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Abstract 

 

Amine-based CO2 capture has been suggested as a way to mitigate global warming. This project 

aims to improve the understanding of the atmospheric photo-oxidation of two of the simplest 

imines by OH radicals. Laboratory studies on methyl methanimine and N-methyl ethanimine 

have been performed in the smog chamber at the University of Oslo and the mechanism for the 

photo-oxidation of N-methyl ethanimine was further studied by using quantum chemical 

calculations.  

M06-2X density functional theory and explicitly correlated coupled cluster theory were used to 

determine the stationary points on the potential energy surface of the reaction of N-methyl 

ethanimine with OH. Hydrogen abstraction from the methylene site and from the N-methyl 

group are predicted to be the most important pathways. The calculated rate constant for the 

reaction between N-methyl ethanimine and OH at 298 K was kOH,t = 6.4 × 10-13 cm3 molecule-

1 s-1  when tunnelling was explicitly included and kOH,nt = 5.4 × 10-13 cm3 molecule-1 s-1 without 

including tunnelling. 

Subsequent reactions were modelled with M06-2X density functional theory, which predicted 

N-methyleneacetamide (CH3C(O)N=CH2) and N-ethylideneformamide (CH3CH=NCHO)  as 

the major products. 

The laboratory studies show that both compounds are present as a trimer during the photo-

oxidation laboratory experiments, meaning that their results cannot be used to verify the 

theoretical results. The laboratory experiments will have to be repeated whilst the smog 

chamber is heated to assure that the imines of interest are present as monomers. 
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1 Introduction 

1.1 Climate change 

The Earth’s climate has been variable throughout the planet’s existence. The climate can be 

reconstructed up to 800,000 years ago by analysis of ice cores (Luthi et al., 2008). The majority 

of the changes in the climate can be explained by variations in solar activity and the orbit of the 

Earth. However, the global warming trend of the last years cannot be explained by these natural 

variations, but it is likely caused by human emission of greenhouse gases (Lacis, Hansen, Lee, 

Mitchell, & Lebedeff, 1981). One of the greenhouse gases which is emitted in large amount by 

human activity is carbon dioxide (CO2). Since the beginning of the Industrial Revolution, the 

CO2 concentration in the atmosphere has increased by more than a third, with a current 

concentration of over 400 ppm (NASA, 2017a). The trend of the CO2 concentration up to 

400,000 years ago can be seen in Figure 1. 

 

Figure 1: CO2 concentration in ppm from 400,000 years ago to current time (Credit: Vostok ice core data/J.R. Petit 
et al.; NOAA Mauna Loa CO2 record.) 

The current increase in CO2 has already caused an increase of the average global temperature 

of more than half a degree, and with the current trend the temperature is expected to rise even 
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more in the next couple of years (NASA, 2017b). Since a small temperature increase causes 

major environmental changes, it is important to keep the temperature increase as low as 

possible. One way to do this is by reducing the emission of CO2 to the atmosphere using carbon 

capture and storage (CCS).  

1.2 Carbon capture and storage 

Carbon capture and storage (CCS) is a technology used to capture CO2 emissions before they 

enter the atmosphere and subsequently store it. CO2 can be captured either from natural gas or 

from flue gases. One of the ways that can be used for the capture is using amines as CO2 

absorbents (Claus J. Nielsen, Herrmann, & Weller, 2012). 

1.2.1 Amine-based CCS 

In amine-based carbon capture different amines can be used to capture CO2. Amines are very 

suitable for carbon capture, because amines selectively and reversibly react with CO2 (Dutcher, 

Fan, & Russell, 2015). Amines will react with the CO2 in the flue gas in two possible ways: 

2 R1R2NH + CO2  (R1R2NH2
+)(R1R2NCOO-)     

   

R1R2NH + CO2 + H2O  (R1R2NH2
+)(HCO3

-) 

The two possible reactions are pictured in Figure 2. 

 

Figure 2: The two possible reversible reactions between amines (in this example MEA) and CO2  (Dutcher et al., 
2015) 
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In principle the reactions of CO2  and amines are reversible, which means that the amines can 

be reused in the capturing process. However, small amounts of the amine can get into the gas 

phase, because of the volatility. There the amines can get lost because of atmospheric 

degradation reactions.  

1.3 Atmospheric degradation reactions 

The hydroxyl radical (OH) is the most important oxidising agent in the atmosphere. A reaction 

with this radical is usually the first step in the atmospheric degradation of a compound. The 

most important source of OH radicals in the troposphere is photolysis of ozone, followed by a 

reaction with water (Lelieveld, Dentener, Peters, & Krol, 2004).  

O3 + hν (λ<310 nm)  O2 + O(1D) 

O(1D) + H2O  2 OH 

In these equations O(1D) is the first electronic excited state of atomic oxygen. 

1.3.1  Atmospheric degradation of amines 

In the atmospheric degradation of amines, a hydrogen abstraction reaction with OH radicals is 

usually the first step. In the following steps there are multiple possibilities, which are shown in 

Figure 3.  

 

Figure 3: Mechanism for the atmospheric degradation of amines (Claus J. Nielsen et al., 2012) 
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Previous research has shown that imines are the main oxidation products of amines (Lindley, 

Calvert, & Shaw, 1979; Claus Joergen Nielsen et al., 2011; C.J.  Nielsen et al., 2012; C. J.; 

Nielsen et al., 2010; C. J.; Nielsen et al., 2011). N-methyl methanimine is one of the imines that 

is formed. It has been determined that N-methyl methanimine is around 50% of the products in 

dimethylamine and trimethylamine photo-oxidation.(C. J.; Nielsen et al., 2011). Barely any 

research has been done on the atmospheric chemistry of imines. Two possible explanations why 

barely any research has been done in this field are the fact that imines are prone to adsorb and 

hydrolyse on surfaces (Layer, 1963) and that imines can trimerize to form the corresponding 

1,3,5-triazine (Gowenlock & Thomas, 1966). 

1.4 Aim of studies 

The aim of this research is to understand more about the atmospheric degradation of imines. 

The imines studies in this thesis are two of the smallest imines, methyl methanimine (MMI, 

CH2=NCH3) and N-methyl ethanimine (NMEI, CH3CH=NCH3). The research consists of two 

parts: 

- Theoretical mechanistic studies of NMEI by using quantum mechanical calculations 

- Experimental product studies of MMI and NMEI to determine the products of the 

atmospheric degradation of these imines and an experimental kinetic study of NMEI to 

determine the rate constant of the reaction with OH 

The results of the experimental product studies will be compared to the products predicted by 

the quantum chemical calculations to find out how well the results correspond.  

1.5 Outline 

This thesis is organised as follows: In chapter 2 the used quantum chemical methods are 

described including the principles behind the methods. Chapter 3 describes the basic principles 

of chemical kinetics and transition state theory. Chapter 4 discusses the experimental techniques 

which were used and the setup of the laboratory experiments. The results of both the theoretical 

experiments and the laboratory experiments are presented and discussed in chapter 5, while 

chapter 6 contains the conclusion and recommendations for future research. 
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2 Quantum chemical methods 

2.1 General theory 

The fundament of quantum chemistry is the Schrödinger equation. The time-independent 

version of this equation is:  

 �̂�𝜓 = 𝐸𝜓 

In this equation Ĥ is the Hamiltonian operator (which can be split into a kinetic energy and a 

potential energy term), ψ is the wave function which contains all the information about the 

system and E is the molecular energy.  

For any system larger than hydrogen, the Schrödinger equation cannot be solved analytically. 

In order to find solutions for larger systems approximations have to be made.  

There are two main categories for approaches to solve the Schrödinger equation for larger 

systems: ab initio methods and density functional theory (DFT). In ab initio methods, the wave 

function is optimised, while in DFT the electron density function is optimized. 

The Hartree-Fock (HF) method is one of the simplest ab initio methods. HF typically accounts 

for ~99% of the total energy, but the remaining energy (the so-called correlation energy) is 

usually very important for chemical purposes (Jensen, 2006). Møller-Plesset Perturbation 

Theory (MPPT) and Coupled Cluster (CC) are two post-Hartree-Fock methods that can be used 

to determine the correlation energy. 

2.1.1 Møller-Plesset Perturbation Theory 

Møller-Plesset Perturbation Theory (MPPT) is a post-Hartree-Fock method that improves on 

HF by adding electron correlation, which is completely neglected in HF. MPPT starts with the 

unperturbed HF wave function which is then improved systematically by perturbation theory. 

The first-order MPPT energy is equal to the HF energy, which means that MP2, second-order 

MPPT, is the first correction to HF results. Higher order MPPT methods, such as MP4, are also 

possible, but are computationally much more expensive and thus not used as often. (McQuarrie, 

2008) 
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2.1.2 Coupled Cluster 

Coupled cluster theory (CC) is one of the most widely-used and successful post-Hartree-Fock 

methods. In CC, the wave function is described by: 

 𝜓𝐶𝐶 = 𝑒
�̂�𝜓𝐻𝐹 

Where 𝜓𝐻𝐹  is the HF wave function. The cluster operator �̂�is defined as: 

 �̂� = �̂�1 + �̂�2 +⋯+ �̂�𝑁 

Where N is the total number of electrons. One of the most commonly used methods is CCSD 

(Coupled Cluster Singles and Doubles), where only the first two terms of the cluster operator 

are used. Another commonly used method is CCSD(T), which is CCSD with in addition triple 

excitations treated with perturbation theory (McQuarrie, 2008).  

2.1.3 Density Functional Theory 

Density functional theory (DFT) is a completely different approach to determine the correlation 

energy. Instead of optimising the wave function in order to determine the correlation energy, 

the electron density (ρ) is optimised in DFT. The first Hohenberg-Kohn theorem proves that it 

is possible to express the energy as a functional of the electron density, however, the exact 

functional unknown, but it can be approximated (McQuarrie, 2008).  

Nowadays, several different functionals are available which are often parameterized for a 

specific use. One commonly used functional is the B3LYP functional, which is the combination 

of Becke’s three parameter exchange functional with the correlation functional of Lee, Yang 

and Parr. It is a widely used functional, but it does not  perform very well for radical kinetics 

(Fernández-Ramos, Miller, Klippenstein, & Truhlar, 2006). Since atmospheric reactions often 

involve radicals, another functional has to be used for these type of reactions. M06-2X is a 

functional commonly used for radical kinetics and thermochemistry (Zhao & Truhlar, 2008),  

because the accuracy is significantly higher than for HF at the same cost (Jensen, 2006). 

2.1.4 Basis sets 

A basis set is a set of functions, called basis functions, used to describe the electronic wave 

function in the Schrödinger equation (McQuarrie, 2008). The basis functions are usually atomic 
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orbitals and the molecular orbitals are composed of linear combinations of atomic orbitals. A 

large number of different basis sets is available. The two most widely used families of basis 

sets are the Pople and Dunning basis sets.  

Pople’s basis sets are in the form of a-bcG or a-bcdG, where a is the number of primitives used 

to describe the core orbitals and bc or bcd is number of primitives for contractions in the valence 

orbitals. The bc notations describes sets of valence double zeta quality and bcd sets of valence 

triple zeta quality. The Pople basis sets can be extended by including polarisation functions 

and/or diffuse functions. Polarisation functions should be included for calculating electron 

correlation and diffuse functions for systems where electrons are bound loosely. (Ditchfield, 

Hehre, & Pople, 1971) 

Dunning basis sets are in the form of cc-pVnZ, where cc-p stands for correlation consistent and 

polarised, V means that they are valence only and nZ (n=D,T,Q,5,6,…) that the sets are of n-

zeta quality (Dunning, 1989). In contrast to the Pople basis sets, polarisation is already included 

in the Dunning basis sets, but it can be augmented with diffuse functions.  

2.2 Used methods 

2.2.1 G4 

Gn theories (Gaussian-n) combine high level correlation calculations with a moderate sized 

basis set with energies from lower level calculations with larger basis sets. In G4 theory, B3LYP 

with a 6-31G(2df,p) basis set is used to calculate ZPEs and molecule geometries. The highest 

level used for correlation calculations is CCSD(T) with a 6-31G(d) basis set, MP4 and MP2 are 

also used. (Curtiss, Redfern, & Raghavachari, 2007) 

2.2.2 M06-2X 

M06-2X (Minnesota Functional 06-2X) is an exchange-correlation functional in DFT. M06-2X 

is a global hybrid functional with 54% HF exchange. It is recommended for calculations used 

in main-group thermochemistry, kinetics, noncovalent interactions, and electronic excitation 

energies to valence and Rydberg states. (Zhao & Truhlar, 2008) 
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2.2.3 CCSD(T*)-F12a 

The CCSD(T) method is a coupled-cluster method with single, double, and perturbative triple 

excitations and it is known as the gold-standard in quantum chemistry for obtaining molecular 

properties and bond energies accurately. CCSD(T*)-F12 is a specific type of CCSD(T), where 

the asterisk refers to the fact that the triple excitations were scaled instead of explicitly 

correlated  and the F12 correction is an improvement for the basis set convergence 

of correlation and reaction energies. (Adler, Knizia, & Werner, 2007) 

2.2.4 Used basis sets 

Two different basis sets were used for the calculations; 6-31+G(d,p) for the M06-X calculations 

and aug-cc-pVTZ for both M06-X and CCSD(T*)-F12a calculations.  

6-31+G(d,p) is one of the Pople basis sets. 6 is the number of primitive Gaussians comprising 

each core atomic orbital basis function. The valence orbitals are composed of two basis 

functions each, the first one composed of a linear combination of 3 primitive Gaussian 

functions, the other composed of 1 primitive Gaussian function. D polarisation functions are 

added for non-hydrogen atoms and p polarisation functions for hydrogen atoms. This basis set 

also includes diffuse s and p functions for all non-hydrogen atoms. 

Aug-cc-pVTZ is one of the Dunning basis sets. It is an augmented, polarized, triple-zeta 

correlation-consistent basis set. Triple-zeta means that 3 basis functions per atomic orbital are 

used, augmented that diffuse functions are added. 

2.2.5 Quantum chemical calculation setup 

Several calculations, with increasing accuracy, were done consecutively. First, a G4 calculation 

was done to optimise the geometry and determine the enthalpy, which was used to determine 

reaction enthalpies. Then two M06-2X calculations were done to optimise the geometry, 

calculate vibration and rotation frequencies and determine Eelec and EZPE. For the first M06-2X 

calculation the 6-31+G(d,p) basis set was used, the larger aug-cc-pVTZ basis set was used for 

the second calculation. Finally, a CCSD(T*)-F12a calculation was done for the structures 

involved in the first reaction step to determine Eelec even more accurately. MOLPRO version 

2015.1 (Werner, Knowles, Knizia, Manby, & Schütz, 2012) was used for the CCSD(T*)-F12a 

calculations, for the other calculations Gaussian 09 (Frisch et al., 2009) was used.  
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3 Chemical kinetics 

3.1 General theory 

In order to understand the chemistry that occurs in the atmosphere, the underlying kinetics need 

to be understood. Quantum chemistry plays in important role in understanding the mechanisms 

for atmospheric reactions, because it can be used to predict critical points (energetic minima 

and saddle points (SPs)) on the potential energy surface (PES) of a reaction. The 

characterisation of these critical points can then be used to calculate rate constants and product 

branching ratios by using theoretical kinetic methodologies.  

3.2 Potential Energy Surfaces and Transition State 

Theory 

Transition state theory (TST) is a theory that can be used to explain the reaction rates of 

chemical reactions. TST states that a reaction between two molecules occurs when the 

molecules collide, resulting in a rearrangement of atoms and bonds in between the compounds 

(Seinfeld & Pandis, 2006). Figure 4 shows the potential energy surface (PES) for a reaction 

between reactants A and BC.   

 

Figure 4: PES for the bimolecular reaction A + BC → AB + C. In this diagram Ef is the activation energy barrier, ΔHr 

the reaction enthalpy and Er is the activation energy barrier for the reverse reaction (Seinfeld & Pandis, 2006) 

https://en.wikipedia.org/wiki/Reaction_rate
https://en.wikipedia.org/wiki/Chemical_reaction
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As the reactants move closer to one another, the potential energy increases because of the 

repulsion of the electron clouds. If the force of the collision is sufficiently high, the reactants 

can overcome the energy barrier to form the products.  During this reaction, the B-C bond is 

broken, while the A-B bond is formed.  

The activated reaction complex, which is the state at the position of maximum energy in the 

PES, is called the transition state (TS, denoted ABC‡ in Figure 4). This TS is in equilibrium 

with its reactants and it can either move forward to form the products or decay back into the 

reactants (Gross & Jørgenson, 2008).  

3.3 Reaction rates 

The rate of the reaction is related to the activation energy. In a reaction with a high activation 

energy barrier only a few of the collisions will form the activated reaction complex, which 

means that the rate of the reaction is very low. Atmospheric reactions usually involve reactions 

between a radical and a molecule, since the activation energy barrier for two molecules is 

extremely high.  

In TST, the Eyring equation is used to calculate rate constants: 

 𝑘 =
𝑘𝐵𝑇

ℎ
𝑒−

∆𝐺‡

𝑅𝑇  

Where kB is the Boltzmann constant, h the Planck constant, R the gas constant, T the 

temperature and ΔG‡ the activation energy (Eyring, 1935). The activation energy can be 

obtained from quantum chemical calculations, which gives a theoretical rate constant. 

Experimental rate constants can be determined in several ways. For this thesis, the experimental 

rate constants were determined using the relative rate method.  

3.3.1 Relative rate method 

The relative rate method is a useful method for determining rate constants when the 

concentrations of the reactants are unknown (Roger Atkinson, 1986). This method measures 

the loss of the reactant, in this case the imine (I), relative to that of a reference compound (R). 

The reaction equations for these reactions are: 



13 

 

13 

 

 I + OH 
𝑘𝐼
→ products 

 R + OH 
𝑘𝑅
→  products 

The rate equations can be written as: 

  −
𝜕[𝐼]

𝜕𝑡
= 𝑘𝐼[𝐼][𝑂𝐻] 

 −
𝜕[𝑅]

𝜕𝑡
= 𝑘𝑅[𝑅][𝑂𝐻] 

These equations can be rearranged to: 

 
𝜕𝑙𝑛[𝐼]

𝜕𝑡
= −𝑘𝐼[𝑂𝐻] 

 
𝜕𝑙𝑛[𝑅]

𝜕𝑡
= −𝑘𝑅[𝑂𝐻] 

When integrated, this gives: 

 ln (
[𝐼𝑡]

[𝐼0]
) = −𝑘𝐼 ∫ [𝑂𝐻]

𝑡

𝑡=0
𝑑𝑡 

 ln (
[𝑅𝑡]

[𝑅0]
) = −𝑘𝑅 ∫ [𝑂𝐻]

𝑡

𝑡=0
𝑑𝑡 

These equations can be equated to: 

 ln (
[𝐼𝑡]

[𝐼0]
) =

𝑘𝐼

𝑘𝑅
ln (

[𝑅𝑡]

[𝑅0]
) 

So, when ln (
[𝐼𝑡]

[𝐼0]
) is plotted against ln (

[𝑅𝑡]

[𝑅0]
), a straight line with a slope of 

𝑘𝐼

𝑘𝑅
 is expected. Since 

kR is known, kI can be determined. 

3.4 Kinetic calculations 

Master equation calculations were carried out using the program MESMER 4.1 (Master 

Equation Solver for Multi-Energy-well Reactions) to simulate the kinetics of the first reaction 

step between NMEI and OH (Glowacki, Liang, Morley, Pilling, & Robertson, 2012). With the 

help of MESMER branching ratios and phenomenological rate coefficients were calculated 

using the procedure from Miller and Klippenstein (Miller & Klippenstein, 2006). For the bath 
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gas, pure N2 was used. This is an approximation for reactions in air, since this contains about 

80% N2 and 20% of other molecules. The energy transfer in collisions with N2, which is 

called <Edown>, was set to 250 cm-1. The required input parameters for all the species 

involved in these reaction were obtained from the CCSD(T*)-F12a calculations.  
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4 Experimental methods 

4.1 Analytical techniques 

For the experimental studies, both Fourier Transform Infrared Spectroscopy (FTIR) and Proton 

Transfer Reaction Time-of-Flight Mass Spectrometry (PTR-ToF-MS) were used as analytical 

techniques. In the next paragraphs the principles of these techniques will be described shortly. 

4.1.1 FTIR 

FTIR is a technique used for obtaining absorption spectra in a short amount of time. The 

spectrometer consists of a blackbody radiation source and a Michelson interferometer (Engel, 

2013). Figure 5 shows a schematic diagram of a FTIR spectrometer with a Michelson 

interferometer. 

 

Figure 5: Schematic diagram of a FTIR spectrometer based on the Michelson interferometer (Leclerc, 2000) 

The interferometer has a beam splitter, which splits the light beam coming from the radiation 

source into two perpendicular beams. The beams are recombined before hitting the sample by 

reflection by two mirrors, a stationary mirror and a movable mirror. The movable mirror allows 

for the detector to record a time resolved interferogram, which can be transformed into an 

absorption spectrum through Fourier transformation.  
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In order to obtain a spectrum for a specific sample, two measurements have to be done. The 

only difference between the two experiments should be the presence of the sample of the 

compound(s) of interest. The spectrum without the sample is called the background spectrum, 

and the spectrum obtained with the sample present should be divided by the background 

spectrum to obtain the absorption spectrum for the sample.  

For the FTIR measurements, the cell was connected to a Bruker IFS 66v/s FTIR spectrometer, 

equipped with a White-type multiple reflection mirror system with an optical path length of 120 

m (D'Anna et al., 2005). The spectra were recorded using a mercury cadmium tellurium (MCT) 

detector cooled with LN2. The sample was measured at vacuum with a resolution of 0.5 cm-1.  

4.1.2 PTR-ToF-MS 

PTR-ToF-MS is a relatively new technique mainly used for the on-line detection and analysis 

of organic trace gases. It has a fast response and high sensitivity (concentration as low as pptv 

can be measured). The method is based on proton transfer reactions with H3O
+ ions. The proton 

transfer will take place with most of the volatile organic compounds (VOCs), but not with the 

any of the components of clean air. Figure 6 shows the basic components of the mass 

spectrometer.   

 

Figure 6: Basic components of a PTR-ToF mass spectrometer (Graus) 

In the hollow cathode H3O
+ ions are formed with a 99% purity, with O2

+ and NO+ as the major 

impurities. The drift tube is the reaction chamber, which has concentric dynode rings around it 

to produce a constant homogeneous electric field E. This allows for very controlled conditions 

for the ion-molecule reactions. The amount of fragmentation in the drift tube depends on 
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electric field strength E as well as the pressure in the drift tube (which is proportional to the 

number density N). Thus the parameter E/N determines the amount of fragmentation that occurs 

in the drift tube.  

For the PTR-ToF-MS measurements, the cell was connected to an IONICON PTR-TOF8000 

PTR-ToF spectrometer. (Jordan et al., 2009) 

4.2 Experimental setup 

The experiments were carried out in a cylindrical 250 L stainless steel reaction cell, which is 

equipped with UV lamps inside the cell.  Since both of the imines have the tendency to trimerize 

under normal atmospheric circumstances, FTIR measurements were carried out to assess 

whether the monomer was present before the atmospheric degradation experiments were 

started. A reference experiment of the pure trimer was also performed for MMI. 

The trimer form of MMI, 1,3,5-trimethyl-1,3,5-triazinane, purchased from Sigma Aldrich 

(97%), was used for the MMI experiments. MMI was formed by heating the trimer up to 180°C 

which was followed by two consecutive isopropanol/dry ice cold traps. NMEI was synthesised 

by Yngve H. Stenstrøm from the Norwegian University of Life Science, NMBU. 

The MMI experiments were carried out in nitrogen and the experiments with NMEI in synthetic 

air (80% N2, 20% O2), both obtained from Praxair, at a pressure of 740±30 torr. OH radicals 

were formed in-situ by the photolysis of isopropyl nitrite (IPN), which happens through 

following mechanism (Raff & Finlayson-Pitts, 2010): 

i-C3H7ONO (S0) + hν (λ=300-450 nm)  i-C3H7ONO (S1) 

i-C3H7ONO (S1)  i-C3H7O + NO  

i-C3H7O + O2  CH3C(O)CH3 + HO2  

HO2 + NO  OH + NO2  

S0 indicates the ground state, S1 the first excited electronic singlet state. 

For the MMI  and MMI trimer experiments an inlet flow of 500 sccm and E/N of 107 Td were 

used, for the NMEI experiments the flow was set to 250 sccm and iodobenzene was added as 

an external mass axis calibrant (m/z 203.943). For one of the NMEI experiments, the E/N was 
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lowered to 59 Td to check if the same products are obtained. For the relative studies, o-xylene 

(m/z 107.086, kOH=1.22×10-11 cm3 molecule-1 s-1 (Roger Atkinson & Aschmann, 1989)) was 

added as a reference.  
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5 Results and discussion 

5.1 Methyl methanimine 

5.1.1 Short summary of previously found theoretical results 

The theoretical results presented in this paragraph are part article which has yet to be 

published (Bunkan et al., 2017). 

The initial step in the CH3N=CH2 reaction with OH radicals will either be an addition to the 

double bond or a hydrogen abstraction: 

∆HΘ = -119 CH3N=CH2 + OH  CH3ṄCH2OH (a) 

∆HΘ = +1 CH3N=CH2 + OH  CH3N(OH)ĊH2 (b) 

∆HΘ = -90 CH3N=CH2 + OH  trans-CH3N=ĊH + H2O  (1c) 

∆HΘ = -71 CH3N=CH2 + OH  cis-CH3N=ĊH + H2O  (d) 

∆HΘ = -124 CH3N=CH2 + OH  ĊH2N=CH2 + H2O  (1e) 

The reaction enthalpies listed (∆HΘ /kJ mol-1) stem from G4 calculations and refer to 298 K. 

All routes, with the exception of (b), are calculated to be exothermic and to have barriers below 

10 kJ mol-1.  Reactions (a) and (c) are expected to be the more important pathways having 

saddle points at -3.0 and -1.3 kJ mol-1 respectively, while reactions (d) and (e) with barriers of 

6.3 and 5.5 kJ mol-1 will constitute minor pathways.  

The products resulting from route (a) are expected to be CH2=NCH2OH (m/z 60.045), 

CH3NCHOH (m/z 60.045), CH3N(NO)CH2OH (m/z 91.050) and CH3N(NO2)CH2OH (m/z 

107.045). 

The product resulting from routes (c) and (d) is expected to be CH3NCO (m/z 58.029). 

The products resulting from route (e) are expected to be HCN (m/z 28.018), CH2O (m/z 31.018) 

and CH2=NCHO (m/z 58.029). 
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5.1.2 Experimental results 

To check whether the MMI monomer and/or trimer was/were present in the reaction cell before 

an experiment was started, several FTIR spectra were recorded. When the sample was injected 

into the cell without  heating, the FTIR only showed the presence of the trimer. When the sample 

was heated before entering into the reaction cell, the FTIR spectra showed a mixture of both 

the monomer and the trimer. 

The product study on the MMI monomer/trimer mixture was done on December 14, 2016. Table 

1 lists the main ion signals observed by PTR-ToF-MS during this product study. 

Table 1: m/z values of the species found in the laboratory experiments of the CH2=NCH3 monomer/trimer mixture 
with OH 

m/z Ion sum 

formula 

Ion precursor Comment 

27.025 C2H3
+  Fragment from IPN 

29.999 NO+ C3H7ONO Fragment from IPN 

31.020 CH3O
+ CH2O Formaldehyde, 

fragment from IPN, 

product from routes 

(d) and (e) 

43.058 C3H7
+ C3H7ONO Fragment from IPN 

45.053 C2H7N
+  ? 

45.995 NO2
+ HNO3 Fragment from 

nitric acid 

58.035 C2H4NO+ CH2=NCHO Product from routes 

(c) and (d) 

59.056 C3H7O
+ (CH3)2O Acetone, fragment 

from IPN 

60.055 C2H6NO+  

 

CH2=NCH2OH 

CH3N=CHOH 

Products from route 

(a) 

  

Two of the m/z’s of the products which were expected by calculations were detected by PTR-

ToF-MS in the product study experiment. The signal at m/z 60.055 consists of both the products 



23 

 

23 

 

from route (a) and the 13C isotope of acetone. The isotopic pattern predicts the signal from the 

acetone isotope at m/z 60.055 to be 3.4% the size of the acetone peak at m/z 59.056. The 

measured signal at m/z 60.055 is 5.5% the size of the acetone peak, which is significantly higher, 

meaning that part of the signal at m/z 60.055 comes from the predicted product. 

However, it is unknown whether the product signals stem from the MMI monomer or the MMI 

trimer, since there is a mixture of these two compounds in the reaction cell. Therefore, the 

results have to be compared to the result of product study of the pure MMI trimer.  

The product study on the pure MMI trimer was done on December 8, 2016. The main ion signals 

that were detected in this experiment were the same as the ones listed in Table 1.  

Because the main ion signals for the pure trimer and the monomer/trimer mixture are the same, 

it is impossible to determine whether the signals stem from the monomer or the trimer.  

5.2 N-methyl ethanimine 

5.2.1 Theoretical results 

In this section, the results from the quantum chemical calculations are described. The first 

section deals with the first reaction step in the reaction between NMEI and OH, which is either 

hydrogen abstraction or OH addition. The sections afterwards discuss the most likely reactions 

to occur in the following steps. 

First reaction step 

There are five possible routes in the CH3CH=NCH3 reaction with OH radicals: 

∆HΘ = -115 CH3CH=NCH3 + OH  ĊH2CH=NCH3 + H2O (1a) 

∆HΘ = -93 CH3CH=NCH3 + OH  CH3Ċ=NCH3 + H2O (1b) 

∆HΘ = -123 CH3CH=NCH3 + OH  CH3CH=NĊH2 + H2O (1c) 

∆HΘ = -126 CH3CH=NCH3 + OH  CH3CH(OH)ṄCH3 (1d) 
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∆HΘ = +11 CH3CH=NCH3 + OH  CH3ĊHN(OH)CH3 (1e) 

The reaction enthalpies listed (∆HΘ /kJ mol-1) stem from G4 calculations and refer to 298 K. In 

all of the previously mentioned reactions, CH3CH=NCH3 refers to trans-CH3CH=NCH3, which 

is 16.8 kJ mol-1
 lower than cis-CH3CH=NCH3. 

Figure 7 illustrates the energetics of stationary points on the potential energy surface (PES) of 

the initial steps in the CH3CH=NCH3 + OH reaction.  

Relative energies of stationary points on the reaction manifolds include the vibrational zero 

point energy and have been obtained in CCSD(T*)-F12a/aug-cc-pVTZ//M06-2X/aug-cc-

pVTZ calculations. In Table A 1 in Appendix A energies and energy differences for all the 

species mentioned in Figure 7 are summarized. The names are the same as used in Figure 7. 

All the structures and cartesian coordinates of the molecules involved in all the possible 

routes of the reaction of CH3CH=NCH3 with OH are shown in Table A 2 in Appendix A, 

vibration-rotation data are summarised in Table A 3. 

 

Figure 7. Relative energies of stationary points on the potential energy surface of the CH3CH=NCH3 + OH reaction. 
Results from CCSD(T*)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ calculations. 
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All routes, except (1e) where the hydroxyl radical attaches to the nitrogen atom, are exothermic. 

Reaction (1e) has a barrier of +21.5 kJ mol-1. Because of both the positive reaction enthalpy 

and the positive energy barrier, reaction (1e) is unlikely to happen under normal atmospheric 

circumstances. The other four routes all share the same pre-reaction complex with OH 

coordinated to CH3CH=NCH3. Routes (1a), (1b) and (1c) also go through (different) post-

reaction complexes where H2O is coordinated to the dehydrogenated imine.   

Reactions (1a) to (1d) all have a barrier between -5.0 and +0.5 kJ mol-1,  

Reactions (1b) and (1d) are expected to be the most important pathways, having their saddle 

points at -4.0 kJ mol-1 and -4.2 kJ mol-1 respectively, while reaction (1c) with a barrier of -1.0 

will also be important. Reaction (1a) with a barrier of +0.3 kJ mol-1 will be a minor pathway. 

Reaction (1) was investigated in a master equation model based on the PES illustrated in Figure 

7; the CH3CH=NCH3•OH association was treated as a reversible reaction – the pre-reaction 

complex dissociations into the products irreversible reactions. The post reaction complexes 

were not taken into account, since their energies turned out to have no effect on the found 

branching ratios. MESMER4.1 was used to solve the master equation model (Glowacki et al., 

2012). The results are presented in Table 2. 

Table 2: Result of branching studies with MESMER 

 Product 1a Product 1b Product 1c Product 1d 

With tunnelling* 0.13 0.64 0.15 0.07 

Without tunnelling* 0.02 0.74 0.16 0.08 

*An Eckart potential barrier was used to describe the potential energy term in the Schrödinger equation 

This branching study shows that reaction (1b) is the most likely to occur under normal 

atmospheric circumstances.  

Adding tunnelling will increase the importance of reaction (1a) at the cost of reaction (1b), 

however, both with or without tunnelling reaction (1b) will probably be the most important 

reaction. 
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Since there is an uncertainty in the calculated barrier heights, the calculated values might differ 

from the actual values. To see the effect slightly different barrier heights have on the branching, 

all barriers were changed one at a time by +/-4 kJ mol-1. The results are presented in Table 3 

(with tunnelling) and Table 4 (without tunnelling). 

Table 3: Effect on branching with singular increased or decreased barrier heights (with tunnelling) 

 Product 1a Product 1b Product 1c Product 1d 

All SPs as 

calculated 

0.13 0.64 0.15 0.07 

SPA -4 kJ mol-1 0.31 0.51 0.12 0.06 

SPA +4 kJ mol-1 0.04 0.71 0.17 0.08 

SPB -4 kJ mol-1 0.03 0.89 0.05 0.02 

SPB +4 kJ mol-1 0.28 0.27 0.30 0.15 

SPC -4 kJ mol-1 0.08 0.42 0.45 0.05 

SPC +4 kJ mol-1 0.15 0.73 0.04 0.08 

SPD -4 kJ mol-1 0.10 0.53 0.13 0.24 

SPD +4 kJ mol-1 0.14 0.68 0.16 0.02 

 

Table 4: Effect on branching with singular increased or decreased barrier heights (without tunnelling) 

 Product 1a Product 1b Product 1c Product 1d 

All SPs as 

calculated 

0.02 0.74 0.16 0.08 

SPA -4 kJ mol-1 0.10 0.68 0.15 0.07 

SPA +4 kJ mol-1 0.00 0.75 0.16 0.08 
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SPB -4 kJ mol-1 0.01 0.92 0.05 0.02 

SPB +4 kJ mol-1 0.06 0.36 0.38 0.20 

SPC -4 kJ mol-1 0.01 0.46 0.47 0.05 

SPC +4 kJ mol-1 0.03 0.84 0.04 0.09 

SPD -4 kJ mol-1 0.02 0.58 0.13 0.28 

SPD +4 kJ mol-1 0.02 0.79 0.17 0.02 

 

In Table 3 and Table 4 can be seen that there is quite a large variation in the branching ratio 

depending on the barrier height. However, in almost all of the cases presented in Table 3 and 

Table 4 product 1b will be the dominant product, meaning that reaction (1b) will likely be the 

dominant route under atmospheric circumstances. Also, in most cases reaction (1c) will be 

important as well and reactions (1a) and (1d) will only be minor pathways.  

Figure 8 gives on overview of the possible radicals formed in the first step of the reaction of 

CH3CH=NCH3 with OH under atmospheric conditions. 

 

Figure 8: The possible reactions formed in the first step of the reaction of CH3CH=NCH3 with OH under atmospheric 
conditions. The percentages are the estimated branching ratios as calculated with MESMER. The most likely 
formed radical is pink coloured, the second most likely formed radical orange 
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The rate constant of the reaction of CH3CH=NCH3 with OH were also calculated with the same 

master equation model, both with or without tunnelling taken into account. The found rate 

constants are: 

 𝑘𝑂𝐻,𝑡 = 6.4×10
−13 cm3 molecule−1 s−1 

 𝑘𝑂𝐻,𝑛𝑡 = 5.4×10
−13 cm3 molecule−1 s−1 

where kOH,t is the rate constant with tunnelling and kOH,nt without.  

In the next paragraphs the main products for all the different routes are described. Appendix B 

contains the detailed mechanism for all the possible reactions.  

Dominant route 

As mentioned previously, route (1b) is expected to be the dominant route in the reaction of 

CH3CH=NCH3 with OH. The first step of this route is: 

CH3CH=NCH3 + OH  CH3Ċ=NCH3 + H2O 

There are several reactions possible for this radical. Figure 9 summarises the main pathway and 

products. 

 

Figure 9: Main pathways for route (1b) in the reaction of CH3CH=NCH3 with OH. The major product, N-
methyleneacetamide, is marked in pink 
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N-methyleneacetamide is expected to be the major product, since the concentration of O2 is 

several orders of magnitude higher than that of NO and NO2. However, under high NOX levels 

the other products will become more dominant.  

Second most important route 

Route (1c) is expected to be the second most important route in the reaction of CH3CH=NCH3 

with OH. The first step of this route is: 

CH3CH=NCH3 + OH  CH3CH=NĊH2 + H2O 

Also for this radical there are several reactions possible. Figure 10 summarizes the main 

pathways and products. 

 

Figure 10: Main pathways for route (1c) in the reaction of CH3CH=NCH3 with OH. The major product, N-
ethylideneformamide, is marked in pink 

The branching ratio for the reaction of the alkoxy radical is based on the rate constants. The 

rate constant for the dissociation reaction was calculated to be k=2.55104 s-1, the rate constant 

for the reaction with O2 could not be calculated. However, the recommended rate coefficient 

for reactions of small alkoxy radicals with O2 is around 1x10-14 cm3 molecule-1 s-1 (R. Atkinson 

et al., 2006). Assuming a rate coefficient of this magnitude, the rate the reaction will be around 

2.5105 s-1 under atmospheric circumstances, which gives the branching ratio as mentioned in 

Figure 10. Thus can said that the major product for route (1c) will be N-ethydileneformamide. 
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Minor routes 

Routes (1a) and (1d) are expected to be minor routes which will be of little importance in the 

reaction of CH3CH=NCH3 with OH. 

The first step of route (1a) is: 

CH3CH=NCH3 + OH  ĊH2CH=NCH3 + H2O 

Figure 11 summarizes the main pathway and product, as calculations show that the importance 

all other possible pathways is negligible. 

 

Figure 11: Main pathway for route (1a) in the reaction of CH3CH=NCH3 with OH. The major product, 2-
(methylamino)acetaldehyde, is marked in pink 

The first step of route (1d) is: 

CH3CH=NCH3 + OH  CH3CH(OH)ṄCH3 

There are several reactions possible for this radical. Figure 12 summarizes the main pathways 

and products.  
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Figure 12: Main pathways for route (1d) in the reaction of CH3CH=NCH3 with OH. The major product, N-
methylacetimidic acid, is marked in pink, the second major product, 1-(methyleneamino)ethan-1-ol, is marked in 
orange 

The calculated rate constant for the formation of N-methylacetimidic acid is k=2.4610-18 cm3 

molecule-1 s-1 and for 1-(methyleneamino)ethan-1-ol it is k=9.1410-19 cm3 molecule-1 s-1. 

Under atmospheric circumstances this gives rates of 6.05101 s-1 and 2.25101 s-1 respectively, 

which corresponds to a branching ratio of 75:25.   

Products 

As mentioned in the previous paragraphs, a lot of possible products can be formed from the 

reaction of NMEI with OH. To see whether the products predicted by calculations are also 

formed in reality, experiments must be done. For this thesis the photo-oxidation experiments 

were monitored with PTR-ToF-MS, and with PTR  the signal of the protonated molecular ion 

is measured. Table C 1 in Appendix C lists the m/z values of the protonated molecular ions of 

the reactant and all the previously mentioned possible products in the reaction of NMEI with 

OH.  
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5.2.2 Experimental results 

To check whether the monomer was present before the experiment was started, several FTIR 

spectra were measured. Table 5 shows the bands which are typical for the NMEI monomer and 

are not present in the NMEI trimer spectrum.  

Table 5: Typical bands in the NMEI spectrum which are not present in the spectrum of the trimer 

Functional group and type of 

vibration 

 

Absorption frequency (/cm-1) 

(result from M06-2X/aug-cc-

pVTZ calculation) 

Scaled frequency (/cm-1) 

-C=N- 

C=N stretch vibration 

1800.58 1721.35 

=C-H 

C-H stretch vibration 

3001.52 2869.45 

  

Calculated frequency values contain known systematic errors because of the neglect of electron 

correlation, which leads to an overestimation of the frequencies. The overestimation can be 

corrected by multiplying the calculated frequency with a scaling factor and for M06-2X/aug-

cc-pVTZ calculations the scaling factor of the frequencies is 0.956 (NIST, 2016). 

A typical measured FTIR spectrum is shown in Figure 13. 
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Figure 13: FTIR spectrum of NMEI 

In Figure 13 no band can be observed around 1721.35 cm-1, but this band is hard to see since 

multiple bands of the water spectrum are in the same frequency region. There are bands around 

2869.45 cm-1, but it is impossible to distinguish this band from other C-H stretching peaks. 

Thus out the FTIR spectrum in Figure 13 cannot be concluded whether the NMEI monomer is 

indeed present. 

Kinetic studies 

The result from the relative rate experiment is shown in Figure 14. In this experiment, the 

reaction of NMEI with OH was measured. o-xylene was used as a reference. The rate constant 

of the o-xylene - OH reaction is kOH,xylene=1.22×10-11 cm3 molecule-1 s-1. 
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Figure 14: Relative rate plot from the measurement of NMEI with OH with o-xylene used as a reference compound. 
For t=0 a random point was chosen short after the reaction was started. When other points were chosen for t=0, 
the results were similar 

In Figure 14, the slope of the curve is 
𝑘𝑂𝐻,𝑁𝑀𝐸𝐼

𝑘𝑂𝐻,𝑜−𝑥𝑦𝑙𝑒𝑛𝑒
, which gives a rate constant for the reaction 

of NMEI with OH of kOH,NMEI  on the order of 10-11-10-10 cm3 molecule-1 s-1.  

Product studies 

Table 6 lists the main ion signals observed by PTR-ToF-MS during the product study 

experiment on May 12, 2017. For this experiment E/N was set to 100 Td. Similar results were 

found during the repeated experiment done on May 13, 2017 and the experiment where E/N 

was lowered to 60 Td, which was also done on May 12, 2017.  

Table 6: m/z values of the species found in the laboratory experiments of CH3CH=NCH3 with OH 

m/z Ion sum 

formula 

Ion precursor Increase (I) or 

decrease (D) 

Comment 

27.027 C2H3
+  I Fragment from IPN 

29.999 NO+ C3H7ONO D Fragment from IPN 

30.037 CH4N+  I  

31.021 CH3O
+ CH2O I Formaldehyde 

y = 5,0981x + 0,0659
R² = 0,9642

-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0

0,1

-0,12 -0,1 -0,08 -0,06 -0,04 -0,02 0

ln
([

N
M

EI
] t

/[
N

M
EI

] 0
)

ln([o-xylene]t/[o-xylene]0)
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33.036 CH5O
+ CH3OH I Chamber artefact 

41.042 C3H5
+  I  

43.019 C2H3O
+  I  

43.055 C3H7
+  D Fragment from IPN 

44.053 C2H6N
+  I  

45.993 NO2
+  I Fragment ion 

46.036 ?  I  

47.014 CH3O2
+ HCOOH I Chamber artefact 

58.067 C3H8N
+ CH3CH=NCH3 D NMEI 

59.050 C3H7O
+ (CH3)2CO I IPN 

61.030 C2H5O2
+ CH3COOH I Chamber artefact 

72.044 C3H6NO+ CHOCH=NCH3 

CH3C(O)N=CH2 

CH3CH=NCHO 

I Product of route 

(1a) 

Product of route 

(1b) 

Product of route 

(1c) 

74.060 C3H8NO+ CH3C(OH)=NCH3 

CH3CH(OH)N=CH2 

I Products of route 

(1d) 

77.023 C2H5O3
+  I  

86.059 C4H8NO+  I  

146.109 ?  D  

203.943 C6H5I
+ C6H5I Constant Iodobenzene, 

added as a mass 

calibrant 

    

Barely any of the expected masses, which are listed in Table C 1 in Appendix C, were observed 

during the experiment. The only expected products were observed at m/z 72.044 and m/z 74.060. 

The products at m/z 72.044 are CHOCH=NCH3 (formed through route (1a)), CH3C(O)N=CH2 
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(formed through route (1b)) and CH3CH=NCHO (formed through route (1c)). The products at 

m/z 74.060 are CH3C(OH)=NCH3 and CH3CH(OH)N=CH2, both formed though route (1d). 

Besides these expected products, a lot of unexpected m/z’s were detected, which cannot be 

attributed to any of the products which were expected from the reaction of NMEI with OH. 

5.2.3 Comparison of theoretical and experimental results 

Since FTIR was unable to confirm the presence of the NMEI monomer prior to the experiment, 

this has to be done by another method. PTR-ToF-MS cannot be used to distinguish trimer and 

monomer, since the trimer breaks down in the instrument and shows a signal at the same mass 

as the monomer.  

Another possible way to see whether the monomer was present is by looking at the rate 

constants. Tertiary amines, such as the NMEI trimer, react with OH radicals several orders of 

magnitude faster than imines. The calculated rate constant is the rate constant for the reaction 

of the NMEI monomer with OH. This rate constant has a value of kOH,calculated ≈ 10-13-10-12 cm3 

molecule-1 s-1. The experimentally determined rate constant has a value of kOH,measured ≈ 10-11 - 

10-10 cm3 molecule-1 s-1. As can be seen, kOH,measured is much larger than  kOH,calculated, it is about 

100 times as fast. The discrepancy between the measured and calculated rate constant is of 

considerable size, which means that the NMEI monomer was not the compound that was 

measured during the laboratory studies. Instead, the photo-oxidation experiment was done on 

the NMEI trimer (1,2,3,4,5,6-hexamethyl-1,3,5-triazinane). The structure of the trimer is 

pictured in Figure 15. 

 

Figure 15: Structure of the NMEI trimer (1,2,3,4,5,6-hexamethyl-1,3,5-triazinane) 



37 

 

37 

 

The fact that the product study was done on the NMEI trimer instead of the monomer can 

explain why unexpected m/z’s were observed during the experiment, since the trimer will react 

in a different way than the monomer.  

5.3 General discussion 

For both the MMI and NMEI laboratory experiments the presence of the trimer was a major 

problem. The results of the product studies cannot be compared to the result of the theoretical 

studies, since the laboratory studies are carried out on the trimer (or a mixture of the trimer and 

the monomer) and the theoretical studies on the pure monomer. In order to be able to test the 

validity of the products predicted by the quantum chemical calculations, one needs to make sure 

that only the monomer is present in the reaction cell before the photo-oxidation reaction is 

started.  

In the reaction cell, there will be an equilibrium between the monomer and the trimer state. It 

seems that the equilibrium lies extremely on the side of the trimer for the experiments carried 

out for this thesis. One way to shift the equilibrium to the monomer side is by heating the 

sample. Apparently it is not enough to heat the sample before the injection into the reaction 

chamber, since the experiments on MMI carried out in this way still showed a lot of trimer 

present in the chamber. A possible solution for this problem would be to heat the reaction cell 

during the whole time the photo-oxidation reaction is carried out. Using this solution, only the 

monomer would be present during the photo-oxidation. However, the temperature needs to be 

kept as low as possible, since all the calculations are carried out at 298 K and the difference 

between the conditions for the calculations and the laboratory experiments should preferably 

be as small as possible to avoid possible discrepancies that may occur because of the 

temperature difference.  
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6 Conclusion 

 

The atmospheric photo-oxidation reactions of methyl methanimine and N-methyl ethanimine 

by OH radicals have been investigated.  The methyl methanimine photo-oxidation has been 

investigated using smog cell experiments, the N-methyl ethanimine photo-oxidation by 

quantum chemical calculations, kinetic modelling and smog chamber experiments.  

Hydrogen abstraction from the methylene site and from the N-methyl group are predicted to be 

the most important pathways for the N-methyl ethanimine photo-oxidation. The calculated rate 

constant for this reaction at 298 K is kOH,t = 6.4 × 10-13 cm3 molecule-1 s-1  when tunnelling is 

explicitly included and kOH,nt = 5.4 × 10-13 cm3 molecule-1 s-1 without including tunnelling. N-

methyleneacetamide (CH3C(O)N=CH2) and N-ethylideneformamide (CH3CH=NCHO) are 

predicted to be the major products of the photo-oxidation. 

The laboratory studies show that both compounds are present as a trimer during the photo-

oxidation laboratory experiments, meaning that their results cannot be used to verify the 

theoretical results. The laboratory experiments will have to be repeated whilst the smog 

chamber is heated to assure that the imines of interest are present as monomers.  

Once the atmospheric degradation mechanisms predicted by quantum chemical calculations for 

the photo-oxidation of these two small imines by OH radicals have been confirmed by 

laboratory experiments, larger imines can also be investigated. When this is done, there can be 

looked at possible trends in the atmospheric photo-oxidation of imines, i.e. one reaction path is 

always energetically favourable, making the prediction of the products much easier and faster.   
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Appendices 

Appendix A: Properties of all the species involved in the first step of 

the reaction of CH3CH=NCH3 with OH 

Table A 1: Energies (Hartree) of species included in Figure 7 in the main text and energy differences (kJ mol-1) 
between stationary points on the PES of the CH3CH=NCH3 + OH reaction. Results from M06-2X/aug-cc-pVTZ and 
CCSD(T*)-F12a/aug-cc-pVTZ//M06-2X /aug-cc-pVTZ calculations. 

Species M062-X/aTZ CCSD(T*)-F12a/aTZ 

 EElec EZPE EElec ΔEν=0 

CH3CH=NCH3 -173.2416903 0.096898 -173.0308408  

OH -75.7338102 0.008588 -75.67068844  

Sum reactants -248.9755005 0.105486 -248.7015292 0.0 

   

PRE -248.9900811 0.108696 -248.7150917 -27.2 

   

SPA -248.973921 0.103550 -248.6994886 +0.3 

   

POSTA -249.0304405 0.108107 -248.7576183 -140.4 

   

ĊH2CH=NCH3 -172.5877354 0.083288 -172.374202  

H2O -76.4301067 0.021551 -76.37098271  

Sum products -249.0178421 0.104839 -248.7451847 -116.3 

   

SPB -248.9770039 0.105104 -248.7026738 -4.0 

   

POSTB -249.0179435 0.107795 -248.743987 -105.4 

   

CH3Ċ=NCH3 -172.5803104 0.084107 -172.3664432  

H2O -76.4301067 0.021551 -76.37098271  

Sum products -249.0104171 0.105658 -248.7374259 -93.8 

   

SPC -248.9756542 0.104834 -248.7012673 -1.0 

   

POSTC -249.0327503 0.107110 -248.7588991 -146.4 

   

CH3CH=NĊH2 -172.5912977 0.082339 -172.3764393  

H2O -76.4301067 0.021551 -76.37098271  

Sum products -249.0214044 0.103890 -248.747422 -124.7 

   

SPD -248.9784074 0.108575 -248.7062147 -4.2 

   

CH3CH(OH)ṄCH3 -249.0299199 0.111785 -248.7533128 -119.4 

   

SPE -248.9687977 0.108681 -248.6965392 +21.5 

   

CH3ĊHN(OH)CH3 -248.9771633 0.111357 -248.7006235 +17.8 



46 

 

Table A 2: Structures and cartesian coordinates of all the species included in Figure 7 in the main text 

Name and structure Cartesian coordinates 

CH3CH=NCH3 

 

 C       -1.889959   -0.084661    0.000000 

 C       -0.460598    0.348784    0.000000 

 N        0.494080   -0.471359    0.000000 

 C        1.843018    0.054001    0.000000 

 H       -2.404893    0.310243    0.877319 

 H       -1.951898   -1.169556   -0.000003 

 H       -2.404895    0.310248   -0.877315 

 H       -0.274898    1.432495    0.000000 

 H        2.370970   -0.321025    0.876738 

 H        1.881325    1.149384    0.000000 

 H        2.370971   -0.321025   -0.876737 

 

OH 

 

 O        0.000000    0.000000    0.107992 

 H        0.000000    0.000000   -0.863937 

 

PRE 

 

 

 C        0.793854    1.780510    0.000010 

 C       -0.482856    1.009395   -0.000023 

 N       -0.519827   -0.251046    0.000039 

 C       -1.808645   -0.914301   -0.000003 

 H        0.835918    2.428550   -0.876787 

 H        1.650606    1.111056    0.000126 

 H        0.835790    2.428689    0.876710 

 H       -1.414101    1.589851   -0.000107 

 H       -1.878297   -1.556197   -0.877566 

 H       -2.646529   -0.210817   -0.000097 

 H       -1.878408   -1.556092    0.877628 

 O        2.003077   -1.570001   -0.000018 

 H        1.095073   -1.171337    0.000054 

SPA 

 

 

 C       -1.200206    1.126656   -0.000002 

 C        0.266198    0.874371   -0.000040 

 N        0.764129   -0.282394   -0.000015 

 C        2.206343   -0.415442   -0.000056 

 H       -1.771896    0.051132    0.000054 

 H       -1.539670    1.645455   -0.895285 

 H       -1.539613    1.645520    0.895265 

 H        0.911837    1.764140   -0.000090 

 H        2.509030   -0.986065    0.877352 

 H        2.725888    0.547989   -0.000107 

 H        2.508975   -0.986128   -0.877441 

 O       -1.970633   -1.220720    0.000107 

 H       -1.022402   -1.453043    0.000084 

 

POSTA 

 

 C       -0.491535    1.797190   -0.015308 

 C        0.647657    0.989883    0.001213 

 N        0.566248   -0.308884   -0.020638 

 C        1.797528   -1.058444    0.006428 
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 H       -2.525751   -1.700886   -0.426641 

 H       -0.398166    2.871621    0.005232 

 H       -1.473196    1.345805   -0.046295 

 H        1.627782    1.473903    0.035378 

 H        1.795433   -1.719985    0.874714 

 H        2.689482   -0.425432    0.041478 

 H        1.849291   -1.697793   -0.876882 

 O       -2.246981   -0.931306    0.071399 

 H       -1.274668   -0.906368    0.012290 

ĊH2CH=NCH3 

 

 C       -1.889013   -0.090650    0.000000 

 C       -0.565412    0.350217    0.000000 

 N        0.428206   -0.488329    0.000000 

 C        1.757130    0.067746    0.000000 

 H       -2.096611   -1.149963    0.000000 

 H       -2.709593    0.609428    0.000000 

 H       -0.380615    1.429589    0.000000 

 H        2.297594   -0.298929    0.875006 

 H        1.777973    1.163223    0.000006 

 H        2.297589   -0.298919   -0.875015 

 

SPB 

 

 

 C       -1.938806   -0.648644    0.012186 

 C       -0.485092   -0.314853   -0.054297 

 N        0.442620   -1.143351    0.056344 

 C        1.819540   -0.700067   -0.017263 

 H       -2.412281   -0.086209    0.817484 

 H       -2.071375   -1.714654    0.177750 

 H       -2.429065   -0.353819   -0.915942 

 H       -0.252524    0.784975   -0.222671 

 H        2.329160   -0.975047    0.905676 

 H        1.902371    0.380190   -0.177136 

 H        2.317127   -1.225830   -0.831191 

 O        0.102876    2.353898   -0.082019 

 H        0.321389    2.344045    0.864019 

POSTB 

 

 C       -1.957629   -1.075164    0.005321 

 C       -0.748090   -0.207386   -0.016594 

 N       -0.648009    1.008060    0.003729 

 C        0.552267    1.823943   -0.012300 

 H       -1.974370   -1.701119   -0.885466 

 H       -2.866094   -0.471891    0.048203 

 H       -1.914592   -1.736806    0.868986 

 H        1.282968   -1.084178    0.034006 

 H        0.508519    2.487451   -0.873777 

 H        1.455531    1.214947   -0.055601 

 H        0.563715    2.440058    0.884618 

 O        2.242706   -1.201729    0.086379 

 H        2.459449   -1.839407   -0.596665 

CH3Ċ=NCH3  C        1.935833   -0.024057   -0.000008 

 C        0.494206    0.339108   -0.000021 

 N       -0.500082   -0.372941    0.000023 

 C       -1.878995    0.081797    0.000004 

 H        2.419852    0.401641   -0.877573 

 H        2.062968   -1.108587    0.000048 
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 H        2.419858    0.401732    0.877510 

 H       -2.380333   -0.317822   -0.879711 

 H       -1.947712    1.170251   -0.000060 

 H       -2.380323   -0.317718    0.879773 

SPC 

 

 C        2.340289   -0.573338    0.017909 

 C        0.886666   -0.239623   -0.030176 

 N        0.467112    0.946161    0.033426 

 C       -0.934960    1.211720   -0.020707 

 H        2.544645   -1.237553    0.859043 

 H        2.934649    0.331164    0.114015 

 H        2.630838   -1.108126   -0.887629 

 H        0.178028   -1.072055   -0.123775 

 H       -1.264187    1.706838    0.892874 

 H       -1.544819    0.254730   -0.151651 

 H       -1.171906    1.851207   -0.871111 

 O       -2.328294   -1.100414   -0.083163 

 H       -2.702645   -0.938567    0.797405 

POSTC 

 

 C        0.059180    1.874988   -0.010874 

 C        0.975505    0.708040   -0.004252 

 N        0.530871   -0.526317   -0.008185 

 C        1.382699   -1.537574    0.004256 

 H        0.230001    2.498897    0.869924 

 H       -0.978880    1.550534   -0.023598 

 H        0.251295    2.507382   -0.881214 

 H        2.053158    0.888766    0.008062 

 H        0.996594   -2.545482    0.007249 

 H       -1.418921   -0.670754    0.029933 

 H        2.459066   -1.378180    0.016073 

 O       -2.381685   -0.544684    0.088205 

 H       -2.759236   -1.082198   -0.609553 

CH3CH=NĊH2 

 
 

 C        1.807405   -0.110903    0.000000 

 C        0.406566    0.381400    0.000000 

 N       -0.612227   -0.443317    0.000000 

 C       -1.840122    0.040497    0.000000 

 H        2.349066    0.253913   -0.876272 

 H        1.819780   -1.197822   -0.000003 

 H        2.349064    0.253907    0.876276 

 H        0.235307    1.461894    0.000000 

 H       -2.672814   -0.646976    0.000000 

 H       -2.037911    1.112338    0.000000 

H2O   O        0.000000    0.000000    0.116390 

 H        0.000000   -0.762578   -0.465561 

 H        0.000000    0.762578   -0.465561 
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SPD 

 

 C       -1.790705    0.674425   -0.062747 

 C       -0.392878    0.355194    0.350333 

 N        0.597480    0.516774   -0.458828 

 C        1.925378    0.320214    0.077003 

 O       -0.331743   -1.671117    0.052049 

 H       -2.486051   -0.038854    0.373611 

 H       -1.873818    0.661393   -1.146926 

 H       -2.052708    1.671353    0.297433 

 H       -0.215502    0.197443    1.418080 

 H        2.428400   -0.461045   -0.493378 

 H        1.929633    0.045894    1.135940 

 H        2.496474    1.239003   -0.066482 

 H       -0.205617   -1.662666   -0.910406 

CH3CH(OH)ṄCH3 

 
 

 C       -0.633247    1.376110   -0.117075 

 C       -0.451408   -0.074688    0.315270 

 N        0.685611   -0.700761   -0.285296 

 C        1.931006   -0.067808    0.045023 

 O       -1.619048   -0.778673   -0.031510 

 H       -1.584873    1.737604    0.265978 

 H       -0.650215    1.427726   -1.205110 

 H        0.166640    2.006111    0.267958 

 H       -0.311163   -0.110948    1.409590 

 H        2.753236   -0.760444   -0.120073 

 H        1.962973    0.304916    1.075363 

 H        2.085491    0.793363   -0.616871 

 H       -1.347083   -1.665301   -0.286989 

SPE 

 
 

 C       -2.019721   -0.077282   -0.059779 

 C       -0.681138   -0.688703    0.142174 

 N        0.395116   -0.123944   -0.322703 

 C        1.682088   -0.723116   -0.006581 

 O        0.549301    1.477607    0.223547 

 H       -1.995181    0.612790   -0.900486 

 H       -2.316878    0.488013    0.826906 

 H       -2.776846   -0.841539   -0.235597 

 H       -0.584850   -1.580864    0.760434 

 H        2.464358   -0.172849   -0.520338 

 H        1.682462   -1.756120   -0.351830 

 H        1.874180   -0.690714    1.066174 

 H        0.605169    1.922642   -0.629601 

CH3ĊHN(OH)CH3  C        2.008217   -0.090857    0.010012 

 C        0.668343   -0.715516   -0.130048 

 N       -0.451969   -0.013914    0.299450 

 C       -1.734943   -0.608167   -0.036765 

 O       -0.436913    1.322288   -0.188343 

 H        2.235036    0.159728    1.054745 

 H        2.076688    0.832063   -0.565497 

 H        2.777316   -0.774019   -0.343513 

 H        0.549875   -1.787448   -0.071256 

 H       -2.526350   -0.050129    0.457265 



50 

 

 

 H       -1.741354   -1.632823    0.328881 

 H       -1.901995   -0.601577   -1.117197 

 H       -0.459832    1.860535    0.607978 
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Table A 3: Rotational and vibrational constants of species included in Figure 7 in the main text. Results from M06-
2X/aug-cc-pVTZ calculations. Imaginary vibrational frequencies are marked in red. 

Species Rotational constants (cm-1) Vibrational frequencies (cm-1)  

CH3CH=NCH3 

 

1.303 0.137 0.130 164.19 225.06 268.03 323.31 552.62 873.23 

897.34 1081.73 1099.86 1120.63 1146.02 

1190.73 1383.83 1415.58 1440.01 1478.84 

1482.84 1484.88 1506.62 1800.58 3001.52 

3016.64 3062.00 3105.82 3117.56 3123.96 

3170.02 

OH 

 

18.810 3769.61 

PRE 

 

 

0.138 0.116 0.064 73.78 81.18 168.30 169.76 226.48 266.51 344.30 

548.28 560.34 782.55 880.14 905.97 1085.81 

1106.61 1129.58 1151.15 1204.37 1391.45 

1424.62 1445.73 1481.12 1486.72 1488.24 

1508.89 1799.06 3028.11 3035.09 3062.77 

3117.77 3121.02 3132.20 3167.32 3336.61 

SPA 

 

 

0.250 0.093 0.070 90.46 154.06 206.47 240.58 317.53 327.91 

501.07 526.58 711.28 858.04 922.12 944.59 

1081.71 1085.64 1145.76 1151.27 1212.48 

1229.03 1385.74 1440.75 1442.84 1458.43 

1484.92 1485.53 1508.41 1787.55 3008.91 

3029.52 3095.41 3115.56 3131.94 3159.92 

3669.63 

POSTA 

 

 

0.164 0.105 0.065 47.58 96.00 108.78 158.36 164.64 249.34 355.22 

422.05 547.14 568.34 671.98 843.06 933.89 

992.31 1099.95 1117.39 1149.17 1216.11 

1376.37 1429.82 1479.56 1485.15 1500.53 

1514.34 1649.52 3024.52 3070.47 3099.59 

3103.51 3174.93 3287.72 3579.17 3937.17 

ĊH2CH=NCH3 

 

1.431 0.148 0.138 154.81 248.15 331.58 541.07 556.50 807.37 

921.05 987.92 1089.25 1111.72 1136.44 1197.91 

1366.56 1423.72 1474.46 1477.16 1491.47 

1511.14 3014.12 3050.75 3091.91 3098.83 

3183.51 3291.80 

SPB 

 

 

0.134 0.125 0.067 69.80 94.57 128.09 161.49 222.81 255.74 303.06 

419.78 550.20 597.13 887.31 904.35 1080.26 

1091.80 1112.62 1143.70 1181.34 1331.02 

1396.42 1434.52 1476.04 1478.79 1489.32 

1503.56 1805.40 2016.03 3026.49 3067.69 

3115.85 3129.56 3132.11 3170.04 3778.12 

POSTB 

 

0.142 0.097 0.059 36.69 71.35 89.42 115.13 116.59 173.78 221.04 

246.32 290.81 462.33 516.07 859.51 1016.03 

1064.09 1084.55 1142.53 1159.80 1381.65 

1442.32 1469.20 1474.49 1496.33 1502.63 

1621.63 1936.25 3054.09 3063.28 3137.85 

3145.63 3146.84 3147.59 3701.75 3929.06 

CH3Ċ=NCH3 

 

1.743 0.131 0.128 120.30 179.30 231.46 234.65 508.71 863.14 

1013.16 1064.50 1086.51 1136.51 1149.33 

1381.45 1433.28 1468.50 1474.67 1493.64 

1499.35 1917.88 3050.18 3056.32 3133.93 

3135.34 3141.45 3144.94 
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SPC 

 

0.244 0.078 0.061 88.18 92.30 112.58 190.26 243.59 288.83 329.41 

509.87 550.30 694.61 886.26 895.03 1085.51 

1094.27 1111.14 1150.93 1170.05 1355.46 

1394.25 1402.56 1425.15 1466.39 1480.49 

1482.69 1775.95 1858.56 3038.37 3063.97 

3083.36 3120.38 3132.70 3171.17 3782.14 

POSTC 

 

0.149 0.110 0.064 66.91 96.10 119.57 138.02 155.69 217.98 343.18 

395.88 503.66 561.42 674.56 794.15 840.74 

910.54 1041.74 1116.50 1194.52 1212.80 

1329.03 1412.19 1445.48 1478.68 1495.61 

1553.99 1647.05 3044.27 3071.26 3092.04 

3098.86 3160.96 3248.51 3618.77 3935.30 

CH3CH=NĊH2 

 

 

1.456 0.147 0.13 130.27 208.53 324.82 488.49 551.11 788.44 

845.12 906.67 1036.33 1109.83 1186.05 1213.89 

1315.19 1402.77 1445.25 1476.31 1490.27 

1550.87 3043.67 3056.72 3079.65 3090.14 

3164.15 3237.93 

H2O  

 

27.788 14.372 9.473 1619.66 3868.49 3971.49 

SPD 

 

0.225 0.127 0.090 148.48 161.88 194.90 264.67 297.08 304.14 

348.38 506.99 550.90 761.18 895.66 925.78 

1049.30 1083.78 1118.77 1126.28 1196.08 

1368.62 1406.62 1432.32 1473.83 1476.97 

1483.00 1501.39 1616.19 3030.23 3062.10 

3068.71 3107.46 3116.91 3138.15 3173.03 

3776.33 

CH3CH(OH)ṄCH3 

 

 

0.279 0.131 0.097 135.90 160.61 201.41 262.10 300.71 419.89 

458.25 550.50 845.47 948.91 1005.82 1027.15 

1066.20 1110.60 1198.25 1219.66 1258.29 

1365.48 1375.46 1394.03 1415.03 1470.23 

1492.94 1496.36 1501.39 2940.28 3002.58 

3052.23 3074.01 3137.58 3155.15 3161.95 

3863.49 

SPE 

 

 

0.260 0.127 0.091 115.41 117.15 193.99 257.26 274.70 355.24 

383.54 532.14 578.64 748.46 878.73 1012.96 

1037.17 1093.37 1110.44 1130.28 1179.84 

1319.70 1407.41 1434.65 1468.06 1475.89 

1482.86 1506.48 1539.34 3053.21 3065.69 

3102.11 3110.98 3139.63 3155.51 3168.68 

3854.73 

CH3ĊHN(OH)CH3 

 

0.305 0.127 0.096 109.57 171.21 224.35 264.69 286.67 384.76 

430.13 488.00 571.70 816.98 966.50 1020.91 

1087.32 1127.92 1142.20 1190.87 1296.17 

1365.10 1396.92 1435.31 1460.67 1474.60 

1487.55 1499.73 1512.58 2995.77 3043.71 

3097.86 3131.68 3149.77 3164.42 3220.96 

3863.53 

 

  



53 

 

53 

 

Appendix B: Detailed mechanism for all the possible reactions of the 

radicals formed in the first step of the reaction of CH3CH=NCH3 with 

OH 

Fate of the ĊH2CH=NCH3 radical 

Hydrogen abstraction from the –CH3 group – route (1a) – is, at atmospheric conditions, 

followed by O2 addition to form a peroxy radical, which is followed by a reaction with NO to 

form an oxy radical: 

∆HΘ = -115 CH3CH=NCH3 + OH  ĊH2CH=NCH3 + H2O (1a) 

∆HΘ = -92 ĊH2CH=NCH3 + O2  ȮOCH2CH=NCH3 (2) 

∆HΘ = -55 ȮOCH2CH=NCH3 + NO  ȮCH2CH=NCH3 + NO2 (3)  

ȮCH2CH=NCH3, formed in reaction (3) can either eject a hydrogen, undergo hydrogen 

abstraction in a reaction with O2, or it can first undergo a unimolecular dissociation, followed 

by direct hydrogen ejection or hydrogen abstraction to form an isocyanide:  

∆HΘ = +71 ȮCH2CH=NCH3  CHOCH=NCH3 + H (4) 

∆HΘ = -136 ȮCH2CH=NCH3 + O2  CHOCH=NCH3 + HO2 (5) 

∆HΘ = +45 ȮCH2CH=NCH3  CH2O + ĊH=NCH3 (6) 

∆HΘ =+126  ĊH=NCH3  C≡NCH3 + H (7) 

∆HΘ = -80 ĊH=NCH3 + O2  C≡NCH3 + HO2 (8) 

For reaction (4) this barrier was calculated to be +97.5 kJ mol-1 and reaction (6) +72.2 kJ mol-

1. The estimated rate constants, calculated using transition state theory, are 2.72x10-4 s-1 for 

reaction (4) and  1.37  s-1 for reaction (6). The barrier for reaction (5) could not be calculated, 

but the recommended rate coefficient for reactions of small alkoxy radicals with O2 is around 

1x10-14 cm3 molecule-1 s-1 (R. Atkinson et al., 2006).  Assuming a rate coefficient of this 

magnitude, the rate of reaction (5) will be around 5x105 s-1 under atmospheric circumstances. 

Because reaction (5) has a much higher rate than both reactions (4) and (6), it is likely that 
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reaction (5) will be the major pathway, meaning that CHOCH=NCH3 will likely be the 

dominant product. 

Fate of the CH3Ċ=NCH3 radical 

The CH3Ċ=NCH3 radical can either undergo unimolecular dissociation (in two different ways) 

or it will add O2 forming a peroxy radical, that can subsequently react with NO to form an oxy 

radical. The possible dissociation reactions are: 

∆HΘ = -93 CH3CH=NCH3 + OH  CH3Ċ=NCH3 + H2O (1b) 

∆HΘ = +100 CH3Ċ=NCH3  C≡NCH3 + ĊH3 (9a) 

∆HΘ = -1 CH3Ċ=NCH3  CH3C≡N + ĊH3 (9b) 

For reaction (9a) the energy barrier was calculated to be +123.3 kJ mol-1, for reaction (9b) it 

was +82.9 kJ mol-1. The estimated rate constants are 1.49x10-9 s-1 and 1.79x10-2 s-1 respectively, 

which means that reaction (9a) will be negligible compared to reaction (9b). The rate constant 

for a small carbon radical with O2 is around 1x10-11 cm3 molecule-1 s-1, giving an estimated rate 

for reaction (10) of 1x108 s-1. This rate is multiple orders of magnitude higher than the rate for 

reaction (9b), meaning that reaction (9b) will negligible as well. 

So under atmospheric circumstances unimolecular dissociation of CH3Ċ=NCH3 will be 

negligible compared to the reaction with O2, which is the following: 

∆HΘ = -141 CH3Ċ=NCH3 + O2  CH3C(OȮ)=NCH3 (10) 

∆HΘ = -148 CH3C(OȮ)=NCH3  + NO  CH3C(Ȯ)=NCH3 + NO2 (11) 

The oxy-radical formed in Fout! Verwijzingsbron niet gevonden. has a nitrogen centered 

radical resonance structure: 

 CH3C(Ȯ)=NCH3 ⇄ CH3C(O)ṄCH3 (12) 

The oxy radical may in principle undergo a unimolecular dissociation reaction to form methyl 

isocyanate.  
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∆HΘ = +47 CH3C(Ȯ)=NCH3  ĊH3 + CH3NCO (13) 

The reaction is, however, endothermic, and with a barrier of +94.5 kJ mol-1 the  reaction is not 

relevant under atmospheric conditions. 

The nitrogen centered radical can react with NO2 in 3 different ways: NO2 addition, ONO 

addition or hydrogen abstraction: 

∆HΘ = -166 CH3C(O)ṄCH3 + NO2  CH3C(O)N(NO2)CH3 (14) 

∆HΘ = -120 CH3C(O)ṄCH3 + NO2  CH3C(O)N(ONO)CH3 (15) 

∆HΘ = -181 CH3C(O)ṄCH3 + NO2  CH3C(O)N=CH2 + HONO (16) 

The product of reaction (15) can undergo a unimolecular dissociation reaction to form a N-

oxide radical. It is conceivable that the N-oxide radical may dissociate (see reactions (22) and 

(23)). 

∆HΘ = +25 CH3C(O)N(ONO)CH3  CH3C(O)N(Ȯ)CH3 + NO (17) 

The nitrogen radical which was formed in reaction (12) can also react with O2, NO or O3.  

∆HΘ = -60 CH3C(O)ṄCH3 + O2  CH3C(O)N=CH2 + HO2 (18) 

∆HΘ = -175 CH3C(O)ṄCH3 + NO  CH3C(O)N(NO)CH3 (19) 

∆HΘ = -297 CH3C(O)ṄCH3 + O3  CH3C(O)N(Ȯ)CH3 + O2 (20) 

The oxy radical formed in reactions (17) and (20) can either eject a methyl group or it can eject 

CH3NO: 

∆HΘ =+262 CH3C(O)N(Ȯ)CH3  CH3C(O)NO + ĊH3 (21) 

∆HΘ =+221 CH3C(O)N(Ȯ)CH3  CH3Ċ(O) + CH3NO (22) 

For reaction (21) and (22) the energy barriers were calculated. Both reaction (21) and (22) are 

without energy barrier. However, they are both extremely exothermic, which means that they 

will likely not occur. 



56 

 

Another possibility for the oxy radical formed in reactions (17) and (20) is a hydrogen addiction 

by reaction with HO2: 

 CH3C(O)N(Ȯ)CH3 + HO2  CH3C(O)N(OH)CH3 + O2 (23) 

Fate of the CH3CH=NĊH2 radical 

The CH3CH=NĊH2 will add O2 forming a peroxy radical, that can subsequently react with NO 

to form an oxy radical: 

∆HΘ = -123 CH3CH=NCH3 + OH  CH3CH=NĊH2 + H2O (1c) 

∆HΘ = -101 CH3CH=NĊH2 + O2  CH3CH=NCH2OȮ (242) 

∆HΘ = -65 CH3CH=NCH2OȮ + NO  CH3CH=NCH2Ȯ + NO2 (25) 

The oxy radical can undergo a unimolecular dissociation to form a nitrogen radical or O2 can 

abstract a hydrogen from the oxy radical.  

∆HΘ = +1 CH3CH=NCH2Ȯ  CH3CH=Ṅ + CH2O (26) 

∆HΘ = -150 CH3CH=NCH2Ȯ + O2  CH3CH=NCHO + HO2 (27) 

For reaction (26) the energy barrier was calculated to be +47.8 kJ mol-1, for reaction (27) the 

barrier is +171.3 kJ mol-1. The estimated rate constant for reaction (26) is 2.55x104 s-1, for 

reaction (27) the rate will be around 5x105 s-1. This means that reaction (27) will be the major 

pathway, but reaction (26) should not be completely neglected since the rate constants are only 

estimates. 

The nitrogen radical formed in (26) will either directly eject a hydrogen or react with O2, NO2, 

O3 or NO. The reaction with NO2 can take place in 3 different ways: NO2 addition, ONO 

addition or hydrogen abstraction: 

∆HΘ = +94 CH3CH=Ṅ  CH3C≡N + H (283) 

∆HΘ = -112 CH3CH=Ṅ + O2  CH3C≡N + HO2 (29) 
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∆HΘ = -147 CH3CH=Ṅ + NO2  CH3CH=NNO2 (30) 

∆HΘ = -103 CH3CH=Ṅ + NO2  CH3CH=NONO (31) 

∆HΘ = -233 CH3CH=Ṅ + NO2  CH3C≡N + HONO (32) 

For reactions (28), (29) and (32) the energy barriers were calculated to be +124.4 kJ mol-1, 

+43.2 kJ mol-1 and +104.2 kJ mol-1 respectively.  

The product of reaction (31) can undergo a unimolecular dissociation to form an oxy radical. 

The oxy radical can either directly eject a hydrogen or a hydrogen can be abstracted by a 

reaction with O2: 

∆HΘ = +80 CH3CH=NONO  CH3CH=NȮ + NO (33) 

∆HΘ = +230 CH3CH=NȮ  CH3C≡NO + H (34) 

∆HΘ = +24 CH3CH=NȮ + O2  CH3C≡NO + HO2 (35) 

Reaction (33) was calculated to be without an energy barrier.  

The nitrogen radical which was formed in reaction (26) can also react with NO or O3.  

∆HΘ = -97 CH3CH=Ṅ + NO  CH3CH=NNO (36) 

∆HΘ = -225 CH3CH=Ṅ + O3  CH3CH=NȮ + O2 (37) 

Reaction (36) was calculated to be without barrier.  

The oxy radical formed in reactions (33) and (37) can also react with HO2: 

 CH3CH=NȮ + HO2  CH3CH=NOH + O2 (38) 
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Fate of the CH3CH(OH)ṄCH3 radical 

The CH3CH(OH)ṄCH3 will react with either O2, O3, NO or NO2. O2 will add to the molecule 

and subsequently abstract one of the hydrogens on the adjacent carbons. O3 will react to form 

an oxy radical. The reaction with NO2 can take place in 3 different ways: NO2 addition, ONO 

addition or hydrogen abstraction (on both of the adjacent carbons): 

∆HΘ = -126 CH3CH=NCH3 + OH  CH3CH(OH)ṄCH3 (1d) 

∆HΘ = -26 CH3CH(OH)ṄCH3 + O2  CH3CH(OH)N(OȮ)CH3 (39) 

∆HΘ = -88 CH3CH(OH)N(OȮ)CH3  CH3C(OH)=NCH3 + HO2 (40) 

∆HΘ = -36 CH3CH(OH)N(OȮ)CH3  CH3CH(OH)N=CH2 + HO2 (41) 

∆HΘ = -275 CH3CH(OH)ṄCH3 + O3  CH3CH(OH)N(Ȯ)CH3 + O2 (42) 

∆HΘ = -185 CH3CH(OH)ṄCH3 + NO  CH3CH(OH)N(NO)CH3 (43) 

∆HΘ = -197 CH3CH(OH)ṄCH3 + NO2  CH3CH(OH)N(NO2)CH3 (44) 

∆HΘ = -91 CH3CH(OH)ṄCH3 + NO2  CH3CH(OH)N(ONO)CH3 (45) 

∆HΘ = -234 CH3CH(OH)ṄCH3 + NO2  CH3C(OH)=NCH3 + HONO (46) 

∆HΘ = -182 CH3CH(OH)ṄCH3 + NO2  CH3CH(OH)N=CH2 + HONO (47) 

The energy barrier of reaction (39) is +28.5 kJ mol-1. The barriers for reaction (40) and (41) are 

+62.8 and +65.3 kJ mol-1 respectively. This gives estimated rates of 6.05x101 s-1 and 2.25x101 

s-1 respectively, which gives a branching of approximately 75:25.  

The product of reaction (45) can undergo a unimolecular dissociation to form an oxy radical. 

The oxy radical, which is also formed in reaction (42), can undergo unimolecular dissociation 

in two different ways: 

∆HΘ = +17 CH3CH(OH)N(ONO)CH3  CH3CH(OH)N(Ȯ)CH3 + NO (48) 

∆HΘ = +199 CH3CH(OH)N(Ȯ)CH3  CH3ĊH(OH) + CH3N=O (49) 
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∆HΘ = +193 CH3CH(OH)N(Ȯ)CH3  CH3CH(OH)N=O + ĊH3 (50) 

Reaction (49) has an energy barrier of +198.2 kJ mol-1, reaction (50) of +210.6 kJ mol-1. These 

barriers are so high that both reaction (49) and (50) will likely not occur under normal 

atmospheric circumstances.  

The oxy radical, formed in reactions (42) and (48) will thus not undergo unimolecular 

dissociation, but it can react with HO2: 

 CH3CH(OH)N(Ȯ)CH3 + HO2  CH3CH(OH)N(OH)CH3 + O2 (51) 
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Fate of the CH3ĊHN(OH)CH3 radical 

The following part is about the CH3ĊHN(OH)CH3 radical which is formed in reaction (1e). 

This reaction will however not be important under atmospheric circumstances, but the fate of 

this radical is still partly discussed in the paragraph below. 

The CH3ĊH-N(OH)CH3 will add O2 forming a peroxy radical that can subsequently react with 

NO to form an oxy radical: 

∆HΘ = +11 CH3CH=NCH3 + OH  CH3ĊHN(OH)CH3 (1e) 

∆HΘ = -132 CH3ĊHN(OH)CH3 + O2  CH3CH(OȮ)N(OH)CH3 (52) 

∆HΘ = -198 CH3C(OȮ)HN(OH)CH3 + NO  CH3CH(Ȯ)N(OH)CH3 + NO2 (53) 

The oxy radical can undergo two different unimolecular reactions, or it can react with O2 

(hydrogen abstraction): 

∆HΘ = +88 CH3CH(Ȯ)HN(OH)CH3  CH3CHO + CH3Ṅ(OH) (54) 

∆HΘ = +132 CH3CH(Ȯ)N(OH)CH3  CH(O)N(OH)CH3+ ĊH3 (55) 

∆HΘ = -46 CH3CH(Ȯ)N(OH)CH3 + O2  CH3C(O)N(OH)CH3 + HO2 (56) 

The nitrogen radical formed in (54) will react with either O2, NO or NO2. O2 will add to the 

molecule and subsequently abstract one of the hydrogens on the adjacent atoms. The reaction 

with NO2 can take place in 3 different ways: NO2 addition, ONO addition or hydrogen 

abstraction (on both of the adjacent atoms): 

∆HΘ = +10 CH3Ṅ(OH) + O2  CH3N(OȮ)OH (57) 

∆HΘ = -46 CH3N(OȮ)OH  CH2=NOH + HO2 (58) 

∆HΘ = +4 CH3N(OȮ)OH  CH3N=O + HO2 (59) 

∆HΘ =-100 CH3Ṅ(OH) + NO  CH3N(NO)OH (60) 

∆HΘ = -127 CH3Ṅ(OH) + NO2  CH3N(NO2)(OH) (61) 
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∆HΘ = -80 CH3Ṅ(OH) + NO2  CH3N(ONO)(OH) (62) 

∆HΘ = -107 CH3Ṅ(OH) + NO2  CH3N=O + HONO (63) 

∆HΘ = -157 CH3Ṅ(OH) + NO2  CH2=NOH + HONO (64) 

The product of reaction (62) can undergo a unimolecular reaction to form an oxy radical: 

∆HΘ = +40 CH3N(ONO)(OH)  CH3N(Ȯ)(OH) + NO (65) 

The rest of the possible reactions will not be discussed any further. 

 

  



62 

 

Appendix C:  Properties of the products of the reaction of 

CH3CH=NCH3 with OH 

 

Table C 1: m/z values of the protonated molecular ions of the reactant and the possible products of the reaction 
of CH3CH=NCH3 with OH 

m/z Ion sum formula Ion precursor Route of formation 

31.018 CH3O
+ CH2O Route (1c) 

42.034 C2H4N
+ CH3CN Route (1c) 

58.066 C3H8N
+ CH3CH=NCH3 Reactant 

72.044 C3H6NO+ CHOCH=NCH3 

CH3C(O)N=CH2 

CH3CH=NCHO 

Route (1a) 

Route (1b) 

Route (1c) 

73.040 C2H5N2O
+ CH3CH=NNO Route (1c) 

74.059 C3H8NO+ CH3C(OH)=NCH3 

CH3CH(OH)N=CH2 

Route (1d) 

Route (1d) 

89.035 C2H4N2O2
+ CH3CH=NNO2 Route (1c) 

103.051 C3H7N2O2
+ CH3C(O)N(NO)CH3 Route (1a) 

105.066 C3H9N2O2
+ CH3CH(OH)N(NO)CH3 Route (1d) 

121.061 C3H9N2O3
+ CH3CH(OH)N(NO2)CH3 Route (1d) 

 

 

 

 

 


