethyl formate decomposition proceed to closed shell products.
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Chapter 5. The Unimolecular Chemistry of
Methyl Chloroformate lons and Neutrals: A
Story of Near-Threshold Decomposition

5.1. Published Contributions

In preparation.

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO

data and wrote the accompanying sections along with the introduction.

A. L. Cardona along with assistance from J. Salas and supervised by M. A. Burgos Paci completed the
computational side including the Gaussian calculations and statistical modelling, writing the methods

and findings in the accompanying sections.

A. Bodi assisted with work completed at the Swiss Light Source.

5.2. Introduction

The pyrolysis of formates such as methyl and ethyl formate has been explored extensively due to
their presence in biofuels.5>® They are also released into the atmosphere from their use as industrial
solvents, drying agents and pest control.®’” Halogenated formates are formed by replacement of the
H atoms by halogens and the thermal decomposition of methyl chloroformate (MCF) was explored
by Johnson and Stimson in 1977.137 They showed that in the presence of surface-reaction inhibitors,
MCF decomposed into methyl chloride and CO; via a homogeneous (gas phase) reaction. This rate is
4000 times slower than the comparable reaction in ethyl chloroformate (ECF),'3® which was
attributed to ECF being able to form a 6-membered transition state, while MCF is limited to a more

constrained 4-membered transition state in the decomposition mechanism. They also noted that
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without surface-reaction inhibitors they detected a ‘permanent gas’, expected to be H,, CO and

HCI,137 although they were unable to perform an analysis.

The gas-phase ion chemistry of MCF was previously studied by electron ionization.*3*-*4! Holmes and
Lossing showed that at 11.24 eV ionized MCF loses Cl to form CH30CO*.}4° The dissociation of
CH30CO* then proceeds to form CHs* + C0O,.1*?> The ionisation energy (IE) and the photoelectron

spectrum for MCF have not been reported.

In this study we use a low-pressure pyrolysis chamber coupled to imaging photoelectron photoion
coincidence (iPEPICO) to determine the pyrolysis products for MCF, as we have done previously for
methyl and ethyl formate.'3%143 Coincidence mass spectra were obtained at different temperatures
as a function of photon energy to yield the mass-selected threshold photoelectron spectra (TPES) of
thermal degradation products. The experimental results were modelled with density functional
theory to elucidate reaction pathways and kinetic modelling to extract Arrhenius parameters. We
have also explored the dissociative photoionization of MCF and report the first threshold
photoelectron spectra (TPES), and thus IE. The experimental breakdown of the ions is

computationally explored.

5.3. Experimental Procedures

Experimental details for the pyrolysis experiment are outlined in Chapter 3.3. lon chemistry
experiments are completed the same as those outlined in chapter 3 except with the high temperature

reactor off.
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5.4. Computational Details

5.4.1. Electronic Structure Calculations

Computational methods are as described in Chapter 3.4.1. Comparisons to the other methods can be

found in Appendix 2.

5.4.2. Kinetics

The minimalPEPICO program was used to fit the iPEPICO breakdown curve.>® The procedure for the
fitting is outlined in Chapter 2.3.3.

Kinetics for the main thermal decomposition paths of MCF were modelled using the MultiWell
Program suite (MW).8283144 | ow frequency modes of MCF were treated as one dimensional (1D)
hindered rotors. Relaxed scan of the corresponding dihedral at the M06-2X/GD3/cc-pVTZ was
performed to determine the internal rotation potential energy and moments of inertia using the
lamm module of MW. Unimolecular dissociation rates were calculated using the canonical transition
state theory (CTST) with Eckard asymmetric tunnelling correction.?* The time concentration profiles
and the temperature and pressure-dependent rate constants was modelled employing the RRKM/ME
approach on the multiwell master equation code. Exponential down model <AE>gown= 250 cm™ was
used to describe the collisional energy transfer probability. DenSum module implementation of the

Beyer-Swinehart direct count algorithm>> was used for computing the sum and density of states.

5.5. Results and Discussion

5.5.1. lon Chemistry

The total electron TPES and mass-selected TPES (ms-TPES, m/z 94) for MCF are shown in Figure 5-1.
Overlaid in blue is a Franck-Condon (FC) simulation of the molecular ionization employing an IE of
10.90 eV, for which the onset and vibrational pattern in the experimental data is qualitatively

reproduced. As a comparison, the adiabatic and vertical IE determined at the CBS-QB3(sp)//B3LYP/6-
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311++G(d,p) level of theory are 11.02 eV and 11.43 eV, respectively. The corresponding adiabatic

CBS-QB3, G2 and G3 IE values are 10.98, 10.96 and 10.94 eV, respectively. The lack of an obvious
onset band in the TPES, and large difference between vertical and adiabatic IEs, is primarily due to
the poor FC overlap of the neutral and ion geometries, Figure 5-1b. . Most notable is the
CH30—C(0)Cl bond, which is longer in the neutral (1.320 A) than in the ion (1.249 A). The TPES band
at 10.85 eV is missing in the m/z 94 ms-TPES, indicating that this feature does not belong to the MCF
spectrum. Indeed, it corresponds to the ionization of formaldehyde (IE 10.88 eV),** a decomposition

product of neutral MCF.

The experimentally-derived appearance energy (AE) for Cl loss is 11.30 + 0.02 eV, which agrees with
the literature electron ionisation value of 11.24 + 0.05 eV within the respective error bars. Note that
there was no kinetic shift in the data and so the AE could be read directly from the experimental
breakdown curve. Combined with the experimental IE determined with the help of the FC simulation,
this AE yields an Eo = 0.40 + 0.05 eV. Thus, decomposition occurs only a few tenths of an eV above
the IE. The optimised minimum energy reaction pathway for the loss of Cl is shown in Figure 5-2b
and illustrates the relatively small activation energy of 0.41 eV required for the dissociation which is
close to the experimentally determined 0.40 eV. The primary fragment ion CH3OCO* subsequently
dissociates to CHz* + CO,.%> As seen in the potential energy surface in Figure 5-2b, Cl loss is associated
with a reverse barrier as the CO, moiety becomes quasi-linear upon increasing C—Cl bond length.
Once the system passes the transition state, fragmentation is likely to be impulsive with
suprastatistical kinetic energy release. This makes statistical analysis of the breakdown curve of
consecutive CO; loss challenging and superfluous,*®4” as the experimental energetic is unlikely to be

more accurate or precise than the computational results shown in Figure 5-2b.
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Figure 5-1: (a) TPES of m/z 94, methyl chloroformate with the FC-simulation overlaid in red
and the experimental ionisation energy shown. (b) MO06-2X/aug-cc-pVTZ optimised
structures for methyl chloroformate ion (left) and neutral (right).
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Figure 5-2: (a)[Top] MCF breakdown diagram with RRKM fitting. (b) [Bottom] Reaction pathway for
the dissociation of methyl formate ions, losing CH30 to the left and Cl to the right, with the energies
relative to the minimum energy conformation of MCF**, calculated at the SVECV-f12 level.
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Figure 5-2a also shows the loss of CH30* to form CICO* which appears at higher photon energy. To
compete at higher photon energies, the activation entropy for this channel had to be set ~ 25 J K
mol? higher than that for CO; loss (+4 J K™ mol™%, as determined from the calculated TS vibrational

frequencies). This is consistent with the lack of rearrangement required for CH30O°® loss. Figure 5-3
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shows the RRKM k(E) vs E. curves for both channels and shows that at higher photon energy the rates

converge.
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Figure 5-3: RRKM reaction rate constant plot of MCF-CO; vs MCF-CH3CO.

5.5.2. Neutral decomposition

Mass spectra obtained with increasing pyrolysis temperature are shown in Figure A3-1. Figure A3-1a,
taken at 11.5 eV photon energy, shows the presence of the MCF radical cation as a low intensity
peak, decreasing in abundance with increasing temperature. Figure A3-1b corresponds to 14.0 eV
where all the products produced by pyrolysis can be ionised. Some of the major peaks are m/z 59,
50/52, 44, and 36/38. The corresponding ms-TPES can be used to identify the molecular carriers of
these peaks. Figure 5-4 shows the ms-TPES for m/z 50 which corresponds to CHsCl; the experimental
IEis 11.26 £ 0.02 eV which agrees with the previously reported value of 11.29 eV using photoelectron
spectroscopy.'® The FC-simulation shows a similar pattern to the observed ms-TPES for CHsCl with
the first main transition at 11.34 eV being 0->2! which corresponds to the 1032 cm™ vibrational

mode, a rocking motion of the methyl group. The second prominent transition at 11.46 eV is due to
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the 0->6* transition which is from the 3068 cm™* vibrational mode, a C-H stretch. The TPES for m/z 44
(Figure A3-2a) also shows that CO; is present, so both products of this decomposition channel are

observed.

- 11.26 £ 0.02 eV m/z 50

Intensity / Arbitrary Units

f T T T 1
11.2 11.4 11.6 11.8 12.0

Photon Energy [ eV

T
10.8 11.0

Figure 5-4: ms-TPES for CHsCl, m/z 50 with FC-simulation overlaid in red, obtained at 1088 °C.

The TPES for m/z 36 with the furnace at 617°C is shown in Figure 5-5, which corresponds to HCI, with
an IE of 12.70 + 0.02 eV. A photoelectron value of 12.75 eV was derived by Weiss et al.*®> who also
observed vibrational structure due to the H—Cl stretching mode at 2570 cm™ in the cation. A
threshold PES study by Yencha yielded 12.745 + 0.002 eV.>° FC simulations (Figure 5-5, red line)
compare favourably with the experimental spectrum and highlight vibrational excitation of 2590

cm™L
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Figure 5-5: ms-TPES for HCl, m/z 36 with FC-simulation overlaid in red, obtained at 617 °C.

The loss of HCI results in C;H,0; which breaks down into CO and CH,0 as seen by their TPES at m/z

28 and 30 respectively (Figures A3-2b,c).

In summary, the ms-TPES results demonstrate two main pyrolysis reactions with MCF decomposing
to CHsCl + CO2 and HCl + CO + CH;0, the first of which was the dominant reaction observed by
Johnson and Stimson.’®” We estimated the experimental percentage for dissociation and the
branching ratios between R1 and R2. Employing either measured or estimated photoionization cross
sections for CH,0 (18.8 Mb),>? CHsCl (30 Mb)>3 and MCF (39 Mb, based on the cross-section for
methyl formate, 9 Mb, and the difference between CH4 and CHsCl, 30 Mb)>* and their respective
uncorrelated integrated peak areas at 1000 K, we derived an approximate % dissociation at this
temperature of ~ 15% and an R2:R1 ratio of 0.1. Note that the ion peaks for MCF and its main

fragment, m/z 59, were summed to represent the total amount of undissociated precursor.
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5.5.3. Thermodynamics

Methyl chloroformate has conformations with anti and syn orientation of the methyl group with
chlorine depending on the H3C-O-C(O)-Cl dihedral angle. The global minimum corresponds to the syn
conformer (syn-MCF). Six reaction pathways were considered for the thermal decomposition of MCF

in order to rationalize the experimentally identified products (Figure 5-6).
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Figure 5-6: Unimolecular thermal decomposition paths for MCF.

The energetics relative to the syn-MCF conformation obtained at different level of theory are
presented in Table A3-1, and the minimum energy reaction pathways at SVECV-f12 level of theory
are shown in Figure 5-7. There is a good agreement between the levels of theory in the prediction of
the reactivity trend of the different reaction paths. The main dissociation paths start from the higher
energy conformer anti-MCF (16.9 kJ mol* relative to syn-MCF) which is separated from the global

minimum by an energy barrier of approximately 42 kJ mol* (Figure 5-7).
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Figure 5-7: Energy diagram (E+ZPE) for the unimolecular decomposition of MCF at SVECV-f12 level
of theory

The most energetically favourable decomposition path (R1) proceeds by a concerted Cl atom
migration from the formyl to the methyl group to generate CHsCl and CO; via a 4-membered
transition state (TS1, 260.4 k) mol™1), as predicted by Johnson and Stimson.>! Both decomposition
paths (R2) and (R3) lead to CO and H,CO product formation by HCl loss. Path R2 follows a two-step
mechanism, with intramolecular hydrogen abstraction for HCl loss forming the cyclic H,COCO
intermediate (TS2, 304.8 k) mol™) in the first step, which then promptly decomposes CO + H2CO with
over a submerged transition state at 251.4 kJ mol! (TS2a) in the second one. In R3, these products
are formed directly, but the barrier TS3 is about 45 kJ mol™! above TS2. Path R4 occurs by an
intramolecular H-shift TS (TS4, 374 kJ mol™?), which produces H,CO and HC(O)CI, similar to that
reported for the decomposition of methyl formate.'*> HC(O)Cl can eventually decompose to HCl and
CO. The high relative energy of TS4 suggests that R4 is not a competitive path to HCl + CO + H,CO.

Path R5 also can yield HCl + CO + H,CO over even higher-lying transition states (TS5, 359.2 kJ mol™?
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and TS5a, 456.0 kJ mol™), which makes this reaction pathway unlikely to contribute to the

mechanism except at very high temperatures (see below).

Finally, Cl atom loss is highly endothermic (343.9 kJ mol), which would make competition with R1
and R2. Based on our results we suppose that the permanent gas that was studied by Johnson and
Stimson was likely composed of HCI, CO and CHO (or at higher temperatures than in this experiment,

HZ).137

Bimolecular reactions have been demonstrated in some cases when using SiC microreactors.?>24

Nevertheless, these were detected between the parent molecule and a primary product. In the
present case, the only possibility could be a reaction with atomic chlorine, since the other
decomposition products are closed shell molecules. Cl loss has a high activation energy (Figure 7) and
if we assume an H abstraction rate constant of 1012 cm? molec? s by Cl and a molecular number
density of MCF of 10%° cm3, reaction a half-life of 600 ps is obtained which is significantly higher than

the residence time in the reactor.

5.5.4. Kinetic Modelling

Kinetic modelling was performed based on the optimized geometries at the M06-2X-GD3/aug-cc-
pVTZ level of theory for the main unimolecular decomposition paths (R1 and R2). Calculated rate
constants, branching ratios, assuming additive rate constants, and Arrhenius parameters were
calculated at the high-pressure limit (HPL) at 790-2500 K. Microcanonical rate constants were
computed using RRKM theory, the sums and densities of states were calculated in the harmonic
approximation using the vibrational frequencies of the optimized structures. The internal energy is
measured relative to the ZPE-corrected energy of syn-MCF. As both R1 and R2 reactions occur from

the anti-MCF conformer, relative concentrations based on the pseudo-equilibrium between
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conformers were considered (Table A3-2 in ESI). The values for rate constants obtained in this work
are consistent with our previous works for alkyl formates (Table A3-3). The ki/k2 branching ratios at
the HPL at 790, 890 and 1361 K were 99.9/0.1, 99.8/0.2 and 99/1 % respectively, the primary channel
is Cl atom migration (R1) and dominates the decomposition at all temperatures. With increasing
temperature, the branching ratio of R1 decreases from 99.9% at 790 K to 94.9 % at 2500 K. The
Arrhenius parameters for thermal unimolecular decompositions calculated at levels of theory
described in the computational section are listed in Table S7. The Arrhenius form of the rate

constants for R1 and R2 are (E, in k) mol™):

ki =5.94 x 1016 o-285.5/RT ¢-1

ko = 2.46 x 1016 @3302/RT 511

The dominance presented by the R1 path in the whole temperature range agrees with the
assumption that the reaction goes mainly through the R1 and R2 pathways. According to the results,
it is expected that there is a low concentration of the products of the R2 reaction at low
temperatures. The experimentally derived branching ratio of 0.1 for R2 is consistent with the HPL
kinetic model only at temperatures well above 1361 K (there the ratio of 0.01). So as with previous
work, we observe more dissociation and product ratios that are consistent with higher temperatures

than measured in the experiment.

5.6. Conclusions

The TPES and ms-TPES of MCF and its dissociative ionization fragment ions were recorded for the
first time using iPEPICO spectroscopy, and FC simulations used to evaluate the adiabatic IE for MCF
as 10.90 + 0.05 eV. The unimolecular ion chemistry of MCF is characterized by the loss of CO; as the
most significant reaction occurring just above the ionization threshold (AE = 11.30 + 0.02 eV). At
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higher photon energies, loss of CH30°® competes due to its more favourable activation entropy (AE =
12.14 + 0.19 eV). The decomposition of neutral methyl chloroformate, studied by pyrolysis and
iPEPICO detection, confirmed that the major decomposition route is formation of CH3Cl + CO,, while
the generation of HCI + CO + CH,0 is able to compete due to the high temperatures in the experiment.
This latter reaction could be the source of the “permanent gas” described by Johnson and Stimson.>?
The calculated reaction rate constants could be used to qualitatively predict the decomposition of
MCEF if the vibrational temperature remained high during the experimental timeframe, suggesting

inefficient vibrational cooling after the molecules leave the pyrolysis reactor.
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Chapter 6. The Unimolecular lon Chemistry
of Phenyl Formate and Phenyl
Chloroformate

6.1. Published Contributions

In preparation.

B. Lowe, with supervision from P. M. Mayer, completed experimental data processing for the iPEPICO

data, the computational calculations and the writing up.

A. Bodi assisted with work completed at the Swiss Light Source.

6.2. Introduction

Phenyl formate (PF) is of interest in organic synthesis as a CO surrogate, eliminating the need to work
with CO gas, thereby reducing toxicity.?®2° Being the simplest aromatic ester, it is also a component
and a representative model compound of biofuels.3” Phenyl formate pyrolysis has been studied, and
the primary reaction pathways were revealed to occur via an intramolecular hydrogen shift, followed
by the release of CO or CO,, with CO loss being kinetically favourable.3” However, very little is known
about the ion chemistry of phenyl formate. The related phenyl acetate exhibits an ionisation energy
(IE) of 8.6 eV, and a dissociative ionisation channel to form CH,CO plus ionised phenol with an

appearance energy, AE, of 10.15 eV.146

Phenyl chloroformate (PCF) has been used in the chemical industry as a precursor to form N,N-dialkyl
formamidines and as a hydrogen-bond donor catalyst.3233 The pyrolysis of phenyl chloroformate has

been previously studied, showing the loss of CO or CO,. In contrast with PF, however, CO; loss
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dominates in PCF, because it has a larger activation entropy and lower overall AG* than CO loss.'*’

The ion chemistry of phenyl chloroformate has not yet been reported in the literature.

In this study, we explore the relationship between the ion chemistry of these formates and the high-
temperature unimolecular chemistry of the neutral employing imaging photoelectron photoion
coincidence spectroscopy (iPEPICO) and tandem mass spectrometry. The experimental data were
modelled using RRKM theory, while reaction pathways were explored computationally using density

functional theory.

6.3. Experimental Procedures

iPEPICO experiments carried out at the Swiss Light Source were completed the same as those

outlined in Chapter 3.3 however, the sample was effusively inputted.

The comparatively low draw-out field results in cation residence times in the acceleration region of
several ps. If the unimolecular rate constant for fragmentation is in the 10*-107 s™* range, ions will
dissociate while still in the acceleration region, resulting in a smaller than nominal kinetic energy and
larger than nominal time of flight for the fragment ion. This results in asymmetric time-of-flight (TOF)
peaks for product ions, which can be modelled to extract unimolecular decay rate constants as a

function of photon energy.

Mass-analysed ion kinetic energy spectrometry (MIKES) experiments were performed on a modified
VG-ZAB three sector instrument that has been described in detail previosuly.>”'4¢ The spectrometer
consists of a magnetic sector, followed by two electrostatic analysers (VG Analytical, Manchester,
U.K.). Phenyl chloroformate vapour was introduced into the ion source where electron ionisation
creates radical cations. lons were accelerated to 8 kV, and metastable molecular ions were selected
with the magnetic sector and transmitted to the second field-free region (2FFR) of the instrument,
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where those dissociating at rate constants between 10% and 10° s* form fragment ions. The fragment
ions are then detected according to their kinetic energies by the first electrostatic analyser (ESA).
Spectra were recorded using ZABCAT program, developed by Mommers Technologies (Ottawa,

Canada).**®

6.4. Computational Details

6.4.1. Electronic Structure Calculations

Electronic structure calculations were carried out using the Gaussian 16 software suite.®0 All
structures were optimized with Density Functional Theory (DFT) using B3LYP/6-311++G(d,p). CBS-
QB3 single-point energy calculations at these geometries were employed to obtain accurate relative
energies for all structures. Transitions states were confirmed by intrinsic reaction coordinates (IRC)
calculations. Franck-Condon simulations were carried out in Gaussian 16. Rice-Ramsperger-Kassel-
Marcus (RRKM) calculations were performed using the direct count algorithm of Beyer and

Swinehart.>®

6.4.2. Kinetics
The minimalPEPICO program was used to fit the iPEPICO breakdown curve.>* The procedure for the

fitting is outlined in Chapter 2.3.3.

6.5. Results and Discussion

6.5.1. Phenyl Formate

The TPES and ms-TPES for PF** are shown in Figure 6-1. The TPES exhibits a broad peak, which is due
to the large difference in the equilibrium geometry of the neutral and the cation leading to a poor
Franck—Condon factor for the origin transition (Figure 6-1b). The formate group is orthogonal to the

benzene ring in the neutral, but the system is planar in the cation ground electronic state. There is a
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small bump at 8.82 eV in the TPES which doesn’t appear in the ms-TPES for PF; it does, however,

appear in the m/z 94 ms-TPES (shown). While this corresponds to the CO-loss dissociative ionisation
channel of PF, the signal at this energy is consistent with a band owing to phenol ionisation to a
vibrationally excited level.’®® Thus, photoion mass selection helps us identify a minor phenol
contamination of the sample. At the same time, the 8.88 eV adiabatic IE calculated at the CBS-QB3

level of theory is close to the experimental ionisation onset.

PF** only exhibited the loss of CO in dissociative ionisation the current energy range. The breakdown
diagram and the statistical fit to it is given in Figure 6-2a with experimental and RRKM TOF
distributions in Figure 2b. Figure 6-2c shows the minimum energy CO-loss pathway in PF*. The DFT
determined activation entropy for the dissociation is 10 J K™* mol™ at 1000 K, and the RRKM fitting
yielded Eo = 0.96 + 0.05 eV, which, together with an IE of 8.88 eV, gives a 0-K appearance energy (AE)
of 9.84 £ 0.05 eV. Although the IE of PF and phenyl acetate agree within their uncertainty, the loss of
CO, which involves a 1,2-hydrogen shift, has a lower activation energy in PF* compared to the 1.55

eV activation energy for 1,3-hydrogen shift, which leads to the loss of CH2CO in phenyl acetate.4®
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Figure 6-1: (a) TPES and m/z 122 ms-TPES for PF* with the CBS-QB3//B3LYP/6-311++G(d,p)
calculated IE shown by a dashed line, (b) Structures of PF and PF* optimised at the B3LYP/6-
311++G(d,p) level of theory.
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Figure 6-2: (a) Breakdown diagram of PF* losing CO with the statistical model overlaid as a solid line
of the respective colours, (b) TOFs for the m/z 122 and 94 peaks for PF* decomposition at the
indicated photon energy, with RRKM fitting overlaid in red and (c) Minimum energy reaction
pathway calculated for loss of CO from PF* at B3LYP/6-311++G(d,p).
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6.5.2. Phenyl Chloroformate

The TPES and ms-TPES for PCF** for the ground-state band are presented in Figure 6-3a and they
show a similar broad, featureless band as the PF* TPES, due to the analogous internal rotation upon
ionisation (shown in Figure 6-3b). Here again, experimental ionisation onset is close to the CBS-QB3

value for the IE of 9.03 eV.
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Figure 6-3: (a) TPES and ms-TPES at m/z 156 for PCF** (b) Structures of PCF
and PCF** optimised at B3LYP/6-311++G(d,p)

However, PCF** shows a more complicated dissociation pattern than PF**. The mass spectra exhibit

major peaks at m/z 156/158 (PCF**), 128/130 (loss of CO), 121 (loss of Cl), 112/114 (loss of CO3), 93
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(nominal loss of COCI), and 77 (nominal loss of CO,Cl). The breakdown diagram is shown in Figure

6-4.
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Figure 6-4: Breakdown diagram of PCF* with OVGF/cc-pVTZ vertical ionization energies overlaid.

The three high mass fragment ions, m/z 128, 121 and 112 can only occur directly from PCF** by the

loss of CO, Cl and COs, respectively. The mass-analysed ion kinetic energy (MIKE) spectrum>® for m/z

156 (the isotopically pure 3>Cl-containing molecular ion) is shown in Figure 6-5.

The spectrum

confirms the origin of these three fragment ions and shows that the peak with m/z 112 is dish-shaped,

indicating that CO; loss occurs with a large kinetic energy release, and thus the reaction likely has a

significant reverse energy barrier. Both m/z 77 and 93 ions may have resulted from different

precursors.
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Figure 6-5: MIKES mass spectrum of PCF** showing a dish-shaped
peak for m/z 112.

Chapter 6

MIKES experiments were performed to confirm which pathways occur, and the results are shown in

Figure A4-1 and summarised in Error! Reference source not found..

f‘t PCF*
_Co -co,

- cocl V) o & _co,cl

O Confirmed by MIKES

Figure 6-6: Summary of potential dissociation pathways of PCF* with check
marks next to the pathways that have been confirmed through MIKES
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The minimum-energy reaction pathways are shown in Figure 6-7. Cl loss (red) is a dissociation without
a barrier in the reverse direction leading to CsHsCO,*. This fragment ion at m/z 121 can dissociate
sequentially by two competing channels, by loss of CO or CO», with a difference in energy of 0.51 eV
favouring CO,. As a neutral, PCF undergoes a rearrangement process to transfer the Cl to the ring to
form chlorophenol.’” However, this process does not occur in the ion as the more energetically
favourable process involves the CICO moiety pulling away from the phenoxy group after which the Cl
atom hops back to the O-atom resulting in CO loss (green). This dissociation also takes place without
a reverse barrier according to bond length scans at the current level of theory. Sequential Cl loss
from the CO-loss daughter ion, thus, starts from an ion—molecule complex, in which the Cl is bound

weakly to the m-system of the benzene ring.

CO; loss proceeds through a transition state (1.38 eV, mauve) leading to the low energy products
ionized chlorobenzene + CO,. The large excess product energy results in the large kinetic energy

distribution of m/z 112 observed in the MIKE spectrum (Figure 6-5).
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Figure 6-7: Minimum energy reaction pathway for PCF** dissociation at the B3LYP/6-311++G(d,p)
level of theory.
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In the breakdown diagram for PCF* (Figure 6-4) the m/z 121 breakdown curve decreases until 11.6
eV then increases up to 11.95 eV. This indicates a new, more competitive fragmentation channel
opening up. In lieu of a more favourable, higher activation entropy channel on the ground potential
energy surface, this alternate channel likely corresponds to a non-statistical dissociation from an
excite state of the ion. The pattern is similar to that observed in CH3CI* where an excited state is
responsible for a portion of the Cl loss pathway.'*! Indeed, OVGF energies for the ion states show
that there is an excited state at 11.5 eV and three in close proximity between 11.9 and 12.2 eV. The
TD-DFT optimized structure of the second excited state (HOMO-2, OVGF energy of 11.5 eV) has a

distanced chlorine that is weakly bound and dissociates upon ionisation, Figure 6-4.

The fragment ion peaks in the mass spectra are asymmetric, as shown in Figure 6-8. Therefore, a
breakdown diagram derived from a simple integration of the peaks over a time-of-flight range
incorrectly estimates the contribution of each channel where overlap occurs, as it does for those
between m/z 128 and 112; this gives rise to three identical breakdown channels up to ~11.2 eV in
Figure 6-4. For this reason, we focussed more on the RRKM fitting of the TOFs up to 11.2 eV, Figure
6-8, which yields Eo values of 1.60 + 0.03, 1.49 + 0.03 and 1.44 + 0.04 eV for m/z 128, 121 and 112,
respectively. These can be compared with the CBS-QB3//B3LYP/6-311++G(d,p) results of 1.88, 1.68,
and 1.38 eV, respectively. The RRKM model appears to overextrapolate the rate constants to a lower
threshold energy for reactions without a reverse barrier, which is in line with previous
observations.?>? The activation entropies respectively are -8 + 5, -14 + 4, and =15 + 4 ) K™ mol™! at

1000 K.
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Figure 6-8: TOFs for the m/z 112-154 peaks
for PCF** decomposition, with RRKM fitting
overlaid in red.

6.6. Conclusions

Chapter 6

Once the peaks become symmetric and baseline
separated above 11.25 eV photon energy, they can be
integrated accurately to plot the breakdown diagram.
The three parallel channels reach comparable
abundances at this photon energy. Afterwards, the Cl-
loss signal at m/z 121 drops precipitously as CO; is lost
sequentially and the phenyl cation is formed at m/z 77.
The CO-loss abundance decays at somewhat higher
energies, as it is followed by Cl loss yielding the
phenoxy cation at m/z 93. Both the CO- and CO»-loss
branches decay above 11.7 eV photon energy, when
the excited-state driven non-statistical Cl-loss gains

abundance (see above).

The TPES and mass-selected TPES of PF and PCF were reported for the first time. Poor Franck-Condon

overlap due to the rotation of the formate functional group relative to the benzene group accounts

for the broad and featureless TPES. CBS-QB3//B3LYP/6-311++G (d,p) calculations yielded ionization

energies of 8.88 and 9.03 eV for PF and PCF, respectively and are consistent with the reported TPES.
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lonised PF only dissociates by loss of CO via a transition state of the H-transferring to form a phenoxy
radical. The energetics of this reaction are comparable to that of phenyl acetate where the H on the

formate is replaced by CH3.14®

The ion chemistry of PCF showed 5 primary ion products, m/z 128/130 (CO loss), m/z 121 (Cl loss),
m/z 112/114 (CO; loss), m/z 98 (COCl loss), and m/z 77 ((CO2Cl loss). MIKES experiments determined
that the primary channels for dissociation are loss of CO, Cl and CO,, sequential loss of all of these
contributes to the respective ions m/z 98 and m/z 77. The minimum energy reaction pathway
confirmed these findings and showed that the CO loss is least energetically favoured, which is
opposite to what is seen in the neutral chemistry of PCF, where H-transfer to form chlorophenol is
favoured.*’ Cl loss was shown to also dissociate in a non-statistical process from its second excited
state, where the chlorine becomes weakly bound to the ring. The MIKES of PCF* showed that loss of
CO; occurs with a large reverse energy barrier, consistent with the computationally-derived

minimum energy reaction pathway from B3LYP/6-311++G(d,p) calculations.
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[
Chapter 7. Conclusions
While the chapters each have their respective conclusions, this chapter highlights any trends and
particularly novel finds from throughout the chapters while considering the motivations for the study

and how the chapters help to answer that.

7.1. Pyrolysis

In chapter 3, 4 and 5 the pyrolysis chemistry of methyl formate, ethyl formate and methyl
chloroformate were studied, respectively. The results that were found were in agreement to prior
studies using shock-tube methods and showed that utilising the micro-reactor coupled with iPEPICO
helped to better account for the nuances in the reaction. For example, in chapter 3 methyl formate
was confirmed to pyrolyse to CO and methanol, which is a reaction reflected in the ion chemistry,
ms-TPES enabled distinction between the 2 reactions. Chapter 4 highlighted this further by
distinguishing between isobaric species, for example the identification of CO and C;Ha at m/z 28 by
using ms-TPES. Overall, this method provides a quicker, more effective means of detecting products
of unimolecular pyrolysis reactions, while providing other important information about the nature of

the dissociation products such as vibrational information.

An interesting finding in the pyrolysis studies was the dominance of dissociation leading to CO, CO;
and CH;0, all of which were exhibited by all 3 formates studied. All 3 show a similar mechanism for
CO; loss by transferring H or Cl from the formate group onto C2. It is therefore expected that with

increasing chain length, CO; would continue to dominate as a pyrolysis product.

On the contrary, MF and EF show similar mechanisms of dissociation for CO and CH,0, where the
hydrogen transfers from the formate group onto the oxygen for CO loss and CH,O formation by H
transfer onto the formate carbon. However, substitution of chlorine in the formate group, as in the
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case of MCF, CI-O bonds are hindered from being formed as they are weak as both species are
electronegative. For MCF CO loss therefore proceeds by HCl formation, it is therefore expected that
similar reactions would occur in larger chloroformates, producing RCH;0. So as chain length increases
CH,0 is expected to be a dominant pyrolysis product for formates, however, for chloroformates
RCH,0O will likely dominate. Ethyl formate also shows formation of formic acid from transfer of
hydrogen from C3, this is a product that would expect to continue to form as chain length increases,
producing longer chain alkenes, it is also a possible product for ethyl chloroformate and longer chain

chloroformates, producing chloroformic acid.

7.2. lon Chemistry

Chapters 5 and 6 focus on the ion chemistry of MCF*, PF*, and PCF*. TPES for MF and EF showed that
the neutral and ion structures didn’t have great differences as they had well-defined vibrational
structure in the TPES and ms-TPES, however, for MCF the TPES was much more poorly defined, this
is due to the ion interacting more similar to a dimer of CH30 and CICO. PF and PCF both showed

poorly defined TPES due to i interactions causing rotation to a planar structure upon ionisation.

For the chloroformates they both exhibit similar losses, that of CI* and CICO®, the latter of which
differs in PCF to MCF as it occurs stepwise rather than concerted, this is likely due to the difference
in ion structures, with the elongation of the CH30—C(O)Cl bond for MCF. Therefore, these are both

expected to continue to dominate at longer chain lengths.

PF* and PCF* both exhibited CO loss which also occurs in MF* and EF* but does not occur in MCF* due
to the O-Cl being a weak bond, as discussed earlier. It does however occur in PCF* due to m
interactions of the ring with Cl, which cannot occur in MCF*. CO*® loss may be possible in longer chain

chloroformates due to the presence of a C3 enabling transfer to the carbon rather than the oxygen.
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CO; loss is observed for PCF* and MCF* but not for PF*. Firstly, the loss of CO, for PCF*and MCF* differ

as the former proceeds via a substitution reaction producing CeHsCI* and CO,, while MCF* first loses
CI* then loses CO;. CO; loss is therefore possible in chloroformates for 2 reasons, (1) CI* is a good
leaving group and (2) Cl is a nucleophile; however, H is neither of these so CO; loss cannot proceed

in the ionised formates.

7.3. lon Chemistry vs Pyrolysis Chemistry

While the ion and pyrolysis chemistry of the formates show some differences, they tended to be
more similar for the formates than the chloroformates. For example, CO loss is a primary dissociation
for MF, EF and PF in pyrolysis and ion chemistry. However, MF* loses HCO® a process that does not
occur in pyrolysis. Overall, pyrolysis tended not to display these bond cleavage reaction products,

but rather rearranged species forming small neutral closed-shell molecules.

lon and pyrolysis chemistry differs more greatly for the chloroformates, this is largely due to Cl loss
not being as favourable as a neutral. However, for PCF the difference is only the loss of Cl, as CO, and
CO loss both occur in both ion and pyrolysis chemistry. The mechanisms for their formation are
different, however. For example, for CO loss in pyrolysis, the Cl transfers onto the ring to form
chlorophenol, whereas in the ion it is more favourable for the Cl to interact with the ring in t
interactions. For MCF CO; loss occurs in both however, in the ion it is lost in a sequential process,

while in the neutral it occurs in a concerted manner.

7.4. Future Outlooks

The knowledge gained through study of the ion and pyrolysis chemistry can therefore give insights in
what chemistry is expected to occur from biofuels. It also helps to shape what can be expected for

coupling non-thermal plasma techniques with biofuels in cars.
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Further work can include studying chloroformate ion and pyrolysis chemistry for those with a C3
carbon to see if any differences occur with the added stability provided by the extra carbon. Other
work can utilise a similar experimental set up to explore the pyrolysis of other molecules such as
polyfluorinated alkyl substances that are solids at room temperature so would require a change in

set-up to enable them to enter into the gas-phase into the pyrolysis set-up.
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Appendix 1

Appendix 1

Explanatory figures about selecting the molecular beam

Figure A1-1: lon detector signals, left shows the different signals and right shows the area selected
for the molecular beam only selected mass spectra.

(a)

H20
\ |
C H 3 Lj i Jl E
v | .
JuJ L‘ AR &';
| 4
J‘J J Foe AE{J
L4
e 7 VAN Ly 4
10 20 30 40 5‘0 60 ?IO 3‘0
miz
/- | . ]
IJ 1 al
J oy J“"
i
i : 4
—— ™ y Lo H_IJ‘!'_
pr
i TS
0 10 20 30 40 50 &0 70 a0

miz
Figure A1-2: Mass spectra at a photon energy of 11 eV over varying pyrolysis temperatures, (a) all
signal included. (b) molecular beam signal selected only.
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Appendix 1
Scan of coordinates for the homolytic path analysis.
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Figure Al-4: Relative energy in the O-C scan of coordinates for the methyl formate
unimolecular decomposition.

O-C distance R. Energy O-C distance R. Energy O-C distance R. Energy
1.332 0.00 1.602 64.11 1.872 168.37
1.359 1.06 1.629 74.10 1.899 178.67
1.386 3.89 1.656 84.31 1.926 188.86
1.413 8.23 1.683 94.69 1.953 198.90
1.440 13.83 1.710 105.18 1.980 208.79
1.467 20.48 1.737 115.74 2.007 218.50
1.494 28.01 1.764 126.33 2.034 228.03
1.521 36.27 1.791 136.91 2.061 237.37
1.548 45.11 1.818 147.46 2.088 246.49
1.575 54.42 1.845 157.96 2.115 255.38
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Figure A1-5: Relative energy in the C-O scan of coordinates for the methyl formate unimolecular
decomposition.

C-O distance R. Energy C-O distance R. Energy C-O distance R. Energy
1.430 0.00 1.700 79.90 1.970 204.90
1.457 0.90 1.727 92.16 1.997 217.07
1.484 4.28 1.754 104.62 2.024 229.10
1.511 9.71 1.781 117.19 2.051 240.98
1.538 16.80 1.808 129.83 2.078 252.70
1.565 25.26 1.835 142.48 2.105 264.25
1.592 34.81 1.862 155.11 2.132 274.03
1.619 45.22 1.889 167.69 2.159 285.13
1.646 56.31 1.916 180.19 2.186 296.06
1.673 67.91 1.943 192.60 2.213 306.81
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Appendix 1
Thermochemistry for Methyl Formate thermal decomposition.
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Figure A1-6: Potential Energy diagram for the Hydroxy Methylene thermal decomposition (ZPE
corrected).
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Appendix 1

Optimized geometries and vibrational frequencies at the M06-2X-

GD3/cc-pVTZ level of theory of Methyl Formate conformers.

Z-H.COCHO

Method Ee E+ZPE AH AG
M06-2p)§;$zD3/CC- -229.059914 -228.99697 -228.991582 -229.023605
CCSD(T)/cc-pVTZ -228.726033 -228.663089 -228.657701 -228.689724

CBS-QB3 -228.800379 -228.739213 -228.733688 -228.766118

Coordinates (xyz) Vibrations (cm™)

C -1.350570 0.400880 0.000000 158.4674 1191.0631 3084.3196

H -1.974188 1.288051 0.000000 351.4166 1207.6203 3093.6978

H -1.539019 | -0.202756 0.885514 156.469 1273.3393 3159.0109

H -1.539019 | -0.202756 | -0.885514 319.233 1412.3654 3195.5672

C 0.927003 -0.086630 0.000000 346.2657 1481.0627

H 1.924632 0.365989 0.000000 792.69 1496.9728

0 0.000000 0.869711 0.000000 984.8394  1509.2319

0 0.708625 -1.261465 0.000000 | 1068.7905 1856.5579
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Appendix 1

Z—E
Method Ee E+ZPE AH AG
M06'2p)§$ZD3/CC' -229.038414 -228.976931 -228.97186 -229.003377
CCSD(T)/cc-pVTZ | -228.704619 228.643136 | -228.638066 | -228.669583
CBS-QB3 -228.778863 228.718779 | -228.713514 | -228.745701
Coordinates (xyz) Vibrations (cm)
C 1.498657 | 0.316423 | -0.132487 | i240.6476 1238.9819 3118.6702
H 2394163 | 0.075596 | 0.430858 | 169.1488  1403.0934 3180.5381
H 1.258177 | 1.373135 | -0.012739 | 296.8958  1484.7744
H 1.665238 | 0.093182 | -1.189227 | 680.2104  1504.0503
C -0.738085 | -0.335327 | -0.236695 | 1002.8748 1516.0972
H -0.863747 | -1.029710 | -1.081441 | 1069.0901 1889.6793
0 0.451740 | -0.492561 | 0.399698 | 1174.5723 3028.7321
0 11568135 | 0.444232 | 0.097042 | 1182.4295 3047.8617

-229.035 4

-229.04

Total Energy (Hartree)

-229.055

-229.06 -
T

-229.045

-229.05

Scan of Total Energy

-200

T
-150

T
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Scan Coordinate

Figure A1-7: Intrinsic reaction coordinate (IRC) for the Methyl formate Isomerization.
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Appendix 1

E-HsCOCHO

Y

Y

Method Ee E+ZPE AH AG
M06_2F))§;$ZD3/CC_ -229.051143 -228.988971 -228.983189 -229.016674
CCSD(T)/cc-pVTZ -228.71762 -228.655448 -228.649666 -228.683151

CBS-QB3 -228.791774 -228.731329 -228.725537 -228.758772

Coordinates (xyz) Vibrations (cm?)
C 1.667497 0.106368 0.000002 76.7145 1161.0023 3006.6502
H 2.201648 -0.221095 | -0.888833 192.0387 1191.216 3066.2334
H 2.201603 -0.220996 0.888901 43.5476 1301.7568 3143.8189
H 1.601567 1.195487 -0.000061 187.5595 1427.9759 3161.5208
C | -0.692206 | 0.315565 | -0.000002 391.6194 1497.2129
H | -0.430198 1.386578 | -0.000006 658.6516 1503.4179
O | 0.378271 -0.488476 | -0.000003 1054.3064 1526.5641
O | -1.806566 | -0.095470 0.000002 1067.1226 1900.2229
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Appendix 1

Optimized geometries and vibrational frequencies at the M06-2X-

GD3/cc-pVTZ level of theory of MF thermal decomposition products.

P1_HsCOH
Method Ee E+ZPE AH AG
MO06-2X-
GD3/cc-pVTZ -115.714123 -115.662351 -115.658051 -115.685125
ccs;\g)z/ e -115.550706 -115.498934 -115.494634 -115.521708
CBS-QB3 -115.590536 -115.539945 -115.535678 -115.562686
Coordinates (xyz) Vibrations (cm)
C 0.046447 0.659697 0.000000 291.0778 1509.0519
H 1.086424 0.978263 0.000000 1072.1235 1522.6243
H -0.437586 1.073106 0.888918 1117.1085 3031.8771
H -0.437586 1.073106 -0.888918 1182.6848 3083.6557
0 0.046447 | -0.752830 | 0.000000 | 1375.6759  3145.1909
H -0.861510 -1.060017 0.000000 1489.2782 3904.8309
P2_CO
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -113.318864 -113.313681 -113.310377 -113.332793
CCSD(T)/cc-pVTZ -113.155151 -113.149968 -113.146663 -113.16908
CBS-QB3 -113.186998 -113.181991 -113.178686 -113.201111
Coordinates (xyz) Vibrations (cm™)
C | 0.000000 0.000000 -0.641050 2275.0612
O | 0.000000 0.000000 0.480787
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P3_H,CO

-

X

Method Ee E+ZPE AH AG
M06-2p)§$ZD3/CC- -114.496616 -114.469571 -114.465762 -114.491216
CCSD(T)/cc-pVTZ -114.333558 -114.306513 -114.302703 -114.328157

CBS-QB3 -114.370391 -114.344169 -114.340356 -114.36517

Coordinates (xyz) Vibrations (cm)

C 0.000000 0.524880 | 0.000000 1216.698 2940.9127

H 0.937529 1.107259 0.000000 1279.3426 3011.8873

H -0.937529 1.107259 0.000000 1545.8433

0] 0.000000 -0.670475 | 0.000000 1876.7914

4_CH4
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -40.501416 -40.456434 -40.452622 -40.473742
CCSD(T)/cc-pVTZ -40.4380897 -40.393108 -40.389296 -40.410416
CBS-QB3 -40.45414 -40.410008 -40.406194 -40.427326
Coordinates (xyz) Vibrations (cm?)
C | 0.000000 0.000000 0.000000 1341.6426 3061.8336
H| 0.627607 0.627607 0.627607 1341.6426 3175.5036
H| -0.627607 | -0.627607 0.627607 1341.6426 3175.5036
H | -0.627607 0.627607 -0.627607 1565.7156 3175.5036
H| 0.627607 -0.627607 -0.627607 1565.7156
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P5_CO;

Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -188.591597 | -188.579631 | -188.576087 | -188.600307
CCSD(T)/cc-pVTZ -188.326731 | -188.314765 | -188.311221 | -188.335442

CBS-QB3 -188.383668 | -188.372065 | -188.368492 | -188.392762

Coordinates (xyz) Vibrations (cm?)
C 0.000000 | 0.000000 0.000000 691.2595 2457.3752
0] 0.000000 | 0.000000 1.155292 691.2595
0 0.000000 | 0.000000 -1.155292 1412.492
P6_H3CO
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -115.039488 | -115.003288 | -114.999124 -115.02633
CCSD(T)/cc-pVTZ -114.874762 | -114.838562 | -114.834399 -114.861605
CBS-QB3 -114.910281 | -114.874519 | -114.870534 -114.897459
Coordinates (xyz) Vibrations (cm)
C| 0.575862 | 0.000002 0.012183 405.2277 1523.164
H| 0.871564 | -0.000069 | -1.050146 973.5631 2962.7613
H| 1.000088 | -0.904773 0.459552 1140.8748 3034.0137
H| 1.000095 | 0.904826 0.459445 1386.3964 3075.861
0| -0.790865 | 0.000001 0.007256 1388.0461
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P7_HCO

Y

Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -113.847274 -113.834 -113.830198 -113.85565
CCSD(T)/cc-pVTZ -113.683758 | -113.670484 | -113.666682 -113.692134

CBS-QB3 -113.717545 | -113.704757 | -113.700954 -113.726423

Coordinates (xyz) Vibrations (cm)
C| 0.062327 | 0.584225 0.000000 1111.121
H| -0.872574 | 1.214856 0.000000 1941.1117
0| 0.062327 | -0.590026 0.000000 2617.9199
P8_HsC

Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -39.824679 -39.79499 -39.790909 -39.814821
CCSD(T)/cc-pVTZ -39.7609659 -39.731277 -39.727195 -39.751108

CBS-QB3 -39.774072 -39.744799 -39.740783 -39.764596

Coordinates (xyz) Vibrations (cm)
C | 0.000000 | 0.000000 -0.000003 420.0955 3321.0435
H | 0.000000 | 0.000000 1.076526 1412.498 3322.2239
H| 0.932305 | 0.000000 -0.538261 1413.5104
H | -0.932305 | 0.000000 -0.538261 3142.7821
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P9_OCHO
J
9
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -189.073639 | -189.054186 | -189.050007 -189.07879
CCSD(T)/cc-pVTZ -188.810074 | -188.790621 | -188.786443 -188.815226
CBS-QB3 -188.869961 | -188.854533 | -188.849856 | -188.879619
Coordinates (xyz) Vibrations (cm™?)
C | -0.038910 | 0.000000 -0.066752 384.4872 1824.1978
H|{ 0.101200 | 0.000000 1.035241 1013.339 2925.1418
O | 1.166858 | 0.000000 -0.599153 1035.3701
O | -1.080537 | 0.000000 -0.643536 1356.1918
H2
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -1.168867 -1.158688 -1.155383 -1.170165
CCSD(T)/cc-pVTZ -1.17232797 | -1.16214897 | -1.15884397 -1.17362597
CBS-QB3 -1.176051 -1.166078 -1.162773 -1.177568
Coordinates (xyz) Vibrations (cm)
H | 0.000000 | 0.000000 0.369504 4468.1905
H | 0.000000 | 0.000000 -0.369504
IM_HC=OH
9
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -114.415051 | -114.387937 | -114.384107 -114.409632
CCSD(T)/cc-pVTZ -114.251344 -114.22423 -114.220399 -114.245925
CBS-QB3 -114.286291 | -114.259853 | -114.256019 -114.281566
Coordinates (xyz) Vibrations (cm™)
H| 0.017503 | -0.000140 0.000940 1093.3637 2899.4059
C | -0.005523 | 0.000105 1.857076 1227.9048 3784.5443
H| 0.813167 | -0.000115 2.609255 1381.1207
O | 0.651081 | -0.000291 0.730307 1515.2087
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Optimized geometries and vibrational frequencies at the M06-2X-

GD3/cc-pVTZ level of theory of Methyl Formate thermal

decomposition transition states and products wells.

Z-H3COCHO - H3COH (P1) + CO (P>) > H,CO (P3) + CO (P>) + H» k1
TS ki1
bl
» ©
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -228.938838 | -228.883719 | -228.877522 | -228.911687
CCSD(T)/cc-pVTZ -228.609627 | -228.554508 | -228.548311 | -228.582476
CBS-QB3 -228.682202 | -228.628303 | -228.622751 | -228.655485
Coordinates (xyz) Vibrations (cm?)
C | -1.498959 | -0.352344 -0.015109 i 1841.9374 1186.117 3080.495
H | -2.257826 | -0.109805 0.730504 82.227 1192.9282 3111.5798
H | -0.933726 | -1.227264 0.330131 156.9547 1479.1856
H| -1.998123 | -0.628224 -0.945324 259.9687 1495.2236
C| 1.088996 | 0.431862 -0.002385 390.0827 1516.2607
H| 0.368910 | 1.200290 0.529285 706.9839 1960.7042
O | -0.652771 | 0.750887 -0.238270 976.0198 2507.1253
O | 1.541021 | -0.545051 -0.384684 1082.8684 3009.7222
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Figure A1-8: Intrinsic reaction coordinate (IRC) for the Methyl formate thermal decomposition (k1).

PW_k;
¥
g
9
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -229.036342 | -228.978279 | -228.970219 | -229.010619
CCSD(T)/cc-pVTZ -228.708427 | -228.650364 | -228.642304 | -228.682704
CBS-QB3 -228.779699 | -228.722936 | -228.714886 | -228.755365
Coordinates (xyz) Vibrations (cm)
C|-1.688873 | -0.563999 0.103807 35.8933 1185.2565 3147.1448
H | -2.586033 | -0.486843 0.722832 45.7634 1379.5 3893.834
H| -0.936412 | -1.144664 0.646157 79.5724 1489.6291
H| -1.944293 | -1.101461 -0.806398 106.3827 1508.2812
C | 1.584079 | 0.267458 0.520620 157.1212 1522.0119
H | -0.959486 | 1.194603 0.502200 354.5786 2276.5048
0| -1.201338 | 0.703852 -0.286001 1077.02 3029.9436
O | 2.083212 | -0.289151 -0.315418 1114.4978 3083.5667
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Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -115.560485 | -115.517516 | -115.513577 | -115.540054
CCSD(T)/cc-pVTZ -115.39599 | -115.353036 | -115.349097 | -115.375574
CBS-QB3 -115.43672 -115.395241 | -115.391283 -115.4178
Coordinates (xyz) Vibrations (cm™)
C | 0.000000 | 0.000000 0.000000 i2243.656 1499.9448
H | 0.000000 | 0.000000 1.099685 885.9018 1514.2133
H| 1.404498 | 0.000000 -0.111721 932.6318 2032.3422
H | -0.120646 | -1.010289 -0.417193 1167.1778 2325.7714
O | -0.469545 | 1.041547 -0.656422 1202.6096 2981.0441
H| 0.914886 | 0.704984 -0.542435 1289.038 3030.5147
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Figure A1-9: Intrinsic reaction coordinate (IRC) for the Methanol thermal decomposition (kmeon).
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PW_meoH

oY

°,.
9

Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -115.667436 | -115.627515 | -115.62114 | -115.652794
CCSD(T)/cc-pVTZ -115.507559 | -115.467638 | -115.461264 | -115.492918
CBS-QB3 -115.547485 | -115.508663 | -115.502149 | -115.534741
Coordinates (xyz) Vibrations (cm)
C| 0.056130 | -0.152169 | -0.090586 133.8211 1279.0608
H| 0.699630 | -0.562836 | 0.706261 151.7677 1541.2982
H| 3.215228 | 0.471865 0.680635 211.4207 1873.2115
H|-0.977693 | -0.533816 | -0.137753 326.3263 2949.4457
O | 0.460002 | 0.665871 -0.864150 387.3042 3022.6017
H | 2.725308 | 0.703468 0.174833 1220.375 4426.4457
Z-H3COCHO - 2H,CO (P3) k>
TS_k2
P o
rs
// 3
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -228.928594 | -228.872032 | -228.866999 | -228.898237
CCSD(T)/cc-pVTZ -228.596086 -228.539524 -228.534491 -228.565729
CBS-QB3 -228.671129 -228.61593 -228.610783 -228.642226
Coordinates (xyz) Vibrations (cm)
C | 1.222987 | 0.382271 0.073890 i1144.8891 1234.8323 3085.4734
H| 2.081904 0.604406 -0.572205 289.2963 1291.763 3186.8335
H| 1.064076 1.088288 0.897028 380.3357 1369.668
H| 0.217079 0.967157 -0.747482 518.3145 1513.9633
C | -0.660858 0.027206 -0.457007 680.1593 1552.1075
H | -0.557268 | -0.591506 -1.342920 850.207 1762.5231
O | 0.812346 -0.834454 0.191585 1011.1453 1883.9147
O | -1.525668 | 0.288311 0.296630 1214.933 3002.3124
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Figure A1-10: Intrinsic reaction coordinate (IRC) for the Methyl formate thermal decomposition

T
15

(k2).
PW_k;
&
9
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -229.002233 | -228.945328 | -228.938007 | -228.974654
CCSD(T)/cc-pVTZ -228.674028 | -228.617123 | -228.609802 | -228.646449
CBS-QB3 -228.748229 | -228.69326 | -228.685733 | -228.723052
Coordinates (xyz) Vibrations (cm?)
C | -1.546575 | 0.502432 0.000010 84.7913 1277.6596 3040.861
H| -2.596879 | 0.835450 -0.000019 141.608 1286.5094 3048.0706
H| -0.764945 | 1.279043 0.000061 184.3866 1538.1473
H| 1.309614 | -1.092895 0.934271 209.3289 1546.3872
C| 1.365628 | -0.512504 0.000014 232.0382 1850.6278
H| 1.309626 | -1.092946 -0.934212 306.1598 1862.6571
0| -1.267232 | -0.663912 -0.000012 1210.7036 2962.7001
O | 1.495765 | 0.680385 -0.000018 1228.6776 2967.2035
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E-H3COCHO - Ha4C (P4) + CO, (Ps)

ks

Appendix 1

TS ks

» 4 y

*’:
N
L )

>

«

(k3).

Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -228.911049 | -228.854678 | -228.84906 | -228.881903
CCSD(T)/cc-pVTZ -228.583846 | -228.527475 | -228.521856 -228.5547
CBS-QB3 -228.658976 | -228.604072 | -228.598226 | -228.631947
Coordinates (xyz) Vibrations (cm?)
C| 1.359513 | 0.187972 -0.080886 -1346.545 1189.2229 3263.1863
H| 1.763324 | -0.761637 | -0.395238 115.0643 1291.3568 3301.1604
H| 1.674782 | 0.540724 0.889354 204.5185 1366.5878
H| 1.283282 | 0.928072 -0.868336 469.8397 1426.7563
C | -0.718878 | -0.299323 0.097762 711.1237 1489.5729
H| -0.187478 | 0.767845 0.262569 777.0974 1904.8282
O | -0.044525 | -1.170423 0.697419 856.0576 2178.2658
0| -1.684330 | -0.271728 -0.602635 1080.719 3118.7934
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Figure A1-11: Intrinsic reaction coordinate (IRC) for the Methyl formate thermal decomposition
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E-HsCOCHO > HC=0H (Pg) + H,CO (P3) > 2H,CO (Ps) ks
TS_ka
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -228.880624 | -228.826836 | -228.821573 | -228.853274
CCSD(T)/cc-pVTZ -228.55138 | -228.497592 | -228.49233 | -228.524031
CBS-QB3 -228.624788 | -228.572875 | -228.567453 | -228.599472
Coordinates (xyz) Vibrations (cm)
C | -0.099996 | -0.009412 | -0.069700 i 1188.6936 1203.3321 3020.9609
H | -0.173724 | -0.089438 1.021990 272.3162 1251.3089 3071.9423
H| 0.898103 | -0.088773 | -0.518185 432.2962 1297.8371
H| -0.502710 | -1.440730 | -0.350382 451.9454 1492.6502
C|-2.032798 | -1.226858 | -1.415107 556.6733 1568.7482
H | -2.849505 | -1.697151 | -1.983484 625.2601 1614.7893
O | -1.043779 | 0.492184 -0.726231 813.8443 1882.4633
O | -1.292292 | -2.048742 | -0.899910 1070.8573 2982.826
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Figure A1-12: Intrinsic reaction coordinate (IRC) for the Methyl formate thermal decomposition

(ka).
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PW k4
«*er,
J
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -228.929777 | -228.872465 | -228.865399 | -228.901348
CCSD(T)/cc-pVTZ -228.601705 | -228.544393 | -228.537327 | -228.573276
CBS-QB3 -228.672864 | -228.616943 | -228.609871 | -228.645843
Coordinates (xyz) Vibrations (cm?)
C| -1.688187 | 0.506740 -0.000005 106.6898 1288.8902 3099.7193
H | -1.000835 | 1.362291 -0.000024 188.5618 1304.8359 3450.7665
H | -2.773719 | 0.690399 0.000003 194.2697 1430.8744
H | 0.492097 | -0.790702 -0.000001 200.6419 1524.6923
C| 1.549676 | 0.721021 0.000010 243.3692 1554.5193
H| 2.647483 0.900703 0.000001 415.9553 1831.4805
0| -1.266230 | -0.622496 0.000007 1203.8929 2887.6173
O | 1.449485 | -0.568661 -0.000008 1251.0318 2979.3798
TS _kim
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -114.358842 | -114.337882 | -114.333985 -114.359609
CCSD(T)/cc-pVTZ -114.19611 -114.17515 -114.171253 -114.196877
CBS-QB3 -114.231499 | -114.211205 | -114.207315 -114.232949
Coordinates (xyz) Vibrations (cm?)
H| -0.176610 | -0.002315 0.374091 i2157.3148 2675.4779
C| 0.115348 | -0.019333 1.584561 714.6631 2953.1327
H| 0.564971 | -0.024192 2.597529 1348.6899
O | 0.966826 | 0.045840 0.619795 1508.3647
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Figure A1-13: Intrinsic reaction coordinate (IRC) for the Hydroxy Methylene thermal decomposition
(kim).
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Figure A1-15: Ratio for k1 and ks coefficient rates as function of temperature.
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Table Al1-1: Theoretical rate coefficients for the thermal decomposition of methyl formate at the M06-2X-GD3/cc-pVTZ level of theory.

MO06-2X-GD3/cc-pVTZ

T/K

ki

k2

keq

kbar

ks

ka

kp_c-o l kp_o-c l ki/ka l ki/ks l k1/ka l ki/kp_c-o l k1/kp_o-c lkD_C—O/ kp_o-c

300
400
500
600
700
747
800
900
961
1000
1200
1247
1300
1370
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500

6.17E-34
1.33E-24
2.19E-17
2.64E-12
1.32E-08
3.37E-07
8.36E-06
1.31E-03
1.72E-02
7.62E-02
3.50E+01
1.12E+02
3.74E+02
1.61E+03
2.87E+03
1.68E+04
7.92E+04
3.12E+05
1.06E+06
3.15E+06
8.43E+06
2.06E+07
4.63E+07
9.73E+07
1.92E+08
3.60E+08

1.82E-44
1.60E-30
4,98E-22
2.49E-16
3.07E-12
1.09E-10
3.68E-09
9.29E-07
1.55E-05
7.85E-05
6.23E-02
2.20E-01
8.20E-01
3.99E+00
7.49E+00
5.11E+01
2.75E+02
1.22E+03
4.56E+03
1.49E+04
4.34E+04
1.14E+05
2.75E+05
6.15E+05
1.29E+06
2.53E+06

6.86E-04
6.28E-03
2.39E-02
5.83E-02
1.10E-01
1.40E-01
1.78E-01
2.59E-01
3.13E-01
3.49E-01
5.46E-01
5.95E-01
6.49E-01
7.22E-01
7.53E-01
8.57E-01
9.59E-01
1.06E+00
1.16E+00
1.25E+00
1.35E+00
1.44E+00
1.52E+00
1.61E+00
1.69E+00
1.77E+00

5.09E-48
1.56E-33
1.81E-24
2.35E-18
5.80E-14
2.68E-12
1.18E-10
4.53E-08
9.37E-07
5.36E-06
7.06E-03
2.74E-02
1.13E-01
6.18E-01
1.22E+00
9.59E+00
5.85E+01
2.89E+02
1.20E+03
4.27E+03
1.34E+04
3.80E+04
9.76E+04
2.31E+05
5.10E+05
1.06E+06

3.49E-51
9.77E-36
4.33E-26
1.37E-19
6.39E-15
3.76E-13
2.11E-11
1.17E-08
2.93E-07
1.87E-06
3.86E-03
1.63E-02
7.32E-02
4.46E-01
9.16E-01
8.21E+00
5.61E+01
3.06E+02
1.38E+03
5.35E+03
1.81E+04
5.45E+04
1.48E+05
3.71E+05
8.60E+05
1.87E+06

7.21E-65
8.28E-46
3.39E-34
2.11E-26
8.25E-21
1.08E-18
1.34E-16
2.58E-13
1.21E-11
1.11E-10
1.03E-06
5.76E-06
3.48E-05
3.02E-04
7.16E-04
9.88E-03
9.86E-02
7.53E-01
4.59E+00
2.32E+01
9.99E+01
3.74E+02
1.25E+03
3.74E+03
1.02E+04
2.59E+04

4.17E-55
4.94E-38
9.41E-28
7.05E-21
5.92E-16
4.31E-14
2.97E-12
2.27E-09
6.66E-08
4.65E-07
1.38E-03
6.23E-03
3.00E-02
1.98E-01
4.21E-01
4.16E+00
3.09E+01
1.82E+02
8.77E+02
3.59E+03
1.28E+04
4.03E+04
1.14E+05
2.97E+05
7.11E+05
1.59E+06

1.55E-56
1.38E-36
1.07E-24
7.54E-17
2.59E-11
3.03E-09
3.20E-07
4.31E-04
1.58E-02
1.23E-01
4.61E+02
2.08E+03
9.76E+03
6.09E+04
1.25E+05
1.08E+06
6.72E+06
3.23E+07
1.25E+08
4.03E+08
1.12E+09
2.73E+09
5.96E+09
1.18E+10
2.17E+10
3.69E+10

3.39E+10
8.29E+05
4.40E+04
1.06E+04
4.30E+03
3.11E+03
2.27E+03
1.41E+03
1.11E+03
9.71E+02
5.62E+02
5.07E+02
4.57E+02
4.03E+02
3.83E+02
3.29E+02
2.88E+02
2.56E+02
2.31E+02
2.11E+02
1.94E+02
1.80E+02
1.68E+02
1.58E+02
1.50E+02
1.42E+02

1.76E+17
1.36E+11
5.06E+08
1.93E+07
2.06E+06
8.97E+05
3.97E+05
1.12E+05
5.88E+04
4.07E+04
9.08E+03
6.85E+03
5.11E+03
3.60E+03
3.13E+03
2.05E+03
1.41E+03
1.02E+03
7.62E+02
5.88E+02
4.66E+02
3.78E+02
3.12E+02
2.62E+02
2.24E+02
1.93E+02

8.55E+30
1.61E+21
6.45E+16
1.25E+14
1.60E+12
3.12E+11
6.25E+10
5.08E+09
1.42E+09
6.86E+08
3.41E+07
1.94E+07
1.08E+07
5.31E+06
4.01E+06
1.70E+06
8.03E+05
4.14E+05
2.30E+05
1.36E+05
8.44E+04
5.49E+04
3.72E+04
2.60E+04
1.88E+04
1.39E+04

1.48E+21
2.69E+13
2.33E+10
3.75E+08
2.23E+07
7.83E+06
2.81E+06
5.75E+05
2.59E+05
1.64E+05
2.54E+04
1.79E+04
1.25E+04
8.09E+03
6.81E+03
4.04E+03
2.56E+03
1.72E+03
1.20E+03
8.77E+02
6.60E+02
5.11E+02
4.05E+02
3.28E+02
2.70E+02
2.26E+02

3.98E+22
9.62E+11
2.05E+07
3.50E+04
5.08E+02
1.11E+02
2.61E+01
3.04E+00
1.09E+00
6.18E-01
7.59E-02
5.38E-02
3.83E-02
2.63E-02
2.29E-02
1.56E-02
1.18E-02
9.65E-03
8.45E-03
7.80E-03
7.53E-03
7.54E-03
7.78E-03
8.22E-03
8.88E-03
9.76E-03

3.71E-02
2.80E+01
1.14E+03
1.07E+04
4.39E+04
7.04E+04
1.08E+05
1.89E+05
2.38E+05
2.65E+05
3.34E+05
3.33E+05
3.25E+05
3.07E+05
2.97E+05
2.59E+05
2.17E+05
1.78E+05
1.42E+05
1.12E+05
8.77E+04
6.78E+04
5.21E+04
3.99E+04
3.04E+04
2.32E+04
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Table A1-2: Theoretical rate coefficients for the thermal decomposition of methyl formate at the CCSD(T)/cc-pVTZ level of theory.

Appendix 1

CCSD(T)/M06-2X-GD3/cc-pVTZ

T/K

ki

k2

keq

kbar

ks

ka

ko c-o

ko o-c

k1/k>

k1/ks

k1/ka

ki/ko_co

ki/kp_o-c

ko_c-o/kp_o-c

300
400
500
600
700
747
800
900
%961
1000
1200
1247
1300
1370
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500

7.97E-32
5.35E-23
4,23E-16
3.12E-11
1.09E-07
2.45E-06
5.32E-05
6.78E-03
8.04E-02
3.35E-01
1.20E+02
3.66E+02
1.17E+03
4,73E+03
8.25E+03
4,51E+04
2.00E+05
7.45E+05
2.40E+06
6.86E+06
1.77E+07
4.17E+07
9.08E+07
1.85E+08
3.56E+08
6.51E+08

7.76E-44
4,75E-30
1.19E-21
5.14E-16
5.70E-12
1.94E-10
6.33E-09
1.50E-06
2.44E-05
1.21E-04
8.95E-02
3.12E-01
1.14E+00
5.47E+00
1.02E+01
6.82E+01
3.61E+02
1.57E+03
5.81E+03
1.88E+04
5.39E+04
1.40E+05
3.35E+05
7.42E+05
1.54E+06
3.01E+06

1.00E-03
8.34E-03
2.99E-02
7.04E-02
1.30E-01
1.63E-01
2.05E-01
2.93E-01
3.52E-01
3.91E-01
6.00E-01
6.51E-01
7.08E-01
7.84E-01
8.16E-01
9.24E-01
1.03E+00
1.13E+00
1.23E+00
1.33E+00
1.42E+00
1.51E+00
1.60E+00
1.69E+00
1.77E+00
1.85E+00

6.62E-42
6.23E-29
8.73E-21
2.75E-15
2.48E-11
7.81E-10
2.37E-08
5.04E-06
7.72E-05
3.72E-04
2.42E-01
8.22E-01
2.94E+00
1.37E+01
2.51E+01
1.62E+02
8.28E+02
3.50E+03
1.26E+04
3.98E+04
1.12E+05
2.86E+05
6.71E+05
1.46E+06
2.99E+06
5.76E+06

6.62E-45
5.19E-31
2.61E-22
1.93E-16
3.21E-12
1.28E-10
4.87E-09
1.48E-06
2.72E-05
1.45E-04
1.45E-01
5.35E-01
2.08E+00
1.07E+01
2.05E+01
1.50E+02
8.52E+02
3.96E+03
1.55E+04
5.29E+04
1.59E+05
4.33E+05
1.07E+06
2.46E+06
5.28E+06
1.06E+07

9.44E-63
3.22E-44
6.35E-33
2.42E-25
6.69E-20
7.68E-18
8.35E-16
1.31E-12
5.55E-11
4.81E-10
3.48E-06
1.86E-05
1.07E-04
8.80E-04
2.04E-03
2.62E-02
2.46E-01
1.78E+00
1.04E+01
5.02E+01
2.08E+02
7.52E+02
2.43E+03
7.07E+03
1.89E+04
4.65E+04

7.14E-40
1.31E-26
1.30E-18
2.92E-13
2.00E-09
5.65E-08
1.53E-06
2.72E-04
3.79E-03
1.73E-02
8.87E+00
2.88E+01
9.83E+01
4.30E+02
7.74E+02
4.63E+03
2.22E+04
8.86E+04
3.03E+05
9.13E+05
2.46E+06
6.04E+06
1.37E+07
2.88E+07
5.71E+07
1.07E+08

1.04E-49
1.44E-31
9.07E-21
1.19E-13
1.24E-08
9.17E-07
6.19E-05
4.12E-02
1.06E+00
6.71E+00
1.08E+04
4.14E+04
1.65E+05
8.43E+05
1.60E+06
1.08E+07
5.46E+07
2.18E+08
7.14E+08
1.99E+09
4.82E+09
1.04E+10
2.03E+10
3.65E+10
6.07E+10
9.46E+10

1.03E+12
1.13E+07
3.56E+05
6.06E+04
1.92E+04
1.26E+04
8.41E+03
4.51E+03
3.30E+03
2.76E+03
1.34E+03
1.17E+03
1.02E+03
8.64E+02
8.08E+02
6.61E+02
5.54E+02
4.75E+02
4.14E+02
3.66E+02
3.28E+02
2.97E+02
2.71E+02
2.50E+02
2.31E+02
2.16E+02

1.20E+13
1.03E+08
1.62E+06
1.61E+05
3.40E+04
1.92E+04
1.09E+04
4.59E+03
2.96E+03
2.30E+03
8.29E+02
6.84E+02
5.61E+02
4.42E+02
4.02E+02
3.02E+02
2.34E+02
1.88E+02
1.55E+02
1.30E+02
1.11E+02
9.62E+01
8.46E+01
7.52E+01
6.75E+01
6.12E+01

8.45E+30
1.66E+21
6.67E+16
1.29E+14
1.64E+12
3.19E+11
6.38E+10
5.17E+09
1.45E+09
6.97E+08
3.46E+07
1.96E+07
1.09E+07
5.37E+06
4.05E+06
1.72E+06
8.11E+05
4.18E+05
2.32E+05
1.37E+05
8.51E+04
5.54E+04
3.75E+04
2.62E+04
1.89E+04
1.40E+04

1.12E+08
4.07E+03
3.26E+02
1.07E+02
5.47E+01
4.33E+01
3.47E+01
2.49E+01
2.12E+01
1.94E+01
1.36E+01
1.27E+01
1.19E+01
1.10E+01
1.07E+01
9.73E+00
8.99E+00
8.41E+00
7.92E+00
7.52E+00
7.18E+00
6.90E+00
6.65E+00
6.43E+00
6.24E+00
6.08E+00

7.67E+17
3.71E+08
4.66E+04
2.61E+02
8.84E+00
2.67E+00
8.60E-01
1.64E-01
7.60E-02
4.99E-02
1.12E-02
8.85E-03
7.09E-03
5.61E-03
5.16E-03
4.17E-03
3.65E-03
3.42E-03
3.36E-03
3.45E-03
3.67E-03
4.00E-03
4.47E-03
5.08E-03
5.87E-03
6.88E-03

1.46E-10
1.10E-05
6.99E-03
4.10E-01
6.19E+00
1.62E+01
4.04E+01
1.52E+02
2.79E+02
3.89E+02
1.22E+03
1.44E+03
1.68E+03
1.96E+03
2.07E+03
2.33E+03
2.46E+03
2.46E+03
2.36E+03
2.18E+03
1.96E+03
1.72E+03
1.49E+03
1.27E+03
1.06E+03
8.84E+02
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Table Al1-3: Theoretical rate coefficients for the thermal decomposition of methyl formate at the CBS-QB3 level of theory.

Appendix 1

CBS-QB3

T/K

k1

ka

keq

kbar

ks

ka

ko co

ko o-c

ki/k2

ki/k3

ki/ka

ki/ko_c-o

k1/kp_o-c

ko_c-o/kp_o-c

300
400
500
600
700
747
800
900
%61
1000
1200
1247
1300
1370
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500

4,98E-33
5.87E-24
6.46E-17
5.91E-12
2.41E-08
5.69E-07
1.31E-05
1.81E-03
2.24E-02
9.53E-02
3.76E+01
1.17E+02
3.79E+02
1.57E+03
2.75E+03
1.54E+04
6.98E+04
2.65E+05
8.70E+05
2.52E+06
6.58E+06
1.57E+07
3.46E+07
7.12E+07
1.38E+08
2.54E+08

1.04E-43
5.94E-30
1.42E-21
5.96E-16
6.48E-12
2.19E-10
7.07E-09
1.66E-06
2.67E-05
1.32E-04
9.64E-02
3.35E-01
1.23E+00
5.84E+00
1.09E+01
7.24E+01
3.81E+02
1.65E+03
6.10E+03
1.97E+04
5.64E+04
1.46E+05
3.49E+05
7.72E+05
1.60E+06
3.12E+06

7.74E-04
6.88E-03
2.57E-02
6.19E-02
1.16E-01
1.47E-01
1.87E-01
2.69E-01
3.25E-01
3.62E-01
5.63E-01
6.12E-01
6.68E-01
7.41E-01
7.73E-01
8.78E-01
9.81E-01
1.08E+00
1.18E+00
1.28E+00
1.37E+00
1.46E+00
1.55E+00
1.63E+00
1.71E+00
1.79E+00

1.81E-41
1.33E-28
1.60E-20
4.56E-15
3.82E-11
1.17E-09
3.47E-08
7.07E-06
1.06E-04
5.04E-04
3.11E-01
1.05E+00
3.72E+00
1.70E+01
3.12E+01
1.98E+02
1.00E+03
4.18E+03
1.49E+04
4.67E+04
1.30E+05
3.30E+05
7.70E+05
1.67E+06
3.39E+06
6.51E+06

1.40E-44
9.15E-31
4.12E-22
2.82E-16
4,44E-12
1.73E-10
6.46E-09
1.90E-06
3.44E-05
1.82E-04
1.75E-01
6.42E-01
2.48E+00
1.26E+01
2.41E+01
1.74E+02
9.82E+02
4,53E+03
1.76E+04
5.96E+04
1.79E+05
4.82E+05
1.19E+06
2.72E+06
5.80E+06
1.16E+07

3.51E-63
1.42E-44
3.17E-33
1.31E-25
3.84E-20
4,51E-18
5.02E-16
8.16E-13
3.52E-11
3.08E-10
2.32E-06
1.25E-05
7.28E-05
6.04E-04
1.40E-03
1.83E-02
1.74E-01
1.27E+00
7.43E+00
3.63E+01
1.51E+02
5.51E+02
1.79E+03
5.24E+03
1.40E+04
3.48E+04

1.95E-41
1.35E-25
3.48E-16
5.38E-10
1.20E-05
4.95E-04
1.88E-02
5.05E+00
8.15E+01
3.96E+02
2.09E+05
6.48E+05
2.06E+06
8.03E+06
1.36E+07
6.57E+07
2.45E+08
7.42E+08
1.89E+09
4.17E+09
8.15E+09
1.44E+10
2.34E+10
3.54E+10
5.03E+10
6.79E+10

4.42E-51
5.86E-33
3.49E-22
4.35E-15
4.28E-10
3.10E-08
2.04E-06
1.30E-03
3.26E-02
2.04E-01
3.07E+02
1.16E+03
4.56E+03
2.29E+04
4.32E+04
2.86E+05
1.42E+06
5.60E+06
1.81E+07
5.02E+07
1.21E+08
2.62E+08
5.14E+08
9.29E+08
1.57E+09
2.49E+09

4.77E+10
9.89E+05
4.56E+04
9.90E+03
3.71E+03
2.60E+03
1.85E+03
1.09E+03
8.37E+02
7.20E+02
3.90E+02
3.48E+02
3.09E+02
2.68E+02
2.53E+02
2.13E+02
1.83E+02
1.60E+02
1.43E+02
1.28E+02
1.17E+02
1.07E+02
9.91E+01
9.22E+01
8.64E+01
8.14E+01

3.56E+11
6.42E+06
1.57E+05
2.09E+04
5.42E+03
3.29E+03
2.02E+03
9.50E+02
6.50E+02
5.22E+02
2.14E+02
1.81E+02
1.53E+02
1.24E+02
1.14E+02
8.87E+01
7.11E+01
5.86E+01
4.94E+01
4,23E+01
3.69E+01
3.25E+01
2.90E+01
2.62E+01
2.38E+01
2.18E+01

1.42E+30
4.12E+20
2.04E+16
4.50E+13
6.26E+11
1.26E+11
2.60E+10
2.22E+09
6.35E+08
3.10E+08
1.62E+07
9.29E+06
5.20E+06
2.59E+06
1.96E+06
8.44E+05
4.02E+05
2.09E+05
1.17E+05
6.96E+04
4.35E+04
2.85E+04
1.93E+04
1.36E+04
9.84E+03
7.30E+03

2.55E+08
4.34E+01
1.86E-01
1.10E-02
2.01E-03
1.15E-03
6.96E-04
3.59E-04
2.74E-04
2.41E-04
1.80E-04
1.80E-04
1.84E-04
1.95E-04
2.02E-04
2.35E-04
2.85E-04
3.57E-04
4.60E-04
6.05E-04
8.07E-04
1.09E-03
1.48E-03
2.01E-03
2.75E-03
3.74E-03

1.13E+18
1.00E+09
1.85E+05
1.36E+03
5.62E+01
1.84E+01
6.40E+00
1.39E+00
6.85E-01
4.67E-01
1.23E-01
1.00E-01
8.30E-02
6.82E-02
6.37E-02
5.39E-02
4.91E-02
4.74E-02
4.79E-02
5.03E-02
5.43E-02
5.99E-02
6.73E-02
7.66E-02
8.81E-02
1.02E-01

4.42E+09
2.31E+07
9.98E+05
1.24E+05
2.80E+04
1.60E+04
9.20E+03
3.88E+03
2.50E+03
1.94E+03
6.81E+02
5.58E+02
4.52E+02
3.50E+02
3.16E+02
2.30E+02
1.72E+02
1.33E+02
1.04E+02
8.31E+01
6.72E+01
5.51E+01
4.56E+01
3.81E+01
3.21E+01
2.73E+01

138




Arrhenius plots for the different pathways in

decomposition of Methyl Formate
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Figure A1-16: Comparison of Arrhenius plots for methyl formate decomposition (kz) with previous

rate values.?0%6

Figure A1-17: Comparison of Arrhenius plots for

rate values.?0%6
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Figure A1-18: Comparison of Arrhenius plots for methyl formate decomposition (ka).
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Figure A1-19: Comparison of Arrhenius plots for methyl formate decomposition (k(c-0)) with

previous rate values.
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Figure A1-20: Comparison of Arrhenius plots for methyl formate decomposition (ko-c) with

previous rate values.
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Appendix 1
Formaldehyde branching ratio

To calculate the ratio of CH,O coming directly from methyl formate (path 2) vs that coming from
methanol (path 1) it is necessary to obtain kinetic information all the path to formaldehyde

formation.
H3COCHO = CH,0 (P3) + Hz + CO(P2) ks (1)
H3COCHO = 2 CH,0(P3) k2 (2)

As can see in Figure S20, comparing paths 1 and 2 taking into account only TS1 and TS2 has as a
consequence an overestimation of the yield of formaldehyde formation in path 1. Since although the
barrier for TS1 is smaller, the path 1 goes through two transitions states (TS1 and TS_MeOH) and the

barrier for the second TS is even higher than TS2 barrier.

The formaldehyde formation from path 1 goes through by three steps, the P1 and P2 formations with

rate constant ki,

H3COCHO -> H3COH(P1) + CO(P2) ka (1a)
reverse reaction with rate constant k-1,

H3COH(P1) + CO(P2) > H3COCHO ka (1b)
and CH,0 formation from methanol (P1) with the rate constant kmeon, that competes with (1b),

H3COH(P1) + CO(P2)-> CH,0(P3) + Hy + CO(P2) k meo (1c)
the overall rate for (kicorr) can be written as

kM OH
klcorr=k1 [ﬁ]
-1 " "MeOH
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Where the bracket denotes that fraction which completes the reaction via (1c) rather than (1b).

Assuming additive rate constants, we can calculate the global constant.

k.1+Kmeon

Figure S21 show the branching ratio ki/kz as function of temperature, it can be seen that initially the
reaction goes mainly through path 2 and as the temperature increases, path 1 becomes increasingly

important, since there is enough energy to overcome the TS_MeOH barrier.

To obtain the branching ratio of formaldehyde formation, it must be considered that in path 1, for
each MF, one molecule of formaldehyde is produced while two molecules of formaldehyde are

produced in path 2.

Yiot= K1corr/ Ktot +2(Ka /Keot)

At 747K, 99.96% of the formed formaldehyde come from R2, when temperature raise to 1247K the
ratio for R2 drops to 71.45%. At 1370K, the ratio of the mechanisms is almost the same, 48.99 and
51.01 for R2 and R1 respectively (Figure S22). At higher temperatures it is seen how the proportion
of R1 continues to increase until it reaches levels above 97% at 2500 K. Although the TS1 barrier is
lower, it is notable that at low temperatures the energy of the system is not enough to overcome the
TS_MeOH barrier and the formation of formaldehyde via pathway 2 is favoured. As the temperature
increases, the system has more energy and finally the ratio changes and the reaction goes almost

exclusively by path 1.
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Figure A1-21: Relative potential energy diagram (kJ/mol) for paths 1 and 2 of MF thermal
decomposition calculated at M06-2X/GD3/cc-pVTZ level of theory.
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Figure A1-23: Branching ratio for formaldehyde formation of R1(purple) and R2 (green) pathways as
function of temperature in the MF thermal decomposition. Calculated at M06-2X/GD3/cc-pVTZ level
of theory.
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Table A1-4: Kinetic data and branching ratios for paths 1 and 2 calculated at M06-2X/GD3/cc-pVTZ
level of theory.

T(K) ke ki Kmeon Kicor k2 ktot K1corr/Ktot ka/Ktot Y1/Yeor Y2/ Yot
300 6.17E-34  5.22E-28 3.21E-43 3.79E-49 1.82E-44 1.82E-44 0.00% 100.00% 0.00% 100.00%
400 1.33E-24 3.60E-21 4.15E-34 1.53E-37 1.60E-30 1.60E-30 0.00% 100.00% 0.00% 100.00%
500 2.19€-17 1.70E-15 2.45E-26 3.16E-28 4.98E-22 4.98E-22 0.00% 100.00% 0.00% 100.00%
600 2.64E-12 1.83E-11 2.96E-20 4.27E-21 2.49E-16 2.49E-16 0.00% 100.00% 0.00% 100.00%
700 1.32E-08 1.58E-08 1.00E-15 8.35E-16 3.07E-12 3.07E-12 0.03% 99.97% 0.01% 99.99%
747 3.37E-07 2.08E-07 5.44E-14 8.83E-14 1.09E-10 1.09E-10 0.08% 99.92% 0.04% 99.96%
800 8.36E-06 2.66E-06 2.86E-12 9.00E-12 3.68E-09 3.69E-09 0.24% 99.76% 0.12% 99.88%
900 1.31E-03 1.47E-04 1.48E-09 1.32E-08 9.29E-07 9.42E-07 1.40% 98.60% 0.70% 99.30%
961 1.72E-02 1.14E-03 3.58E-08 5.43E-07 1.55E-05 1.60E-05 3.39% 96.61% 1.72% 98.28%
1000 7.62E-02 3.69E-03 2.26E-07 4.65E-06 7.85E-05 8.31E-05 5.60% 94.40% 2.88% 97.12%
1200 3.50E+01 4.79E-01 4.50E-04 3.29E-02 6.23E-02 9.52E-02 34.52% 65.48% 20.86% 79.14%
1247 1.12E+02 1.20E+00 1.90E-03 1.76E-01 2.20E-01 3.96E-01 44.42% 55.58% 28.55% 71.45%
1300 3.74E+02 3.14E+00 8.51E-03 1.01E+00 8.20E-01 1.83E+00 55.23% 44.77% 38.15% 61.85%
1370 1.61E+03 9.97E+00 5.18E-02 8.30E+00 3.99E+00 1.23E+01 67.55% 32.45% 51.01% 48.99%
1400 2.87E+03 1.58E+01 1.07E-01 1.92E+01 7.49E+00 2.67E+01 71.95% 28.05% 56.19% 43.81%
1500 1.68E+04 6.44E+01 9.59E-01 2.47E+02 5.11E+01 2.98E+02 82.84% 17.16% 70.71% 29.29%
1600 7.92E+04 2.21E+02 6.59E+00 2.30E+03 2.75E+02 2.57E+03  89.31% 10.69% 80.69% 19.31%
1700 3.12E+05 6.56E+02 3.63E+01 1.63E+04 1.22E+03 1.75E+04 93.07% 6.93% 87.05% 12.95%
1800 1.06E+06 1.73E+03 1.66E+02 9.22E+04 4.56E+03 9.67E+04 95.28% 4.72% 90.99% 9.01%
1900 3.15E+06 4.12E+03 6.46E+02 4.26E+05 1.49E+04 4.41E+05 96.62% 3.38% 93.45% 6.55%
2000 8.43E+06 9.03E+03 2.20E+03 1.65E+06 4.34E+04 1.70E+06 97.44% 2.56% 95.01% 4.99%
2100 2.06E+07 1.84E+04 6.70E+03 5.50E+06 1.14E+05 5.61E+06 97.97% 2.03% 96.01% 3.99%
2200 4.63E+07 3.51E+04 1.85E+04 1.60E+07 2.75E+05 1.63E+07 98.31% 1.69% 96.67% 3.33%
2300 9.73E+07 6.33E+04 4.66E+04 4.13E+07 6.15E+05 4.19E+07 98.53% 1.47% 97.11% 2.89%
2400 1.92E+08 1.09E+05 1.09E+05 9.62E+07 1.29E+06 9.75E+07 98.68% 1.32% 97.40% 2.60%
2500 3.60E+08 1.80E+05 2.39E+05 2.05E+08 2.53E+06 2.08E+08 98.78% 1.22% 97.59% 2.41%

145



Appendix 1

Table A1-5: Kinetic data and branching ratios for paths 1 and 2 calculated at CCSD(T)/cc-pVTZ level

of theory.

T( K) kl k-l kOH klcor kZ kftot klcorr/ktot kz/ktot chorr/Ytot YZ/Ytot
300 |7.97E-32 1.23E-28 2.21E-43 1.43E-46 7.76E-44 7.77E-44 0.18% 99.82% 0.09% 99.91%
400 |5.35E-23 1.28E-21 2.12E-34 8.88E-36 4.75E-30 4.75E-30  0.00% 100.00% 0.00% 100.00%
500 |4.23E-16 7.48E-16 1.29E-26 7.29E-27 1.19E-21 1.19E-21  0.00% 100.00% 0.00% 100.00%
600 |3.12E-11 9.24E-12 1.71E-20 5.76E-20 5.14E-16 5.14E-16 0.01% 99.99% 0.01% 99.99%
700 | 1.09e-07 8.81E-09 6.26E-16 7.76E-15 5.70E-12 5.71E-12 0.14% 99.86% 0.07% 99.93%
747 | 2.45E-06 1.20E-07 3.49E-14 7.13E-13 1.94E-10 1.95E-10 0.37% 99.63% 0.18% 99.82%
800 |5.32E-05 1.59E-06 1.89E-12 6.32E-11 6.33E-09 6.39E-09  0.99% 99.01% 0.50% 99.50%
900 |6.78E-03 9.30E-05 1.02E-09 7.44E-08 1.50E-06 1.58E-06 4.72% 95.28% 2.41% 97.59%
961 | 8.04E-02 7.40E-04 2.53E-08 2.75E-06 2.44E-05 2.71E-05 10.16% 89.84% 5.35% 94.65%
1000 | 3.35E-01 2.45E-03 1.62E-07 2.21E-05 1.21E-04 1.43E-04 15.45% 84.55% 8.37% 91.63%
1200 |1.20E+02 3.40E-01 3.41E-04 1.21E-01 8.95E-02 2.10E-01 57.39% 42.61% 40.24%  59.76%
1247 | 3.66E+02 8.65E-01 1.45E-03 6.14E-01 3.12E-01 9.26E-01 66.33% 33.67% 49.63%  50.37%
1300 |1.17E+03 2.29E+00 6.59E-03 3.36E+00 1.14E+00 4.50E+00 74.58% 25.42% 59.46%  40.54%
1370 |4.73E+03 7.39E+00 4.07E-02 2.59E+01 5.47E+00 3.14E+01 82.56% 17.44% 70.29%  29.71%
1400 |8.25E+03 1.18E+01 8.40E-02 5.84E+01 1.02E+01 6.86E+01 85.12% 14.88% 74.10% 25.90%
1500 |4.51E+04 4.90E+01 7.69E-01 6.97E+02 6.82E+01 7.65E+02 91.08% 8.92% 83.62% 16.38%
1600 |2.00E+05 1.71E+02 5.36E+00 6.08E+03 3.61E+02 6.44E+03 94.40% 5.60% 89.39% 10.61%
1700 |7.45E+05 5.15E+02 2.98E+01 4.08E+04 1.57E+03 4.23E+04 96.29% 3.71% 92.85% 7.15%
1800 |2.40E+06 1.38E+03 1.38E+02 2.18E+05 5.81E+03 2.24E+05 97.41% 2.59% 94.95% 5.05%
1900 |6.86E+06 3.32E+03 5.42E+02 9.63E+05 1.88E+04 9.82E+05 98.09% 1.91% 96.25% 3.75%
2000 (1.77E+07 7.35E+03 1.87E+03 3.58E+06 5.39E+04 3.63E+06 98.52% 1.48% 97.07% 2.93%
2100 |4.17E+07 1.51E+04 5.72E+03 1.14E+07 1.40E+05 1.16E+07 98.79% 1.21% 97.61% 2.39%
2200 |9.08E+07 2.91E+04 1.59E+04 3.21E+07 3.35E+05 3.24E+07 98.97% 1.03% 97.95% 2.05%
2300 |1.85E+08 5.30E+04 4.03E+04 8.01E+07 7.42E+05 8.08E+07 99.08% 0.92% 98.18% 1.82%
2400 |3.56E+08 9.18E+04 9.49E+04 1.81E+08 1.54E+06 1.83E+08 99.16% 0.84% 98.33% 1.67%
2500 [6.51E+08 1.52E+05 2.09E+05 3.76E+08 3.01E+06 3.79E+08 99.21% 0.79% 98.42% 1.58%
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Table A1-6: Kinetic data and branching ratios for paths 1 and 2 calculated at CBS-QB3 level of theory.

T(K) k1 k-1 kon K1cor ka2 K tot K1corr/Ktot ka2/Ktot Yicorr/Ytot Y2/ Yot

300 498E-33 1.48E-25 2.01E-43 6.77E-51 1.04E-43 1.04E-43 0.00% 100.00% 0.00% 100.00%
400 5.87E-24 2.36E-18 3.01E-34 7.49E-40 5.94E-30 5.94E-30 0.00% 100.00% 0.00% 100.00%
500 6.46E-17 1.97E-12 2.44E-26 8.02E-31 1.42E-21 1.42E-21 0.00% 100.00% 0.00% 100.00%
600 5.91E-12 3.21E-08 3.25E-20 5.98E-24 5.96E-16 5.96E-16 0.00%  100.00% 0.00% 100.00%
700 2.41E-08 3.83E-05 1.14E-15 7.17E-19 6.48E-12 6.48E-12 0.00% 100.00% 0.00% 100.00%
747 5.69E-07 5.70E-04 6.24E-14 6.23E-17 2.19E-10 2.19E-10 0.00% 100.00% 0.00% 100.00%
800 1.31E-05 8.28E-03 3.31E-12 5.22E-15 7.07E-09 7.07E-09 0.00%  100.00% 0.00% 100.00%
900 1.81E-03 5.60E-01 1.72E-09 5.57E-12 1.66E-06 1.66E-06 0.00%  100.00% 0.00% 100.00%
961 2.24E-02 4.81E+00 4.21E-08 1.96E-10 2.67E-05 2.67E-05 0.00%  100.00% 0.00% 100.00%
1000 |9.53E-02 1.66E+01 2.66E-07 1.52E-09 1.32E-04 1.32E-04 0.00% 100.00% 0.00% 100.00%
1200 |3.76E+01 2.77E+03 5.36E-04 7.27E-06 9.64E-02 9.64E-02 0.01% 99.99% 0.00% 100.00%
1247 |1.17E+02 7.31E+03 2.27E-03 3.61E-05 3.35E-01 3.35E-01 0.01% 99.99% 0.01% 99.99%
1300 |3.79E+02 2.01E+04 1.02E-02 1.92E-04 1.23E+00 1.23E+00 0.02% 99.98% 0.01% 99.99%
1370 |1.57E+03 6.77E+04 6.23E-02 1.44E-03 5.84E+00 5.84E+00 0.02% 99.98% 0.01% 99.99%
1400 |2.75E+03 1.10E+05 1.28E-01 3.21E-03 1.09E+01 1.09E+01 0.03% 99.97% 0.01% 99.99%
1500 |1.54E+04 4.81E+05 1.16E+00 3.71E-02 7.24E+01 7.24E+01 0.05% 99.95% 0.03% 99.97%
1600 |6.98E+04 1.76E+06 7.98E+00 3.17E-01 3.81E+02 3.81E+02 0.08% 99.92% 0.04% 99.96%
1700 |2.65E+05 5.52E+06 4.40E+01 2.11E+00 1.65E+03 1.66E+03 0.13% 99.87% 0.06% 99.94%
1800 |8.70E+05 1.53E+07 2.01E+02 1.14E+01 6.10E+03 6.11E+03 0.19% 99.81% 0.09% 99.91%
1900 |2.52E+06 3.82E+07 7.88E+02 5.21E+01 1.97E+04 1.97E+04 0.26% 99.74% 0.13% 99.87%
2000 |6.58E+06 8.69E+07 2.69E+03 2.04E+02 5.64E+04 5.66E+04 0.36% 99.64% 0.18% 99.82%
2100 |[1.57E+07 1.83E+08 8.21E+03 7.03E+02 1.46E+05 1.47E+05 0.48% 99.52% 0.24% 99.76%
2200 |3.46E+07 3.61E+08 2.26E+04 2.17E+03 3.49E+05 3.51E+05 0.62% 99.38% 0.31% 99.69%
2300 |7.12E+07 6.71E+08 5.72E+04 6.07E+03 7.72E+05 7.78E+05 0.78% 99.22% 0.39% 99.61%
2400 |[1.38E+08 1.19E+09 1.34E+05 1.56E+04 1.60E+06 1.61E+06 0.97% 99.03% 0.49% 99.51%
2500 |[2.54E+08 2.00E+09 2.94E+05 3.73E+04 3.12E+06 3.16E+06 1.18% 98.82% 0.59% 99.41%
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Conformational analysis for Ethyl Formate

Scan of coordinates of internal rotations of EF

Two relaxed and one rigid scans of redundant internal coordinates in the dihedral angles 01-C1-02—-
C2 and C1-02—-C2—-C3 (01=C1(H)-02—-C2(H.)—C3Hs) were performed to search the local minimum
energy conformations of EF Using the Zhao’s and Truhlar’s M06-2X functional with the cc-pVDZ basis

sets of Dunning. >80
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C-G C-G
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Figure A2-1: Potential energy surface for the ethyl formate isomerization.

Once the local minima configurations were determined, they were reoptimized using M06-2X
functional including Grimme’s empirical dispersion correction (GD3) and the cc-pVTZ and aug-cc-

pVTZ basis sets of Dunning. >80

Section I-B includes the optimized geometries in xyz format and vibrational frequencies at the M06-

2X-GD3/aug-cc-pVTZ level of theory. Calculated energies for all methods used are also included.
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Optimized geometries and vibrational frequencies at the M06-2X-

GD3/aug-cc-pVTZ level of theory of EF conformers

(I) T-G_CH3CH,OCHO

Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.363642 -268.272629 -268.265905 -268.301819
CCSD(T)/cc-pVTZ -267.96273 -267.871720 -267.864995 -267.900909
CBS-QB3 -268.05085 -267.962140 -267.955273 -267.991772
MO06-2X-GD3/aug-cc-pVTZ -268.36785 -268.276915 -268.270190 -268.306084
SVECV-f12 -268.33580 -268.244867 -268.238142 -268.274037
Coordinates (xyz) Vibrations (cm™)

C 0.0009 0.0057 -0.0035 81.493 1163.144 3068.380

O -0.0008 0.0036 1.1858 157.404 1242.753 3069.129

0 1.1222 -0.0126 -0.7316 231.261 1346.711 3131.561

C 0.9767 0.0820 -2.1518 382.570 1400.744 3149.219

C 0.9693 1.5276 -2.5980 421.903 1421.584

H -0.9166 0.0124 -0.6162 645.143 1438.346

H 0.0646 -0.4346 -2.4599 803.653 1489.905

H 1.8243 -0.4586 -2.5653 933.359 1500.544

H 0.9160 1.5859 -3.6846 1056.543 1527.294

H 0.1108 2.0558 -2.1828 1085.693 1886.211

H 1.8757 2.0293 -2.2643 1124.949 3000.040
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(11) C-G_CHsCH,0CHO

Method Ee | E+zPE AH AG
MO06-2X-GD3/cc-pVTZ -268.371611  -268.279910 -268.273441 -268.308515
CCSD(T)/cc-pVTZ -267.97014 -267.878440 -267.871971 -267.907045
CBS-QB3 -268.05845 -267.969013 -267.962386 -267.998026
MO06-2X-GD3/aug-cc-pVTZ -268.37559 -268.283972 -268.277498 -268.312584
SVECV-f12 -268.34342 -268.251797 -268.245323 -268.280409
Coordinates (xyz) Vibrations (cm™)

C -0.001272 0.001321 0.000591 112.499 1195.0091 3087.3171
O -0.000945 0.004085 1.197188 227.4687 1249.8702 3102.5939
0O 1.07701 -7.10E-05 -0.779322 262.6517 1342.226 3143.8224
C 2.35041 -0.010737 -0.107181 340.866 1398.0139 3150.0677

C 2717212 -1.408333 0.341417 467.3128 1414.6367 3168.377

H -0.904484 0.004577 -0.619648 764.4103 1428.2274

H 2.304764 0.676265 0.735891 830.971 1491.2912

H 3.050679 0.369341 -0.84629 874.8258 1502.166

H 3.710141 -1.400765 0.789888 1039.8117 1513.626

H 2.007306 -1.769866 1.0824 1067.2562 1838.6194

H 2.727285 -2.090374 -0.507457 1127.8066 3074.5881
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(1) C-T_CHsCH,0CHO

¢

%o

Method | E+ZPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.371637  -268.280226 -268.273609 -268.309154
CCSD(T)/cc-pVTZ -267.97025 -267.878837 -267.872220 -267.907766
CBS-QB3 -268.05879 -267.969599 -267.962856 -267.998904
MO06-2X-GD3/aug-cc-pVTZ -268.37571 -268.284384 -268.277763 -268.313304
SVECV-f12 -268.34357 -268.252239 -268.245618 -268.281159
Coordinates (xyz) Vibrations (cm™)

C -0.001087 -0.003707 4.90E-05 79.1274 1185.5833 3082.9891
O -0.000845 -0.020668 1.196118 235.0127 1260.367 3086.1546
O 1.082039 0.014069 -0.772361 236.1835 1310.3622 31241171
C 2.342021 0.012157 -0.078047 344.4428 1398.9953 3151.1841
C 3.434262 0.033781 -1.117765 388.7608 1410.4432 3156.9037
H -0.902396 -0.000548 -0.622962 804.1964 1433.4511

H 2.38866 -0.876845 0.550367 813.0338 1490.6776

H 2.377573 0.883499 0.575331 881.497 1503.1362

H 4.407412 0.032978 -0.628999 1061.2312 1525.427

H 3.369381 -0.841427 -1.761925 1062.9442 1840.6729

H 3.35825 0.926016 -1.73686 1145.1539 3075.6576
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Appendix 2

(IV) T-T_CHsCH,OCHO

X

&

Method | E+zPE AH AG
MO06-2X-GD3/cc-pVTZ -268.363257 -268.272474 -268.265522 -268.302426
CCSD(T)/cc-pVTZ -267.96235 -267.871565 -267.864613 -267.901517
CBS-QB3 -268.05066 -267.962146 -267.955996  -267.990370
MO06-2X-GD3/aug-cc-pVTZ -268.36750 -268.276774 -268.269846  -268.306473
SVECV-f12 -268.33545 -268.244722 -268.237794  -268.274421
Coordinates (xyz) Vibrations (cm™)

C -0.000502 -0.007493 -0.000269 44,9744 1185.8163 3058.0754
O -0.001955 0.013237 1.189192 154.0112 1238.5816 3078.5423
O 1.121136 0.020924 -0.72715 229.5614 1318.9247 3100.392

C 0.960485 -0.009857 -2.151724 260.8722 1398.2648 3155.4631
C 2.336402 0.0298 -2.768902 442.3016 1421.8919 3159.6723

H -0.917766 -0.051789 -0.611012 635.5937 1449.1585

H 0.364725 0.850161 -2.46395 820.8728 1488.6537

H 0.429675 -0.921546 -2.432993 949.0864 1504.2621

H 2.257345 0.007929 -3.854691 1060.851 1528.4077

H 2.857862 0.938253 -2.473642 1091.7239 1887.8085

H 2.922583 -0.82719 -2.442794 1156.6108 3003.8731
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Appendix 2
Thermochemistry for Ethyl Formate thermal decomposition

In this section the paths determined for unimolecular decomposition of EF are presented. Six
molecular paths (1-6) with a well-define transition state (TS), for which the optimized structures of
the TS, postreaction well (PW) and the intrinsic reaction coordinate (IRC) were determined. And two
homolytic bond rupture for paths (7) and (8) for which scans of redundant coordinates increasing the
C1-02 or 02-C2 bond length was performed. Optimized structures for final products and paths for

secondary products were also determined.

All tables include the optimized geometries in xyz format and vibrational frequencies at the M06-2X-

GD3/aug-cc-pVTZ level of theory. Calculated energies for all methods used are also included.
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Appendix 2

Optimized geometries and vibrational frequencies at the M06-2X-

GD3/aug-cc-pVTZ level of theory of Ethyl Formate thermal

decomposition paths 1-6: transition states and postreaction wells.

H3CCH,OCHO - H,C=CH, (P1) + HOCOH (P2) k1

TS_1

J—I;dvgy

Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.283950 -268.199722 -268.193408 -268.228218
CCSD(T)/cc-pVTZ -267.88249 -267.798258 -267.791944 -267.826754
CBS-QB3 -267.96964 -267.887781 -267.881073 -267.918547
MO06-2X-GD3/aug-cc-pVTZ -268.28833 -268.204217 -268.197910 -268.232675
SVECV-f12 -268.25649 -268.172371 -268.166064 -268.200829
Coordinates (xyz) Vibrations (cm™)

C -0.0589 0.0160 -0.0628 -1522.62 1088.12 3024.84

O 0.0157 -0.3800 1.1323 131.38 1185.81 3145.58

O 0.8606 -0.0991 -0.9020 170.96 1230.09 3182.41

C 2.6403 -0.0967 -0.1282 419.56 1271.13 3233.34

C 2.5986 -0.1264 1.2670 473.23 1315.07 3271.56

H -0.9863 0.5176 -0.3786 563.66 1395.84

H 2.8171 0.8267 -0.6603 573.09 1424.61

H 2.8784 -0.9911 -0.6844 795.33 1467.90

H 2.7731 0.7990 1.7997 809.04 1517.86

H 1.2686 -0.3217 1.3448 905.54 1576.07

H 2.9423 -1.0312 1.7539 1021.31 1729.90
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Appendix 2

PW_1

Y

e P

Method Ee | E+ZPE |aH AG
MO06-2X-GD3/cc-pVTZ -268.345505 -268.258142 -268.249575 -268.291190
CCSD(T)/cc-pVTZ -267.94670 -267.859335 -267.850768 -267.892383
CBS-QB3 -268.03432  -267.949187 -267.941284 -267.981196
MO06-2X-GD3/aug-cc-pVTZ -268.34971  -268.262473 -268.253879 -268.295642
SVECV-f12 -268.31977  -268.232537 -268.223943 -268.265706
Coordinates (xyz) Vibrations (cm™?)

C -0.0171 -0.0528 -0.0204 33.55 1078.18 3156.34

O 0.0092 0.0769 1.3043 84.28 1083.25 3171.93

O 0.9452 -0.0761 -0.7311 99.33 1192.73 3233.18

C 3.2525 0.2512 1.5212 105.12 1241.90 3259.52

C 3.0256 0.3665 2.8218 146.42 1347.01 3644.46

H -1.0501 -0.1360 -0.3759 174.37 1385.34

H 3.3013 1.1150 0.8710 665.93 1423.09

H 3.3878 -0.7126 1.0481 775.22 1477.43

H 2.8895 1.3331 3.2900 827.29 1704.88

H 0.9385 0.1486 1.5916 1009.99 1852.53

H 2.9762 -0.5008 3.4677 1027.50 3089.77
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Figure A2-2: Intrinsic reaction coordinate (IRC) for the ethyl formate thermal decomposition (ki).

H3CCH,OCHO - H3CCH,0OH (P3) + CO (P4) k2

TS_2

Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.250819  -268.166977 -268.159681 -268.197178
CCSD(T)/cc-pVTZ -267.85457 -267.770700 -267.763412 -267.800856
CBS-QB3 -267.94146 -267.859300 -267.851912 -267.889845
MO06-2X-GD3/aug-cc-pVTZ -268.25505 -268.171329 -268.164003 -268.201591
SVECV-f12 -268.22707 -268.143349 -268.136023 -268.173611
Coordinates (xyz) Vibrations (cm™)

C -0.1783 0.1544 0.1053 i1835.10 1085.97 2992.06

O -0.1307 -0.1448 1.2058 49.82 1140.35 3065.27

O 1.1581 -0.2941 -1.0055 123.83 1178.96 3066.34

C 2.4529 -0.0910 -0.4755 206.31 1318.50 3139.47

C 3.0645 -1.4130 -0.0519 257.46 1393.20 3146.93

H 0.1000 0.5618 -0.9658 384.05 1415.78

H 2.4058 0.5852 0.3896 427.39 1487.52

H 3.0707 0.3934 -1.2352 696.54 1498.09

H 4.0702 -1.2631 0.3418 806.00 1517.12

H 2.4538 -1.8791 0.7203 913.64 1957.87

H 3.1186 -2.0905 -0.9028 983.53 2497.83
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Appendix 2

3
“H®
w 9
9
Method Ee | E+ZPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.348904 -268.261983 -268.253014 -268.295437
CCSD(T)/cc-pVTZ -267.95302 -267.866102 -267.857132 -267.899555
CBS-QB3 -268.03835 -267.953362 -267.944212 -267.988442
MO06-2X-GD3/aug-cc-pVTZ -268.35309 -268.266265 -268.257276 -268.299742
SVECV-f12 -268.32379  -268.236961 -268.227972 -268.270437
Coordinates (xyz) Vibrations (cm™)
C 0.0772 0.2929 0.2477 34.53 1132.60 3055.01
O -0.0332 -0.3675 1.1477 64.10 1186.71 3071.54
0O 2.9623 -0.0027 -0.2677 88.90 1271.63 3147.66
C 3.2519 0.9294 0.7640 119.16 1307.58 3148.66
C 3.5277 0.1475 2.0271 142.47 1402.99 3887.70
H 2.7361 0.4727 -1.0701 251.37 1456.74
H 2.4040 1.6067 0.9154 306.14 1487.04
H 4.1200 1.5384 0.4949 424 .31 1504.92
H 3.7657 0.8208 2.8496 818.97 1538.62
H 2.6558 -0.4456 2.3004 918.23 2268.70
H 4.3676 -0.5285 1.8733 1052.76 3022.53
Total Energy along IRC

-268.24 —

-268.26 —

- i
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5 ,
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u |
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Figure A2-3: Intrinsic reaction coordinate (IRC) for the ethyl formate thermal decomposition (kz).
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Appendix 2

H3CCH>0CHO = H,CO (Ps) + H3CCHO (Ps) ks
TS_3
9 9
'y P
| 9
3

9
Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.248861 -268.163781 -268.157544  -268.191930
CCSD(T)/cc-pVTZ -267.84782 -267.762745 -267.756508  -267.790894
CBS-QB3 -267.93731 -267.854802 -267.848394 -267.883141
MO06-2X-GD3/aug-cc-pVTZ -268.25397 -268.168975 -268.162723  -268.197144
SVECV-f12 -268.22180 -268.136812 -268.130560 -268.164981
Coordinates (xyz) Vibrations (cm™)
C -0.0282 -0.0363 -0.0568 -1118.53 1136.05 3024.91
O -0.1268 -0.0651 1.1258 180.42 1180.22 3065.12
O 1.6066 0.0141 -0.7383 213.23 1288.23 3137.48
C 1.2356 1.2502 -0.8897 355.09 1357.51 3163.83
C 1.5897 2.2685 0.1497 463.80 1387.34 3167.30
H -0.3603 -0.7000 -0.8501 512.45 1422.39
H -0.1873 1.1093 -0.6332 565.75 1465.67
H 1.0998 1.6222 -1.9142 696.26 1484.27
H 1.1079 3.2251 -0.0418 867.99 1517.43
H 1.3262 1.8896 1.1370 966.74 1770.02
H 2.6726 2.3994 0.1161 1048.12 1869.35
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Appendix 2

PW_3
)
o |
9
Method Ee | E+ZPE | AH AG
MO06-2X-GD3/cc-pVTZ -268.322446  -268.237585 -268.228505 -268.271325
CCSD(T)/cc-pVTZ -267.92576 -267.840904 -267.831824 -267.874644
CBS-QB3 -268.01411 -267.931661 -267.922342 -267.965831
MO06-2X-GD3/aug-cc-pVTZ -268.32737 -268.242354 -268.233501 -268.274801
SVECV-f12 -268.29811 -268.213097 -268.204244 -268.245544
Coordinates (xyz) Vibrations (cm™)
C 0.2279 -0.1855 0.0895 61.38 1147.51 2968.88
O 0.5841 -0.5450 1.1770 92.78 1216.18 3043.20
0 25221 0.5192 -1.1986 111.72 1272.67 3062.01
C 3.3643 0.4212 -0.3441 120.30 1383.48 3127.26
C 3.2607 1.0200 1.0208 164.28 1432.52 3181.20
H 0.2113 -0.8691 -0.7731 194.34 1457.98
H -0.1024 0.8478 -0.1019 263.84 1469.67
H 4.2846 -0.1569 -0.5480 521.07 1542.29
H 4.1862 1.5415 1.2672 767.99 1845.97
H 2.4068 1.6879 1.0881 911.90 1858.08
H 3.1340 0.2093 1.7425 1140.99 2958.44
Total Energy along IRC
-268.24 —
-268.26 —
Tg‘fzsa.za 4
45 -
L -268.3 -
E ] P5 + P6
2 768.32 -]
w
5 _
2 -268.34
-268.36 — C‘G_EF
-268.38 -
—1I5 -IS L!l IIU 1‘5
Intrinsic Reaction Coordinate
Figure A2-4: Intrinsic reaction coordinate (IRC) for the ethyl formate thermal decomposition (ks).
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Appendix 2

H3CCH,0CHO > CoHe (P7) + CO, (P8) k4

TS 4
—3 9
Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.230359 -268.145657 -268.138551 -268.175711
CCSD(T)/cc-pVTZ -267.83425 -267.749550 -267.742443  -267.779603
CBS-QB3 -267.92473 -267.843013 -267.835739  -267.873163
MO06-2X-GD3/aug-cc-pVTZ -268.23581 -268.151202 -268.144075 -268.181296
SVECV-f12 -268.20850 -268.123892 -268.116765 -268.153986
Coordinates (xyz) Vibrations (cm™)
C 0.0547 -0.0116 0.0848 -1181.02 1119.10 3018.20
O 0.0941 -0.0740 1.2832 69.61 1189.54 3139.19
O 0.9009 0.0210 -0.8392 91.81 1223.92 3166.27
C -0.7237 -1.2553 -1.6393 201.36 1248.55 3195.34
C -1.1285 -0.4115 -2.7747 242.52 1358.67 3272.01
H -1.0405 -0.0247 -0.3666 417.91 1380.71
H -1.4889 -1.7285 -1.0356 728.45 1443.90
H 0.1852 -1.8291 -1.7343 775.34 1494.33
H -1.3872 -1.1137 -3.5797 815.03 1526.23
H -2.0011 0.1990 -2.5623 882.43 1852.23
H -0.3000 0.2014 -3.1149 1017.25 2266.52
Total Energy along IRC
-268.22 —
-268.24 ]
9 -268.26 i
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1 -268.28 -
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Figure A2-5: Intrinsic reaction coordinate (IRC) for the ethyl formate thermal decomposition (ka).
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Appendix 2
H3CCH,OCHO - CH3CHO (Ps) + HCOH (IM) ks

TS 5

27 ?

9
Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -268.194069 -268.112107 -268.105345 -268.141011
CCSD(T)/cc-pVTZ -267.79787 -267.715911 -267.709149 -267.744815
CBS-QB3 -267.88599 -267.806409 -267.799479 -267.835466
MO06-2X-GD3/aug-cc-pVTZ -268.19865 -268.116748 -268.109976 -268.145668
SVECV-f12 -268.17031 -268.088406 -268.081634 -268.117326
Coordinates (xyz) Vibrations (cm™)
C 0.0006 -0.0002 -0.0014 -1336.27 1096.28 2992.96
O 0.0002 -0.0033 1.2135 135.14 1114.29 3030.31
O 2.0911 0.0049 -0.2534 171.16 1238.93 3053.13
C 24764 -0.1070 0.9395 213.26 1275.61 3117.34
C 29116 -1.4539 1.4790 451.10 1362.18 3142.39
H -1.0092 0.0220 -0.4369 491.01 1401.42
H 1.1270 -0.0177 1.5118 522.70 1477.00
H 2.8339 0.7966 1.4552 621.80 1487.84
H 2.9752 -1.4505 2.5663 685.34 1557.83
H 2.2071 -2.2239 1.1615 896.65 1611.80
H 3.8918 -1.7179 1.0776 951.33 1851.08

161



Appendix 2

PW_5

a‘(.&

&
9
Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.252458 -268.166784 -268.158432 -268.198371
CCSD(T)/cc-pVTZ -267.85553 -267.769853 -267.761501 -267.801440
CBS-QB3 -267.94120 -267.857254 -267.848959 -267.888640
MO06-2X-GD3/aug-cc-pVTZ -268.25725 -268.171619 -268.163263 -268.203200
SVECV-f12 -268.22696 -268.141333 -268.132977 -268.172915
Coordinates (xyz) Vibrations (cm™)
Cc -0.1127 -0.7052 0.6370 66.43 1168.52 2994.12
O 0.3611 0.4868 0.7783 124.52 1218.69 3041.01
O 2.2085 0.3804 2.7488 129.15 1319.93 3115.58
C 2.5288 -0.6012 3.3781 173.48 1388.31 3142.75
C 1.9580 -1.9617 3.1855 181.66 1434.35 3353.90
H -0.8605 -0.6008 -0.1789 236.50 1440.31
H 1.0414 0.4830 1.4932 430.93 1466.99
H 3.3020 -0.4945 4.1577 540.75 1484.25
H 1.5310 -2.2979 41331 789.54 1550.86
H 1.2063 -1.9621 2.3966 913.45 1831.23
H 2.7721 -2.6512 2.9506 1159.33 2889.17
Total Energy along IRC

-268.18 —|
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Figure A2-6: Intrinsic reaction coordinate (IRC) for the ethyl formate thermal decomposition (ks).
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H3sCCH,OCHO - H,C=CH, (P1) + CO, (Pg) + H2 (Ps) ke

Appendix 2

TS_6

Method Ee | E+ZPE | aH AG
MO06-2X-GD3/cc-pVTZ -268.242722 -268.162286 -268.155709 -268.191080
CCSD(T)/cc-pVTZ -267.84337 -267.762930 -267.756354  -267.791724
CBS-QB3 -267.93302 -267.854365 -267.847674  -267.883276
MO06-2X-GD3/aug-cc-pVTZ -268.24752 -268.167272 -268.160662 -268.196104
SVECV-f12 -268.21779 -268.137546 -268.130936 -268.166378
Coordinates (xyz) Vibrations (cm™)

C 0.0144 -0.0632 0.2666 -1290.45 940.72 1999.96

O -0.3986 0.0298 1.3857 119.06 1069.98 3150.73

O 0.9848 -0.3966 -0.3841 240.30 1187.41 3202.30

C 0.7715 -0.1874 -2.5755 334.67 1202.30 3238.85

C -0.4826 0.3076 -2.8360 367.39 1260.58 3298.57

H -0.9409 0.3497 -0.5494 418.92 1337.99

H 0.9722 -1.2472 -2.5814 540.80 1382.26

H 1.6266 0.4634 -2.4818 799.30 1474.27

H -1.2536 -0.3635 -3.1934 802.98 1589.60

H -0.8382 0.3684 -1.5448 852.30 1647.08

H -0.5967 1.3531 -3.0934 905.91 1860.39
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Appendix 2

PW_6
IV

Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -268.337080 -268.261411 -268.249701  -268.300629
CCSD(T)/cc-pVTZ -267.94104 -267.865373  -267.853662  -267.904590
CBS-QB3 -268.03019 -267.956403 -267.945341  -267.995637
MO06-2X-GD3/aug-cc-pVTZ -268.34017 -268.264419 -268.252832  -268.303108
SVECV-f12 -268.31287 -268.248825 -268.237115  -268.275804
Coordinates (xyz) Vibrations (cm™)
C -0.3487 0.0115 -0.4918 11.91 694.67 3156.50
0O -0.9020 0.0600 0.5215 46.11 827.87 3172.10
O 0.2225 -0.0367 -1.4947 59.79 999.38 3232.01
C -2.7906 -0.0180 -2.6051 71.06 1009.91 3258.12
C -3.4420 -0.0158 -1.4536 82.38 1071.55 4455.46
H -4.1061 -0.0644 2.3210 95.87 1241.80
H -2.5040 -0.9400 -3.0939 109.11 1386.84
H -2.5148 0.9024 -3.1033 113.86 1410.18
H -3.7156 -0.9359 -0.9535 202.29 1475.93
H -3.4258 -0.0035 2.0375 236.12 1712.33
H -3.7256 0.9060 -0.9625 679.59 2439.27

Total Energy (Hartree)

Total Energy along IRC

Intrinsic Reaction Coordinate

Figure A2-7: Intrinsic reaction coordinate (IRC) for the ethyl formate thermal decomposition (kg).
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Appendix 2
Plots of scan of redundant coordinates for the homolytic paths (7)

and (8)

Scan of Total Energy

@
[=}
S

550 ot
500
P, +P,
450
400
3
2 350
=
= 300
=
2
& 250
5
Z 200
°
150
100 F
50 | -
0
50 R R S -
12 14 16 18 2 22 2.4 26 2.8 3 32

Scan Coordinate

Figure A2-8: Relative energy in the O-C scan of coordinates for the ethyl formate unimolecular
decomposition.
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Figure A2-9: Relative energy in the C-O scan of coordinates for the ethyl formate unimolecular
decomposition.
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Appendix 2
Optimized geometries and vibrational frequencies at the M06-2X-

GD3/aug-cc-pVTZ level of theory for secondary reactions of Ethyl
Formate thermal decomposition: transition states and postreaction

wells

CH3CH,0H (P3) > CH3CHO (Ps) + Hy (P7) K2a
TS_2a
J
9
Method Ee | E+ZPE | AH AG
MO06-2X-GD3/cc-pVTZ -154.879863 -154.808426 -154.803500 -154.833545
CCSD(T)/cc-pVTZ -154.64773 -154.576289 -154.571363 -154.601409
CBS-QB3 -154.70221 -154.632705 -154.627729 -154.657863
MO06-2X-GD3/aug-cc-pVTZ -154.88425 -154.812818 -154.807892 -154.837939
SVECV-f12 -154.87120 -154.799772 -154.794846 -154.824893
Coordinates (xyz) Vibrations (cm™)
C 0.0144 -0.0372 -0.0328 -2214.38 1272.61 3066.20
H -0.0783 0.0163 1.0619 253.51 1371.62 3141.50
H 1.4359 0.0611 -0.0166 443.88 1394.20 3176.54
O -0.4146 0.9937 -0.7423 627.77 1446.14
H 0.9480 0.7546 -0.4739 860.06 1474.98
C -0.1547 -1.4255 -0.5864 910.52 1492.92
H 0.3838 -2.1738 -0.0068 965.96 2007.88
H -1.2257 -1.6306 -0.5296 1045.47 2251.78
H 0.1424 -1.4534 -1.6312 1154.27 2995.86
Total Energy along IRC
-154.86 —
'154.88:
g '154.9:
15492
oot ]
g-m.gs:
Tu=;‘154.93:
§ -155
-155.02 —

Aresesny 2 0 2 4 T
Intrinsic Reaction Coordinate

Figure A2-10: Intrinsic reaction coordinate (IRC) for the ethanol thermal decomposition (kza).
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Appendix 2

3 -2.5 2

-1.5 1

-0.5

0 0.5

H,C=CH, (P1) - CoHy (Pis) + Ho (Pg)  kip
Ts_klb_1
!‘{
Method Ee | E+ZPE |AH AG
MO06-2X-GD3/cc-pVTZ -78.449224 -78.403337 -78.399422 -78.425548
CCSD(T)/cc-pVTZ -78.31397 -78.268079 -78.264164 -78.290290
CBS-QB3 -78.34032 -78.295528 -78.291612 -78.317740
MO06-2X-GD3/aug-cc-pVTZ -78.45094 -78.405069 -78.401153 -78.427278
SVECV-f12 -78.44259 -78.396719 -78.392803 -78.418928
Coordinates (xyz) Vibrations (cm™)
C -0.0246 0.0302 0.0013 -291.70 1368.36
C -0.0081 -0.0844 1.4033 950.45 1525.24
H 0.9192 0.0377 -0.5396 1032.83 2410.31
H -0.9111 -0.0666 -0.6298 1124.87 3002.25
H 0.0044 1.0813 0.5784 1250.59 3053.91
H -1.0583 -0.1043 1.7329 1269.40 3148.03
Total Energy along IRC
-78.44 —

<7846 i

Q =

B -78.48 | IM (HC=CH)

m _

aE

~ -78.5 -

Y

5 1

© -78.52

(= ]

[IT]

T -78.54

£ Py(H,C=CH)

= -78.56 —

-78.58

Intrinsic Reaction Coordinate

Figure A2-11: Intrinsic reaction coordinate (IRC) for the ethylene thermal decomposition (kip).
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Appendix 2

TS K2

//

9

9
Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -78.390016  -78.348154  -78.343967  -78.370486
CCSD(T)/cc-pVTZ -78.25082  -78.208958  -78.204771  -78.231289
CBS-QB3 -78.27935  -78.238905  -78.234693  -78.261252
MO06-2X-GD3/aug-cc-pVTZ -78.39192  -78.350098  -78.345906  -78.372431
SVECV-f12 -78.38110  -78.339276  -78.335084  -78.361609
Coordinates (xyz) Vibrations (cm™)
C -0.116248 -0.12335  -0.11207 -1321.215 1358.8157
C 0.162475 0.149156  1.122092 592.3606 1574.2296
H 1.5328 0.2268 1.2901 756.80 1685.29
H -1.1382 0.1097 -0.4080 878.91 3150.89
H 1.2913 -0.5459  1.5153 933.18 3200.64
H -0.1620 0.5290 2.0779 990.12 3235.45

Total Energy along IRC

IM (HC=CH,)

Total Energy (Hartree)
3
i~
1

P, (HCCH)

[P T A TP T PP A T T PP P AT e e e
-7 -6 -5 -4 -3 -2 -1 0 1 2 3
Intrinsic Reaction Coordinate

Figure A2-12: Intrinsic reaction coordinate (IRC) for the ethylene thermal decomposition (k1 _2).
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Appendix 2

-189.74

trans-HOCHO (P,) > H,0 (Pi4) + CO (Pa) K1a
Ts_k]_a
9 o
Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -189.645227 -189.619106 -189.614309  -189.643822
CCSD(T)/cc-pVTZ -189.38491 -189.358789 -189.353992  -189.383505
CBS-QB3 -189.44397 -189.418162 -189.413376  -189.442918
MO06-2X-GD3/aug-cc-pVTZ -189.65059 -189.624579 -189.619744  -189.649336
SVECV-f12 -189.63015 -189.604136 -189.599301  -189.628893
Coordinates (xyz) Vibrations (cm™)
C -0.0207 -0.0299 -0.1685 -1825.62 1056.28
O 0.0883 0.3722 1.6094 316.72 1985.76
O 0.8910 0.0122 -0.8462 368.93 2566.26
H -0.8061 -0.1525 0.6883 545.99 3832.94
H 0.6892 -0.2021 2.1002 745.86
Total Energy along IRC
-189.64
-189.66:

= 4

0 -189.68 —|

I‘i |

\]_:« -189.7 <

5 4

;':3-189472—

i d

I Pi+ Py

2

-189.76 —

-189.78 -

P, (trans-HCOOH)
AR P S R R

Figure A2-13: Intrinsic reaction

decomposition (kia).

IRREES p REEEEEEEEs mamEs
4 -2 0 2

Intrinsic Reaction Coordinate

4

coordinate (IRC) for the trans-formic acid thermal
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Appendix 2

cis-HOCHO (P2) - CO2 (Pg) + Ha (Pg) kic
TS_kic
Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -189.644510 -189.619763 -189.615653 -189.643749
CCSD(T)/cc-pVTZ -189.38146 -189.356709 -189.352599 -189.380694
CBS-QB3 -189.43957 -189.415838 -189.411695 -189.439851
MO06-2X-GD3/aug-cc-pVTZ -189.64808 -189.623404 -189.619293 -189.647391
SVECV-f12 -189.62491 -189.600234 -189.596123 -189.624221
Coordinates (xyz) Vibrations (cm™)
C 0.2189 -0.0012 0.2435 -2254.89 1379.29
O 0.1853 -0.0218 1.4922 619.79 1853.49
0 0.8738 0.0091 -0.7177 751.05 2100.79
H -1.1835 0.0162 -0.0431 917.61 2167.71
H -1.0059 -0.0023 0.9655 1039.85
Total Energy along IRC
-189.64 — : : :
-189.66 |

#a\ -

9 -189.68

T

5 i

\]_:a- -189.7 +

=

= |

@ -189.72

@ -189.

uJ A

‘E -189.74 -

(= . Pg+ Py

Figure A2-14: Intrinsic reaction coordinate (IRC) for the cis-formic acid thermal
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Appendix 2
Optimized geometries and vibrational frequencies at the M06-2X-
GD3/aug-cc-pVTZ level of theory of Ethyl Formate thermal

decomposition products

P1_H,C=CH,

Method Ee | E+ZPE |AH AG

MO06-2X-GD3/cc-pVTZ -78.572077  -78.520705 -78.516726 -78.542871

CCSD(T)/cc-pVTZ -78.43853 -78.387161 -78.383182 -78.409327

CBS-QB3 -78.46694 -78.416642 -78.412647 -78.438821

MO06-2X-GD3/aug-cc-pVTZ -78.57285 -78.521541 -78.517560 -78.543054

SVECV-f12 -78.56748 -78.516172 -78.512191 -78.537686

Coordinates (xyz) Vibrations (cm™)

C 0.0000 0.0010 0.0005 825.74 1473.48

C 0.0000 0.0006 1.3225 989.46 1714.69

H 0.9219 -0.0004 -0.5661 1002.71 3159.20

H -0.9219 0.0028 -0.5661 1059.67 3175.17

H 0.9219 -0.0012 1.8892 1241.53 3234.20

H -0.9219 0.0020 1.8892 1386.36 3260.68
P2_trans-HOCHO

Method Ee E+ZPE AH AG

MO06-2X-GD3/cc-pVTZ -189.765786 -189.731407 -189.727309 -189.755468

CCSD(T)/cc-pVTZ -189.50165 -189.467269 -189.463172 -189.491330

CBS-QB3 -189.56095 -189.527435 -189.523324 -189.551512

MO06-2X-GD3/aug-cc-pVTZ -189.76957 -189.735285 -189.731182 -189.759348

SVECV-f12 -189.74579 -189.711504 -189.707401 -189.735567

Coordinates (xyz) Vibrations (cm™)

C -0.0005 0.0000 -0.0030 644.51 1414.04

O 0.0011 0.0000 1.3348 674.24 1868.38

O 0.9785 0.0000 -0.6852 1076.06 3101.23

H -1.0286 0.0000 -0.3792 1161.99 3791.04

H 0.9233 0.0000 1.6294 1317.41
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Appendix 2

P2_cis-HOCHO
9

Method Ee | E+ZPE | aH AG
MO06-2X-GD3/cc-pVTZ -189.758341 -189.724279 -189.720099 -189.748345
CCSD(T)/cc-pVTZ -189.49450 -189.460441 -189.456261 -189.484507
CBS-QB3 -189.55406 -189.520988 -189.516792 -189.545073
MO06-2X-GD3/aug-cc-pVTZ -189.76258 -189.728600 -189.724420 -189.752668
SVECV-f12 -189.73898 -189.704997 -189.700817 -189.729066
Coordinates (xyz) Vibrations (cm™)
C -0.0180 0.0000 -0.0094 519.04 1431.38
O -0.0015 0.0000 1.3351 673.82 1911.41
O 0.9758 0.0000 -0.6579 1058.09 3026.86
H -1.0306 0.0000 -0.4408 1140.68 3865.77
H -0.8987 0.0000 1.6833 1288.14

P3_CH;CH.OH

2 2a
b I

Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -155.026326 -154.945732 -154.940458 -154.971165
CCSD(T)/cc-pVTZ -154.79524 -154.714643 -154.709369 -154.740076
CBS-QB3 -154.84910 -154.770146 -154.764892 -154.795541
MO06-2X-GD3/aug-cc-pVTZ |-155.02999 -154.949475 -154.944191 -154.974920
SVECV-f12 -155.01748 -154.936968 -154.931684 -154.962413
Coordinates (xyz) Vibrations (cm™)
O -0.0031 -0.0202 -0.0001 228.37 1308.57 3146.41
C 0.0003 -0.0051 1.4196 272.04 1402.13 3148.49
C 1.4406 0.0007 1.8768 421.15 1456.77 3898.20
H -0.9087 -0.0241 -0.3157 823.12 1487.24
H -0.5168 -0.8861 1.8122 917.73 1504.47
H -0.5180 0.8834 1.7934 1050.14 1534.77
H 1.4969 0.0123 2.9647 1134.21 3026.41
H 1.9549 -0.8860 1.5090 1184.90 3056.50
H 1.9538 0.8800 1.4902 1268.4106 3070.7859
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Appendix 2

P4_CO
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -113.318864 -113.313681 -113.310377 -113.332793
CCSD(T)/cc-pVTZ -113.15515 -113.149968 -113.146663 -113.169080
CBS-QB3 -113.18700 -113.181991 -113.178686 -113.201111
MO06-2X-GD3/aug-cc-pVTZ -113.32024  -113.315064 -113.311760 -113.334175
SVECV-f12 -113.30409 -113.298910 -113.295606 -113.318021
Coordinates (xyz) Vibrations (cm™)
C -0.7296 0.3460 0.0000 2272.16
O 0.3918 0.3460 0.0000
P5_H.CO
d-
9
Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -114.496616 -114.469571 -114.465762 -114.491216
CCSD(T)/cc-pVTZ -114.33356 -114.306513 -114.302703 -114.328157
CBS-QB3 -114.37039 -114.344169 -114.340356 -114.365170
MO06-2X-GD3/aug-cc-pVTZ -114.49897 -114.471958 -114.468148 -114.492949
SVECV-f12 -114.48693 -114.459918 -114.456108 -114.480909
Coordinates (xyz) Vibrations (cm™)
C -0.7259 -0.0881 0.0000 1213.56 2945.47
H -0.2031 -1.0595 0.0000 1273.49 3015.72
H -1.8285 -0.1214 0.0000 1539.88
O -0.1280 0.9478 0.0000 1869.11
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P6_H;CCHO

2

9 9

Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -153.818126 -153.762145 -153.757316 -153.787070
CCSD(T)/cc-pVTZ -153.58605 -153.530071 -153.525241 -153.554996
CBS-QB3 -153.63711 -153.582461 -153.577612 -153.607404
MO06-2X-GD3/aug-cc-pVTZ -153.82081 -153.764850 -153.760020 -153.789775
SVECV-f12 -153.80480 -153.748849 -153.744019 -153.773774
Coordinates (xyz) Vibrations (cm™)
O 0.0093 0.0169 0.0022 157.71 1430.11 3179.89
C -0.0031 -0.0009 1.2019 513.53 1464.92
C 1.2246 0.0000 2.0615 775.75 1474.84
H -0.9671 -0.0194 1.7459 900.89 1866.02
H 1.2202 -0.8864 2.6983 1138.36 2944.78
H 2.1206 0.0188 1.4476 1145.76 3062.97
H 1.2010 0.8670 2.7240 1380.55 3125.20

P7_CHsCHs

| J

)y 9
Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -79.805555 -79.730457 -79.726029 -79.753562
CCSD(T)/cc-pVTZ -79.67441  -79.599314 -79.594886 -79.622419
CBS-QB3 -79.70420 -79.630569 -79.626126 -79.653692
MO06-2X-GD3/aug-cc-pVTZ |-79.80614 -79.731096 -79.726665 -79.754203
SVECV-f12 -79.80495  -79.729908 -79.725477 -79.753014
Coordinates (xyz) Vibrations (cm™)
C -0.0008 -0.0014 -0.0022 306.77 1507.76 3143.38
C -0.0005 -0.0008 1.5215 822.00 1507.90 3143.80
H 1.0147 0.0046 -0.3970 823.33 1509.72
H -0.5032 -0.8841 -0.3964 1019.82 1510.11
H -0.5139 0.8748 -0.3971 1221.15 3065.97
H -1.0160 -0.0068 1.9163 1221.53 3067.57
H 0.5126 -0.8770 1.9164 1405.75 3120.02
H 0.5019 0.8819 1.9158 1424.03 3120.56
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P8_CO,
Method Ee E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -188.591597 -188.579631 -188.576087 -188.600307
CCSD(T)/cc-pVTZ -188.32673  -188.314765 -188.311221 -188.335442
CBS-QB3 -188.38367  -188.372065 -188.368492 -188.392762
MO06-2X-GD3/aug-cc-pVTZ -188.59421  -188.582263 -188.578721 -188.602938
SVECV-f12 -188.56753  -188.555590 -188.552048 -188.576265
Coordinates (xyz) Vibrations (cm™)
C -0.5363 0.3979 0.0000 694.18 244353
O -1.6915 0.3979 0.0000 694.18
O 0.6189 0.3979 0.0000 1410.90

P9_H,
Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -1.168867 -1.158688 -1.155383 -1.170165
CCSD(T)/cc-pVTZ -1.17233 -1.162149 -1.158844 -1.173626
CBS-QB3 -1.17605 -1.166078 -1.162773 -1.177568
MO06-2X-GD3/aug-cc-pVTZ -1.16888 -1.158706 -1.155402 -1.170184
SVECV-f12 -1.17417 -1.163997 -1.160693 -1.175475
Coordinates (xyz) Vibrations (cm™)
H 0.0000 0.0000 0.0003 4467.08
H 0.0000 0.0000 0.7393
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Appendix 2

P10_Hs;CCH,0O

Fo

9

9
Method Ee | E+zPE | aH AG
MO6-2X-GD3/cc-pVTZ -154.351415 -154.286239 -154.280925 154312377
CCSD(T)/cc-pVTZ -154.11896 -154.053786 -154.048472 154.079924
CBS-QB3 -154.16847 -154.105003 -154.099582 154131348
MO6-2X-GD3/aug-copyTz | 15435434 -154.288907 154283766 ., ...
SVECV-f12 -154.33788 -154.272448 -154.267307 154.298327
Coordinates (xyz) Vibrations (cm™)
O -0.0031 -0.0202 -0.0001 228.37 1308.57 3146.41
C 0.0003 -0.0051 1.4196 272.04 1402.13 3148.49
C 1.4406 0.0007 1.8768 421.15 1456.77 3898.20
H -0.9087 -0.0241 -0.3157 823.12 1487.24
H -0.5168 -0.8861 1.8122 917.73 1504.47
H -0.5180 0.8834 1.7934 1050.14 1534.77
H 1.4969 0.0123 2.9647 1134.21 3026.41
H 1.9549 -0.8860 1.5090 1184.90 3056.50
H 1.9538 0.8800 1.4902 1268.4106 3070.7859
P11_HCO
9

Method Ee | E+zPE AH AG
MO06-2X-GD3/cc-pVTZ -113.847274 -113.834000 -113.830198 -113.855650
CCSD(T)/cc-pVTZ -113.68376 -113.670484 -113.666682 -113.692134
CBS-QB3 -113.71755 -113.704757 -113.700954 -113.726423
MO06-2X-GD3/aug-cc-pVTZ -113.84942 -113.836155 -113.832353 -113.857801
SVECV-f12 -113.83571 -113.822442 -113.818640 -113.844089
Coordinates (xyz) Vibrations (cm™)
C -0.4198 0.0140 0.0000 1101.68
H 0.0810 -0.9881 0.0000 1993.52
O 0.1495 1.0337 0.0000 2728.52
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P12_H3CCH;

@

@
Method Ee | E+ZPE | aH AG
MO06-2X-GD3/cc-pVTZ -79.135332 -79.075732 -79.070817 -79.099850
CCSD(T)/cc-pVTZ -79.00246 -78.942857 -78.931981 -78.960523
CBS-QB3 -79.02996 -78.971547 -78.966622 -78.995735
MO06-2X-GD3/aug-cc-pVTZ -79.13627 -79.076695 -79.071775 -79.100824
SVECV-f12 -79.13176 -79.072180 -79.067260 -79.096309
Coordinates (xyz) Vibrations (cm™)
C 0.0000 0.0457 0.0175 122.32 1471.37 327491
C 0.0000 0.0137 1.5013 445.97 1487.41
H 0.9231 -0.0243 -0.5364 808.39 1488.78
H -0.9231 -0.0243 -0.5364 982.08 3004.73
H 0.0000 -1.0138 1.8868 1080.76 3084.41
H 0.8833 0.5015 1.9136 1194.61 3127.54
H -0.8833 0.5015 1.9136 1402.98 3175.95

P13_OCHO

9

Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -189.073639 -189.054186 -189.050007 -189.078790
CCSD(T)/cc-pVTZ -188.81007 -188.790621 -188.786443 -188.815226
CBS-QB3 -188.86996  -188.854533 -188.849856 -188.879619
MO06-2X-GD3/aug-cc-pVTZ -189.07690 -189.057451 -189.053277 -189.082054
SVECV-f12 -189.05067 -189.031224 -189.027050 -189.055827
Coordinates (xyz) Vibrations (cm™)
C -0.0380 0.0000 -0.0641 390.20 1811.98
H 0.0991 0.0000 1.0372 1013.02 2934.52
O 1.1659 0.0000 -0.6027 1036.52
O -1.0784 0.0000 -0.6445 1351.63
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Appendix 2

P14_H,0O

»®

J

Method Ee | E+ZPE AH AG
MO06-2X-GD3/cc-pVTZ -76.425276 -76.403683 -76.399904 -76.421317
CCSD(T)/cc-pVTZ -76.33218 -76.310584 -76.306805 -76.333475
CBS-QB3 -76.35858 -76.337480 -76.333700 -76.355127
MO06-2X-GD3/aug-cc-pVTZ -76.43011 -76.408556 -76.404776 -76.426189
SVECV-f12 -76.42668 -76.405126 -76.401346 -76.422759
Coordinates (xyz) Vibrations (cm™)
O 0.0000 0.0000 0.1121 1619.68
H 0.0000 0.7626 -0.4699 3868.51
H 0.0000 -0.7626 -0.4699 3971.49
P15_HC=CH

JHJ
Method Ee | E+zPE | aH AG
MO06-2X-GD3/cc-pVTZ -77.324507  -77.298820 -77.294740 -77.314330
CCSD(T)/cc-pVTZ -77.18717 -77.161483  -77.157403 -77.176993
CBS-QB3 -77.21414 -77.189173  -77.185023  -77.204697
MO06-2X-GD3/aug-cc-pVTZ -77.32531 -77.299646  -77.295568  -77.314498
SVECV-f12 -77.31462 -77.288958 -77.284880 -77.303810
Coordinates (xyz) Vibrations (cm™)
C 0.0007 0.0001 0.0000 707.93 3422.24
C -0.0007 -0.0001 1.1939 707.93 3535.49
H 0.0003 0.0000 -1.0629 790.48
H -0.0036 -0.0004 2.2568 2102.67
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Table A2-1: Calculated relative energies (kJ mol-1) for the EF thermal decomposition

Appendix 2

MO06-2X-GD3/TZ CCSD(T)/TZ CBS-QB3
ROUTE REACTION ENERGY
TS Products TS Products TS Products
AE - 454,01 - 439.56 - 452.71
A(E+ZPE) - 419.22 - 404.77 - 418.12
ko-c (7) HsCCH,OCHO - Hs3CCH,0 + HCO
AH - 426.17 - 411.72 - 424,94
AG - 368.85 - 354.41 - 368.24
AE - 427.01 - 413.80 - 416.22
A(E+ZPE - 393.80 - 380.60 - 375.27
keo (8) H3CCH,OCHO - Hs3CCH;+ OCHO ( )
AH - 400.70 - 403.14 - 383.08
AG - 340.99 - 344.72 - 322.08
AE 230.15 88.61 230.14 78.66 233.17 80.24
A(E+ZPE 210. 72. 210.52 63.04 213.27 47
HsCCH,OCHO = HaC=CH,+ HOCHO (E+ZPE) 21053 72.98 0.5 3.27 65
AH 210.13 77.21 210.11 67.26 213.49 69.35
AG 210.82 26.72 210.80 16.77 208.67 20.20
AE 405.13 145.44 385.15 116.25 387.37 120.59
A(E+ZPE) 367.83 109.85 347.85 80.67 352.37 86.38
ki H,C=CH,+ HOCHO - H,C=CH,+ H,0 + CO
AH 373.89 121.91 353.91 92.73 358.02 98.07
AG 319.84 30.28 299.87 -12.70 305.31 7.79
AE 407.02 102.58 394.22 85.45 398.91 83.46
A(E+ZPE) 366.10 54.84 353.31 37.72 358.47 37.36
H,C=CH,+ HOCHO - HyC=CH,+ H, + CO;
AH 370.36 66.28 357.57 49.16 362.43 48.50
AG 320.04 -12.68 307.25 -29.80 313.36 -29.21
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Appendix 2

MO06-2X-GD3/TZ CCSD(T)/TZ CBS-QB3
ROUTE REACTION ENERGY
TS Products TS Products TS Products
AE 317.14 69.37 303.44 51.86 307.14 58.69
A(E+ZPE ) . . 36.31 . .
H3CCH,OCHO S HyCCH,0H + CO ( ) 296.51 53.81 282.87 288.05 44.31
AH 298.68 59.35 285.02 41.85 290.05 49.38
c AG 292.32 11.96 278.80 -5.54 284.03 3.61
2 AE 453,91 172.64 439,15 148.63 444 33 153.02
A(E+ZPE) 414.31 119.19 399.56 95.18 405.16 101.04
HsCCH,0H + CO - H3CCHO + H, +CO
AH 418.94 132.23 404.18 108.23 409.50 113.72
AG 373.29 48.54 358.53 24.53 365.08 31.36
AE 322.28 149.31 321.14 132.67 318.06 133.75
A(E+ZPE 4. 126. 7 109.89 299. 111.2
k3 H3CCH,OCHO - H,CO + H3CCHO ( }304.90 6.53 303.76 99.86 8
AH 304.29 132.23 303.15 115.59 299.29 116.62
AG 306.09 79.37 304.95 62.73 301.63 66.82
AE 370.86 -67.06 356.78 -81.40 351.07 -77.25
A(E+ZPE) 352.48 -79.23 338.40 109.89 330.81 -88.27
k4 H3CCH20CHO - H3CCH3 + COz ( )
AH 354,15 -75.29 340.08 115.59 332.51 -84.63
AG 348.68 -119.08 33460 62.73 327.83 -127.15
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Appendix 2

MO06-2X-GD3/TZ CCSD(T)/TZ CBS-QB3
ROUTE REACTION ENERGY
TS Products TS Products TS Products
AE 466.14 363.46 452.29 348.52 452.79 354.55
A(E+ZPE ) . ) 325.93 . .
HiCCH,OCHO = HaCCHO + HC=OH ( ) 440.57 340.86 426.72 426.92 332.65
AH 441.34 346.61 427.49 331.68 427.71 338.05
AG 439,78  293.57 42593 278.63 426.80 286.33
ks
AE 511.04 149.31 49354 132.67 498.41 133.75
A(E+ZPE) 472.2 126. 45479  109.89 460.37 111.2
HsCCHO + HC=0OH - HsCCHO + H,CO ( ) 8 6.53 >4.79 60.3 8
AH 478.21 132.23 460.71 115.59 465.92 116.62
AG 424,90 79.37 407.40 62.73 413.97 66.82
AE 338.40 102.58 332.85 85.45 329.32 83.46
A(E+ZPE ) . ) 37.72 . .
H:CCH,OCHO = H,C=CHy+ Hy + CO» ( ) 308.82 54.84 303.27 301.01 37.36
AH 309.11 66.28 303.55 49.16 301.18 48.50
K AG 308.33 -12.68 302.78 -29.80 301.28 -29.21
e AE 580.58 309.21 578.30 292.96 575.98 284.96
A(E+ZPE . . . 204.51 . .
H,C=CHy+ H, + CO, > HC=CH+ 2H, + CO, ( ) 507.87 220.76 505.59 504.00 198.54
AH 519.86 241.15 517.58 224.90 515.72 218.77
AG 439,92  140.59 437.64 12434 437.00 119.28
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Appendix 2

MO06-2X-GD3/a-Tz SVECV-f12
ROUTE REACTION ENERGY
TS Products TS Products

AE - 451.13 - 445.87

A(E+ZPE) - 417.22 - 411.96
ko-c(7) HsCCH,O0CHO - H3CCH,0 + HCO

AH - 423.70 - 418.44

AG - 367.56 - 362.30

AE - 426.42 - 422.66

A(E+ZPE) - 393.37 - 389.61
keo(8) H3CCH,0CHO > H3CCH;+ OCHO

AH - 400.25 - 396.48

AG - 340.54 - 336.78

AE 229.10 87.09 228.23 79.15

A(E+ZPE) 209.40  71.27 208.53 63.33

H3CCH,0CHO > H,C=CH,+ HOCHO

AH 208.96  75.50 208.09 67.56

AG 209.80 26.73 208.94 18.79

AE 399.46  137.56 382.75 118.60

A(E+ZPE) 361.93 101.90 34523 82.94
k1 H,C=CH,+ HOCHO —> H,C=CH,+ H,0 + CO

AH 368.08 113.95 351.37 94.99

AG 315.57  24.07 298.86 5.10

AE 406.07 104.10 396.52 89.86

A(E+ZPE) 365.02 56.35 355.47 42.11

H,C=CH,+ HOCHO - H,C=CHy+ H, + CO;
AH 369.26  67.78 359.72 53.54
AG 320.68 -9.43 311.13  -23.67
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Appendix 2

MO06-2X-GD3/a-Tz SVECV-f12
ROUTE REACTION ENERGY
TS Products TS Products
AE 316.48 66.60 305.47 57.37
A(E+ZPE)  295.74 51.02 284.73 41.80
H3CCH,OCHO - Hs3CCH,OH + CO
AH 297.98 56.57 286.97 47.35
‘ AG 291.41 9.16 280.40 -0.06
2 AE 449.24 172.40 441.42 158.46
A(E+ZPE) 409.81 119.07 402.00 105.13
H3CCH,OH + CO - H3CCHO + H, +CO
AH 414.42 132.10 406.61 118.16
AG 368.80 48.44 360.99 34.50
AE 319.33 146.54 319.29 135.69
A(E+ZPE) 301.92 123.83 301.89 112.98
k3 H3CCH20CHO 9 HzCO + H3CCHO
AH 301.34 129.52 301.31 118.66
AG 303.09 78.40 303.06 67.54
AE 367.01 -65.00 354.24 -76.33
A(E+ZPE) 34859 -77.16 335.81  -88.48
ka HsCCH,OCHO — HsCCHs + CO,
AH 350.30 -73.22 337.53 -84.55
AG 344.70 -116.98 331.92 -128.31
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MO06-2X-GD3/a-Tz SVECV-f12
ROUTE REACTION ENERGY
TS Products TS Products
AE 464.57  359.10 454,50 353.30
H.CCH,OCHO S HyCCHO + HC=OH A(E+ZPE) 439.05 336.57 428.98 330.77
AH 439.83 342.32 429.77 336.52
AG 438.24  289.30 428.18  283.50
ks AE 506.67 146.54 497.25 135.69
HsCCHO + HC=OH S HyCCHO + H,CO A(E+ZPE) 467.85 123.83 458.43 112.98
AH 473.78 129.52 464.36 118.66
AG 420.48 78.40 411.06 67.54
AE 336.25 104.10 329.83 89.86
HaCCH,OCHO S Hy,C=CHyt H, + CO, A(E+ZPE) 306.40 56.35 299.97 42.11
AH 306.75 67.78 300.32 53.54
AG 305.82  -9.43 299.39  -23.67
ke AE 579.14  310.61 579.22  296.45
H,C=CHy+ H, + CO, S HC=CH+ 2H, + CO, A(E+ZPE) 506.47 222.25 506.55 208.09
AH 518.45 242.61 518.53 228.44
AG 43854  143.82 438.62 129.66
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Appendix 2

Proposed mechanism and schematic potential energy surfaces at

the M06-2X-GD3/aug-cc-pVTZ level of theory for of Ethyl Formate

thermal decomposition
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Figure A2-15: Theoretical mechanism for

hydrogen is shown in red.

the unimolecular decomposition of EF. The formyl
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Appendix 2

Figure A2-16: Enthalpy diagram (298 K) for the unimolecular decomposition of EF at the M06-2X-

GD3/aug-cc-pVTZ level of theory.
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Figure A2-17: Potential Energy diagram for the ethyl formate thermal decomposition at the M06-2X-
GD3/aug-cc-pVTZ level of theory. (ZPE corrected)
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Appendix 2
Kinetics

Calculated temperature dependent rate coefficients for the
unimolecular decomposition of ethyl formate over the 300-2500 K

temperature range.

Canonical transition state theory (CTST) with Eckart asymmetric tunnelling correction® for

molecular pathways R1-R6.

The high-pressure rate constant is the average rate constant at pressures high enough so that
differences of the actual population distribution from the thermal Boltzmann distribution are
negligible. The resulting expression for koo is the same as canonical TST. The rate coefficients for
molecular pathways were calculated using the thermochemical parameters obtained for the

transition state determined for each path.
Canonical variational transition state theory (CVTST) for barrierless pathways R7 and R8.

Rate constants in canonical variational transition state theory are calculated via RRKM theory.
Constrained geometry optimizations were carried out at fixed C—O and O-C bond distances
depending on the case (see figures S8 and S9), starting with 30 points with a step size of 0.03 A. The
optimized geometries were used at each point to obtain the rotational constants, the vibrational ZPE
corrections and frequencies orthogonal to the reaction path. The CVTST rate constant for each

III

temperature is identified as the minimum “trial” CTST rate constant as a function of distance along

the reaction coordinate.8>-87
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Appendix 2
Values for temperature dependent rate coefficients over the 300-

2500 K temperature range.

Table A2-2: M06-2X-GD3/cc-pVTZ

T k1 kz k3 k4 k5 k5 k7 k8

300 3.16E-22  4.11E-33  4.14E-40  2.65E-47  1.23E-59  5.72E-40  4.08E-57  3.88E-56
400 3.60E-14  8.92E-24  4.96E-27 3.45E-32  9.88E-43  4.89E-27 9.16E-39  8.30E-39
500 7.73E-09  1.54E-16  4.81E-19 6.42E-23  1.30E-31  5.65E-19  9.56E-28  2.24E-28
600 3.54E-05 1.98E-11  1.15E-13  1.12E-16  5.58E-24  1.62E-13  2.13E-20  2.10E-21
700 1.62E-02 1.06E-07 8.46E-10 3.48E-12 1.86E-18 1.41E-09 3.76E-15  2.06E-16
800 1.70E+00 7.13E-05 7.01E-07 8.48E-09 2.78E-14 1.35E-06 3.23E-11 1.16E-12
818 3.61E+00 2.05E-04 2.08E-06  2.99E-08 1.32E-13 4.11E-06 1.39E-10 4.66E-12
900 6.57E+01 1.18E-02  1.34E-04 3.76E-06  5.13E-11  2.93E-04  3.69E-08  9.66E-10
990 9.58E+02 4.99E-01 6.23E-03  3.22E-04 1.25E-08 1.50E-02  6.15E-06  1.30E-07
1000 1.25E+03 7.27E-01  9.16E-03  5.03E-04 2.16E-08 2.23E-02 1.03E-05 2.12E-07
1200 1.10E+05 3.67E+02 5.35E+00 8.06E-01  1.97E-04 1.56E+01 4.70E-02 6.94E-04
1250 2.70E+05 1.29E+03 1.93E+01 3.55E+00 1.23E-03  5.82E+01 2.53E-01  3.51E-03
1300 6.21E+05 4.09E+03 6.29E+01 1.40E+01 6.66E-03  1.97E+02 1.19E+00 1.57E-02
1347 1.29E+06 1.13E+04 1.77E+02 4.61E+01 2.92E-02 5.72E+02 4.62E+00 5.79E-02
1400 2.77E+06  3.26E+04 5.23E+02 1.62E+02 1.37E-01  1.75E+03 1.91E+01 2.28E-01
1500 1.02E+07 1.98E+05 3.30E+03 1.36E+03 1.90E+00 1.17E+04 2.10E+02  2.31E+00
1600 3.19E+07 9.64E+05 1.66E+04 8.78E+03 1.91E+01 6.21E+04 1.70E+03 1.76E+01
1700 8.79E+07 3.92E+06 6.92E+04 4.58E+04 1.47E+02 2.72E+05 1.08E+04 1.06E+02
1800 2.17E+08 1.37E+07 2.47E+05 1.99E+05 9.00E+02 1.02E+06 5.56E+04 5.21E+02
1900 4.89E+08 4.18E+07 7.74E+05 7.42E+05 4.58E+03 3.31E+06 2.41E+05 2.17E+03
2000 1.02E+09 1.15E+08 2.17E+06 2.43E+06 1.98E+04 9.62E+06 8.97E+05 7.84E+03
2100 1.98E+09 2.87E+08 5.51E+06 7.14E+06 7.49E+04 2.53E+07 2.95E+06 2.50E+04
2200 3.62E+09 6.61E+08 1.29E+07 1.90E+07 2.51E+05 6.11E+07 8.67E+06 7.19E+04
2300 6.30E+09 1.42E+09 2.80E+07 4.65E+07 7.58E+05 1.37E+08 2.32E+07 1.88E+05
2400 1.05E+10 2.86E+09 5.72E+07 1.06E+08 2.09E+06 2.87E+08 5.71E+07 4.52E+05
2500 1.68E+10 5.45E+09 1.10E+08 2.26E+08 5.32E+06 5.67E+08 1.31E+08 1.01E+06
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Table A2-3: CCSD(T)/cc-pVTZ

Appendix 2

T kq k2 ks ks ks ks ks ks

300 5.95E-23  8.39E-31 6.57E-40 7.49E-45 2.90E-57 5.33E-39 1.56E-54 2.57E-29
400 3.30E-14 5.30E-22 6.98E-27 2.38E-30 6.28E-41 2.60E-26  8.45E-37  1.08E-18
500 1.05E-08 4.08E-15 6.33E-19 1.90E-21 3.63E-30 2.15E-18 3.77E-26  2.76E-12
600 5.86E-05 3.04E-10 1.44E-13 1.89E-15 8.95E-23 4.93E-13 4.76E-19 5.39E-08
700 3.06E-02 1.10E-06 1.03E-09 3.91E-11 2.01E-17 3.67E-09 5.62E-14 6.42E-05
800 3.55E+00 5.53E-04 8.32E-07 7.04E-08 2.23E-13  3.12E-06 3.56E-10 1.32E-02
818 7.68E+00 1.52E-03 2.46E-06 2.37E-07 1.01E-12 9.30E-06 1.46E-09 3.12E-02
900 1.49E+02 7.32E-02 1.56E-04 2.47E-05 3.27E-10 6.16E-04 3.22E-07 8.41E-01
990 2.31E+03 2.62E+00 7.16E-03 1.78E-03 6.71E-08 2.95E-02 4.52E-05 1.74E+01
1000 3.04E+03 3.75E+00 1.05E-02 2.74E-03 1.14E-07 4.34E-02 7.41E-05 2.35E+01
1200 2.96E+05 1.44E+03 6.00E+00 3.31E+00 7.88E-04 2.72E+01 2.56E-01  3.52E+03
1250 |7.47E+05 4.77E+03 2.15E+01 1.38E+01 4.65E-03 9.92E+01 1.30E+00 9.60E+03
1300 |1.76E+06 1.45E+04 6.99E+01 5.13E+01 2.40E-02 3.29E+02 5.83E+00 2.43E+04
1347 3.72E+06 3.81E+04 1.96E+02 1.62E+02 1.00E-01 9.39E+02 2.16E+01 5.45E+04
1400 |8.15E+06 1.05E+05 5.77E+02 5.42E+02 4.51E-01 2.82E+03 8.48E+01 1.27E+05
1500 |3.11E+07 5.91E+05 3.61E+03 4.20E+03 5.78E+00 1.83E+04 8.61E+02 5.35E+05
1600 |1.01E+08 2.69E+06 1.81E+04 2.53E+04 5.41E+01 9.43E+04 6.52E+03 1.88E+06
1700 2.86E+08 1.03E+07 7.50E+04 1.24E+05 3.90E+02 4.03E+05 3.88E+04 5.72E+06
1800 7.24E+08 3.39E+07 2.67E+05 5.10E+05 2.27E+03 1.47E+06 1.89E+05 1.54E+07
1900 |1.67E+09 9.91E+07 8.32E+05 1.81E+06 1.10E+04 4.71E+06 7.79E+05 3.73E+07
2000 |3.56E+09 2.61E+08 2.32E+06 5.68E+06 4.56E+04 1.34E+07 2.78E+06 8.27E+07
2100 7.06E+09 6.27E+08 5.88E+06 1.60E+07 1.66E+05 3.48E+07 8.76E+06 1.70E+08
2200 1.32E+10 1.39E+09 1.37E+07 4.10E+07 5.35E+05 8.27E+07 2.49E+07 3.27E+08
2300 |2.34E+10 2.89E+09 2.97E+07 9.71E+07 1.56E+06 1.83E+08 6.43E+07 5.92E+08
2400 3.96E+10 5.66E+09 6.05E+07 2.14E+08 4.18E+06 3.79E+08 1.54E+08 1.02E+09
2500 6.43E+10 1.05E+10 1.17E+08 4.44E+08 1.04E+07 7.41E+08 3.42E+08 1.66E+09
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Table A2-4: CBS-QB3

Appendix 2

T k1 k2 ks ka ks ke ks ks

300 1.98E-23 1.04E-31 3.13E-39 1.56E-43 1.86E-57 1.32E-38 3.91E-53 7.57E-45
400 1.44E-14 1.12E-22 2.25E-26 2.33E-29 5.65E-41 5.13E-26 1.52E-36 2.58E-30
500 5.40E-09 1.18E-15 1.62E-18 1.18E-20 3.43E-30 3.70E-18 1.48E-26 1.45E-21
600 3.37E-05 1.08E-10 3.14E-13 8.64E-15 8.58E-23 7.77E-13 7.00E-20 1.22E-15
700 1.91E-02 4.51E-07 2.01E-09 1.44E-10 1.94E-17 5.41E-09 4.21E-15 1.42E-10
800 2.35E+00  2.54E-04 1.50E-06 2.20E-07 2.16E-13 4.38E-06 1.64E-11 2.27E-06
818 5.12E+00  7.09E-04 4.36E-06 7.22E-07 9.78E-13 1.30E-05 6.24E-11 1.07E-05
900 1.03E+02  3.66E-02 2.63E-04 6.81E-05 3.18E-10 8.33E-04 1.03E-08 3.59E-03
990 1.65E+03  1.39E+00  1.15E-02 4.48E-03 6.55E-08 3.88E-02 1.12E-06 6.39E-01
1000 2.19E+03  2.01E+00  1.68E-02 6.81E-03 1.12E-07 5.70E-02 1.79E-06 1.06E+00
1200 2.25E+05 8.57E+02 8.87E+00 7.07E+00 7.72E-04 3.41E+01 4.17E-03 3.34E+03
1250 5.73E+05  2.90E+03  3.13E+01 2.85E+01 4.56E-03 1.23E+02  1.97E-02 1.53E+04
1300 1.36E+06  8.95E+03  1.00E+02  1.04E+02  2.35E-02 4.06E+02  8.26E-02 6.00E+04
1347 2.90E+06  2.40E+04 2.77E+02  3.20E+02  9.87E-02 1.15E+03  2.89E-01 1.92E+05
1400 6.43E+06  6.74E+04  8.06E+02  1.04E+03  4.44E-01 3.42E+03 1.07E+00  6.31E+05
1500 2.49E+07 3.90E+05 4.94E+03 7.72E+03  5.69E+00 2.19E+04  9.86E+00  4.35E+06
1600 8.18E+07  1.82E+06  2.42E+04 4.48E+04  5.33E+01  1.12E+05 6.89E+01  2.13E+07
1700 2.35E+08  7.12E+06  9.88E+04  2.12E+05 3.85E+02 4.73E+05  3.84E+02  7.96E+07
1800 6.03E+08  2.40E+07 3.46E+05 8.46E+05  2.24E+03  1.71E+06 1.77E+03  2.37E+08
1900 1.40E+09  7.14E+07 1.06E+06  2.93E+06 1.09E+04 5.43E+06 6.93E+03  5.85E+08
2000 3.01E+09 1.91E+08 2.93E+06 8.96E+06  4.51E+04  1.54E+07 2.37E+04  1.24E+09
2100 6.03E+09 4.66E+08  7.35E+06  2.47E+07 1.64E+05 3.96E+07 7.21E+04  2.29E+09
2200 1.13E+10 1.05E+09 1.70E+07 6.21E+07 5.29E+05 9.36E+07 1.98E+05  3.79E+09
2300 2.02E+10 2.21E+09  3.64E+07 1.45E+08 1.55E+06  2.06E+08  4.96E+05  5.71E+09
2400 3.45E+10 4.36E+09  7.36E+07  3.13E+08 4.14E+06  4.24E+08 1.15E+06  7.94E+09
2500 5.63E+10 8.18E+09 1.41E+08 6.40E+08 1.03E+07 8.26E+08 2.47E+06  1.03E+10
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Table A2-5: M06-2X-GD3/aug-cc-pVTZ

Appendix 2

T k1 k2 ks ks ks ks ks ks

300 5.19E-22 5.06E-33 1.33E-39 1.07E-46 1.33E-62 1.31E-39 3.89E-60 4.68E-56
400 5.45E-14 1.19E-23 1.22E-26 1.09E-31 5.97E-44 1.01E-26 8.79E-42 9.65E-39
500 1.11E-08 2.05E-16 9.95E-19 1.65E-22 1.76E-32 1.04E-18 9.78E-31 2.54E-28
600 4.92E-05 2.59E-11 2.11E-13 2.51E-16 9.38E-25 2.75E-13 2.36E-23 2.35E-21
700 2.20E-02 1.36E-07 1.44E-09 7.01E-12 3.39E-19 2.25E-09 4.55E-18 2.29E-16
800 2.26E+00  9.08E-05 1.12E-06 1.58E-08 5.27E-15 2.06E-06 4.25E-14 1.28E-12
818 4.79E+00  2.61E-04 3.29E-06 5.51E-08 2.51E-14 6.22E-06 1.86E-13 5.14E-12
900 8.62E+01  1.49E-02 2.04E-04 6.59E-06 9.95E-12 4.31E-04 5.25E-11 1.06E-09
990 1.24E+03  6.26E-01 9.15E-03 5.40E-04 2.45E-09 2.15E-02 9.37E-09 1.42E-07
1000 1.63E+03  9.11E-01 1.34E-02 8.39E-04 4.26E-09 3.18E-02 1.57E-08 2.31E-07
1200 1.40E+05 4.55E+02  7.39E+00  1.25E+00  3.95E-05 2.13E+01  8.28E-05 7.55E-04
1250 3.43E+05 1.59E+03  2.63E+01 5.41E+00 2.48E-04 7.88E+01  4.60E-04 3.81E-03
1300 7.87E+05  5.05E+03  8.49E+01  2.10E+01  1.35E-03 2.65E+02  2.24E-03 1.70E-02
1347 1.63E+06  1.39E+04 2.36E+02 6.86E+01  5.93E-03 7.63E+02  8.93E-03 6.28E-02
1400 3.49E+06 4.00E+04  6.92E+02  2.37E+02  2.80E-02 2.32E+03  3.80E-02 2.46E-01
1500 1.28E+07  2.42E+05 4.29E+03  1.95E+03 3.91E-01 1.53E+04 4.42E-01 2.50E+00
1600 3.99E+07 1.18E+06  2.13E+04  1.24E+04  3.95E+00 8.04E+04 3.79E+00 1.90E+01
1700 1.10E+08 4.77E+06  8.76E+04  6.34E+04  3.05E+01  3.49E+05 2.52E+01  1.14E+02
1800 2.70E+08  1.66E+07  3.09E+05  2.72E+05  1.88E+02 1.29E+06  1.36E+02  5.61E+02
1900 6.06E+08 5.07E+07 9.59E+05 1.00E+06 9.63E+02  4.18E+06  6.16E+02  2.33E+03
2000 1.26E+09  1.39E+08  2.66E+06  3.24E+06  4.19E+03  1.21E+07 2.40E+03  8.42E+03
2100 2.44E+09 3.47E+08 6.70E+06  9.41E+06  1.59E+04  3.15E+07 8.20E+03  2.69E+04
2200 4.46E+09 7.97E+08 1.56E+07  2.48E+07 5.35E+04  7.56E+07 2.50E+04  7.71E+04
2300 7.75E+09  1.71E+09  3.36E+07 6.02E+07 1.62E+05 1.69E+08 6.92E+04  2.01E+05
2400 1.29E+10 3.44E+09 6.81E+07 1.36E+08 4.49E+05  3.52E+08 1.75E+05  4.84E+05
2500 2.06E+10 6.54E+09  1.31E+08 2.87E+08 1.15E+06 6.93E+08 4.09E+05  1.08E+06

191




Table A2-6: SVECV-F12

Appendix 2

T kq k2 ks ka ks ks ks ks

300 7.67E-22 3.39E-31 1.36E-39 1.79E-44 7.35E-61 1.77E-38 3.20E-59 2.06E-55
400 7.09E-14 3.20E-22 1.23E-26 5.05E-30 1.23E-42 7.00E-26 4.23E-41 2.88E-38
500 1.37E-08 2.89E-15 1.00E-18 3.57E-21 1.98E-31 4.88E-18 3.41E-30 6.02E-28
600 5.85E-05 2.36E-10 2.13E-13 3.25E-15 7.05E-24 9.96E-13 6.64E-23 4.76E-21
700 2.55E-02 9.03E-07 1.44E-09 6.29E-11 1.91E-18 6.80E-09 1.10E-17 4.13E-16
800 2.57E+00 4.76E-04 1.13E-06 1.08E-07 2.39E-14 5.41E-06 9.13E-14 2.12E-12
818 5.44E+00 1.31E-03 3.30E-06 3.60E-07 1.10E-13 1.60E-05 3.92E-13 8.42E-12
900 9.67E+01  6.51E-02 2.05E-04 3.64E-05 3.82E-11 1.02E-03 1.03E-10 1.65E-09
990 1.38E+03  2.39E+00  9.19E-03 2.55E-03 8.33E-09 4.69E-02 1.73E-08 2.10E-07
1000 1.81E+03  3.43E+00  1.35E-02 3.90E-03 1.43E-08 6.89E-02 2.88E-08 3.41E-07
1200 1.52E+05 1.37E+03  7.41E+00 4.49E+00 1.08E-04 4.05E+01 1.36E-04 1.03E-03
1250 3.73E+05  4.59E+03 2.63E+01 1.85E+01 6.52E-04 1.46E+02  7.40E-04 5.11E-03
1300 8.53E+05  1.40E+04 8.51E+01 6.85E+01  3.42E-03 4.80E+02  3.54E-03 2.25E-02
1347 1.76E+06  3.71E+04  2.37E+02  2.15E+02  1.46E-02 1.36E+03  1.38E-02 8.19E-02
1400 3.76E+06  1.03E+05 6.94E+02  7.11E+02  6.66E-02 4.03E+03  5.78E-02 3.17E-01
1500 1.37E+07  5.86E+05  4.30E+03  5.44E+03  8.77E-01 2.57E+04  6.52E-01 3.15E+00
1600 4.26E+07 2.70E+06  2.13E+04  3.24E+04 8.41E+00 1.30E+05 5.44E+00  2.35E+01
1700 1.17E+08 1.04E+07 8.78E+04 1.57E+05 6.22E+01 5.50E+05 3.54E+01  1.38E+02
1800 2.86E+08  3.46E+07 3.10E+05 6.38E+05  3.69E+02  1.98E+06 1.87E+02  6.70E+02
1900 6.40E+08 1.02E+08 9.61E+05  2.25E+06  1.82E+03  6.28E+06  8.32E+02  2.75E+03
2000 1.32E+09 2.70E+08 2.66E+06 6.99E+06  7.68E+03  1.77E+07 3.18E+03  9.79E+03
2100 2.56E+09 6.51E+08 6.71E+06  1.96E+07 2.83E+04 4.55E+07 1.07E+04  3.09E+04
2200 4.68E+09 1.46E+09 1.56E+07 4.99E+07 9.28E+04  1.08E+08  3.22E+04  8.77E+04
2300 8.11E+09  3.04E+09 3.37E+07 1.17E+08 2.75E+05 2.36E+08 8.80E+04  2.27E+05
2400 1.35E+10 5.97E+09 6.82E+07 2.57E+08  7.44E+05 4.85E+08  2.20E+05  5.40E+05
2500 2.14E+10 1.11E+10 1.31E+08 5.31E+08 1.86E+06 9.44E+08 5.08E+05  1.19E+06
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Appendix 2

Arrhenius plots for temperature dependent rate coefficients over

the 300-2500 K temperature range.

In [k(T)]

Figure A2-18: In(k1) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-19: In(kz) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-20: In(ks) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-21: In(kas) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-22: In(ks) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-23: In(ks) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-24: In(k7) vs

1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Figure A2-25: In(ks) vs 1000/T plot of EF decomposition in the range of 300 to 2500 K.
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Calculated Rate coefficients ratios ka/ks/ka/ks/ke/k7/ks/k1

Table A2-7: M06-2X-GD3/cc-pVTZ

Appendix 2

T ka/ka ks/ki ka/ka ks/ka ke/ki kz/ka Ks/ki

300 1.30E-11 1.31E-18 8.40E-26 3.89E-38 1.81E-18 1.29E-35 1.23E-34
400 2.48E-10 1.38E-13 9.57E-19 2.74E-29 1.36E-13 2.54E-25 2.31E-25
500 1.99E-08 6.22E-11 8.30E-15 1.68E-23 7.31E-11 1.24E-19 2.89E-20
600 5.59E-07 3.23E-09 3.17E-12 1.58E-19 4.58E-09 6.01E-16 5.92E-17
700 6.51E-06 5.22E-08 2.15E-10 1.15E-16 8.73E-08 2.32E-13 1.27E-14
800 4.19E-05 4.13E-07 4.99E-09 1.64E-14 7.96E-07 1.90E-11 6.81E-13
818 5.67E-05 5.76E-07 8.28E-09 3.65E-14 1.14E-06 3.85E-11 1.29E-12
900 1.80E-04 2.04E-06 5.73E-08 7.81E-13 4.46E-06 5.62E-10 1.47E-11
990 5.21E-04 6.51E-06 3.36E-07 1.30E-11 1.57E-05 6.42E-09 1.35E-10
1000 5.79E-04 7.30E-06 4.01E-07 1.73E-11 1.78E-05 8.18E-09 1.69E-10
1200 3.35E-03 4.89E-05 7.36E-06 1.80E-09 1.42E-04 4.29E-07 6.34E-09
1250 4.77E-03 7.15E-05 1.32E-05 4.55E-09 2.16E-04 9.38E-07 1.30E-08
1300 6.60E-03 1.01E-04 2.25E-05 1.07E-08 3.17E-04 1.92E-06 2.53E-08
1347 8.76E-03 1.37E-04 3.59E-05 2.27E-08 4.44E-04 3.59E-06 4.50E-08
1400 1.18E-02 1.89E-04 5.84E-05 4.96E-08 6.32E-04 6.89E-06 8.22E-08
1500 1.95E-02 3.24E-04 1.34E-04 1.87E-07 1.15E-03 2.06E-05 2.28E-07
1600 3.02E-02 5.20E-04 2.75E-04 5.98E-07 1.95E-03 5.34E-05 5.53E-07
1700 4.45E-02 7.87E-04 5.20E-04 1.67E-06 3.10E-03 1.23E-04 1.20E-06
1800 6.29E-02 1.14E-03 9.17E-04 4.15E-06 4.68E-03 2.56E-04 2.40E-06
1900 8.56E-02 1.58E-03 1.52E-03 9.37E-06 6.78E-03 4.92E-04 4.44E-06
2000 1.13E-01 2.13E-03 2.39E-03 1.95E-05 9.47E-03 8.83E-04 7.72E-06
2100 1.45E-01 2.79E-03 3.61E-03 3.79E-05 1.28E-02 1.49E-03 1.27E-05
2200 1.82E-01 3.56E-03 5.25E-03 6.93E-05 1.69E-02 2.39E-03 1.99E-05
2300 2.25E-01 4.44E-03 7.38E-03 1.20E-04 2.17E-02 3.68E-03 2.98E-05
2400 2.72E-01 5.45E-03 1.01E-02 1.99E-04 2.73E-02 5.44E-03 4.30E-05
2500 3.24E-01 6.57E-03 1.34E-02 3.17E-04 3.38E-02 7.79E-03 6.00E-05
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Table A2-8: CCSD(T)/cc-pVTZ

Appendix 2

T ka/k1 ka/k1 ka/k1 ks/k1 ke/k1 ka/k1 Ks/ka

300 1.41E-08 1.11E-17 1.26E-22 4.88E-35 8.97E-17 2.62E-32  4.32E-07
400 1.61E-08 2.12E-13 7.21E-17 1.91E-27 7.88E-13 2.56E-23  3.28E-05
500 3.90E-07 6.04E-11 1.81E-13 3.47E-22 2.05E-10 3.60E-18 2.64E-04
600 5.20E-06 2.46E-09 3.22E-11 1.53E-18 8.42E-09 8.12E-15  9.20E-04
700 3.58E-05 3.36E-08 1.28E-09 6.55E-16 1.20E-07 1.83E-12  2.09E-03
800 1.56E-04 2.34E-07 1.98E-08 6.28E-14 8.78E-07 1.00E-10 3.72E-03
818 1.98E-04 3.20E-07 3.08E-08 1.31E-13 1.21E-06 1.90E-10 4.07E-03
900 4.91E-04 1.05E-06 1.66E-07 2.19E-12 4.13E-06 2.16E-09  5.65E-03
990 1.13E-03 3.10E-06 7.71E-07 2.90E-11 1.28E-05 1.95E-08 7.52E-03
1000 1.23E-03 3.45E-06 8.98E-07 3.76E-11 1.43E-05 2.43E-08 7.73E-03
1200 4.86E-03 2.02E-05 1.12E-05 2.66E-09 9.16E-05 8.62E-07 1.19E-02
1250 6.39E-03 2.88E-05 1.84E-05 6.22E-09 1.33E-04 1.74E-06  1.29E-02
1300 8.23E-03 3.98E-05 2.92E-05 1.36E-08 1.87E-04 3.32E-06  1.38E-02
1347 1.02E-02 5.27E-05 4.37E-05 2.70E-08 2.53E-04 5.81E-06  1.47E-02
1400 1.29E-02 7.07E-05 6.65E-05 5.53E-08 3.46E-04 1.04E-05 1.56E-02
1500 1.90E-02 1.16E-04 1.35E-04 1.86E-07 5.88E-04 2.77E-05  1.72E-02
1600 2.67E-02 1.79E-04 2.51E-04 5.37E-07 9.36E-04 6.47E-05  1.87E-02
1700 3.60E-02 2.63E-04 4.34E-04 1.37E-06 1.41E-03 1.36E-04  2.00E-02
1800 4.69E-02 3.68E-04 7.03E-04 3.13E-06 2.03E-03 2.61E-04 2.12E-02
1900 5.93E-02 4.98E-04 1.08E-03 6.58E-06 2.82E-03 4.66E-04  2.23E-02
2000 7.33E-02 6.52E-04 1.60E-03 1.28E-05 3.78E-03 7.81E-04  2.32E-02
2100 8.88E-02 8.33E-04 2.26E-03 2.34E-05 4.93E-03 1.24E-03  2.41E-02
2200 1.06E-01 1.04E-03 3.11E-03 4.06E-05 6.27E-03 1.88E-03  2.48E-02
2300 1.24E-01 1.27E-03 4.15E-03 6.69E-05 7.82E-03 2.75E-03  2.53E-02
2400 1.43E-01 1.53E-03 5.42E-03 1.06E-04 9.57E-03 3.88E-03  2.57E-02
2500 1.63E-01 1.81E-03 6.91E-03 1.61E-04 1.15E-02 5.31E-03  2.59E-02
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Table A2-9: CBS-QB3

Appendix 2

T ka/ka ks/k1 ka/ka ks/ka ke/ki kz/ka Ks/ki

300 5.25E-09 1.58E-16 7.88E-21 9.39E-35 6.66E-16 1.98E-30 3.83E-22
400 7.76E-09 1.57E-12 1.62E-15 3.92E-27 3.56E-12 1.06E-22 1.79E-16
500 2.18E-07 2.99E-10 2.18E-12 6.35E-22 6.86E-10 2.73E-18 2.69E-13
600 3.20E-06 9.32E-09 2.56E-10 2.54E-18 2.30E-08 2.08E-15 3.63E-11
700 2.36E-05 1.05E-07 7.55E-09 1.02E-15 2.84E-07 2.21E-13 7.47E-09
800 1.08E-04 6.37E-07 9.39E-08 9.22E-14 1.87E-06 7.00E-12 9.68E-07
818 1.38E-04 8.51E-07 1.41E-07 1.91E-13 2.53E-06 1.22E-11 2.08E-06
900 3.55E-04 2.55E-06 6.60E-07 3.08E-12 8.08E-06 9.99E-11 3.48E-05
990 8.43E-04 6.95E-06 2.71E-06 3.96E-11 2.35E-05 6.79E-10 3.87E-04
1000 9.19E-04 7.68E-06 3.12E-06 5.11E-11 2.61E-05 8.21E-10 4.86E-04
1200 3.81E-03 3.94E-05 3.15E-05 3.44E-09 1.52E-04 1.86E-08 1.49E-02
1250 5.06E-03 5.46E-05 4.98E-05 7.96E-09 2.15E-04 3.44E-08 2.67E-02
1300 6.58E-03 7.36E-05 7.61E-05 1.73E-08 2.98E-04 6.07E-08 4.41E-02
1347 8.26E-03 9.55E-05 1.10E-04 3.40E-08 3.96E-04 9.94E-08 6.62E-02
1400 1.05E-02 1.25E-04 1.62E-04 6.90E-08 5.32E-04 1.66E-07 9.80E-02
1500 1.57E-02 1.98E-04 3.10E-04 2.28E-07 8.80E-04 3.96E-07 1.75E-01
1600 2.23E-02 2.96E-04 5.47E-04 6.51E-07 1.37E-03  8.42E-07 2.61E-01
1700 3.03E-02 4.21E-04 9.02E-04 1.64E-06 2.01E-03 1.63E-06 3.39E-01
1800 3.99E-02 5.74E-04 1.40E-03 3.72E-06 2.84E-03 2.93E-06 3.93E-01
1900 5.09E-02 7.58E-04 2.08E-03 7.74E-06 3.87E-03 4.93E-06 4.17E-01
2000 6.34E-02 9.73E-04 2.97E-03 1.50E-05 5.11E-03 7.87E-06 4.10E-01
2100 7.73E-02  1.22E-03 4.09E-03 2.71E-05 6.57E-03  1.20E-05 3.80E-01
2200 9.25E-02 1.50E-03 5.48E-03 4.67E-05 8.25E-03 1.74E-05 3.34E-01
2300 1.09E-01 1.80E-03 7.14E-03 7.64E-05 1.02E-02 2.45E-05 2.82E-01
2400 1.27E-01 2.13E-03 9.09E-03 1.20E-04 1.23E-02 3.34E-05 2.30E-01
2500 1.45E-01 2.50E-03 1.14E-02 1.82E-04 1.47E-02 4.39E-05 1.83E-01
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Table A2-10: M06-2X-GD3/aug-cc-pVTZ

Appendix 2

T ka/k1 ks/ki ka/k1 ks/k1 ke/k1 k7/k1 Ks/ka

300 9.75E-12 2.57E-18  2.06E-25 2.56E-41 2.51E-18  7.49E-39 9.01E-35
400 2.18E-10  2.23E-13 1.99E-18 1.10E-30 1.85E-13 1.61E-28 1.77E-25
500 1.85E-08  8.97E-11 1.49E-14 1.59E-24  9.37E-11  8.81E-23 2.29E-20
600 5.27E-07  4.29E-09  5.10E-12 1.91E-20 5.58E-09  4.80E-19 4.79E-17
700 6.20E-06 6.54E-08 3.19E-10 1.54E-17 1.03E-07 2.07E-16 1.04E-14
800 4.02E-05 4.95E-07 6.99E-09 2.33E-15 9.12E-07 1.88E-14 5.66E-13
818 5.44E-05 6.86E-07 1.15E-08 5.24E-15 1.30E-06 3.87E-14 1.07E-12
900 1.73E-04 2.37E-06 7.65E-08 1.15E-13 5.00E-06 6.10E-13 1.23E-11
990 5.03E-04  7.36E-06  4.34E-07 1.97E-12 1.73E-05  7.54E-12 1.14E-10
1000 5.60E-04  8.24E-06  5.16E-07 2.62E-12 1.95E-05  9.68E-12 1.42E-10
1200 3.26E-03  5.29E-05 8.93E-06  2.83E-10 1.52E-04  5.92E-10 5.40E-09
1250 4.64E-03  7.66E-05 1.58E-05  7.22E-10  2.30E-04 1.34E-09 1.11E-08
1300 6.42E-03 1.08E-04 2.67E-05 1.71E-09 3.36E-04 2.85E-09 2.16E-08
1347 8.52E-03 1.45E-04 4.21E-05 3.64E-09 4.69E-04  5.48E-09 3.86E-08
1400 1.15E-02 1.98E-04 6.80E-05  8.03E-09 6.64E-04 1.09E-08 7.06E-08
1500 1.90E-02  3.36E-04 1.53E-04  3.06E-08 1.20E-03 3.46E-08 1.96E-07
1600 2.95E-02  5.33E-04 3.10E-04 9.89E-08  2.01E-03  9.49E-08 4.77E-07
1700 4.35E-02  7.99E-04 5.79E-04  2.78E-07 3.18E-03 2.30E-07 1.04E-06
1800 6.15E-02 1.15E-03 1.01E-03 6.98E-07 4.79E-03  5.05E-07 2.08E-06
1900 8.37E-02 1.58E-03 1.65E-03 1.59E-06  6.90E-03 1.02E-06 3.86E-06
2000 1.11E-01 2.12E-03 2.58E-03  3.33E-06  9.59E-03 1.91E-06 6.70E-06
2100 1.42E-01 2.75E-03 3.86E-03 6.52E-06 1.29E-02 3.36E-06 1.10E-05
2200 1.79E-01 3.49E-03 5.56E-03 1.20E-05 1.70E-02 5.61E-06 1.73E-05
2300 2.20E-01  4.33E-03  7.76E-03 2.09E-05 2.17E-02  8.92E-06 2.60E-05
2400 2.67E-01  5.29E-03 1.05E-02  3.49E-05 2.73E-02 1.36E-05 3.76E-05
2500 3.18E-01  6.35E-03 1.40E-02  5.58E-05 3.37E-02 1.99E-05 5.24E-05
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Table A2-11: SVECV-F12

Appendix 2

T ka/k1 ks/ka ka/ka ks/ka ke/ka kz/ka Ks/ki

300 4.41E-10 1.77E-18 2.33E-23  9.58E-40 2.30E-17 4.17E-38 2.68E-34
400 4,51E-09 1.73E-13  7.12E-17 1.73E-29 9.86E-13 5.97E-28 4.06E-25
500 2.11E-07 7.33E-11 2.61E-13  1.45E-23 3.57E-10 2.49E-22 4.40E-20
600 4.03E-06 3.63E-09 5.55E-11  1.20E-19 1.70E-08 1.14E-18 8.14E-17
700 3.54E-05 5.67E-08 2.47E-09 7.50E-17 2.67E-07 4.31E-16 1.62E-14
800 1.85E-04 4.37E-07 4.19E-08 9.30E-15 2.10E-06 3.55E-14 8.24E-13
818 2.41E-04 6.07E-07 6.61E-08 2.02E-14 2.94E-06 7.20E-14 1.55E-12
900 6.73E-04 2.12E-06 3.76E-07 3.95E-13 1.05E-05 1.07E-12 1.71E-11
990 1.73E-03 6.65E-06 1.84E-06 6.03E-12 3.39E-05 1.25E-11 1.52E-10
1000 1.90E-03 7.45E-06 2.16E-06 7.92E-12 3.82E-05 1.60E-11 1.89E-10
1200 9.02E-03 4.87E-05 2.95E-05 7.11E-10 2.66E-04 8.93E-10 6.75E-09
1250 1.23E-02 7.07E-05 4.97E-05 1.75E-09 3.93E-04 1.99E-09 1.37E-08
1300 1.64E-02 9.98E-05 8.03E-05 4.01E-09 5.63E-04 4.15E-09 2.64E-08
1347 2.11E-02 1.35E-04 1.22E-04 8.29E-09 7.71E-04 7.87E-09 4.66E-08
1400 2.74E-02 1.85E-04 1.89E-04 1.77E-08 1.07E-03 1.54E-08 8.44E-08
1500 4.28E-02 3.14E-04 3.97E-04 6.41E-08 1.87E-03 4.77E-08 2.30E-07
1600 6.33E-02 5.00E-04 7.60E-04 1.98E-07 3.06E-03 1.28E-07 5.51E-07
1700 8.92E-02 7.54E-04 1.34E-03 5.33E-07 4.72E-03 3.04E-07 1.19E-06
1800 1.21E-01 1.08E-03 2.23E-03 1.29E-06 6.94E-03 6.55E-07 2.34E-06
1900 1.59E-01 1.50E-03 3.51E-03 2.85E-06 9.81E-03 1.30E-06 4.29E-06
2000 2.04E-01 2.01E-03 5.28E-03 5.80E-06 1.34E-02 2.40E-06 7.39E-06
2100 2.54E-01 2.62E-03 7.63E-03 1.10E-05 1.78E-02 4.18E-06 1.21E-05
2200 3.11E-01 3.33E-03 1.07E-02 1.98E-05 2.30E-02 6.89E-06 1.88E-05
2300 3.74E-01 4.15E-03 1.45E-02 3.39E-05 2.91E-02 1.08E-05 2.80E-05
2400 4.43E-01 5.07E-03 1.91E-02 5.53E-05 3.61E-02 1.63E-05 4.02E-05
2500 5.18E-01 6.11E-03 2.48E-02 8.69E-05 4.40E-02 2.37E-05 5.57E-05
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Calculated Branching ratios ki/ker

Table A2-12: M06-2X-GD3/cc-pVTZ

Appendix 2

T k1/kEF kZ/kEF k3/kEF k4/kEF kS/kEF k6/kEF k7/kEF k8/kEF
300 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
400 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
500 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
600 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
700 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
800 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
818 99.99% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
900 99.98% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
990 99.95% 0.05% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1000 99.94% 0.06% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1200 99.65% 0.33% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00%
1250 99.50% 0.47% 0.01% 0.00% 0.00% 0.02% 0.00% 0.00%
1300 99.30% 0.66% 0.01% 0.00% 0.00% 0.03% 0.00% 0.00%
1347 99.07% 0.87% 0.01% 0.00% 0.00% 0.04% 0.00% 0.00%
1400 98.75% 1.16% 0.02% 0.01% 0.00% 0.06% 0.00% 0.00%
1500 97.93% 1.91% 0.03% 0.01% 0.00% 0.11% 0.00% 0.00%
1600 96.80% 2.93% 0.05% 0.03% 0.00% 0.19% 0.01% 0.00%
1700 95.32% 4.25% 0.08% 0.05% 0.00% 0.30% 0.01% 0.00%
1800 93.47% 5.88% 0.11% 0.09% 0.00% 0.44% 0.02% 0.00%
1900 91.24% 7.81% 0.14% 0.14% 0.00% 0.62% 0.04% 0.00%
2000 88.66% 10.02% 0.19% 0.21% 0.00% 0.84% 0.08% 0.00%
2100 85.77% 12.45% 0.24% 0.31% 0.00% 1.10% 0.13% 0.00%
2200 82.60% 15.07% 0.29% 0.43% 0.01% 1.39% 0.20% 0.00%
2300 79.23% 17.81% 0.35% 0.58% 0.01% 1.72% 0.29% 0.00%
2400 75.72% 20.61% 0.41% 0.76% 0.02% 2.07% 0.41% 0.00%
2500 72.13% 23.40% 0.47% 0.97% 0.02% 2.44% 0.56% 0.00%
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Appendix 2

Figure A2-26: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500
K. Calculated at M062X-GD3/cc-pVTZ level of theory

Table A2-13: CCSD(T)/cc-pVTZ.

T k1/kEF kZ/kEF k3/kEF k4/kEF k5/kEF kG/kEF k7/kEF k8/kEF
300 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
400 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
500 99.97% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.03%
600 99.91% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.09%
700 99.79% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.21%
800 99.61% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.37%
818 99.58% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.40%
900 99.39% 0.05% 0.00% 0.00% 0.00% 0.00% 0.00% 0.56%
990 99.14% 0.11% 0.00% 0.00% 0.00% 0.00% 0.00% 0.75%
1000 99.11% 0.12% 0.00% 0.00% 0.00% 0.00% 0.00% 0.77%
1200 98.34% 0.48% 0.00% 0.00% 0.00% 0.01% 0.00% 1.17%
1250 98.09% 0.63% 0.00% 0.00% 0.00% 0.01% 0.00% 1.26%
1300 97.82% 0.81% 0.00% 0.00% 0.00% 0.02% 0.00% 1.35%
1347 97.54% 1.00% 0.01% 0.00% 0.00% 0.02% 0.00% 1.43%
1400 97.18% 1.25% 0.01% 0.01% 0.00% 0.03% 0.00% 1.52%
1500 96.42% 1.83% 0.01% 0.01% 0.00% 0.06% 0.00% 1.66%
1600 95.53% 2.55% 0.02% 0.02% 0.00% 0.09% 0.01% 1.79%
1700 94.50% 3.40% 0.02% 0.04% 0.00% 0.13% 0.01% 1.89%
1800 93.33% 4.37% 0.03% 0.07% 0.00% 0.19% 0.02% 1.98%
1900 92.04% 5.46% 0.05% 0.10% 0.00% 0.26% 0.04% 2.05%
2000 90.63% 6.64% 0.06% 0.14% 0.00% 0.34% 0.07% 2.11%
2100 89.12% 7.91% 0.07% 0.20% 0.00% 0.44% 0.11% 2.14%
2200 87.51% 9.24% 0.09% 0.27% 0.00% 0.55% 0.16% 2.17%
2300 85.84% 10.61% 0.11% 0.36% 0.01% 0.67% 0.24% 2.17%
2400 84.10% 12.02% 0.13% 0.46% 0.01% 0.80% 0.33% 2.16%
2500 82.32% 13.43% 0.15% 0.57% 0.01% 0.95% 0.44% 2.13%
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Appendix 2

Figure A2-27: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500
K. Calculated at CCSD(T)/cc-pVTZ level of theory

Table A2-14: CBS-QB3

T k1/kEF kZ/kEF k3/kEF k4/kEF k5/kEF kG/kEF k7/kEF k8/kEF
300 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
400 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
500 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
600 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
700 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
800 99.99% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
818 99.99% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
900 99.96% 0.04% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
990 99.87% 0.08% 0.00% 0.00% 0.00% 0.00% 0.00% 0.04%
1000 99.86% 0.09% 0.00% 0.00% 0.00% 0.00% 0.00% 0.05%
1200 98.14% 0.37% 0.00% 0.00% 0.00% 0.01% 0.00% 1.46%
1250 96.90% 0.49% 0.01% 0.00% 0.00% 0.02% 0.00% 2.58%
1300 95.14% 0.63% 0.01% 0.01% 0.00% 0.03% 0.00% 4.19%
1347 93.02% 0.77% 0.01% 0.01% 0.00% 0.04% 0.00% 6.16%
1400 90.15% 0.94% 0.01% 0.01% 0.00% 0.05% 0.00% 8.84%
1500 83.92% 1.31% 0.02% 0.03% 0.00% 0.07% 0.00% 14.65%
1600 77.81% 1.73% 0.02% 0.04% 0.00% 0.11% 0.00% 20.29%
1700 72.86% 2.21% 0.03% 0.07% 0.00% 0.15% 0.00% 24.68%
1800 69.54% 2.77% 0.04% 0.10% 0.00% 0.20% 0.00% 27.35%
1900 67.83% 3.45% 0.05% 0.14% 0.00% 0.26% 0.00% 28.26%
2000 67.46% 4.27% 0.07% 0.20% 0.00% 0.34% 0.00% 27.66%
2100 68.08% 5.26% 0.08% 0.28% 0.00% 0.45% 0.00% 25.84%
2200 69.34% 6.41% 0.10% 0.38% 0.00% 0.57% 0.00% 23.18%
2300 70.90% 7.72% 0.13% 0.51% 0.01% 0.72% 0.00% 20.02%
2400 72.42% 9.17% 0.15% 0.66% 0.01% 0.89% 0.00% 16.69%
2500 73.69% 10.71% 0.18% 0.84% 0.01% 1.08% 0.00% 13.48%
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Figure A2-28: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500
K. Calculated at CBS-QB3 level of theory

Table A2-15: M06-2X-GD3/aug-cc-pVTZ

T kl/kEF kZ/kEF k3/kEF k4/kEF kS/kEF k6/kEF k7/kEF k8/kEF
300 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
400 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
500 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
600 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
700 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
800 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
818 99.99% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
900 99.98% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
990 99.95% 0.05% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1000 99.94% 0.06% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1200 99.65% 0.32% 0.01% 0.00% 0.00% 0.02% 0.00% 0.00%
1250 99.51% 0.46% 0.01% 0.00% 0.00% 0.02% 0.00% 0.00%
1300 99.32% 0.64% 0.01% 0.00% 0.00% 0.03% 0.00% 0.00%
1347 99.09% 0.84% 0.01% 0.00% 0.00% 0.05% 0.00% 0.00%
1400 98.78% 1.13% 0.02% 0.01% 0.00% 0.07% 0.00% 0.00%
1500 97.97% 1.86% 0.03% 0.01% 0.00% 0.12% 0.00% 0.00%
1600 96.87% 2.86% 0.05% 0.03% 0.00% 0.20% 0.00% 0.00%
1700 95.41% 4.15% 0.08% 0.06% 0.00% 0.30% 0.00% 0.00%
1800 93.60% 5.75% 0.11% 0.09% 0.00% 0.45% 0.00% 0.00%
1900 91.42% 7.65% 0.14% 0.15% 0.00% 0.63% 0.00% 0.00%
2000 88.91% 9.82% 0.19% 0.23% 0.00% 0.85% 0.00% 0.00%
2100 86.08% 12.24% 0.24% 0.33% 0.00% 1.11% 0.00% 0.00%
2200 83.01% 14.83% 0.29% 0.46% 0.00% 1.41% 0.00% 0.00%
2300 79.74% 17.56% 0.35% 0.62% 0.00% 1.73% 0.00% 0.00%
2400 76.34% 20.36% 0.40% 0.80% 0.00% 2.08% 0.00% 0.00%
2500 72.88% 23.18% 0.46% 1.02% 0.00% 2.45% 0.00% 0.00%
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Figure A2-29: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500
K. Calculated at M062X-GD3/aug-cc-pVTZ level of theory

Table A2-16: SVECV-F12

T kl/kEF kZ/kEF k3/kEF k4/kEF kS/kEF k6/kEF k7/kEF k8/kEF
300 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
400 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
500 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
600 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
700 100.00%  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
800 99.98% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
818 99.98% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
900 99.93% 0.07% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
990 99.82% 0.17% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1000 99.81% 0.19% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1200 99.07% 0.89% 0.00% 0.00% 0.00% 0.03% 0.00% 0.00%
1250 98.73% 1.22% 0.01% 0.00% 0.00% 0.04% 0.00% 0.00%
1300 98.31% 1.61% 0.01% 0.01% 0.00% 0.06% 0.00% 0.00%
1347 97.84% 2.06% 0.01% 0.01% 0.00% 0.08% 0.00% 0.00%
1400 97.19% 2.67% 0.02% 0.02% 0.00% 0.10% 0.00% 0.00%
1500 95.66% 4.10% 0.03% 0.04% 0.00% 0.18% 0.00% 0.00%
1600 93.67% 5.93% 0.05% 0.07% 0.00% 0.29% 0.00% 0.00%
1700 91.24% 8.14% 0.07% 0.12% 0.00% 0.43% 0.00% 0.00%
1800 88.39% 10.70% 0.10% 0.20% 0.00% 0.61% 0.00% 0.00%
1900 85.18% 13.56% 0.13% 0.30% 0.00% 0.84% 0.00% 0.00%
2000 81.68% 16.63% 0.16% 0.43% 0.00% 1.09% 0.00% 0.00%
2100 77.98% 19.83% 0.20% 0.60% 0.00% 1.39% 0.00% 0.00%
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Figure A2-30: Branching ratios for the unimolecular decomposition of EF in the range of 300 to 2500
K. Calculated at SVECV-F12 level of theory
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Appendix 2
Calculated pressure dependent rate coefficients for the
unimolecular decomposition of ethyl formate for temperatures

above 1250 K over the pressure range 0.01-100 bar

The pressure dependent rate coefficients were calculated for unimolecular dissociation reaction of
EF with RRKM theory using MultiWell program. 883 Argon was used as the bath gas with the Lennard-
Jones (L- J) collision diameter parameter o= 3.464 A and well-depth g/k = 113.5 K.3° The L-J parameter
o= 5.12 A and well-depth e/k = 614.36 K were employed for EF. Energy transfer coefficients were
treated by the exponential down model with an average downward transfer parameter <AE > down
= 200 cm™1.# The asymmetric Eckart approximation was employed to account for the tunnelling

corrections.

Table A2-17: Pressure dependent rate coefficients for the path R1 in the unimolecular decomposition
of EF

k1

0.01 0.1 1 10 100 HPL

990 2.08E+02 5.42E+02 8.55E+02 1.17E+03 1.13E+03 1.19E+03
1250 9.30E+03 3.43E+04 1.04E+05 2.48E+05 3.12E+05 3.29E+05
1347 2.36E+04 1.01E+05 3.47E+05 8.61E+05 1.44E+06 1.56E+06
1500 5.59E+04 3.47E+05 1.37E+06 3.81E+06 7.38E+06 1.23E+07
1700 1.43E+05 7.81E+05 4.77E+06 1.85E+07 4.38E+07 1.05E+08
1900 2.82E+05 1.86E+06 9.39E+06 4.20E+07 1.89E+08 5.81E+08
2100 4.21E+05 2.75E+06 1.75E+07 9.10E+07 3.43E+08 2.33E+09
2300 5.27E+05 4.02E+06 2.60E+07 1.59E+08 6.16E+08 7.39E+09
2500 7.60E+05 5.05E+06 3.98E+07 2.17E+08 9.94E+08 1.95E+10

T(K)
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Table A2-18: Pressure dependent rate coefficients for the path R2 in the unimolecular decomposition

of EF
T(K) K
0.01 0.1 1 10 100 HPL

1250 | 1.21E+02  3.56E+02  9.78E+02  1.29E+03  1.87E+03  1.57E+03
1347 | 5.39E+02  1.87E+03  4.47E+03  9.60E+03  1.46E+04  1.37E+04
1500 | 3.70E+03  1.43E+04  4.99E+04  8.97E+04  1.98E+05  2.40E+05
1700 | 1.99E+04  8.98E+04  4.24E+05  1.22E+06  2.90E+06  4.70E+06
1900 | 5.15E+04  3.17E+05  1.49E+06  5.85E+06  1.78E+07  4.98E+07
2100 | 9.73E+04  6.24E+05  3.94E+06  1.91E+07  6.47E+07  3.39E+08
2300 | 1.75E+05  1.19E+06  7.38E+06  4.10E+07  1.80E+08  1.66E+09
2500 | 2.48E+05  1.87E+06  1.24E+07  7.12E+07  3.42E+08  1.66E+09

Table A2-19: Arrhenius parameters for pressure dependent rate coefficients for the path R1 and R2
in the unimolecular decomposition of EF

kq k2
p (bar) A Ea (kJ/mol) E.(kcal/mol) [A E. (kJ/mol) E. (kcal/mol)
0.01 6.79E+07 89.78 21.46 8.16E+08 158.11 37.79
0.10 9.38E+08 102.39 24.47 1.59E+10 177.81 42.50
1.00 1.73E+10 121.05 28.93 3.12E+11 199.33 47.64
10.00 2.84E+11 141.80 33.89 8.18E+12  229.90 54.95
100.00 5.04E+12 168.76 40.34 1.26E+14 255.14 60.98

Table A2-20: Values for log(k1/kee) at the pressure range of 0.01-100 bar and temperature range of
990-2500K for the unimolecular decomposition of EF.

1/7(K) log(k1/ke)

0.01 bar 0.1 bar 1 bar 10 bar 100 bar HPL
990.000 -0.758 -0.342 -0.143 -0.009 -0.024 0.000
1250.000 -1.549 -0.981 -0.501 -0.122 -0.022 0.000
1347.000 -1.821 -1.188 -0.652 -0.258 -0.034 0.000
1500.000 -2.342 -1.550 -0.953 -0.510 -0.222 0.000
1700.000 -2.865 -2.129 -1.343 -0.753 -0.380 0.000
1900.000 -3.314 -2.496 -1.792 -1.141 -0.488 0.000
2100.000 -3.743 -2.929 -2.124 -1.408 -0.832 0.000
2300.000 -4.147 -3.264 -2.453 -1.668 -1.079 0.000
2500.000 -4.409 -3.586 -2.690 -1.954 -1.293 0.000
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Appendix 2

Arrhenius parameters, A (s™) and E. (kJ mol™) for EF thermal decomposition in the range of 300-
2500 K

Table A2-21:
MO06-2X-GD3/TZ? CccsD(T)/TZ2? CBS-QB3 MO06-2X-GD3/a-TZ" SVECV-f12
A E; A E; A E. A E; A E.
ks 2.19x10% 2113 1.23x10% 218.4 1.23x10% 221.2 2.57x10%* 210.5 2.55x10% 209.5
k2 1.52x10% 286.7 1.56x10% 273.3 1.56x10% 278.5 1.83x10% 286.4 1.89x10% 275.7
ks 2.26x10% 311.2 2.26x10% 310.1 2.26x10% 306.2 2.34x10% 308.4 2.34x10% 308.4
ks 4.85x10" 360.7 4.85x10" 346.6 4.85x10% 339.0 5.31x10% 357.3 5.31x10% 344.5
Ks 2.57x10% 436.7 2.61x10% 422.6 2.77x10% 423.4 1.32x10% 446.2 1.33x10% 436.2
Ks 1.19x10% 316.3 1.18x10% 310.8 1.19x10% 308.5 1.33x10% 314.4 1.33x10% 307.9
K7 2.19x10% 401.4 2.19x10% 247.4 6.27x10'® 368.5 2.31x10% 401.1 2.12x10% 397.2
Ks 9.38x10%° 421.1 1.24x10" 406.9 2.38x10™ 384.4 2.76x10% 425.0 2.66x10™ 419.6

3 TZ stands for cc-pVTZ; P a-TZ stands for aug-cc-pVTZ
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Carbon monoxide branching ratio

To calculate the ratio of CO coming directly from ethyl formate (kz) vs that coming from formic acid (P2,

kia) it is necessary to obtain kinetic information all the path to CO formation.
H3CCH,OCHO - H3CCH0H_(P3) + CO_(P4) ka
trans-HOCHO_(P2) - H,0_(P14) + CO_(P4) K1a

The CO formation from ki goes through by three steps, the P1 and P2 formations with rate constant ki,

and reverse reaction with rate constant k-s,
H3CCH,OCHO - H,C=CH;_(P1) + HOCHO_(P2) ks (1a)
H,C=CH,_(P1) + HOCHO_ (P2) - H3CCH,OCHO k-1 (1b)

Once formed, formic acid could discompose in two competitive different ways depending on the cis or

trans conformer,
trans-HOCHO_(P2) - H,O_(P14) + CO_(P4) k1a (1c)
cis-HOCHO_(P13) - CO,_(P8) + Ha_(P9) Kic (1d)
To obtain the branching ratio of CO, it was necessary to discount the yield for ki
Yeo 1= kia/ (kiatkse)
kco=k1a*Yco_1

the overall rate for (kicorr) can be written as

kco ]

k1corr=k1 [k 1+kCO
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Where the bracket denotes that fraction which completes the reaction via (1c) rather than (1b).

Assuming additive rate constants, we can calculate the global constant.

The final yield for CO formation is

Table A2-22: M06-2X-GD3/cc-pVTZ

Keor=k1

k-l + kCO

kCO

]+k2

YCO_t= klcorr/ktot + kz/ktot

T k-l kla k1c klcor k_tot klcorr/ ktot kZ/ ktot
300 1.11E-14 2.54E-33 2.64E-28 6.95E-46 4.11E-33 |0.00% 100.00%
400 1.81E-09 2.20E-24 1.23E-22 7.70E-31 8.92E-24 |0.00% 100.00%
500 6.71E-06  2.59E-17 4.60E-17 1.08E-20 1.54E-16 |0.00% 99.99%
600 1.91E-03 2.67E-12 1.75E-12 2.99E-14 1.98E-11 |0.09% 99.85%
700 1.15E-01 1.21E-08 5.04E-09 1.20E-09 1.07E-07 |0.79% 98.87%
800 2.55E+00 7.16E-06 2.28E-06 3.62E-06 7.49E-05 |3.67% 95.17%
818 4.21E+00 2.01E-05 6.15E-06 1.32E-05 2.18E-04 |4.65% 93.93%
900 2.90E+01 1.07E-03 2.80E-04 1.92E-03 1.37E-02 |11.03% 86.07%
990 1.72E+02 4.15E-02 9.58E-03 1.88E-01 6.87E-01 |22.22% 72.65%
1000 2.05E+02 5.98E-02 1.37E-02 2.98E-01 1.02E+00 |23.66% 70.94%
1200 3.96E+03 2.61E+01 4.91E+00 6.04E+02 9.71E+02 |52.34% 37.81%
1250 7.18E+03 8.84E+01 1.61E+01 2.78E+03 4.06E+03 |57.88% 31.61%
1300 1.25E+04 2.73E+02 4.80E+01 1.14E+04 1.55E+04 |62.53% 26.49%
1347 2.02E+04 7.33E+02 1.25E+02 3.87E+04 5.00E+04 |66.15% 22.55%
1400 3.35E+04 2.06E+03 3.42E+02 1.39E+05 1.71E+05 |69.45% 19.02%
1500 7.90E+04 1.19E+04 1.89E+03 1.17E+06 1.37E+06 |73.82% 14.47%
1600 1.68E+05 5.54E+04 8.46E+03 7.10E+06 8.06E+06 |76.38% 11.96%
1700 3.28E+05 2.16E+05 3.19E+04 3.20E+07 3.60E+07 |77.64% 10.89%
1800 5.94E+05 7.24E+05 1.04E+05 1.12E+08 1.26E+08 |77.93% 10.87%
1900 1.01E+06 2.14E+06 3.01E+05 3.17E+08 3.59E+08 |77.47% 11.65%
2000 1.64E+06 5.69E+06 7.83E+05 7.65E+08 8.80E+08 |76.43% 13.05%
2100 2.54E+06 1.38E+07 1.86E+06 1.63E+09 1.92E+09 |74.93% 14.94%
2200 3.79e+06 3.08E+07 4.11E+06 3.18E+09 3.84E+09 |73.06% 17.21%
2300 5.45E+06 6.44E+07 8.47E+06 5.75E+09 7.17E+09 |70.91% 19.76%
2400 7.62E+06 1.27E+08 1.64E+07 9.82E+09 1.27E+10 |68.57% 22.52%
2500 1.04E+07 2.36E+08 3.03E+07 1.60E+10 2.14E+10 |66.10% 25.41%
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Table A2-23: CCSD(T)/cc-pVTZ

Appendix 2

T k-1 k1a klc klcor k_tot klcorr/ ktot k2/ ktot
300 1.20E-16 1.50E-31 8.34E-28 1.34E-41 8.39E-31 |0.00% 100.00%
400 1.86E-10 4.51E-23 2.90E-22 1.07E-27 5.30E-22 |0.00% 100.00%
500 1.53E-06 2.90E-16 9.12E-17 1.51E-18 4.09E-15 |0.03% 99.96%
600 6.95E-04 1.99E-11 3.09E-12 1.45E-12 3.06E-10 |0.41% 99.52%
700 5.78E-02 6.77E-08 8.23E-09 3.20E-08 1.13E-06 |2.52% 97.17%
800 1.64E+00 3.23E-05 3.49E-06 6.33E-05 6.17E-04 |9.26% 89.74%
818 2.82E+00 8.79E-05 9.34E-06 2.17E-04 1.73E-03 |11.29% 87.51%
900 2.26E+01 4.08E-03 4.10E-04 2.45E-02 9.76E-02 |22.77% 74.94%
990 1.54E+02 1.40E-01 1.35E-02 1.92E+00 4.53E+00 |38.57% 57.71%
1000 1.87E+02 2.00E-01 1.92E-02 2.97E+00 6.72E+00 |40.35% 55.77%
1200 4.58E+03 7.13E+01 6.53E+00 4.16E+03 5.61E+03 |68.06% 25.71%
1250 8.74E+03 2.32E+02 2.11E+01 1.78E+04 2.25E+04 |72.25% 21.19%
1300 1.59E+04 6.92E+02 6.25E+01 6.75E+04 8.20E+04 |75.53% 17.64%
1347 2.68E+04 1.80E+03 1.61E+02 2.15E+05 2.53E+05 |77.96% 15.03%
1400 4.63E+04 4.88E+03 4.37E+02 7.18E+05 8.24E+05 |80.05% 12.77%
1500 1.18E+05 2.66E+04 2.37E+03 5.34E+06 5.93E+06 |82.67% 9.96%
1600 2.67E+05 1.18E+05 1.05E+04 2.90E+07 3.17E+07 |84.06% 8.47%
1700 5.52E+05 4.39E+05 3.90E+04 1.21E+08 1.31E+08 |84.62% 7.85%
1800 1.06E+06 1.41E+06 1.26E+05 4.00E+08 4.34E+08 |84.64% 7.83%
1900 1.89E+06 4.04E+06 3.60E+05 1.11E+09 1.21E+09 |84.27% 8.22%
2000 3.19E+06 1.04E+07 9.29E+05 2.66E+09 2.93E+09 |83.61% 8.91%
2100 5.14E+06 2.45E+07 2.19E+06 5.74E+09 6.37E+09 |82.75% 9.84%
2200 7.94E+06 5.34E+07 4.80E+06 1.14E+10 1.27E+10 |81.72% 10.93%
2300 2.36E+07 1.09E+08 9.82E+06 1.11E+05 2.55E+08 |0.04% 99.96%
2400 3.41E+07 2.09E+08 1.90E+07 3.06E+05 4.87E+08 |0.06% 99.94%
2500 4.77E+07 3.82E+08 3.48E+07 7.67E+05 8.83E+08 |0.08% 99.91%
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Table A2-24: CBS-QB3

Appendix 2

T k-1 k1a klc klcor k_tot klcorr/ ktot kz/ I(tot
300 3.13E-17 3.82E-34 2.39E-28 3.87E-46 1.04E-31 |0.00% 100.00%
400 499E-11 6.70E-24 1.10E-22 1.11E-28 1.12E-22 |0.00% 100.00%
500 4.15E-07 1.10E-16 4.50E-17 1.01E-18 1.18E-15 |0.06% 99.91%
600 1.89E-04 1.00E-11 1.78E-12 1.51E-12 1.09E-10 |1.18% 98.62%
700 1.57E-02 3.90E-08 5.22E-09 4.19E-08 4.93E-07 |7.50% 91.50%
800 443E-01 2.03E-05 2.37E-06 9.63E-05 3.50E-04 |24.62% 72.50%
818 7.62E-01 5.60E-05 6.42E-06 3.38E-04 1.05E-03 |28.93% 67.75%
900 6.08E+00 2.72E-03 2.94E-04 4.16E-02 7.82E-02 |47.98% 46.83%
990 4.13E+01 9.72E-02 1.01E-02 3.51E+00 4.91E+00 |64.85% 28.41%
1000 5.01E+01 1.39E-01 1.44E-02 5.48E+00 7.49E+00 |66.31% 26.82%
1200 1.22E+03 5.25E+01 5.21E+00 8.48E+03 9.33E+03 |82.61% 9.19%
1250 2.32E+03 1.73E+02 1.71E+01 3.64E+04 3.93E+04 |84.30% 7.38%
1300 4.20E+03 5.19E+02 5.11E+01 1.38E+05 1.47E+05 |85.48% 6.10%
1347 7.06E+03 1.36E+03 1.34E+02 4.33E+05 4.57E+05 |86.27% 5.25%
1400 1.22E+04 3.72E+03 3.65E+02 1.40E+06 1.47E+06 |86.87% 4.59%
1500 3.08E+04 2.06E+04 2.02E+03 9.41E+06 9.80E+06 |87.43% 3.98%
1600 6.96E+04 9.21E+04 9.06E+03 4.47E+07 4.65E+07 |87.48% 3.91%
1700 1.43E+05 3.46E+05 3.42E+04 1.62E+08 1.69E+08 |87.16% 4.22%
1800 2.73E+05 1.13E+06 1.12E+05 4.76E+08 5.00E+08 |86.60% 4.80%
1900 4.86E+05 3.24E+06 3.24E+05 1.20E+09 1.28E+09 |85.82% 5.60%
2000 8.19E+05 8.38E+06 8.44E+05 2.72E+09 2.91E+09 |84.90% 6.56%
2100 1.31E+06 1.99E+07 2.01E+06 5.62E+09 6.08E+09 |83.85% 7.66%
2200 2.02E+06 4.35E+07 4.44E+06 1.08E+10 1.18E+10 |82.70% 8.86%
2300 3.00E+06 8.90E+07 9.15E+06 1.95E+10 2.17E+10 |81.48% 10.15%
2400 4.32E+06 1.72E+08 1.78E+07 3.35E+10 3.79E+10 |80.19% 11.51%
2500 6.03E+06 3.15E+08 3.28E+07 5.51E+10 6.33E+10 |78.86% 12.92%
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Figure A2-35: Branching ratio for carbon dioxide formation of R1 (orange) and R2
(green) pathways as function of temperature in the EF thermal decomposition.
Calculated at CBS-QB3 level of theory
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Table A2-25: M06-2X-GD3/aug-cc-pVTZ

Appendix 2

T k-1 kla k1c klcor k_tot klcorr/ ktot kz/ I(tot
300 1.15E-14 5.60E-33 1.50E-28 9.40E-45 5.06E-33 |0.00% 100.00%
400 1.80E-09 6.22E-24 8.73E-23 1.26E-29 1.19E-23 |0.00% 100.00%
500 6.46E-06 6.87E-17 3.76E-17 7.63E-20 2.05E-16 |0.02% 99.96%
600 1.80E-03 6.28E-12 1.51E-12 1.38E-13 2.60E-11 |0.43% 99.47%
700 1.07E-01 2.57E-08 4.48E-09 4.52E-09 1.41E-07 |[2.74% 96.79%
800 2.34E+00 1.41E-05 2.05E-06 1.19E-05 1.03E-04 |10.11% 88.41%
818 3.86E+00 3.92E-05 5.57E-06 4.27E-05 3.03E-04 |12.32% 85.93%
900 2.64E+01 1.98E-03 2.56E-04 5.73E-03 2.07E-02 |24.54% 72.28%
990 1.55E+02 7.35E-02 8.84E-03 5.26E-01 1.15E+00 |40.76% 54.34%
1000 1.85E+02 1.06E-01 1.26E-02 8.27E-01 1.74E+00 |42.53% 52.39%
1200 3.53E+03 4.26E+01 4.60E+00 1.51E+03 1.96E+03 |69.33% 23.20%
1250 6.39E+03 1.42E+02 1.51E+01 6.76E+03 8.35E+03 |73.22% 19.02%
1300 1.11E+04 4.34E+02 4.52E+01 2.70E+04 3.20E+04 |76.28% 15.77%
1347 1.79E+04 1.15E+03 1.18E+02 8.96E+04 1.03E+05 |78.51% 13.41%
1400 2.96E+04 3.19E+03 3.24E+02 3.11E+05 3.51E+05 |80.42% 11.41%
1500 6.96E+04 1.80E+04 1.79E+03 2.43E+06 2.67E+06 |82.70% 9.07%
1600 1.48E+05 8.22E+04 8.05E+03 1.34E+07 1.46E+07 |83.73% 8.06%
1700 2.87E+05 3.14E+05 3.04E+04 5.48E+07 5.95E+07 |83.87% 8.01%
1800 5.19E+05 1.04E+06 9.96E+04 1.74E+08 1.91E+08 |83.32% 8.69%
1900 8.84E+05 3.03E+06 2.89E+05 4.59E+08 5.10E+08 |82.22% 9.95%
2000 1.43E+06 7.95E+06 7.53E+05 1.05E+09 1.19E+09 |80.68% 11.68%
2100 2.21E+06 1.90E+07 1.80E+06 2.16E+09 2.51E+09 |78.76% 13.81%
2200 3.28E+06 4.22E+07 3.97E+06 4.11E+09 4.91E+09 |76.56% 16.24%
2300 4.72E+06 8.72E+07 8.18E+06 7.32E+09 9.02E+09 |74.13% 18.91%
2400 6.59E+06 1.70E+08 1.59E+07 1.24E+10 1.58E+10 |71.55% 21.75%
2500 8.96E+06 3.14E+08 2.94E+07 1.99E+10 2.65E+10 |68.86% 24.70%
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Figure A2-36: Branching ratio for carbon dioxide formation of R1 (orange) and R2 (green)
pathways as function of temperature in the EF thermal decomposition. Calculated at M062X-
GD3/aug-cc-pVTZ level of theory
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Table A2-26: SVECV-F12

Appendix 2

T k-1 kla k1c klcor k_tot klcorr/ ktot kz/ I(tot
300 1.61E-15 1.74E-31 3.09E-28 4.67E-41 3.39E-31 |0.00% 100.00%
400 3.99E-10 8.62E-23 1.44E-22 5.72E-27 3.20E-22 |0.00% 100.00%
500 1.94E-06 5.66E-16 5.55E-17 3.64E-18 2.90E-15 |0.11% 99.87%
600 6.59E-04 3.64E-11 2.08E-12 3.05E-12 2.39E-10 |1.21% 98.72%
700 4.50E-02 1.16E-07 5.90E-09 6.25E-08 9.65E-07 |6.16% 93.53%
800 1.10E+00 5.27E-05 2.62E-06 1.17E-04 5.93E-04 |18.86% 80.20%
818 1.85E+00 1.42E-04 7.05E-06 3.99E-04 1.71E-03 |22.19% 76.71%
900 1.35E+01 6.39E-03 3.18E-04 4.36E-02 1.09E-01 |38.22% 59.87%
990 8.43E+01 2.13E-01 1.07E-02 3.32E+00 5.70E+00 |55.38% 41.83%
1000 1.01E+02 3.03E-01 1.53E-02 5.12E+00 8.55E+00 |57.05% 40.07%
1200 2.14E+03 1.03E+02 5.40E+00 6.65E+03 8.02E+03 |78.74% 17.12%
1250 3.95E+03 3.31E+02 1.76E+01 2.75E+04 3.21E+04 |[81.37% 14.30%
1300 6.96E+03 9.76E+02 5.24E+01 1.00E+05 1.14E+05 |83.27% 12.26%
1347 1.14E+04 2.51E+03 1.36E+02 3.03E+05 3.40E+05 |84.51% 10.90%
1400 1.92E+04 6.76E+03 3.71E+02 9.40E+05 1.04E+06 |85.42% 9.89%
1500 4.66E+04 3.63E+04 2.04E+03 5.82E+06 6.40E+06 |86.02% 9.15%
1600 1.01E+05 1.59E+05 9.09E+03 2.55E+07 2.81E+07 |85.53% 9.57%
1700 2.01E+05 5.85E+05 3.41E+04 8.54E+07 9.58E+07 |84.24% 10.85%
1800 3.71E+05 1.87E+06 1.11E+05 2.36E+08 2.71E+08 |82.32% 12.79%
1900 6.44E+05 5.28E+06 3.19E+05 5.66E+08 6.68E+08 |79.93% 15.23%
2000 1.06E+06 1.35E+07 8.29E+05 1.22E+09 1.49E+09 |77.18% 18.07%
2100 1.66E+06 3.15E+07 1.97E+06 2.43E+09 3.08E+09 |74.19% 21.17%
2200 2.50E+06 6.81E+07 4.33E+06 4.50E+09 5.95E+09 |71.05% 24.43%
2300 3.63E+06 1.38E+08 8.90E+06 7.89E+09 1.09E+10 |67.83% 27.79%
2400 5.12E+06 2.64E+08 1.72E+07 1.32E+10 1.91E+10 |64.61% 31.16%
2500 7.04E+06 4.79E+08 3.17E+07 2.11E+10 3.22E+10 [61.44% 34.48%
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Figure A2-37: Branching ratio for carbon dioxide formation of R1 (orange) and R2 (green) pathways
as function of temperature in the EF thermal decomposition. Calculated at SVECV-F12 level of theory.
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Figure A3-1: Mass spectra over varying temperatures at 11.5 eV (a) and 14.0 eV (b). MCF* = methyl
chloroformate radical cation.
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Figure A3-2: (a) [Top] ms-TPES of CO (b) [Middle] ms-TPES of CH,O (c) [Bottom] ms-TPES of CO both
obtained at 617 °C.
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Table A3-1: Relative energies (k)] mol™?) for stationary points and transitions states in the thermal decomposition of MCF. (a-Tz stands for aug-cc-pVTZ
and 6-311 stands for 6-311++G(d,p)).

MO06-2X/GD3/a-Tz B3LYP/6-311 CBS-QB3 ccsD(T)/a-Tz SVECV-f12
R REACTION ENERGY
TS P TS P TS P TS P TS P
AE 43.07 15.91 4287 1632 4478  17.82 4384 1681 4460 1691
A(E+ZPE) 40.96 15.93 40.78  16.08 4273  17.70 4173  16.83 4249  16.92
1SO Z-HsCOC(0)Cl =  E-HsCOC(0)Cl
AH 39.42 15.77 39.20 16.02 4113 17.58 40.19  16.66 40.95  16.76
AG 42.38 16.08 4234  16.15 44.40  17.97 43.14  16.98 4390  17.07
AE 280.31  -57.79 23213  -84.31 27091 -68.51 268.49 -68.02 27469  -69.54
A(E+ZPE) 26598  -67.30 21893  -93.04 258.06 -77.19 254.16  -77.53 260.36  -79.05
1 E-HsCOC(O)Cl > CHsCl+CO,
AH 268.98  -64.17 221.31  -90.09 26042 -74.33 257.16  -74.40 263.36  -75.92
AG 259.24  -106.89 214.48 -134.03 253,55 -116.28 247.43 -117.13 253.63 -118.64
AE 33243 156.17 - 144.74 312.14  152.49 354.34  150.35 329.05 152.43
A(E+ZPE) 308.13  136.45 - 124.88 289.57 133.07 34251 130.64 304.76  132.72
2 E-HsCOC(O)Cl =  CH,COCO+HCI
AH 309.99  140.18 - 128.48 290.76  136.54 34454 13437 306.61 136.44
AG 303.83 99.46 - 88.20 287.35  96.59 338.80  93.65 30046  95.73
AE 292.81  137.64 261.74 109.63 278.60 117.24 27177 11031 279.54 119.13
A(E+ZPE) 264.65 99.22 23408 71.72 251.15  79.70 24361 7192 251.38  80.74
2a CH,COCO+HCI > H,CO+CO+HCI
AH 269.15  110.03 23825  82.24 25521 90.10 24811 8273 255.88  91.55
AG 226.55 23.76 196.43  -5.09 21371  4.83 20551  -5.25 21328  3.56
AE 386.37  137.64 343.83  109.63 367.17 117.24 366.25 110.31 376.85 119.13
A(E+ZPE) 360.07 99.22 317.34  71.72 340.90  79.70 339.95  71.92 350.55  80.74
3 E-HsCOC(0)Cl =  H,CO+CO+HCI
AH 361.60  110.03 31892 82.24 34243  90.10 34148 8273 352.08 91.55
AG 357.42 23.76 31460  -5.09 33827  4.83 337.29  -5.25 34790  3.56
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MO06-2X/GD3/a-Tz B3LYP/6-311 CBS-QB3 CCSD(T)/a-Tz SVECV-f12
R REACTION ENERGY
TS P TS P TS P TS P TS P
AE 387.20  135.38 374.67 101.57 386.26 121.96 383.13  120.71 389.99 119.13
A(E+ZPE) 37115 116.44 357.05 82.85 368.84 103.27 367.08 101.80 373.94  80.74
4 E-HsCOC(O)CI >  CHsCO+HC(0)Cl
AH 37028  120.85 356.41 87.05 368.12 107.41 366.21 106.21 373.07 91.55
AG 372.50 71.97 358.42 36.97 37040 59.26 368.43 55.61 37529  3.56
AE 30340  137.64 256.58 109.63 289.13 117.24 284.48 110.31 290.42 119.13
A(E+ZPE) 272.41 99.22 22598  71.72 259.03  79.70 25352  71.92 259.46  80.74
4a CHsCO+HC(O)Cl > H,CO+CO+HCI
AH 277.63  110.03 231.10 82.24 264.00 90.10 258.74 82.73 264.68 91.55
AG 226.48 23.76 178.57  -5.09 213.55  4.83 205.88  -5.25 211.82  3.56
AE 406.23  248.76 344.33  250.03 364.74 241.42 354.34 234.61 371.02 241.67
A(E+ZPE) 394.40  233.07 332,53  233.99 353.19 225.75 34251 218.92 359.20 225.98
5 E-HsCOC(O)CI = HsCOCI+CO
AH 396.43  237.70 334.55 238.54 355.13  230.22 344.54 223.55 361.23  230.61
AG 390.69  191.69 329.27 192.77 350.08 184.51 338.80 177.54 355.49 184.59
AE 537.20  137.64 470.65 109.63 473.09 117.24 479.92 110.31 493.34 119.13
A(E+ZPE) 499.93 99.22 43467 71.72 437.56  79.70 442.65 71.92 456.07 80.74
5a HsCOCI+CO >  H,CO+CO+HCI
AH 504.56  110.03 439.24 8224 442.00  90.10 447.27 82.73 460.69 91.55
AG 457.97 23.76 392.66  -5.09 395.78  4.83 400.69  -5.25 41411  3.56
AE - 369.11 - 336.60 - 374.92 - 357.37 - 353.63
A(E+ZPE) - 359.44 - 326.70 - 365.32 - 347.70 - 343.97
6 Z-HsCOC(0)Cl = H3COCe(0)+sCl
AH - 363.28 - 330.62 - 369.12 - 351.53 - 347.80
AG - 323.43 - 290.26 - 329.03 - 311.69 - 307.96
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Table A3-2: Thermal Boltzmann energy distribution population for MCF conformers. (a-Tz
stands for aug-cc-pVTZ and 6-311 stands for 6-311++G(d,p)).

M06-2X/GD3/a-

- Ty CCSD(T)/a-Tz SVECV-f12
E-MCF  Z-MCF E-MCF Z-MCF E-MCF  Z-MCF
79035  0.084 0.916 0.074 0.926 0.073 0.927
890.25  0.108 0.892 0.097 0.903 0.096 0.904
1000 0.133 0.867 0.121 0.879 0.120 0.880
1200 0.175 0.825 0.162 0.838 0.161 0.839
1361.05  0.204 0796 0.192 0.808 0.190 0.810
1500 0226 0.774 0214 0.786 0213 0.787
1700 0.254 0.746 0242 0.758 0241  0.759
1900 0.277 0723 0266 0.734 0.265 0.735
2100 0297 0.703 0287 0.713 0285 0.715
2300 0314 068 0304 0.696 0.303 0.697
2500 0329 0671 0319 0681 0318 0.682

Table A3-3: Values for temperature-dependent rate coefficients over the 790-2500 K
temperature range at the high-pressure limit (HPL).

MO06-2X/GD3/aug-cc-pVTZ

T kic kac ka/k1 kmcr k1/Kwmcr k2/kmcr
790.35 3.13E-03 2.03E-06 6.48E-04 3.13E-03 99.94% 0.06%
890.25 4.96E-01 6.60E-04 1.33E-03 4.97E-01 99.87% 0.13%

1000 4.01E+01 1.00E-01 2.50E-03 4.02E+01 99.75% 0.25%
1200 1.46E+04 8.54E+01 5.85E-03 1.47E+04 99.42% 0.58%
1361.05 4.60E+05 4.45E+03 9.68E-03 4.65E+05 99.04% 0.96%
1500 4.86E+06 6.70E+04 1.38E-02 4.92E+06 98.64% 1.36%
1700 7.25E+07 1.49E+06 2.06E-02 7.40E+07 97.98% 2.02%
1900 6.01E+08 1.70E+07 2.83E-02 6.18E+08 97.24% 2.76%
2100 3.32E+09 1.21E+08 3.65E-02 3.44E+09 96.48% 3.52%
2300 1.35E+10 6.08E+08 4.50E-02 1.41E+10 95.70% 4.30%
2500 4.38E+10 2.36E+09 5.38E-02 4.62E+10 94.90% 5.10%
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CCSD(T)/M06-2X/GD3/aug-cc-pVTZ

Appendix 3

T

k1

k2

ka/k1

kMCF

k1/kMCF

ka/kwmcr

790.35
890.25
1000
1200
1361.05
1500
1700
1900
2100
2300
2500

1.81E-02
2.35E+00
1.61E+02
4.65E+04
1.28E+06
1.23E+07
1.64E+08
1.25E+09
6.42E+09
2.47E+10
7.63E+10

1.04E-08
6.12E-06
1.55E-03
2.66E+00
2.09E+02
4.17E+03
1.28E+05
1.90E+06
1.67E+07
9.97E+07
4.45E+08

5.75E-07
2.60E-06
9.64E-06
5.72E-05
1.64E-04
3.39E-04
7.82E-04
1.52E-03
2.59E-03
4.03E-03
5.83E-03

1.81E-02
2.35E+00
1.61E+02
4.65E+04
1.28E+06
1.23E+07
1.64E+08
1.26E+09
6.44E+09
2.48E+10
7.68E+10

0.9999994
0.9999974
0.9999904
0.9999428
0.9998364
0.9996607
0.9992182
0.9984866
0.9974146
0.9959836
0.9941995

5.752E-07
2.599E-06
9.645E-06
5.722E-05
0.0001636
0.0003393
0.0007818
0.0015134
0.0025854
0.0040164
0.0058005

SVECV-f12

T

k1

k2

ka/k1

kmcr

k1/kmcr

ka/kmcr

790.35
890.25
1000
1200
1361.05
1500
1700
1900
2100
2300
2500

7.01E-03
1.02E+00
7.59E+01
2.48E+04
7.34E+05
7.48E+06
1.06E+08
8.46E+08
4.52E+09
1.79E+10
5.66E+10

3.24E-06
1.00E-03
1.45E-01
1.16E+02
5.87E+03
8.60E+04
1.86E+06
2.07E+07
1.44E+08
7.15E+08
2.74E+09

4.62E-04
9.85E-04
1.91E-03
4.69E-03
7.99E-03
1.15E-02
1.75E-02
2.45E-02
3.20E-02
4.00E-02
4.83E-02

7.01E-03
1.02E+00
7.60E+01
2.49E+04
7.40E+05
7.56E+06
1.08E+08
8.67E+08
4.66E+09
1.86E+10
5.93E+10

99.95%
99.90%
99.81%
99.53%
99.21%
98.86%
98.28%
97.61%
96.90%
96.15%
95.39%

0.05%
0.10%
0.19%
0.47%
0.79%
1.14%
1.72%
2.39%
3.10%
3.85%
4.61%

Table A3-4: The Arrhenius parameters A (s!) and Ea (k)] mol™) for thermal unimolecular
decomposition of MCF at the high-pressure limit (a-Tz stands for aug-cc-pVTZ and 6-311

stands for 6-311++G(d,p)).

MO06-2X/GD3/a-Tz CCSD(T)/a-Tz SVECV-f12
A(x10%) Ea A(x10%) Ea A(x10%) Ea
ki 5902 290.751 5.925  279.250 5.938  285.500
kn 2456  333.269 2.463  367.938 2.461  330.208
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Figure A4-1: MIKES mass spectra from [top] m/z 128 showing m/z 93, [middle] m/z 121
showing both m/z 77 and 93, [bottom] m/z 112 showing m/z 77. The reader is referred to
West et al* for typical operating conditions for this experiment.
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