
Some spectroscopic studies related to 

atmospheric chemistry and the thermal 

decomposition of organic azides 

A thesis submitted to the University of Southampton 

for the degree of Doctor of Philosophy 

Giacomo Levita 

School of Chemistry 

University of Southampton 

April 2005 



UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

Faculty of Science 
School of Chemistry 

Doctor of Philosophy 

Some spectroscopic studies related to atmospheric chemistry 
and the thermal decomposition of organic azides 

by Giacomo Levita 

The work described in this thesis is a study of the thermal decomposition of some 

aliphatic azides and of the atmospherically relevant reaction between dimethyl sulphide 

(DMS) and molecular chlorine. The aim of the work was to describe the mechanisms 

with which these reactions take place, and to identify the most important parameters 

influencing the reactions, such as decomposition temperature or reaction time. 

UV-photoelectron spectroscopy (PES) and infrared matrix isolation spectroscopy have 

been used to monitor the extent of the reaction and to detect intermediates and products, 

and ab initio calculations have been used to facilitate spectral assignments and to provide 

infonnation on the electronic struchlre and the thermochemistry of the reactions studied. 

In the DMS + CIz reaction, evidence of formation of an unstable (CH3)2SCIz species was 

found; for the first time structural and spectroscopic information have been described for 

this reaction intermediate. 

The pyrolysis of ten aliphatic azides has been studied: two general modes of thennal 

decomposition were observed which were interpreted in terms of two types of reaction 

mechanism. In some cases the reaction involved formation of reaction intermediates: two 

of them have been observed and characterized for the first time. 
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CHAPTER 1 

INTRODUCTION 

The objective of this work is to study the reaction of dimethyl sulphide with molecular chlorine and the 

thermal decomposition of aliphatic azides using spectroscopic methods. 

The first reason for the choice of these reactions was the possibility- suggested by some results in the 

literature [1,2]- that they could proceed via fonnation ofreactive intennediates: the study of short-lived 

species has in fact been a long-established field of research in the Southampton PES group. 

In addition to this, the chemistry of dimethyl sulphide and of organic azides has been object of 

increasing investigations, due to the importance of dimethyl sulphide as an atmospheric agent­

especially in the air above the oceans- and the new applications found for organic azides especially for 

their capability of releasing energy when heated. 

These studies were carried out by means of ultraviolet photoelectron spectToscopy and infrared matrix 

isolation spectroscopy, with the support of ab initio electronic structure calculations. 

The dimethyl sulphide-molecular chlorine reaction was studied in the gas-phase in Southampton using 

UV-photoelectron spectroscopy and using the high resolution FT-IR and FT-UV spectroscopic facility 

at the Rutherford laboratory. 

The study of the thennal decomposition of selected aliphatic azides is a continuation of joint research 

between the PES groups of the Universities of Southampton and Lisbon. 

This chapter will describe the importance and main applications of dimethyl sulphide and aliphatic 

azides; it will also discuss why photoelectron spectroscopy and infrared matrix isolation spectroscopy 

have been chosen to monitor these reactions. A more detailed description of the experimental and 

underlying principles of these spectroscopic techniques will be given in Chapters 2 and 3. Chapter 3 

will outline in detail the basic principles of the ab initio electronic structure calculations used, and the 

reason why their use was of central importance in the outcome of the work. 



1.1 DIMETHYL SULPHIDE 

Dimethyl sulphide (DMS), CH3SCH3 , is considered the mam source of sulphur in the Earth's 

atmosphere [3-7], contributing roughly 25% of the total atmospheric sulphur, and almost 50%, of the 

biogenic flux. It is mainly produced by biodegradation of algae in oceanic environments, but is also 

produced from anthropogenic activities such as paper mills or fishmeal production [8]. 

In the atmosphere DMS is consumed by different oxidizing agents leading to the formation of aerosols 

containing sulphur dioxide, sulphuric acid or methanesulfonic acid. These compounds playa crucial 

role in climate regulation [9], as they contribute to the formation of cloud condensation nuclei (CCN) 

above the oceans [4, 10] and to the acidity ofrain. In fact, the contribution from marine salt particles is 

not enough to reach the observed amount of CCNs at cloud height. Around these nuclei, liquid droplets 

form providing suitable conditions for cloud formation and subsequent reduction of solar radiation 

reaching the Earth's surface. 

The cooling effect produced by the DMS in the atmosphere is therefore of I:,'Teat importance. Also the 

fact that a lower temperature above the oceans inhibits biological del:,1fadation of organo-sulphur 

compounds, which is the main source of the DMS presence in the atmosphere, should be considered. 

The mechanism of DMS formation ~ cloud fonnation ~ lowering temperature- is therefore a cyclic 

mechanism, that can be represented as in Figure 1.1. An increase in OMS production by algae 

degradation is reflected by a decrease of temperature which reduces algae degradation; on the other 

hand, when the amount of OMS- and then of CCNs- is reduced, the solar irradiation causes an 

increased biological activity of the sulphur containing algae and then an increase of OMS production. 

Such an equilibrium is very delicate, and it is subject to fluctuations due for example to the actual 

degree of production of CCNs from DMS oxidation. The main oxidising agents responsible for OMS 

degradation above the oceans are OH and NO) radicals, acting respectively at daytime and at night­

time [11-13]. The observed removal of DMS from the atmosphere cannot, however, be completely 

explained by just these reactions: other sink processes have been proposed involving halogen or 

halogenated radicals such as Br, CI or BrO [14, 15]. Considering the role played by halogens, particular 

importance must be given to the fact that high amounts of chlorine have been observed in coastal air, 

either as HCI produced by sea salt particles, from algae decomposition or from anthropogenic activities 

[14,16]. 
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An investigation of the reaction between Clz and DMS is therefore important in order to provide a full 

representation of the atmospheric degradation of DMS and thus of its effect on the solar radiation 

reaching the Earth. Moreover, the early morning photolysis of molecular chlorine leads to the 

production of atomic chlorine, which is also a possible oxidiser ofDMS. 

An initial PES study was made on the DMS+CIz reaction at the University of Southampton [17], 

indicating that a reaction intermediate is formed in the first step of the reaction, before decomposition 

occurs to CH3SCH2Cl + HCI. 
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1.2 ALIPHATIC AZIDES 

The main characteristic of organic azides, characterized by the presence of a terminal -N3 chain, is the 

easy release of nitrogen [18, 19] following the overall reaction 

The reaction can occur with considerable explosive potential, due to the favourable nature of nitrogen 

as a leaving group. Azides must therefore be handled with care, and this has set a limitation in the study 

of their reactivity. 

However, this characteristic represents also the most useful aspect of azides, because of the high cncrgy 

storage role they can play in different fields. They are in fact used both in organic synthesis [20], for 

example for preparing heterocycles [21] and for biochemical applications [22], and in inorganic 

synthesis [23], where they are used in low-temperature preparations of single crystals of gallium and 

silicon nitrides on semiconductors substrates. They also find use in industrial applications, for example 

in pharmaceutical processes [24], or as propellants [25], as seismic explosives [26], as photoresistors 

[27] and as sources of gases for air-bags [28]. Such a variety of applications indicates that the nature of 

the azide greatly affects its reactivity: this is an important way to control the potential dangers of azides 

in order to make use of their characteristic of energy release. 

The study of the decomposition of such class of compounds is therefore of interest, especially 

considering that their intrinsic instability has often represented an obstacle for measurement of their 

characteristics and for the practical use that can be made from them. Moreover, the first step in the 

decomposition path offers an interesting challenge for electronic structure calculations, because it is not 

certain if organic azides release nitrogen to form an imine directly via a 1,2-alkyl (or hydrogen) shift or 

if first a nitrene is formed, which subsequently decomposes to the imine, as represented by 

Pioneered by the works of Bock and Dammel [29], the study of organic azides has recently been 

developed from both the theoretical and experimental points of view. Experimental work by Dianxun 

at al. [30] suggested that, under particular conditions, surface effects can lead to the formation of the 

nitrene intennediate, whose presence was expected from theoretical calculations [31]. In recent years 

joint work [32] between the Universities of Southampton and Lisbon have focused on gas-phase 
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thermal decomposition of some organIC azides, studied by photoelectron spectroscopy and infrared 

matrix isolation. 

The aim of the present work is to move forward in the understanding of the behaviour of this class of 

compounds, in order to increase the number of aliphatic azides for which the major features of the 

thermal decomposition reaction (reaction products, decomposition temperatures, reaction pathways 

and, if possible, reaction intermediates) are known. 

1.3 THE CHOICE OF PES AND IR MATRIX ISOLATION AS SPECTROSCOPIC 

TECHNIQUES FOR THE STUDY OF REACTIVE INTERMEDIATES 

Photoelectron spectroscopy (PES) provides a direct link to one of the crucial characteristics of the 

molecule under study, the ionization energies from valence region orbitals (see Chapters 2 and .3 for a 

more detailed treatment of the technique). It is one of the most useful experimental methods to provide 

infonnation on the electronic structure of a molecule, and it is a useful analytical tool for the detection 

of compounds in gas-phase. For these reasons, the first studies on simple azide decompositions [29] 

were conducted with PES: moreover, PES has the great advantage that it requires sample gas-phase 

pressures in the region 10-4 -10-6 mbar, so that the risk of explosions for such unstable compounds is 

minimized. However, PE spectra of organic azides are generally characterized by broad bands, often 

overlapping with each other in the high ionization energy region: this limits the ability of PES to study 

decomposition of azides and means that a complementing monitoring technique is required. 

Infrared spectroscopy offers a valuable alternative "fingerprint" characterization of a molecule. The 

fact that PES can give information on the vibrational frequencies of the ion- if the experimental 

resolution is sufficient- creates a bridge between the two techniques, and the combination of PES and 

IR measurements offers an immediate link with results of quantum chemistry calculations. The number 

of molecules for which IR spectra are known is very large, and this facilitates assignments when 

thermal decomposition products are produced from aliphatic azides. The development of the matrix 

isolation technique has opened a further possibility for IR spectroscopy, as most thermal excitations are 

quenched at the low temperature of the matrix and the bands are more resolved and their energy value 

better defined than in the corresponding room temperature gas-phase spectrum. The possibility of 

accumulating sample molecules condensed with an ineli gas on a detection window (see Chapter 2), 

and the fact that the matrix is sufficiently rigid to successfully isolate molecules that would otherwise 

react with each other, allows the detection of substances in very low concentration, such as short-lived 
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molecules [33]. Also, the possibility of isotopic substitutions on C, H, Nand 0 atoms provides the 

possibility of lmambiguous assignments for bands associated with any reaction intermediate observed 

and this should enable proposals to be made on the decomposition paths, once the experimental results 

are combined with results of electronic struchrre calculations. 

The combination of these factors has led to the fact that PES and IR matrix isolation are among the 

most used characterization techniques for reaction intermediates. Their possibil ities are fully exploited 

if calculations are perfonned in order to determine valence ionization energies and vibrational 

frequencies for molecules, in order to facilitate the assignments of the experimental spectra. They can 

also allow a detailed description of the reaction path, by evaluating the relative energy values for 

reagents, products, intennediates and transition states for a particular azide decomposition. 

In this work all the reactions have been studied by UV-photoelectron spectroscopy and infrared matrix 

isolation spectroscopy, and ab initio electronic structure calculations have been performed on reactant, 

products and intermediates at different degrees of sophistication to support the experimental work. 
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CHAPTER 2 

EXPERIMENTAL SECTION 

This chapter presents the most important experimental aspects of the two spectroscopic techniques used 

in this work- photoelectron spectroscopy and infrared matrix isolation spectroscopy- notably the 

apparatus and the spectral acquisition procedures. A general introduction to the basic features of the 

methods used is given in this Chapter, with the underlying principles being described in Chapter 3. 

The experimental apparahls used for Fourier Transform (FT) infrared and ultraviolet spectroscopy are 

described in Chapter 4, as it has been used only in the study of the reaction between OMS and Ch. 

2.1 UV-PHOTOELECTRON SPECTROSCOPY 

2.1.1 Basics of the techniq ue [I I 
Photoelectron spectroscopy is a technique aimed at determining the ionization energy of a molecule. It 

can provide information not only on the first ionization energy, but on all possible higher ionization 

energies obtained by removing one electron from any of the occupied molecular orbitals; according to 

the nature of the photon source used in the process, the technique is given the name of U v­
photoelectron spectroscopy (UPS, or more simply PES) or X-ray-photoelectron ,lpeclroscoJ7Y (XPS) 

PES considers ionizations from valence molecular orbitals and is mainly used for gas-phase studies, 

while XPS investigates ionizations from core and valence orbitals and is mostly used to investigate 

solid compounds; as the name suggests, the discrimination is based on which kind of radiation source is 

used to ionize the molecule, vacuum ultraviolet radiation or X-rays. 

The most valuable aspect of photoelectron spectroscopy (hereafter "photoelectron spectroscopy" will 

be referred to as PES) is the possibility of using the results from this method to build up orbital energy 

level diagrams for the molecules studied, as the ionization energy- the energy to remove an electron 

from a molecular orbital- can be linked to the negative of the orbital energy for a closed shell molecule. 

Apart from the importance of the information itself, a valuable link to theoretical calculations can be 

immediately established, as the orbital energy is one of the most readily available pieces of information 

available from such calculations (see Chapter 3). 
<) 



Photoelectron spectroscopy is not a resonance technique: it is not based on the absorption of a photon 

with the same energy as the energy difference of two electronic states between which the molecule 

moves as a consequence of the interaction with the photon. 

Instead, it is a scattering technique; it occurs because the photon is energetic enough to directly ionizc 

the molecule by extracting an electron (called the photoelectron) from the molecule, as consequence of 

the impact of the photon beam on the sample 

(2.1 ) 

The energy and angular distribution of the photoelectrons are characteristic of the orbital they wcrc 

ejected from; the technique gives information therefore about the electronic structure of the molecule 

under observation. 

It will be assumed that A is a molecule possessing some rotational and vibrational energy. Given the 

fact that- due to the great difference in mass between the photoelectron e- and the nucleus A+ - virtually 

all the excess energy associated with photoionization will be associated with the electron, then the 

energy conservation law for the process of extracting an electron from the molecular orbital j of 

molecule A means that the photon energy (hv) can be written as follows: 

(2.2) 

where IE] is the /' ionization energy of A, KEel the kinetic energy of the photoelectron produced and 

L'lEvib and L'lErot are the changes in vibrational and rotational enerh'Y between the molecule and ion on 

photoionization. In practice, the experimental resolution in conventional PES can be reduced to around 

200 cm- l, a value that usually allows vibrational changes to be resolved but not rotational changes: the 

change in rotational energy between A and A+ will therefore be averaged and included in lEi' The 

energy conservation expression becomes then 

hv = IEj' + KEel + L'lEvih (2.2a) 

If a monochromatic source of radiation is used and the kinetic energies of the photoelectrons are 

measured, it is possible to obtain IE/ + Mvib for all the ionizations. 

An observed spectral band does not therefore give just the ionization energy, it also provides 

infonnation on the change in vibrational state between the neutral and the cation: given the fact that the 

energy scale for such a change is around 1/100 of the ionization energy, vibrational energy changes 

will just cause sub-structure- or a broadening- of the band. Further details of the possible band shapes 

arising from a photoionization process will be given in Chapter 3. At this time, it will just be stated that 

10 



at room temperature most molecules are in the b'Tound vibrational state, as the separation of the lowest 

and the first excited vibrational state is usually much higher than kT, i.e. at room temperature thc 

Boltzmann population of vibrational levels means that the lowest vibrational level is the most 

populated. Therefore, all the changes in vibrational energy in the photoionization process can bc sccn 

in the PE spectrum as ionizations from a v "=0 state of the neutral A to a v '=0, I ... k state of thc cation 

A+ If structure in the experimental band is observed, it will give information on the vibrational spacing 

of the levels in the cation and not in the neutral. 

In photoelectron spectroscopy only two selection rules apply [1]: 

only one electron ionizations are possible (one-electron selection rule) 

no change in the total spin between the initial and final (cation plus free electron) states must be 

introduced in the ionization process. To clarify this rule, it must be noted that the photoelcctron is 

obviously produced with s= Y2 so that to respect the I'.S= ° rule, the cation and the neutral molecule 

must differ in spin quantum number by Y2. This means that from a neutral molecule in a singlet spin 

multiplicity state only a doublet cation can be formed, and from a doublet neutral only a triplet or a 

singlet cation will be formed. 

Despite the fact that often no vibrational structure is observed in the photoelectron bands, the spectra 

are nevertheless suitable for easy identification of the molecule studied, if a high enough Humber of 

ionization bands is considered. This makes PES a valuable analytical technique, and a valuable source 

of information about the electronic structure of the molecules examined. 

Due to the very low pressures of operation, only a very limited amount of sample is required to record a 

PE spectrum of a sample. 

As already mentioned, for a photoelectron band, transitions to a number of vibrational states of an ionic 

state are possible, and this could lead to a relatively broad band. The limitations on the ability to 

resolve such contributions have different sources [2], and the most important will be listed below. 

The most crucial factor is instrumental resolution. For this, the characteristics of the analyzer of thc 

spectrometer must be discussed. The photoelectrons pass through a pair of slits, and then into a 

hemispherical analyzer chamber; with a procedure that will be presented in further detail in Section 

2.1.2, the photoelectrons are directed towards another set of slits which focus them on the detector. 

A schematic diagram of the hemispherical analyzer chamber of the PE spectrometers used in this 

work is presented in Figure 2.1. The radius of the inner hemisphere is R 1 and the radius of the outer 
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sphere is R2. The electrons travel between the entrance and the exit s lits with a trajectOlY of radius 

R, between R I and R2. 

---­entrance 
sl its 
(sow"ce) 

-- -­ex it 
sl it s 
(foc ll s) 

Figure 2.1- Section of the hemisphe.-ical analyse." cham be." of the photoelech'on spech'oll1eters lIsed in the 
Southampton PES group. 

Instrumental broadening depends on the analyser geometry, notably the slit width and the radius of the 

hemispheres. The instrumental resolution [2] can in fact be expressed by t.E = E"(S/2R), where S is the 

total slit width (the combined width of the entrance slits and the exit slits) and R the mean electron 

orbit radius, and E is the energy of the photoelectTon. Clearly, narrower slits will improve the 

resolution but lower the intensity of the signal: a compromise between the two factors must be found 

according to the particular experimental requirement. A longer radius of the analyser hemispheres leads 

to improvement of the resolution ; for this , in the Southampton PES group a spectrometer with R= 20 

cm has been designed and built, and used in this project as well as one with mean radius ofl 0 cm . 

Finally , it must be noted that the resolution t.E is directly propOliional to E, which is the kinetic energy 

of the electrons: therefore, ionizations from the highest molecular orbitals will have higher kinetic 

energy and then broader bands than those arising from deeper orbitals and lower kinetic energy [3, 4]. 

For example, in O2 HeI (21.22 e V) photoelectron spectrum, the bands at - 12 e V ionization energy are 

broader than those at -18 e V ionization energy. 

Instrumental broadening can contribute up to 15 me V for an analyser chamber with mean radius of 10 

cm. 
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However, other factors can also contribute: 

the electron energy changes according to the velocity of the originating molecule, due to its thermal 

motion (Doppler effect [1, 5]). The expression for this energy spread is 6E = 2(E·kbTmc/M Ilh ,\)1I2 

For example, in atomic argon (which is the sample normally used to test the resolution), this leads to an 

energy spread of 5.6 meV at room temperature. Moreover, it can be seen that the resolution worsens at 

increasing temperatures 

the ionizing radiation is subject to broadening. This is due for example to its lifetime, to Doppler 

broadening (the radiating molecules are moving) and to self-reversal broadening (unexcited He 

atoms absorb the He(l) radiation especially in the central part of the lamp: this increases the 

intensity of the "sides" and causes broadening of the photon source). Of these, the last contribution 

is the most relevant, causing broadening in the PE bands by about 1-2 me V 

Further contributions to the broadening (due to assuming that the photoelectron does not takc all the 

angular momentum in the ionization process, or to the effect connected to the lifetime of the cation) are 

generally small; a much more important factor is the presence of stray fields, charge accumulation or 

contact potentials in the analyser chamber. In order to avoid any charge accumulation which could 

distort the photoelectron free path, and therefore affect the quality of the spectra, the internal walls of 

the spectrometer are all made of aluminium alloy (dura!) and are coated with a conductive layer of 

graphite [6] To eliminate distortions of the photoelectron paths due to the Earth's magnetic field, the 

spectrometer is placed inside a cage of three pairs of mutually perpendicular coils (Helmholtz coils) 

Current is passed through each pair of coils to generate a magnetic field equal and opposite to the 

Earth's field in that direction. By tuning the three values of the currents, this local field can be changed 

so that the characteristics of the spectrum (intensity, resolution and transmission) are optimized. 

A careful choice of the magnetic fields produced by the Helmholtz coils to balance the Earth's field, 

and a good quality of the graphite layer in the ionization chamber and analyzer region is crucial: for 

example, dirty or badly spread graphite can increase the resolution by at least lOme V. 

For all these factors, the overall expression [2] for the resolution can be written as 

(2.3) 

where Ii 6E? is the sum ofthe square of all the contributions to the band width. 

In practice even the most carefully assembled photoelectron spectrometer will gIve an overall 

resolution of not less than 20 meV, as measured for the (3pr\ ionization of argon with good intensity of 

this band (3.104 counts/s). 
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2.1.2 Experimental apparatus 

A schematic of the photoelectron spectrometer [6-8] used in this work is shown in Figure 2.2. Further 

details of each single component will be given in the following paragraphs. 

Sample vapours are ionized by a monochromatic vacuum ultraviolet photon beam in the ionization 

region of the spectrometer. The photoelectrons generated pass through a pair of slits (entrance slits) 

placed at 90° with respect to the photon beam, and from the slits they pass into a hemispherical analyser 

chamber; by applying a uniformly changing potential between the two hemispheres, the electrons can 

be focused onto the electron detector according to their kinetic energy. The detector is placed after 

another set of slits (the exit slits). 

The mean free path of an electron is inversely proportional to the pressure in the apparatus, and as a 

result, in order that photoelectrons will not undergo any inelastic collisions, the analyser chamber, the 

ionization chamber and the detector regions are evacuated to a pressure of at least 10-5 mbar. To avoid 

contamination of the hemispheres, differential pumping is used; this involves the ionization chamber 

and analyser region being pumped separately by diffusion pumps, each backed by rotary pumps. 

analyzer chamber 

DIFF 
PUMP 2 

electron detector detector HV 

11 ___ - sample inlet 

DIFF 
PUMP! 

voltage ramp 

ionization 
chamber 

+ 

ratemetcr 

signal 

PC 

FigUl"e 2.2- Main components ofthe PE spectromete," used in this work fo," the study of gas-phase samples 
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The monochromatic UV source 

As can be seen in the formula of energy conservation (equation 2.2a), a strictly monochromatic photon 

source is needed if precise determinations of ionization energies are to be obtained and radiation 

energetic enough to ionize electrons from the deepest valence orbitals is required. Therefore vacuum­

UV radiation is needed. 

A widely used source is the one obtained by means of a d.c. discharge in helium. Thc process causes 

emission of numerous wavelengths, in the visible region (they are not able to cause ionizations, but are 

a useful test to check the functioning of the lamp) and in the vacuum-UV region. Of these, the 

predominant radiation is the one corresponding to the transition Ip (ls2p) -7 IS (1s2). Its wavelength is 

58.43 nm, corresponding to an energy of 21.22 e V; it is also called He(l)- or He(l)(x- radiation because 

it refers to the transition between the first electronic excited state of the neutral molecule and the 

neutral ground state (if it is a transition in the cation, the label would be He(ll». There arc other Ip 

states obtainable from the Is I1p configuration if 11 = 3, 4 ... ; in this case the emitted radiations are 

labelled He(l)p, He(I)y, etc [9]. The most intense, He(I)p, is however only 1.3/ 100 the intensity of the 

He(l) a emission: in a PE spectrum this will be reflected by the fact that each band due to fle( I) a 

radiation has a "shadow" band 1.87 eV higher in electron kinetic energy (that is, lower in apparent 

ionization energy), with intensity around 2% of the He(l) a band intensity. 

A schematic representation of the helium discharge lamp used in this work is shown in Figure 2.3. 

The differential pumping system (shown at "Gas out" in Figure 2.3) is necessary to prevent hclium 

being introduced into the ionization region and hence increasing the pressure there [10]: it is in fact 

impossible to isolate the lamp from the ionization region, as no suitable window materials are available 

for radiation below 100 nm. Usually, a helium pressure of about 0.2 mbar is used, and the discharge 

ClUTent is set at about 65 mA. Under these conditions, the heat generated by the lamp must also be 

dissipated: this is why the body of the lamp is water cooled. 
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Py"ex 
pumping Teflon 
capilla,'Y 

Gas out 
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Wate,' 
coolin!!: 

Figure 2.3- Schematic of the Helium discha"ge lamp used in the UV-PES expel"iments in this wO"k 

The ionization chamber and the reaction cell 

He(I) radiation passes from the lamp into a cell- called the reaction cell- where vapour from the sample 

is introduced from above. Photoelectrons produced travel in all directions; perpendicular to both the 

radiation and the sample gas flow there is a pair of slits that selects some of the electrons and allows 

them to pass into the electron analyzer. A schematic diagram of the reaction cell is presented in Figure 

2.4. 

==::::::=-
Altcrnntive 
vapo ur inlet 

Cera mic 
Glass inlet 
tu be 

~ Sample 
V vapour 

Adjustable 
slits 

<i== 
Photon 
beam 

Figut'e 2.4- Schematic of the "eaction cell ofthe UV-photoelectron spectTomete,' used in this wOI'k 
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After passing through these slits, photoelectrons pass through another double set of slits, the (,l1lral1ce 

slits of the spectrometer analyser: in this way only a small sample of electrons enters the analyser 

region. All the surfaces of the reaction cell, the slits, and the walls of the ionization chamber are coated 

with a layer of graphite in order to minimize distortions in the trajectories of the photoelectrons 

To avoid inelastic scattering of photoelectrons, the ionization chamber and analyser region are kept 

under vacuum by means of two diffusion pumps (see Figure 2.2) which- in absence of sample vapours­

produce a pressure of less than 10-5 mbar in both regions. To obtain photoelectron spectra of acceptable 

signal-to-noise, the total pressure in the ionization chamber after the introduction of the sample vapours 

must be less than 10-4 mbar. 

The analyser chamber 

Once the photoelectrons are sampled by the entrance slits, they enter a 1500 hemispherical sector 

region created by two concentric hemispheres [11, 12], one with radius RI and another with radius R2, 

covered in graphite; a schematic of the analyzer chamber has already been shown in Figure 2.1. 

By applying an equal and opposite potential to the hemispheres, an electrostatic field is created in the 

gap region where the photoelectrons move. Recalling that photoelectrons have a range of differcnt 

kinetic energies, it is possible to select a certain energy of photoelectrons to reach the detector by 

selecting the voltage on the analysing hemispheres. From the characteristics of a hemispherical 

condenser [13], it is found that by applying a +V potential to the inner sphere and a -v potential to the 

outer sphere, the only electrons that can reach the detector are those with kinetic energy equal to 

(2.4) 

A hemispherical analyser is chosen because of its the doub/cjixussing property, that is the possibility 

of an electron travelling from the entrance to the exit slits on numerous trajectories around the gap 

between the spheres. In this way more electrons can reach the detector region, and then a stronger 

signal-to-noise ratio is achieved: this is especiaIJy important for "slow" photoelectrons. 

The exit slits are needed to focus the arriving photoelectrons onto the detector, in the same way as the 

entrance slits focus them into the analyser region. 

By linearly sweeping the voltage on the hemispheres (by means of a ramp generator), it is possible to 

record the relative number of photoelectrons reaching the detector as a function of their kinetic energy. 

A photoelectron spectrum can be therefore be recorded by acquiring the photoelectron signal while 
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linearly increasing the voltage on the hemispheres. It is possible to pre-select thc speed of thc lincar 

voltage sweep: a slower acquisition will lead to more intcnse and bettcr rcsolved spectra. 

Given the fact that the parameter to be changed to record a spcctrum is the potential applied to thc 

hemispheres, and as equation 2.4 cannot be us cd because of local charging effects, no direct 

determination of the electron kinetic energies can be obtained from the voltages used: for this, 

calibration is needed. This is usually achieved by introducing into the ionization chamber a standard 

gas whose photoelectron bands are sharp and well established in ionization energy, and which does not 

interact with the molecules under study; methyl iodide and argon are among the most commonly llsed 

calibrants, because of their sharp, intense bands [14]. 

To minimize collisions and to maximize the electron mean free path, the pressme inside the analysing 

chamber must be kept to less 10-5 mbar: this can be achieved with a diffusion pump which pumps on 

the analyser chamber, to ensure a pressure lower than in the ionization chamber. The presence of the 

entrance slits is also a way to achieve this pressure difference between the two chambers. 

The electron detector 

The detector used is a spirally shaped channel electron multiplier. The front cone is earthed and the far 

end has a voltage of +2.5 kV applied to it. This causes the electrons which impact on the cone to be 

amplified by a series of cascade processes in the detector. 

The signal is then passed to a pre-amplifier and then an amplifier. It is then transmitted to a rale-meler 

(equipped with signal discriminator to minimize the noise) which is connected either to a PC or to a 

chart recorder. 

18 



2.2 HEATING SYSTEMS USED IN PES EXPERIMENTS 

PES can be successfully used for pyrolysis studies, and the technique is a powerful tool to detect short­

lived molecules generated in thermal decompositions [15, 16]. In order to study solid or liquid 

compounds having too low vapour pressure at room temperature to enable PE spectra to be obtained, 

heating methods were used in this work to facilitate evaporation and increase the vapour pressure. In 

addition to this, pyrolysis was frequently carried out: often the evaporation and pyrolysis region had to 

be separated in order to avoid too fast or uncontrolled evaporations. According to the different 

characteristics of the substance under investigation, different heating arrangements and/or heating 

methods were used. 

After an introduction of the fundamental principles on which the different heating methods used are 

based, a detailed description of the heating apparatus used in this project will be rep0l1ed. 

2.2.1 General description of heating methods [171 

Different methods to evaporate solid samples for PES studies have been used by other workers and 

they include resistive heating, laser heating or electron bombardment. 

Laser radiation heating produces very localized heating, and no electrons and electromagnetic fields are 

produced [18-20]. The problem is that few materials absorb at typical laser wavelengths; also, 

extremely localized heating can produce rapid and uneven evaporations that give rise to a photoelectron 

signal which is not constant with time. 

Electron bombardment is another form of heating which could be used, but is not really suitable when 

photoelectrons are to be detected [21-24]. 

The most suitable technique for use with PES for studying materials with very low vapour pressures is 

undoubtedly resistive heating [25-28]. However, if temperatures above 700 0 C are required, 

radiofrequency (RF) induction heating is the best choice. 

When resistive heating was used in this work, an inlet system consisting of two coaxial qUaI1z tubes 

was used (Figure 2.5). A spiral of molybdenum wire is positioned on the final 12 centimetres of the 

inner tube (which has an external diameter of 5 mm): it is connected to an external Variac voltage 

supply via two metal feedthroughs placed in the Pyrex piece connecting the coaxial tubes (see Figure 

2.5). The applied DC voltage causes a heating of the molybdenum wire proportional to the square of 

the Clment circulating in it. A current through the helical winding of the wire produces magnetic fields 

that could disturb the path of photoelectrons produced in the ionization region: to avoid this, the wire is 
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wrapped arOlmd the inner tube in a non-inductive way, that is by having the wire wound back on itself 

so that the fields from both windings cancel each other [29]. Inside the outer quaI1z tube a K-type 

thermocouple is positioned, protected by an alumina sleeve and connected to a temperature reading unit 

(voltmeter) via a second set of feedthroughs. The photon beam was approximately I cm below the 

opening of the inlet tube, which allows an estimate of ca. 1 ms for the flight time of the sample vapours 

from the pyrolysis region to the photon beam [30]: in this way the distance between the high 

temperature region and the photon beam is reduced to minimize the possibility of re-deposition of the 

molecules in a colder region and to maximize the flux in the photon beam. With this arrangement it 

was possible to reach a temperature of 550 DC without any major loss of resolution of the UV-PES 

spectrometer signal (around 30 meV, measured on the (3prl Ar+ 2P3/2 ~ Ar ISo photoelectron signal). 

The top of the inner tube Call be closed in different ways according to the type of substance studied. I C a 

low vapour-pressure compound is to be studied, it is possible to place the sample in two small glass 

vials held by some glass wool at roughly 2 centimetres above the region heated by the molybdenum 

wire (see Figure 2.5): in this way the sample is in an intermediate temperature zone, therefore helping 

the vaporization process and allowing some pymlysis, but the time available for the acquisition of 

spectra is relatively low compared to that for a high vapour pressure sample. The other possibility is in 

studies of substances with quite high vapour pressure: in this case the inner tube is directly connected 

to a needle valve and from this to a flask containing the sample to be pyrolysed. The vapour from the 

sample is then continuously flushed through the hot region, and a longer acquisition time is obtained. 

Resistive heating was used for all azides studied in this project, except for azidoacetamide, where 

radiofrequency induction heating was used. 
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The radio frequency induction heating method used can be described as follows. 

When pyrolysis temperatures above 600°C are required, a water cooled brass shield is placed around 

the heating region in order to minimize heat losses, to collimate the vapour produced and to shield the 

reaction cell and the ionization region from the hot furnace ; this is particularly important because, to 

have the highest concentration of sample vapour in the ionization region, the pyrolysis region must be 

positioned as close as possible to the reaction cell in which photoionization occurs. The pyrolysis 

region is characterized by a circular exit aperture with a very narrow diameter a: in fact, in this case tJle 

mean free path of an electron (inversely proportional to the pressure, that in this apparatus is very low) 
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is greater than the diameter of the tube. This condition- enhanced if the length of the tube, I~, is much 

longer than its diameter a- makes the vapour flow highly directional, and both the PE signal intensity 

and the flow rate are proportional to the pressure in the vapour source. This is also known as Illolecular 

effusive flow [31]. 

Alternating radiofrequency radiation (I MHz), generated by an external supply, is passed through water 

cooled copper coils which are wOtmd in a spiral around a susceptor, which is the material to be heated 

(see Figure 2.7). The current generates a fluctuating magnetic field (directed along the axis of the 

coils), whose flux density is maximum near the coils. Because of this, the susceptor is placed as close 

as possible to the coils ("tight coupling condition"). This field induces eddy CllITents on the surface of 

the susceptor, which is directly proportional to the rate of change of the magnetic field, B . 

. dB 
I=~ 

dl 
(2.5) 

These eddy currents produce [32] a resistive heating effect in the susceptor which is proportional to the 

square of the CllITent. The heat generated, Q, is given by: 

O ·2 1) ·2 (7') I 
_=1' \=[.p 'A (2.6) 

Eddy currents are especially strong on the susceptor surface. They penetrate the susceptor but their 

value falls to lie of their value at the outer surface when they reach the skin depth. 

This is given by 

5=~2P 
JlO) 

(2.7) 

In this equation, )l is the permeability of the material, p is its resisivity and co is the angular frequency 

of the radiofrequency (RF) current in the coils. 86% of the power is dissipated in the skin depth. To 

avoid parts of the susceptor being heated only by conduction, the susceptor thickness should be equal 

or close to the skin depth, 8. The susceptor is positioned immediately adjacent to the coils in order to 

maximize the heating [33]; it must not, however, be in contact with the coils, otherwise conduction 

losses would arise and shorting between the coils would occur. 

Radiative heat losses are minimized by surrounding the susceptor with a strip of carbon felt [32], which 

is a material with low thermal conductivity and low RF pick-up because of its fibrous nature. 

To avoid a short circuit between the furnace or the carbon felt, and the RF coils, a ceramic cylinder is 

placed around the carbon felt. This must be electrically insulating, refractory, have permanent shape, 

high melting point and good resistance to thermal shock: usually AhO, and BN ceramics have been 
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used, the latter being more suitable for higher temperatures (>1500 QC), at which alumina can react 

with the carbon felt [34]. However, in this work only alumina was used for the ceramic [35]. 

The furnace is the component in which the sample is held and heated; it is not necessarily the same as 

the susceptor. The furnace need not be the same as the susceptor, if particular conditions of evaporation 

have to be used (such as when the evaporation temperature of the sample must be different from the 

pyrolysis temperature, see following paragraphs). Wherever the furnace is placed, however, it is hcld 

by a ceramic rod by means of a tungsten pin (see Figure 2.7); this rod can be moved along its axis to 

get the optimum position of the furnace inside the RF coils. An O-ring makes the vacLlum seal between 

the rod and the top flange. 

Graphite is usually the best option as a furnace material [17, 35], if the sample does not react with it, 

because it has a quite high resistivity, is a good refractory, relatively inexpensive, machinable to give 

thin walls and it has a large skin depth. Alternatively, a stainless steel furnace can be used. Because of 

possible reactions of graphite with the organic azides studied in this work, a stainless steel furnace was 

used to acquire the azide PE spectra. The furnace used was closed at the top and had a capillary 

opening towards the photon beam to collimate the sample vapours produced into the photon beam (see 

Figure 2.7). Once the evaporation temperature of the compounds had been reached (usually aroLlnd 120 

DC), good quality PE spectra were recorded. 

In the top flange and in the RF coils there is a cooling system (water passes through copper coils) to 

keep their temperature as low as possible. 

To avoid RF interference in the detection of photoelectrons, the RF supply is pulsed at a f1-equency of 

50 Hz, and a gating unit allows a detection window 1800 out-of-phase with the RF pulses, so that the 

photoelectron signal is not affected by RF interference (Figure 2.6), i.e. photoelectrons are detected 

when the RF is off. 

-11-
IMHz 

!-SOHz-! 

\ , 

Figure 2,6- Repl'esentation ofthe gating and pulsing of the RF used to avoid inteJi'erence with the detection of 
photoelectl'ons 
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Chloroacetamide and dimethyl-chloroacetamide studies 

In the simplest arrangement the furnace cOlTesponds to the susceptor, and it is placed inside the RF 

coils (Figure 2.7): this configuration was used to record PE spectra of chloroacetamide and dimethyl ­

chloroacetamide, which are the synthetic precmsors of azidoacetamide and dimethyl-azidoacetamide 

respectively. It must be noted that these compounds could have also been studied by heating them with 

the resistive method, as they did not need to be pyrolysed. 

Tungsten pin 

~--'+-_ RF induction coil 
Carbon felt 

~~~-H---- furnace 

Cel'amic 
Insulator Sample 

shield 

Figure 2.7- Diagmm ofthe fumace alTangement used to l'ecol'd the PE spectm of chlol'Oacetamide and 
dimethylchloroacetamide 

Azidoacetamide and dimethylazidoacetamide studies 

When azidoacetamide and dimethylazidoacetamide were studied, it was found that with a simple RF 

heating arrangement like the one described in Figure 2.7, these two azides, which at room temperature 

are respectively a solid and a viscous liquid, would start to evaporate at temperatmes at which little 

decomposition occulTed. If the temperature of the furnace was raised to values at which high degrees of 

pyrolysis were expected, fast total evaporation of the sample occulTed, thus leading to a short spectral 

acquisition time. It was therefore necessary to separate the region in which the sample evaporated from 

the region in which it was pyrolysed. A simple conductively heated fmnace , in which the furnace 

holding the sample to be evaporated is in contact with the susceptor (or radiator) placed a few 

centimetres below (in the pyrolysis region) has the disadvantage that the pyrolysis region has a fixed 

temperature difference from the fmnace region. This does not allow full control on the evaporation 
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process. For example conduction is so efficient that under these conditions the sample in the furnace 

begins to evaporate when the temperature in the lower pyrolysis region is too low to achieve a high 

degree of decomposition. On the other hand, when the temperature of the susceptor is set to the correct 

value for a high degree of pyrolysis, then uneven and fast evaporations occur. 

In this case, the heating region has been divided into two completely separate regions: the upper part is 

where the sample is vaporized, and the lower part is where that vapour is pyrolysed (see Figure 28) 

In the upper part, the furnace which holds the sample has been changed from the simple stainless steel 

furnace to a stainless steel furnace wrapped with non-inductive wound molybdenum wire connected to 

an external voltage supply via tungsten feedthroughs; the furnace was resistively heated by applying a 

voltage from an external supply. 

In the lower part, due to the difficulty in getting a high deh'Tee of pyrolysis in the RF heated region, the 

residence time of the vapour in the pyrolysis region was increased by using as the susceptor a cylinder 

with only a very small opening (1 mm diameter) at the bottom near the photon beam and a long 

capillary inside it (Figure 2.8). The volume inside the susceptor (or radiator) has also been filled with 

small tantalum pieces to increase the residence time of the vapour inside the pyrolysis region The 

vapour then reaches the lower pyrolysis region, whose temperature is regulated by the RF supply This 

system has permitted the recording of a series of spectra of azidoacetamide from zero to total 

decomposition. Recording of the spectra of the unpyrolysed and pyrolysed parent azide has been 

achieved by setting the temperature of the upper furnace approximately equal to 90°C, while the 

temperature of the lower region was increased from 0 °e up to 900°C, so that the vapours produced 

from the upper region could be increasingly pyrolysed. 

With this system, the temperatures of evaporation and pyrolysis regions could be independently 

controlled. 

25 



Twtgsten 
pin 

Sample in a 
quartz 
samplekolder 

Calton 
relt 

Ceramic 
insulator 

c •• '3J!lic suppon rod 

Stainless steel 
__ furnace 

---+ 
to tlte 
Variac 
regulator 

Non·inductive 
heating wire 

'Tantalum 
radiator 

Tantalum 
sltield 
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2.3 EXPERIMENTAL PROCEDURE FOR PHOTOELECTRON SPECTRAL ACQUISITION 

In the vaporization and pyrolysis experiments carried out in this work, the temperature calibration of 

the pyrolysis region as a function of the applied voltage was achieved with a K-type thermocouple 

placed very close to the heating wires (or to the susceptor) for each different heating configuration 

used. In all configurations used the photon beam was only roughly 1 centimetre below the opening of 

the heated region, or the mixing region for the DMS+Cb experiments. 

Spectra of pure compounds (such as the aliphatic azides or DMS, or pure products on which precise 

calibration was needed such as methyl formate) were usually calibrated by first calibrating their first 

band with methyl iodide added to the sample in the ionization region of the spectrometer: CH31 has two 

characteristic strong and sharp bands at 9.538 and 10.165 e V [36]. Then full spectra of the compounds 
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under study were acquired with argon added to the ionization region and the vertical ionization 

energies (VIEs) of all bands were measured using the VIE of the first band and the known ionization 

energy of argon (the Ar+ 2p3I2 ~ Ar I So (3p rl ionization at 15.759 e V) [36]. 

In the azide studies, spectra of their precursors (chloro- or bromo-compounds) have been recorded and 

calibrated in order to verify the absence of these precursors in the samples studied. Actually, all parent 

azide spectra were free of any significant trace of the precursors used in the preparations. In azides of 

high volatility, some solvent was sometimes present in the sample: the solvent was eliminated by 

pumping on the sample connected to the inlet of the ionization chamber and exploiting the higher 

volatility of the solvent with respect to the azide: after some minutes the intensity of the solvent PI: 

bands reduced to zero and the azide was then considered as virtually pure. 

In the DMS+Ch studies the reactants needed no purification, but to passivate the intemal surfaces of 

the inlet system it was necessary to eliminate HCl fonned when Cb was initially introduced into the 

inlet system and reacted with water on the walls. Also in this case, after some minutes in which all the 

system was kept under vacuum, hydrochloric acid was considerably reduced. 

Photoelectron spectra were recorded in real-time while increasing the temperature of the pyrolysis 

region (see Chapter 5) or changing the mixing distance of DMS and molecular chlorine above the 

photon beam (see Chapter 4). In the case of the azides, the onset of pyrolysis was marked by the 

appearance of characteristic N2 bands, an associated lowering of the parent azide bands and an increase 

of bands associated with the pyrolysis products; the extent of the DMS+Cb reaction was marked by the 

increase of intensity of the HCI bands, and a decrease of the reactant bands. 

When the pyrolysis or reaction had started, the formation of products with clearly identifiable 

photoelectron bands was exploited as intemal calibrants, avoiding any introduction of further 

compounds into the reaction cell. 

Calibration of spectra obtained on pyrolysis of azides was normally achieved usmg the bands 

associated with the first vertical ionization energy (VIE) of nitrogen (15.579 eV, [36]), of H20, whose 

traces were sometimes found on the inlet systems, (VIE 12.616 eV, [36]) or of HCN (VIE 13.60 eV, 

[36]). In DMS+C\z, the bands used were the first VIEs of DMS (VIE 8.72 eV, [37]), Clz (VIE 11.82 

eV, [37]) and HCI (VIE 12.75 eV, [37]). 

27 



2.4 INFRARED MATRIX ISOLA nON SPECTROSCOPY 

2.4.1 Basics of the infrared technique 

Infrared spectroscopy is- in contrast with photoelectron spectroscopy- a resonance technique. 

Infrared photons absorbed by a molecule induce a transition from a low vibrational level to the next 

vibrational level, their energy difference being the same as the photon energy. 

Normally, at room temperature the separation between the lowest vibrational energy levels is much 

higher than the average molecular thermal energy k"T , so only the ground vibrational state will be 

occupied before the infrared absorption. 

The .first selection rule for vibrational spectroscopy is that only transitions between adjacent levels are 

possible or- in other words- that only transitions between states with vibrational quantum llumbers 

differing by ±l are allowed. Vibrational spectroscopy can then be seen as the absorption of photons 

with eneq",), corresponding to the energy gap between the ground and the first excited vibrational levels 

for each possible vibration within the molecule under study 

In a molecule containing N atoms, there are 3N-6 vibrations (vihrational modes) in non-linear 

molecules and 3N-S vibrations in linear molecules; the remaining 6 (or 5) modes are associated with 

the translational and rotational modes. However, not all of these vibrational modes are active in 

infrared spectroscopy: the second selection rule states that only vibrations involving a change in the 

dipole moment of the molecule on vibration are infrared active: if the internal co-ordinates are labelled 

Q, this means that only transitions with 3)...l 13Q "* 0 are active. A more comprehensive expression for 

this selection rule [38] is that a vibration is infrared active if it has the same symmetry as one of the 

cartesian displacement co-ordinates x, y or z. 

For a diatomic molecule the potential energy curve plotted against the internuclear distance will look 

like that shown in Figure 2.9. 
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Figure 2.9- The schematic vibrational potential energy curve compared with the curve from the hannonic 
appl'Oximation 

2.4.2 IR matrix isolation 

The matrix isolation teclmique has been developed to allow trapping of molecules, and infrared 

spectroscopy has been used to study molecules trapped in the matrix. In this method, an effusive beam 

of sample gas from a cell is dispersed in a large excess (nearly 1000:1) of an inert carrier gas (the 

"matrix" gas), usually nitrogen or argon. The mixture is then frozen on a cold surface; a transparent 

window is placed opposite the cryostat to allow spectroscopic investigation of the deposited sample in 

the desired spectral region. The temperature of the cell from which the gas is introduced into the 

chamber can be varied by an induction heater, so that vapour beams with different composition or 

characteristics according to the temperature of the heater can be deposited. The material of the cell can 

be changed, so that the interactions between the sample and the walls of the cell can be minimized. The 

inert gas plays the role of isolating the sample molecules in the matrix. Elimination of interactions 
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between molecules in the matrix, and the cooling of the sample, leads to lR spectra with much 

narrower bands than the ones obtained in a high temperature vapour spectrum. As the molecules are 

trapped at low temperature, the contribution of "hot bands", background radiation and rotational­

vibrational structure is almost eliminated. Moreover, matrix isolation of the vapours eliminates the 

requirement of having a suitable high vapour pressure of a sample for a short period of time, as a 

matrix sample can be built over several hours of deposition. The only effect that must be taken into 

accOlU1t is the possible shift of the bands [Tom their gas-phase values due to interactions with the 

matrix. 

In the present work, an instrument equipped with a CsI deposition window, transparent to IR radiation, 

has been used [39]. As in the azide experiments nitrogen was one of the decomposition products, the 

matrix gas was chosen to be nitrogen, in order to achieve a more uniform deposition of the species 011 

the cold window, which was kept at 10K. Spectra were acquired at increasing temperatures of the 

furnace. In the DMS+Ch experiments, both nitrogen and argon have been used as matrix gases. 

A schematic diagram of the matrix isolation infrared spectroscopy apparatus used in this work is shown 

in Figure 2.10, while Figure 2.11 shows in greater detail the detection region of the matrix isolation 

instrument. Sample vapours are introduced into the system by means of a needle valve, usually made of 

PTFE. From this they pass into a 15 cm long silica tube (with internal diameter 5 mm) which can be 

heated up to 1000 K by means of an RF heated furnace surrounding the tube. On leaving the tube, the 

sample vapours are co-deposited with the matrix gas on the CsI window cooled at 10K. 

Cryogenic cooling is provided by an Air Products CSW-202 water cooled 'Oisplex' closed-cycle unit, 

which uses helium as the refrigerant. The unit consists of two parts, a compressor and an expander 

module which are connected by flexible, high pressure hoses. The expander is mounted in a high 

vacuum chamber using a double '0' -ring seal. A CsI window is mounted at the base of the expander 

unit to provide a cold deposition surface. The window frames and the connections to the expander 

module are copper with indium gaskets to ensure good thermal conductivity. The copper radiation 

shield ensures that the minimum temperatures are attained and this also protects the expander from 

contamination by the sample. 

The lower section of the vacuum shroud has two CsI windows to permit the passage of the infrared 

beam. The beam is perpendicular to the direction of the vapours, so the windows are rotated by 90° 

after a suitable amount of sample has been deposited on the window: in this way, IR spectra can bc 

obtained. The matrix gas inlet pipe and a brass fitting for mounting samples are also situated in this part 

of the apparatus. 
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The vacuum chamber is maintained at low pressure, ca. lx10-6 mbar, using an Edwards 'Ditfstak' unit 

comprising oil diffusion and rotary pumps and a liquid nitrogen cold trap. These vacuum conditions are 

essential to prevent the condensation of atmospheric gases on the cold window during the course of an 

experiment. High purity argon and nitrogen are used as matrix gases, the deposition rate being 

controlled by a needle valve and monitored via the overall increase in system pressure due to 

incomplete condensation. 

The vacuum shroud and the cryostat are mounted in the sample cell of a Perkin Elmer 983G (5000-180 

cm-l) infrared spectrometer. The instrument is fitted with a Perkin Elmer CD 3 purger unit in order to 

improve spectral quality in the lower wavenumber region. The spectrometer is interfaced to a Perkin 

Elmer 3600 data station to allow manipulation and storage of experimental data. 

In the study of azides, usually a series of IR spectra of the parent azide were recorded first by switching 

off the heating unit and adjusting the flow rate. Subsequently the heating temperature was increased, 

and spectra were recorded after allowing a suitable deposition time of the vapours on the window 

(typically 30 to 90 minutes). IR spectra of pure samples of the species produced in the azide 

decompositions were recorded- where available- in order to have a better proof for the assignment and 

to confirm the frequencies of the bands from the literahlre. Spectra of the precursors of the azides were 

also recorded to check if some precursor was still present in the azide sample. 
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Figure 2.10- Schematic representation of the diffe.'ent sections of the infra.'ed matl'ix isolation spectrometer used in 
this work 
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CONCLUSIONS 

In this work, UV-photoelectron spectroscopy (PES) and IR matrix isolation spectroscopy have been 

used in both the studies on azides and on DMS+Ch. This Chapter described only the spectrometers 

used for these studies: the FT-IR and FT-UV instrumentation used only for the DMS+CI2 studv will bc 

presented in Chapter 4. 

In PES, two different spectrometers have been used: their difference consisted in the mean radius ofthc 

hemispheres of the analyser region. Because the study was focused on the thermal decomposition of the 

azides, radiofrequency induction heating and resistive heating were used to vaporize and pyrolyze the 

samples. The different experimental arrangements- choice of the furnaces, the heating alTangcments, 

positioning of the sample, temperatures reached - for these heating methods have been describcd. 

In IR matrix isolation spectroscopy, the same apparahls has been used for all the studies: the 

fundamentals of infrared spectroscopy and the experimental set-up used for the deposition of a sample 

in the cold matrix have been presented. 

For both techniques, the procedure for spectral acquisitions that was usually performed in this work has 

also been described. 
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CHAPTER 3 

THEORETICAL METHODS 

3.1 INTRODUCTION 

The DMS+Cb reaction and the decompositions of organic azides have been studied by UV­

photoelectron spectroscopy and infrared matrix isolation spectroscopy. 80th spectroscopic methods can 

provide very important infonnation about the molecule under investigation: PES gives information on 

the electronic structure, IR spectroscopy gives information on the vibrational modes of the molecule. 

IR is a resonance technique: a molecule absorbs photons having the exact energy corresponding to the 

excitation energy of the different vibrational modes in the molecule. Experimentally, the intensities of 

the IR radiation before and after it has passed through the sample under study are measured: when the 

intensity of the radiation transmitted through the sample is lower than the intensity of the incident 

radiation, absorption has occurred. 8y comparing the intensities of the incident and the transmitted 

radiations at different wavelengths, it is possible to obtain the IR spectrum of a molecule. Thereforc, in 

IR spectroscopy the energy and the intensity of the absorbed radiation are the essenti al parameters. 

On the other hand, PES is not a resonance technique: in this method molecules are irradiated with high 

energy photons. They do not induce a transition between electronic states, but they cause 

photo ionization to take place, that is the ejection of an electron from the molecule and the production 

of a positive ion. Experimentally the intensity of electrons is measured as a function of electron kinetic 

energy. The difference between the energy of the photon and the measured electron kinetic cnergy 

gives the SlUn of the ionization energy and the vibrational energy change between the molecule and the 

ion (see Chapter 1). In photoelectron spectroscopy the intensity and energy of the bands are not the 

only important spectral parameters: the different type of molecular orbitals from which the electron is 

extracted and the presence of vibrational excitation on ionization lead to different shapes and 

appearances between PE bands. 

The basics of the technique have already been described in Chapter I, while the experimental apparatus 

used in this work has been described in Chapter 2; this chapter will deal with the possibility of linking 

the information obtained from these spectroscopic techniques- notably the measured ionization 
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energIes and vibrational frequencies- with the intrinsic properties of the molecule studied. The 

relationship between experimental spectroscopic measurements and molecular properties is established 

via a suitable theoretical method. 

Such theoretical methods are crucial for spectral interpretation, as in a lot of cases this is not 

straightforward: notably in PES, the impossibility of resolving the vibrational structure of the bands of 

large molecules- such as the azides or DMS- reduces the chances of a reliable assignment. This 

inconvenience is particularly important for reaction intermediates, and more generally for molccules 

for which no spectroscopic data are available trom the literature. A correct assignment of spectral 

bands is crucial for analytical purposes- indicating for example which products are formed on 

decomposing a starting material. 

In addition to this, it is possible to describe the potential energy sudace for the molecule with an 

electronic structure method: this allows the determination of the molecular geometry, which 

corresponds to the minimum energy position. The method is not resh'icted to equilibrium geometries, 

but can also be extended to determine a reaction co-ordinate: this allows the location of h'ansition states 

for a reaction, helping in understanding the mechanism of the reaction and providing important 

indications on the thermodynamic values of the reaction (heats of formation, activation energies). 

In this work all the experiments have been supported by electronic structure calculations; however, 

only limited use of relative band intensities has been made, so in the description of the calculations 

only the problem of spectral assignments will be discussed and no mention will be made of theoretical 

treatment or use of experimental band intensities. 

The electron distribution of a molecule is the crucial factor to determine all its relevant characteristics. 

Calculations aimed at determining the equilibrium geometry of a molecule, its vibrational frcquencies, 

the ionization energies and all the other molecular properties obtainable quantitatively from 

experimental spectroscopic data must describe the molecular electron distribution first, which comes 

from the molecular orbital wavefunction. This leads to these theoretical calculations being termed as 

molecular orbital calculations. 

The starting point of the theoretical description of the molecular electronic structure is that it can bc 

expressed in terms of the electronic structure of the constituent atoms. Molecular orbital calculations 

can be based either on first principles- basically the Coulomb interactions between negatively charged 

electrons and positively charged nuclei- without any consideration of the chemical characteristics of the 

molecule studied, or they can use theoretical expressions depending on the nature of the atom, with the 

introduction of parametric expressions in which the parameters change according to the chemical 
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properties of the molecule. In the first case, the calculations are defined as ah initio calculations. and 

are mostly based on the Hartree-Fock method [1-3]; in the second, they are defined as semi-elllpll"lcul 

calculations. As a bridging technique between these two categories, Density Functional l'heorv (DFT) 

uses empirical functionals but is closer to ah initio methods in the principles on which it is based: it is 

therefore considered as a semi-ah initio method [4-7]. 

Ah initio methods have the great advantage of being universal; they can be used on both opcn- and 

closed-shell molecules and fast methods to optimize the molecular geometries and harmonic 

vibrational frequencies are available. While in OFT calculations if a mathematical expression of a 

quantity, called the density functional, does not give acceptable results, it must be changed by a new 

expression to be found and tested empirically, in ah initIO calculations the degree of sophistication in 

the approximations used in the molecular orbital expressions is defined without any re liance on 

parametrizations. Moreover, modern computation power rapidly increases the feasibility of u/J 11711f(} 

calculations for large systems: the ab initio method is therefore the most important class of theoretical 

calculations. The OFT method is nevertheless a widely used method, because of its rapidity it has been 

found in particular that transition metal systems are quickly and accurately described by this method. 

In this project, only ab initio molecular orbital calculations have been performed to support the 

experimental spectroscopic results: it will therefore be the only method described. The prol,rrams used 

were Gaussian98 or Gaussian03 [8] for geometry optimizations, vibrational frequency and ionization 

energy determinations at the MP2 level; when eeSO(T) energies were calculated, the MOLPRO 50 

program was used [9]. 

3.2 SCHROEDINGER EQUA nON AND BORN-OPPENHEIMER APPROXIMA nON 

When a molecule in its ground electronic state X and ground vibrational state v"=O is iITadiated with 

vacuum-UV radiation or X-rays, it can be ionized to a cation in the generic electronic state X, A, B, 

e ... and vibrational state v' following the scheme 

A (X; v"=O) + hv -7 A+ (X, A, B ... ; v') + e" (3.1) 

This process is the basis of photoelectron spectroscopy. In general, spectroscopic teclmiques are based 

on perturbation of the molecular stationary state by radiation: the consequence of this perturbation is a 

change in the probability of finding the molecule in the initial state. 



In quantum mechanics [10] the state of a molecular system is described by a wavejimcfiol7 ~f1. The 

product of the wavefunction with its complex conjugate (~*) with a volume element dV gives the 

probability of finding an electron in that volume element. When stationary states of the molccule are 

considered, ~ must obey the time independent Schroedinger equation 

H'f' = E-~ (3.2) 

where E is the energy of the system and H is the Hamiltonian operator. The Hamiltonian contains the 

kinetic energy of the N electrons and M nuclei within the molecule, plus the Coulomb interactions 

between all of these M+N particles. The nucleus a- nucleus h repulsive energy is expressed by 

+ZaZbe2/R,b in which Z is the charge of the nucleus and R is the internuclear distance, while the 

nucleus a- electron} attractive energy is expressed by -Zae2/Rai and the electron i- electron/ interaction 

is expressed is expressed by e2/ru. 

Because of this latter term, it is only possible to solve the Schroedinger equation exactly for a system 

with only two particles [11], such as the hydrogen atom-like system (H, He+, Li2
", etc). To extend its 

application to all the other possible systems such as many electron atoms or molecules, it is therefore 

necessary to introduce approximations in the terms considered in equation (3.2). 

The fundamental approximation made in molecular orbital theory is to consider that the time scale of 

the nuclear motions is much longer than the electronic motions, due to the !:,'Teat difference in mass of 

these particles: this allows the motions of electrons and nuclei to be separated. This is commonly 

referred as the Born-Oppenheimer approximation [12]. Such an approach gives rise to a partitioning in 

the total wavefunction expression. This can be written as 

'f' (r, R) = \/fnucJ(R)' \/fdec(r, R) (33) 

-where r and R are the electron and nuclear coordinates respectively- for each electronic state of the 

molecule. Assuming that the translational and rotational modes are fully separable from the internal 

molecular motions, the molecular Hamiltonian can be separated into a term operating only on the 

nuclear co-ordinates and one operating only on the electronic co-ordinates. This means that 

H = Hnucl + He/ec (3.4 ) 

It is then possible to solve an electronic Schroedinger equation for the electronic state k, 

Helec\\fe/ec(r,R) = Ee/eck'\\fe/ec(r,R) (3.5) 
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with the nuclei kept in fixed R positions. It must be noted that \fIelec(r,R) is related only to the 

possibility of locating the electrons in r after fixing the nuclei in R, and not to the possibility of 

locating the nuclei in R. 

Having obtained Eelect/R) at different values of R by solving equation (3.5), it is possible to solve the 

nuclear- or vibrational- Schroedinger equation 

Eelec t/R) in fact in the nuclear Hamiltonian plays the role of a potential energy affecting the relative 

positions of the nuclei, and can be therefore labelled Ul/R). The index k is reported because the nuclear 

wavefunctions will be different according to the electronic state: in fact there is a potential energy 

surface for each electronic state. 

Once the electronic state has been found, it is possible to write one equation HlIlIcl\I/IIIJ(I(R) = Ellllci 

k·'-!'mlcIR) for each electronic state k. The eigenvalue for a single equation is the sum of the electronic 

and vibrational energy for the electronic state k and vibrational state u. 

Then, in the Born-Oppenheimer approach the \jJlIlIcIR) functions are the solutions for the vibrational 

Schroedinger equations in which the kinetic energies are those of the nuclei and the potential energy is 

the electronic energy of the state k. 

A different formulation for the Born-Oppenheimer approximation, called the adiahalic approximation, 

is that \jlrlllcIR}\jJe/ec(r,R) is a good solution of the molecular Hamiltonian if no couplings between 

different electronic states are considered. Given the fact that such couplings are possible, corrections 

must be introduced into the adiabatic wavefunctions: usually this is done as perturbative contTibutions 

to the adiabatic term, which are then called non-adiahalic corrections. If the non-adiabatic perturbation 

couples a state k, u (k refers to the electronic state, u to the vibrational one) with a state I, v then this 

correction is usually negligible when the b'Tound electronic state (k=0) is involved; for a highly 

distorted molecular geometry- that is, a highly excited vibrational state- the non-adiabatic contribution 

is however more important, and the Born-Oppenheimer approximation is consequently less accurate. 

For excited electronic states, it is more probable that the non-adiabatic interaction couples such a state 

with a lower electronic state but high vibrational excitation: this means that the energy can be 

transformed from electronic to vibrational in an internal conversion (IC) process which is associated 

with a non-radiative transition between the two states involved. 

40 



3.2.1 Potential energy surfaces and vibrational motions 

The nuclei make small oscillations around the equilibrium positions- with energy UIllin(R)-, the minima 

of U,,{R) determining the molecular geometry for the electronic state k. When two minima on this 

potential energy surface are connected so as to follow the path with minimal energy, the reactiol1 co­

ordinate is located. The highest point in energy on this path is a saddle point whose U.*(R) energy 

defines the activation energy of the process, defined by E,.* = Uk*(R) - UIllin(R). When the vibrational 

energy E"ll is higher than Ek* the system can move from one minimum to another minimum (reactant 

~ product). The process needs first a vibrational excitation from a low to a high 11 value: this can 

happen in a thermal reaction, as a consequence of collisions with other molecules which can efficiently 

convert translational energy into rotational or vibrational energy. The reaction can be a simple 

isomerization if the two minima of the surface are separated by a low energy barrier. 

For every specific vibrational motion, however, if the vibrational excitation is raised above a certain 

value it can become higher than U,.( Cl)), which is the energy towards which the potential curve tends 

asymptotically at an infinite distance between the vibrating nuclei: this means that at energies above 

Uy ( Cl)) the two nuclei are not bound anymore and the molecule can dissociate. In this case the reaction 

co-ordinate passes from a vibrational co-ordinate within the molecule to a translational co-ordinatc 

between the two new fragments and the state is defined as dissociative. 

A first approximation to express the molecular vibrations would be to consider the vibration of a 

diatomic molecule as that arising from a spring of force constant k, equilibrium distance rClj and mass 

equal to the reduced mass of the system, !l: this approximation is called the harmonic approxllnation, 

and leads to the potential between the nuclei being expressed by a parabola, V = 1f2·k(r-rcc/ and it 

assumes that on displacement the restoring force is proportional to the displacement. Substitution of 

this expression into the vibrational Schroedinger equation leads to an expression for the vibrational 

energy levels given by Evib = hoo(v+ )'2), in which h is the Planck constant, v the vibrational quantum 

number and 00 the frequency of that vibration. 

In this model, the vibrational levels are equally spaced by an energy amount of hoo, and the lowest state 

is characterized by a zero point energy (ZPE) 01')'2 hoo. 

In a molecule containing N atoms, there are 3N-6 vibrations (vihrational modes) in non-lin car 

molecules and 3N-5 vibrations in linear molecules. Uk(R) can be expanded in Taylor series around one 

of its minima, Uillin. If the expansion is truncated at the second-order term (harmonic approximation), 

the co-ordinates can be chosen so to that the potential expression for a molecule is given by 3N-6 terms 

depending on a single co-ordinate, 
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(3.7) 

At the same time, the vibrational wave function I.Jhll(R) can be expanded as a product of 3N-6 terms 

(3.8) 

so that every ~I',. is solution of a mono-dimensional Schroedinger equation. In the harmonic 

approximation, the eigenvalues given by the Schroedinger equation for each of these co-ordinates are 

equidistant in energy and the gap represents the vibrational frequency on that co-ordinate. 

The total vibrational energy is given by 

EVihr=hI2nI.,.Cu,. I "2)-CO,. (39) 

where Ur is the vibrational quantum number for the harmonic vibration on the co-ordinatc Xr (and 

assumes integer values 0, 1, 2 ... ) and co,. is the frequency of that vibration. For high quantum numbers 

Ur the vibration has larger excursions along the nuclear co-ordinate and the system can be in a broadcr 

Xr range: the harmonic approximation is therefore not accurate at high vibrational excitations. 

The harmonic approximation is satisfied only near the equilibrium: a better approximation for the 

potential energy ClITve is given by the Morse equation [13], which express the potential as 

(3.10) 

The equation, though good at equilibrium (where IS approximates a parabolic potential) and at 

dissociation distances, does not describe correctly the curve for r-70; nevertheless, its properties are 

overall much better suited for a description of the potential curve than the harmonic potential. 

De is the depth of the potential ClITve- as can be seen by setting r as infinite- but the dissociation energy, 

Do, is given by considering zero point energy, i.e. Do = Dc - ZPE. a is a constant related to the second 

derivative of the curve at equilibrium distance, i.e. the force constant. 

By substituting the Morse potential into the vibrational Schroedinger equation and solving, the 

expression of the vibrational levels of a diatomic molecule becomes [14] 

(3.11 ) 

where Xa is a constant known as the anharmonicity conslant- related to a- which takes into account the 

deviation from a parabolic potential; with this contribution the vibrational levels are not equally spaced, 

but their energy gap becomes narrower with increasing quantum number. Near the dissociation limit, 

the distribution becomes virtually a continuum. 
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When anhannonicity is considered, the expression of the vibrational energy of a polyatomic molecule 

is given by 

(3.12) 

Using this expression [14], in some cases it is possible to obtain the values of both co and Xa in an ionic 

state from the vibrational spacings within a photoelectron band; hence, Dc and ex can be calculated. 

Consideration of anharmonicity implies that the potential curve increases more slowly than in the 

hannonic approximation, where a parabolic curve describes the potential, and the energy levels become 

more dense at higher quantum number, that is their energy separation decreases. Moreover, if the 

harmonic approximation is not followed, it is not possible to completely separate the vibrational 

motions of different normal co-ordinates: this means that the \1/,. in \I/,/X) = a·\I/,.(X,.) are no longer 

correct stationary states but just approximations. 

Another consequence of anharmonicity- and of the not strict separation of the vibrational motions- is 

that it can couple bound states to dissociative ones when the energy Ev!h,. is higher than U,{oo). With this 

coupling it is possible that bound states in which the excitation quanta are all below the U,.( 00) limit can 

evolve to one in which all the excitation quanta are concentrated on a single bond, so that under the 

effect of a constant perturbation, such an infrared absorption, a vibrational dissociation is possible. 

3.3 SELECTION RULES IN PHOTOELECTRON SPECTROSCOPY 

By irradiating a molecule in its initial state \fI", a perturbation V IS introduced in the unpeliurbed 

Hamiltonian so that 

H'=H"+V (3.13 ) 

and therefore the molecular state becomes expressed by \fI'. The transition between the two states can 

be possible if the integral that describes fhe coupling between the initial and fhe final state is non-zero. 

This is expressed by 

f \fI'* V \fI" de'" 0 (3.14) 

where de spans on all spatial and spin co-ordinates. 

In case of a photoionization process the expression becomes 

f \fI'* Lex! Jl \fI" de (3.15) 
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).l is the electric dipole moment operator, and the sum nms on all nuclei a and electrons i. The intcgral 

is named the transition moment integral. 

As consequence of the Born-Oppenheimer approximation, the dipole moment can be separated into an 

electronic and a nuclear part, ).lc and ).In. This separation and the fact that electronic wavefunctions of 

different electronic states are orthogonal lead to a simplified expression of the transition moment 

integral, given by 

I tt'y'(R)* tt',"(R) dR· I tt'c'(r,R)* Li).lc tt'e"(r,R) dr (3.16) 

The photo ionization probability is given by the squared modulus of the inte!:,rral, 

(317) 

The process has therefore the capability of coupling the two states ll" and tt''' only if both the integrals 

Itt'v'(R)* ll'y"(R) dR 

and Itt' e'(r,R)* Li).le ll'c"(r,R) dr 

(3.18) 

(3.19) 

are not zero. This sets the basis for the photoionization selection rules [14, 15]. 

3.3.1 Electronic selection rules 

It can be demonstrated that the electronic integral Itt'c'*(r,R) Li).lc ll'c"(r,R) dr does not vanish only if 

there is no change in the overall spin of the system. The photoelectTon is obviously liberated with s= Y2, 

so to respect the L':.S= 0 rule between the neutral and final (ion plus free electron) states the cation and 

the neutral molecule must differ in spin by 12. This means that from a neutral molecule in a singlet spin 

multiplicity state only a doublet cation can be formed, and from a doublet neutral only a triplet or a 

singlet ion can be formed, and so on. This is thef/rstphotoionization selection rule. 

In addition to this, it is possible to show that the inte!:,rral vanishes if excitations or ionizations other 

than one-electron ionizations are considered; this is the second photoionization selection rule. 

3.3.2 Vibrational selection rules 

For the vibrational integral Itt' y'(R)* ll' y"(R) dR to be non-zero, the direct product of the in-educible 

representations of the initial and final wavefunctions ll'y' and ll'y" must be equal to the totally 

symmetric representation of the molecular point group. Given the fact that at room temperature kilT is 

around 209 cm-1 (0.60 kcal.mor\ a value usually much lower than the typical energy separation 

between vibrational states, for the great majority of the molecules at room temperature only the totally 
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symmetric vibration ground level with v"=O is populated. This means that only transitions leading to 

totally symmetric ionic vibrational levels are allowed. In practice, the fact that the product of ,+,,'(R) 

and tt'v"(R) must be totally symmetric, with tt'\"(R) totally symmetric for the ground state, leads to 

vibrational selection rules in PES of polyatomic molecules. 

When the ionization involves a geometry change between the neutral molecule and the ion, the 

selection rules apply only to the symmetry elements common to the point b'TOUPS of the molecule and 

the ion. If the geometry change can be associated to a particular vibration within the molecule, this 

vibration is the one most likely to be excited in the photoionization process. 

3.4 PHOTOELECTRON SPECTRA 

Probably the most important piece of information obtainable from a photoelectron spectrum are the 

ionization energies associated with each band and their relative intensities. Each photoelectron band is 

associated with the enerb'Y necessary to produce an ion in a particular electronic state: the first band is 

associated with the ionization to the ground ionic level, the second band to the first excited ionic state, 

and so on. PES is not usually able to resolve rotational structure in a band, but it is often possible to 

resolve the different vibrational transitions associated with the ionization process associated with the 

PE band; in this case, the band is resolved into different vibrational components. The lowest in energy 

of these components is defined as the adiahatic ionization energy (AlE), while the most intense 

component is called vertical ionization energy (VIE). 

The adiabatic ionization energy of a band is the energy necessary to ionize a molecule in its ground 

electronic and vibrational state to the lowest vibrational state of the ionic electronic state related to that 

particular PE band. In other words, both the molecule and the ion are in their v=O vibrational level; the 

adiabatic transition is also referred as the 0-0 transition. The vertical transition is the transition for 

which the overlap of the vibrational wavefunctions of the molecule and the ion, given by fl.j) ,'(R)* 

tt'y"(R) dR, is a maximum. The relative intensities of the vibrational components of a photoelectron 

band is expressed by the Franck-C.'ondon factor (FCF), which is proportional to the squared modulus of 

this integral. 

FCF ex 1 f'+' ,'(R)* '+' y" (R) dR 12 

The most probable vibrational transition in an ionization process is related to the strongest component 

of a PE band, and the vertical transition is the one for which the FCF is maximum. The VIE and AlE 
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coincide only if the most intense component of the band is the lowest in energy, or in other words if the 

ionic vibrational wavefunction that produces the highest overlap with the v"=O vibrational 

wavefunction of the neutral molecule is v'=O. In general, however, v"=O and v' *0 for the most intense 

component. 

Considering that at room temperature the neutral molecule would be in its ground vibrational level, the 

spacings observable in a PE band are associated with the vibrational spacings of the ionic electronic 

state reached with the ionization associated with that particular PE band. 

Along with the AlEs, the VIEs and the enerb'Y separation between vibrational components, the other 

important information obtainable from a PE spectrum is the shape of the band: if this shows resolved 

vibrational structure, the relative intensities between these components can provide useful information. 

It is important to emphasize that the vibrational structure of a photoelectron band retlects the 

vibrational spacings of the ion produced, and not of the neutral molecule: in fact, the vibrational 

intensities are due to the different relative probabilities of reaching different vibrational states of the ion, 

as in the molecule the starting vibrational state is almost always the ground state (v"=O). 

Supposing that photo ionization from the neutral to the ion involves also a vibrational excitation along a 

normal co-ordinate separable from all the others in both the states, and that the initial state is in the 

ground vibrational state (v"=O), then the intensity of the transition depends on the relative positions of 

the minima of the potential curves of the neutral and ionic states along the co-ordinate axis. In practice, 

the most intense transition to a vibrational state of the ionic configuration is the one in which the states 

are connected by a vertical line on the potential energy diab'Tam: this explains the definition of verlicil/ 

given to the most intense component in the band. 

If vibrational structure is present, then different types of photoelectron spectra are possible according to 

the nature of the electronic states involved in the transition. Figure 3.1 helps in illustrating these cases. 

The first possibility (reported as A in Figure 3.1) is that the neutral and ionic potentials have their 

minimum at around the same co-ordinate Xr: this often happens in large molecules. Such a situation 

implies that by tracing a vertical line corresponding to the equilibrium geometry for the neutral state, 

this line will also connect the maxima of the wavefunctions \!fv" and \1',,'. [n this case the largest Franck­

Condon factor is the one related to the lowest vibrational states, \1',," and \1'1", where all the others 

involving higher vibrational states of the ionic state are increasingly weaker. The result is that the 

spectrum displays a strong band corresponding to the v"=O~v'=O energy (the adiabatic transition) and 

much less intense bands at higher energies, related to the v"=O~ v'= I, v"=O~ v'=2 etc. transitions. The 

vertical transition is here coincident with the adiabatic transition: the vibrational spacing observed is 

expected to be very similar to the vibrational frequency of the neutral molecule, and the ionization 
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involved is from a non-bonding orbital m the neutral. This IS the case, for example, with the first 

photoelectron band of water. 

The second possibility (marked as B in Figure 3.1) is that the two potential curves have minima which 

are displaced along the co-ordinate X r . In this case the maxima of the vibrational wavefunctions for 

v"=O and v'=O are shifted, so the overlap between the wavefunctions for v"=O and v'is t,'Teater when a 

higher v' state is reached in the photo ionization process. In particular, the Franck-Condon factor is a 

maximum for a vertical transition conesponding to keeping the nuclei fixed to the initial co-ordinate 

X,eq The adiabatic absorption v"=O~ v'=O in this case is not the most intense, and the spectrum will be 

given by a series of bands increasing in intensity until the vertical transition energy, obtained for a state 

with a certain v' value. The intensities of the bands related to transitions to states with higher v' 

decrease, so the overall intensity pattern after the vertical transition will be a decrease. 

This distribution pattern reflects an ionization involving a bonding molecular orbital. The vibrational 

spacing will be smaller than that of the neutral molecule. 

Finally, the possibility that the ionization produces an electronically dissociative state must also be 

considered: in this case a continuous absorption band will be observed, as only translational levels will 

be accessed, which are very closely spaced. Even if a dissociative state is accessed, the maximum of 

the absorption will still be given by the transition with highest Franck-Condon factor, that is the 

vertical transition. 
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FigUl"e 3.1 - The different p."obabilities of PE bands according to the relative positions of the minima of the potential 
ene."gy cUl"Ves of the neutral and the ion p.-oduced by photoionizationj the PE band is reported on the ."ight hand side 
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3.5 THE HARTREE-FOCK METHOD 

As it was stated in Section 2.2, the Schroedinger equation Htp= E·tp cannot be solved analytically for 

atoms with more electrons than hydrogen-like atoms and molecules with more electrons than Hl' As 

stated earlier, the Born-Oppenheimer approximation [12] leads to the partition of the total electronic 

wavefunction as follows: 

(3.20) 

and the Schroedinger equation can be separated into an electronic equation for the state k 

(3.21 ) 

and into a nuclear (or vibrational) equation for each vibrational state u associated with the electronic 

state k 

(3.22) 

The notation has been slightly changed from the one used in Section 3.2 m order to simplify the 

expression ofthe two partial Schroedinger equations. 

In order to obtain a method to describe the molecular electronic distribution, the electronic 

Schroedinger equation plays the central role. To handle this task, another approximation is needed, that 

is to describe the motion of each electron by just a one-electron function. Such a function is called a 

spin-orbital, and this approximation is labelled the one-electron approximation. For each spin-orbital­

indicated with A- it is possible to separate the spatial term from that associated with the spin 

wavefunction of the electron. [n the case of a single electron, the wavefunction can be factorized as 

A(r,s) = <jl(r)·cr(s) (3.23) 

The <jlCr) spatial factor is called a space orbital and is associated with the volume of space where there 

exists a probability of finding the electron, while the crCs) factor is called a spin factor. The spin 

variable s represents the component of the electron spin along a certain axis and can assume only two 

values, +V2 and -V2, denoted as a and 13. 

The total electronic wavefllnction tp elec is approximated by an antisymmetrized product of spin-orbitals, 

in order to satisfy the Pauli exclusion principle [16] which states that the total wavefunction must be 

anti symmetric on interchange of electrons (or that no two electrons can have the same set of quantum 
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numbers). To satisfy this condition, the electronic wave function of a system with n electrons is 

expressed by an antisymmetrized detenninant: 

AI(l) Al(l) .... ~,(l) 

<Delee = 1 /,jn! . Al(l) Al(2) .... An(2) (3.24) 

Ai are the spin-orbitals, and the determinant in the above expression is called the Slater determinant [3, 

11]. In a more compact expression, the wavefunction can be written as 

(3.25) 

where p is the number of electron exchanges to obtain a two-electron pennutation (a system with 11 

electrons allows n! possible pennutations: kl' kl .. . kn). 

3.5.1 The Variational theorem [11] 

The total energy of a system associated with a wavefunction \.f' is given by the Rayleigh-Schroedinger 

ratio 

(3.26) 

According to the variational theorem (11), if a trial wavefunction is used this ratio always gives a value 

higher than the true total energy for the ground state. In other words, if \.f'o is the true solution of the 

Schroedinger equation for the ground state of the molecule, its eigenvalue Eo can then be seen as the 

lower limit of the Rayleigh-Schroedinger ratio. For any other trial wavefunction \.f'trial giving a total 

energy Etriab it can be shown that 

<\.f' trial I H I \.f'trial) <\.flo I H I \.flo) 
Etrial = :::0: = Eo (3.27) 

<\.f' trial I \.fIuial) <% I \.flo) 

In fact, if the trial wavefunction is expressed as a linear combination of the true solutions of the system 

(3.28) 
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then the total energy difference between the system described by this trial wavefunction and by the h·ue 

ground state wave function can be written as 

Etrial- Eo = (3.29) 

With Eo being the total energy of the ground state, Ei ~ Eo and also 0;*0; ~ 0, therefore, Etrial ~ Ell. 

The immediate conclusion of the variational theorem is that the best trial wavefunction describing the 

system is the one producing the lowest total energy. Usually, the search for the "best" wavefunction is 

carried out by minimizing the ground state energy of the system by varying the parameters a while 

keeping the 'Pi fixed. An accurate choice of 'P; is therefore crucial for the success of the method. 

An advantage of the variational principle is that- despite being valid only for the lowest state of a given 

symmetry- it gives solutions also for excited states. It is important to remark that the theorem is valid 

only for the total energy of the system, and not for other properties. 

3.5.2 The Hartree-Fock equations [171 

As already mentioned in Section 2.2., applying the Born-Oppenheimer approximation the electronic 

Sclu·oedinger equation can be written as He1'Pel = EcI·'Pel, in which the molecular Hamiltonian is given 

by 

(3.30) 

The first tenn is the kinetic energy of the electrons, while the following two terms are respectively the 

electron-nucleus attractions and the electron-electron interactions. The kinetic energy of the nuclei is 

assumed as negligible compared to the kinetic energy of the electrons, and the nuclei-nuclei repulsion 

is initially omitted and only subsequently added to Eel. 

With the definition of Hel given above, and the <Del expressed by the Slater determinant, it is possible to 

obtain Eel with the variational method [17, 18]; in the case of a closed-shell molecule the expression for 

the total energy, Eo, is given by 

(3.31 ) 

in which the energy integral I';, the Coulomb integral J'ij and the exchange integral K';j are respectively 

defined as 
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I'i = fA,*(l) [-V2'Vi2(1) - LaZa/ria] All) de 

J'ij = fAi*(1)A/(2) [l/rid Ai(1)A.iC2) de 

K\j = fAi*(I)A/(2) [l/rij] A/I)AiC2) de 

(332) 

(3.33) 

(334) 

In these formulae, the integration involves both spatial and spin co-ordinates. 

If integration is carried out on the spin components, the expressions of the operators depend on <P, rather 

than on Ai, i.e.: 

L = f<Pi*(I) [-V2'Vi2(1) - LaZa/ria] <pll) dr 

Jij = f<pi*(1)<p/(2) [I/rij] <Pi(1)<pj(2) dr 

Kij = f<Pi*(I)<jJ/(2) [I/rij] <pj(I)<piC2) dr 

and the total energy of the system is given by 

(3.38) 

(335) 

(3.36) 

(3.37) 

These equations are called Hartree-Fock equations [17]: the sum runs over all the occupied molecular 

orbitals. Eel includes the electronic kinetic energies and the Coulomb electron-nuclei attraction in the 

term 1- which can therefore be seen as the sum of the energies of each electron moving in the orbital i 

under the effect of the potential of the nuclei. The electrostatic interactions between electrons in 

orbitals i and j are taken into account in the term J, which is referred as the Coulomh operator. K, 

which has no straightforward physical analogue, it is called the exchange operator, as it swaps spin­

orbitals with the same spin function: it vanishes for pairs of electrons having opposite spin. 

An alternative- and simpler- expression for the operators is to express them in terms of one-electron 

integrals 

JiCl) <pj(l) = [f<pi*(2) (l/rij) <l>i(2) dr] <piCI) 

Ki(1) <PiC I) = [f<pi*(2) (I/rij) <Pi(2) dr] <PiCI) 

In this way Jij and Kij assume the form 

lij = (<Pi(l) I lj(l) I <pD» = (<jJ/2) I li(2) I <pj{2» 

Kij = (<PiC I ) I KiC I) I <Pi(J» = (<pj{2) I Ki(2) I <pj(2» 

(3.39) 

(3.40) 

(3.41 ) 

(3.42) 
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From them, it is possible to obtain a diagonalized form of the n x n Hartree-Fock matrix: in this way 

the final expression for the Hartree-Fock equations is given by 

(3.43) 

in which F is called Fock operator, defined as F( I) = H i( 1) + I J (2JlI) - KJ(I» where the sum runs 

over all the occupied spin-orbitals. H is itself the one-electron equivalent of the Ii operator (defined as -

YNi
2 

- Ia Z"/ria), and Ei is the energy of one of the n occupied molecular orbitals. Its full exprcssion is 

therefore given by 

(3.44 ) 

Both the J and K expressions contain the wavefunctions to be calculated. Therefore the Hartrcc-Fock 

equations are a so called pseudo-eigenvalue problem and they have to be solved iteratively 

A way to start the search of accurate wavefunctions for the system is to choose an initial set of orbitals 

~i: from this a mean Coulombic potential can be derived for each electron. If this Coulomb potential is 

added to the kinetic energy of all the electrons, a Fock operator can be built, and used to solve the 

electronic Hartree-Fock equation F~i = Ei·~i. In this way, more accurate orbitals are found and used to 

re-calculate the mean Coulomb potential for the electrons in the system. The procedure is iterated until 

no difference in the molecular orbitals (or in the total energy) can be found as consequence of an 

additional optimization cycle: this condition of self-consistency has led to the name of the mcthod as 

the selfconsistentfield (SCF) method. 

3.5.3 The Hartree-Fock-Roothan method [17[ 

A powerful tool for the solution of the Hartree-Fock equations is to expand the molecular orbitals ~, as 

a linear combination of basis functions 

(3.45) 

If the functions Xk are chosen as atomic orbital functions, the method of expressing the molecular 

orbitals is therefore called LCAO (linear combination of atomic orbitals). 

The Hartree-Fock equations are then written as 

(3.46) 

and finally- after multiplication by Xk * and integration- the Hartree-Fock-Roo/han (HFR) expression is 

obtained 

(3.4 7) 
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In this expression, Spq is defined as the overlap integral 

Spq = ixI' *Xq dr 

and Fpq as 

(3.48) 

Fpq = ixI' *FXq dr = Ipq + Ij [2·ffxp *(1 )Xq(1) (1/rI2) Xj*(2)xi2) dr - ffxp *( \)xi1) (1 /rI2) X/(2)xq(2) dr] 

The method is equivalent to the Hartree-Fock method: it is based on minimization of the encrgy by 

changing the coefficients Cjk keeping fixed the atomic orbitals Xk, and is a pseudo-eigenvalue method 

that can be only solved iteratively. First the coefficients Cjk are estimated, and from them initial Fpq and 

Spq integrals are calculated. From them, 81 are obtained by solving the equation 

(3.49) 

and a new set of Cjk is re-calculated for each 8 from Ik cjk·(Fpq - 8j·Spq) = 0 until self-consistency is 

reached. 

The method- used for closed-shell molecules- is usually referred as LCAO-SCF; when the expansion of 

the molecular orbitals ~j is as an infinite set of Xk the result is the same as in the HF-SCF procedure. 

For practical reasons is nevertheless necessary to make use of a finite number of basis functions Xk: 

when a very large number of functions is used, and the total energy does not change with a further 

increase of the number of functions- this is defined as the Harlree-Fock III71il. The accuracy of this set 

(commonly named as basis set) is a factor of the greatest importance to give results of good quality. 

This aspect will be discussed in more detail in Section 3.5.6. 

3.5.4 Koopmans' theorem and l-.SCF method 

Ionization energies are probably the most important pieces of information obtainable in a photoelectron 

spectrum: it is therefore necessary to be able to calculate them (and assigning the molecular and ionic 

states associated with such ionizations) independently from the experimental results. If the ionization is 

thought as leaving unaltered the molecular geometry (vertical ionization), and if the Hartree-Fock spin­

orbitals are considered to apply both to the neutral and the ionized molecule, then Koopman.l· ' Iheorem 

[19] states that the energy necessary to ionize a closed-shell molecule by extracting an electron from 

the spin-orbital Ak is equal and opposite to the energy of the spin-orbital Ak itself calculated at the 

Hartree-Fock limit. 

(3.50) 

where IE is the vertical ionization energy. 
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Koopmans' theorem is based on a number of approximations: the single determinant in the Hartree­

Fock equations, the neglect of electron correlation change between the molecule (a more detailed 

discussion on the electron correlation problem will be given in Section 3.6) and the ion, and the neglect 

of orbital relaxation (the change of the spin-orbitals when passing from the neutTal to the cation) 

Because of these approximations, it sometimes fails to correctly reproduce the correct order of the ionic 

states, as happens for example in molecular nitrogen. 

In fact, the "tme" VIE is related to the VIE predicted by Koopmans' theorem by the relation 

VIE = VIEKT - R + C (3.51) 

where R is the term considering orbital relaxation and C the term considering correlation energy 

change between the molecule and ion. The electron correlation change on ionization and the orbital 

reorganization often tend to compensate each other, so Koopmans' theorem sometimes obtains 

fortuitously the experimental VIEs with a good approximation [20]. The fact that very often 

Koopmans' theorem overestimates the tme VIE implies that R > C. 

An alternative approach to calculate vertical ionization energies (VIEs) is to calculate the energy of the 

cation at the neutral equilibrium geometry and to subtract from this energy the energy of the neutral 

molecule: this is called the L'.SCF method [21], and it takes into account the effect of orbital relaxation. 

As the cation has one electron less than the neutral, the L'.SCF method often leads to calculated vertical 

ionization energies which are too low as no allowance has been made for electron correlation in each 

state. Normally L'.SCF VIEs are lower than the experimental ones, while Koopmans' values arc higher. 

3.5.5 The unrestricted Hartree-Fock method (UHF) [22] 

It must be kept in mind that the HF-SCF and HFR-SCF methods described above are valid only for 

closed-shell molecules: in those cases the calculations are referred as spin-restricted, as they assign the 

same spatial function to the a and 13 electrons paired within the same molecular orbital. If 

wavefunctions of open-shell molecules- in which at least one of the spatial orbitals <!> is singly 

occupied- are studied, the initial estimate cD can be made by a Slater determinant with a different 

number of spin-orbitals A(a) and spin-orbitals 1..(13): the a and 13 electrons do not experience the same 

Coulomb or exchange potential and so the two sets will have different energies and spatial distribution 

This aspect is exploited in the theoretical treatment of open-shell molecules because it does not 
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introduce any restriction on the spatial distribution of the molecular orbitals to be obtained: the method 

[22] is then called unrestricted Hartree-Fock (UHF) in contrast to the restricted method (RHF) lIsed for 

closed-shell molecules. 

For a molecular system of n electrons in a-type molecular orbitals and m (*11) electrons in ~-type 

molecular orbitals, the expression for the two sets of molecular orbitals can be written as 

and (3.52) 

Two separate SCF calculations must be carried on the two sets, using the same procedure described for 

the spin-restricted methods. 

The UHF method has the advantage of providing a lower total energy with respect to RHF methods; 

however, the problem in UHF calculations is the fact that the different spatial nature of the spin-orbitals 

introduces spin impurities in the resulting wavefunction. For example, doublet states can be 

contaminated with quartet states. This arises from the fact that a single open shell configuration can fail 

in being an eigenfunction of the spin operator, S2: the S2 value obtained at the end of the calculation 

must always be checked in order to estimate if the spin contamination is acceptable. 

In this work, UHF calculations have been carried out on the ions needed for ,t\,SCF calculations: III 

these cases, the S2 value will be reported along with the total energies obtained of the ions. 

3.5.6 Basis sets 

In the choice of the basis set with which the molecular orbitals are expressed, two important factors 

must be considered. A larger basis sets usually decreases the total enerb'Y of the system, then- as stated 

by the variational principle- it describes better the system; there is a lower energy limit, called the 

Hartree-Fock limit, beyond which an increase of basis functions does not cause any energy lowering. 

The Hartree-Fock limit is defined as the "true" total SCF energy of the system in the specific symmetry. 

Therefore, on one side the results given by the basis set must be as close as possible to those obtained 

at the Hartree-Fock limit; to reach this degree of accuracy, a large set of basis functions must be used. 

On the other side, the computational time needed for a calculation with a very large basis set can be 

prohibitive: the number of two-electron integrals- the most demanding calculational effort- rises as n4 

where n is the number of basis functions. 

Two main types of basis functions have been commonly used to describe atomic orbitals, Gaussian­

type orbitals (GTO) and Slater-type orbitals (STO). 
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STOs [23] are represented as 

(353) 

in which N is a normalization factor, n, I, and m are the principal, azimuthal and magnetic quantum 

numbers respectively, and Ylm(e,~) is a spherical hannonic. C, is an orbital exponential factor depending 

on the nature of the atom and on its state, and can be chosen so that eaeh atomic orbital is expressed by 

a single STO; the C, value is usually obtained via independent calculations and left unaltered in the 

molecular orbital calculations. STOs reproduce satisfactorily the whole "real" electronic distribution, 

including the cusp shape of the electronic density near the nuclei. However, the two-electrons integrals 

they produce cannot be solved analytically but only numerically, with a high computational effort. 

The GTO [24] expression is given by 

( e A..) N' abc ( 2) X r, ,'I' = ·x Y z ·exp -ar (3.54) 

a, b, c are here integers whose sum is equal to the azimuthal quantum number I. The absence of any 

dependence on the principal quantum number n implies that the shape of single s, p, d ... orbitals 

produced by GTOs is the same whichever their n value. GTOs cannot satisfactorily reproduce the 

proper electronic distri.bution both near the nuclei and at large r, but two-electrons integTals involving 

GTOs can be evaluated analytically, because a product of Gaussian functions centTed on different 

points can be expressed by an equivalent single Gaussian centred on a third point. Considering the 

numerous and complicated integrals in the Roothan-Hartree-Fock equations, GTOs have a formidable 

advantage over STOs, and they are widely used in LCAO-MO ah initio calculations. The problem of 

their inadequate physical description of real AOs near the nuclei and at large r is solved by combining 

some of them together [10], to produce what is called a contracted Gaussian-type orhilal (CGTO); the 

coefficients for such a combination are not optimized in the LCAO-MO procedure but are initially 

chosen and kept fixed. In this way [25], a much larger basis set necessary to obtain the same quality of 

calculation as the Slater-type orbitals can be used without losing too much computational time. 

The basis set choice is very important, and the development of accurate basis sets is one of the most 

cmcial fields in quantum chemistry. An ideal basis set should be able to afford accurate orbital energies 

in a reasonable computational time, and be applicable to a particular atom no matter its environment or 

charge. Within the basis set, different functions are included to take into account different aspects of 

the electronic distribution of the specific molecular state. Care must also be taken about the 
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computational time required by large basis sets, especially when electron cOITelation (see later) must be 

treated in cases where a high number of spin-orbital configurations are used. 

The basis set must firstly cOITectly reproduce the core and valence electronic distribution for this 

purpose, a basis with the same number of CGTOs (or STOs) as the core+valence atomic orbitals 

(minimal basis) is usually not accurate enough. A double or triple number of CGTOs with respect to 

the number of formally occupied atomic orbitals should be used: in these cases, the basis sets arc 

labelled double-zeta CDZ) or triple-zeta (TZ). Zeta refers to the exponential term C; in the STO and GTO 

expressions: double-zeta means that that two CGTOs (or STOs) are used to represent a single atomic 

orbital, triple-zeta means that three CGTOs are used, and so on. 

A type of basis set widely used is the split-valence K-LM G basis set [26, 27], in which each core 

orbital is described by one CGTO resulting from contraction of K GTOs and the valence space is 

represented by a double-zeta basis in which the first (or inner region) CGTO per valence function 

comes from a contraction of L GTOs and the second (or outer region) by M GTOs; the advantage of 

this basis sets is the balance between relative time economy and the t1exibility for different atomic 

states. 

The valence space can be also described at the TZ level: for example, in the 6-311 G basis set, the third 

CGTO of the valence space is a simple GTO. 

The electron density produced in this way needs to be augmented to take into account more angular 

electronic distribution: this is useful to express the distortion in electron density arising from bond 

formation, and is particularly important when the molecular geometry requires (such as in strained 

rings or when double or triple bonds are present) flexibility in the electron density to cover the region 

where the bonds must be formed. This is achieved by adding polarization .limctions to the core-i-valencc 

functions of the single atom: these functions have usually an angular momentum one unit higher than 

the valence orbital of the atom but with the same radial size. For example, for carbon the polarization 

functions will be d-type orbitals. In the K-LM G basis sets, the presence of polarization functions of 

this type is indicated by the presence of an asterisk (e.g. 6-31 G*); if these polarization functions are 

introduced also on the hydrogen atoms a double asterisk, as in 6-31 G**, is used. 

Finally, for light elements or weakly interacting systems an additional contribution is given by eI,/lil.le 

functions, in order to increase the radial distribution: diffuse functions are characterized by a lower 

angular momentum quantum number than the valence functions. Their presence in a K-LM G basis set 

is indicated by the presence of a + sign, as in 6-311 +G* *. Again, a double + indicates that diffuse 

functions centred on the hydrogen atoms have been included. 
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All these different contributions must be balanced in a reasonable way in the basis set expression: for 

example, a very large polarization function on a reduced valence region size would lead to unreliable 

results. 

Numerous types of basis sets exist, and are constantly improved while new ones are developed: large 

basis set libraries are available [28-31] , allowing the choice of those more suited for the study of thc 

system under observation. 

Apart from the K-LM G type, a widely used type of basis sets was recently dcveloped by Dunning [32-

34] and found velY valuable in electron cOlTelation calculations, due to their balance and their rcbtivcly 

low computational time cost. They are made by contracted GTOs, and they have been developed up to 

the quadruple-Z or quintuple-Z level. Moreover, for this class of basis set an extrapolation of thc total 

energy values obtained with the number of basis functions (OZ, TZ, QZ, etc.) can be carried out in 

order to obtain the complete basis set (CBS) limit, which indicates the "true" energy of the systcm. For 

their reliability in considering electron cOlTelation, they have been labelled as correlation CO/1.\/slcnl 

(cc) basis sets, and they are labelled as cc-VXZ, where X reflects the number of basis functions used 

for each formally occupied atomic orbital (cc-VDZ, cc-VTZ, etc.). 

They can be used with polarization functions; it was found that the degree of accuracy improvcs when 

polarization functions of more than one unit higher I number than the valencc functions are included 

(for example, for first row elements also d and f functions can be included). In con'elation consistent 

basis sets, the presence of polarization function is indicated by a 17 prefix (c.g. cc-p-VOZ): this 

cOlTesponds roughly to the polarization functions presence marked as ** in thc K-LM G basis set typc. 

For second-row elements, the presence of two maxima in the radial electron distribution of thc 317 

orbital requires the introduction of an additional d polarization function to take into account also thc 

inner maximum; the presence of this additional function, defined as a tight polarization .jUnclion, is 

reported in the basis set labelling in the exponential part, as for example in cc-p VeT +d)Z. 

The presence of diffuse functions is in this case represented by the aug prefix, as in aug-cc-p VOZ. 

3.6 ELECTRON CORRELA nON 

The greatest limitation of the SCF methods described so far is that with the SCF method electron­

electron interaction is treated as an average Coulomb potential felt by an electron as well as an 

exchange tenn between electrons of parallel spin; this is different from the instantaneous spatial 

interaction experienced by electrons in a real system. As electrons are not properly cOlTelated in the 
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SCF method, this problem is called electron correlation. A consequence of this can be immediately 

seen in the case of molecular hydrogen, when the Hmiree-Fock treatment- without considering the 

correlation between the two electrons- predicts that at dissociation an equal amount of ions and atoms 

are fonned, while in reality the dissociation produces only atoms. 

Two types of electron correlation can be distinguished: dynamic elee/ron correla/iol7 [35] is a short­

range effect depending on the instantaneous motions of the single electrons, and a 11(}Il-dl'I70Illic 

electron correlation [36], which arises from the fact that a wavefunction based on a single 

configuration is inadequate to describe particular systems where near-degeneracies in the elcctronic 

configuration are possible. Non-dynmnic correlation varies with the internuclear distance, and its effect 

is particularly relevant at the dissociation limit. 

These two factors constitute the general electron correlation effect; only by adding con'elation energy 

to the Hartree-Fock enerb'Y it is possible to obtain the "true" total energy of the system under 

examination. Even if the net correlation energy is a small fraction of the Hartree-Fock energy, it 

assumes particular importance when enerb'Y differences (such as in ~SCF calculations of ionization 

energies) are to be evaluated. In particular, as well as at equilibrium (where it also causes a lowering in 

the total energy and an increase in band length), the effect of electron correlation is important at 

dissociation, where the energy calculated by the Hartree-Fock method is always greater than the true 

total energy. Moreover, electron correlation also affects other calculated properties, such as the 

frequencies of the vibrational modes of the molecule. 

To reach a high chemical accuracy, effective ways to take into account electron correlation have to be 

considered. Different methods have been developed to tackle the electron correlation problem, and they 

find extensive application for ab initio calculations: the choice of method depends on the particular 

class of molecule to be studied, and to the degree of accuracy of the results required related to the 

computational time needed to perform the calculation. In this work, only two methods- Moeller-Plesset 

perturbation theory (MP) and the coupled cluster method (CC)- have been used: they will therefore be 

described in some detail. 

In general, a single Slater detenninant is not capable of satisfactorily representing a molecular 

wavefunction: this approximation is too cmde to take into account electron correlation. 

The wavefunction should be expressed instead as a combination of single-determinant HF 

wavefunctions of proper spin and angular symmetry obtained by single and higher excitations from a 

reference determinant, i.e.: 

(3.55) 
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All the possible configurations with the same total angular and spin momentum as the reference one 

can be used in this expression, considering also spatial orbitals that are usually considered vacant. In 

this case contributions from excited configurations are included into the wavefunction expression The 

leads to the formation of new polarized orbitals [10] obtained by the combination of two spin-orbitals 

in cpof the amount of such a combination is given by the relative value of their coefficients, which itself 

depends on the coupling magnitude between the different configurations, (lfJu1i H ilfJu k), and on thc 

energy difference between them. 

Inserting the electrons into polarized orbitals allows a reduction of the electron Coulomb interaction 

because they are spatially different between each other. Polarized orbitals are not the same as hybrid 

orbitals, as each of them host only one electron (in hybrid orbitals there are two electrons) and thcy do 

not necessarily extend along a bond of the molecule, as happens for hybrid orbitals. The introduction of 

excited configurations allows dynamic electron correlation to be treated satisfactorily. 

The real energy of the system is obtained by using a complete active space method (CAS-SCF) in 

which all the possible configurations arising from all the electron permutations in a selected group of 

molecular orbitals are included in the expansion; if also a complete basis set is used, the result is the 

exact solution of the Schroedinger equation. In practice it is necessary to truncate both the LCAO and 

the multi configuration expansions to a certain point, given the fact that otherwise millions of 

configurations would arise; considering that the computing time depends on the square or the cubic 

power of the number of configurations, CAS-SCF is usable only for small molecular systems. 

The methods of incorporating electron correlation in the Hartree-Fock method can be broadly divided 

in two main categories [10]: those based on the variational theorem and those based on perturbation 

theory. 

3.6.1 Variational methods 

Two main variational-based methods are used in ab initio calculations, the multiconfigurational selr 

consistent field method (MC-SCF) and the configuration interaction method (CI). The advantages of 

the variational treatment is that it does not rely on one particular configuration, and that it can "bracket" 

the true energy of the system, so there will always be a true energy value between two calculated ones. 

The weakness lie mainly in the fact that they are usually very computationally time-consuming (often 

tens of thousands of configurations must be taken into account to afford good chemical accuracy) and 

they are not size-extensive, in the sense that for the variational approach two fraf,'1l1ents at very long 

distance do not produce twice the energy of a single fragment. 
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The MC-SCF method [10] minimizes the Rayleigh-Schroedinger ratio by varying thc LCAO 

coefficients Cj at the same time as the multiconfiguration coefficients 8 1 are varied~ this method is 

particularly important to treat non-dynamic electron con-elation, but it depends heavily on the quality of 

the choice of the configurations to be included in the procedure, and usually the number of cxcitcd 

configurations is not high enough to completely describe non-dynamic electron correlation. 

The Cl method [37, 38] first determines the LCAO coefficients by using a single-configuration spin­

restricted SCF, then expands this configuration (reference configuration) with new ones arising from 

substituting occupied orbitals with virtual ones (excited configurations); the coefficients for this 

expansion are detennined by applying the variational treatment to the Rayleigh-Schroedinger ratio. As 

the first step, the single-determinant Slater expression <Do is used to solve the Hartree-Fock equations~ 

the wavefunction is then re-formulated as a combination of single-determinant HF wavefunctions- of 

the same spin and angular symmetry- obtained by exciting one or more electrons from occupied MOs 

to virtual ones in the reference wavefunction. According to the number of electrons removed from 

occupied MOs, single, double, triple ... excitation functions <Dj will be fonned (their number is tn, while 

the number of electrons is n). The total wavefunction is then expressed as 

(3.56) 

Variational treatment leads, as in the HF-SCF method, to secular equations 

(3.57) 

in which (3.58) 

The most used option is the one using just single and double excitations, CISD: in this wayan 

approximate contribution of just single and double excitations on the total con-elation energy, L',EClsll, is 

obtained. A useful formula [39] to approximate the real energy con-ection due to electron correlation is 

given by 

2 L'.EcL COIT. = (1- Bo )·L',ECISD (3.59) 

where Bo is the coefficient of the reference determinant in the multi configuration expansion. [n this 

way part of the con-elation energy is taken into account. 
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3.6.2 Perturbative methods [401 

The other important category is based on the perturbation approach; even if the coupled cluster method 

(cq is not strictly a perturbation method, its results are quite similar to those produced by properly 

perturbation treatments like MP2 and it is therefore presented with them [41]. 

Perturbation methods are size-consistent, because the energy of two equal fragments at infin ite distance 

is equal to twice the energy of the single fragment, and the equations for the two (or more) h'agments 

are separable. The drawbacks of the MP2 and CC methods are the fact that the energies they give arc 

not necessarily an upper limit of the correct energy: they can be lower than the true energy. Moreover, 

the results arise from corrections of an initial reference wavefunction: in cases of inadequacies in 

choosing this reference- or situations in which more than one reference wavcfunction are necessary to 

describe the system, such as in interactions between electronic surfaces- the results are often unreliable, 

especially in open-shell molecules. 

Moeller-Plesset perturbation theory (MPPT) is one of the most used molecular orbital al! illi/io 

methods [42]; it starts by assuming the sum of all the Fock operators for every electron within the 

molecule as the unperturbed Hamiltonian Ho. A perturbation treatment is then applied by expressing 

the exact Hamiltonian Has: 

(3.60) 

where Ie is a numerical parameter and V is the perhlrbative operator. From perturbation theory [40], the 

exact wavefunction is then formulated as 

(3.61 ) 

in which the <D(i) are the i-th order contributions to the wavefunction. In the same way, the total energy 

is given by 

(3.62) 

These expansions may be truncated at a certain order: according to where this truncation occurs, the 

perturbative series is defined as MPl, MP2 ... MPn. 

Recalling that 

and (3.63) 

it is possible to show that the MPI energy E(O) + EO) is equal to the HF energy 

(0) (l) Sf d d d E + E = <DoH<Do t\ t2... tn (3.64) 
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The second order contribution is given by 

(3.65) 

The sum runs only over double substitutions. Vko is expressed as 

Concerning the wavefunction expression, the first-order conection consists just of double excitations 

(two virtual spinorbitals replace two occupied ones), while in second order wavefunction corrections 

also single and triple excitations appear. 

It is possible to consider higher order contributions to the total energy and the wavefunction~ 

nevertheless, truncation at the second order (MP2) already takes into account between 50 and 80% of 

electron conelation, with a relatively small computational time. This is why MP2 is one of the most 

successful methods in quantum chemistry- and the more extensively used in this work: its main 

advantage is the relative economy in computational time, and the fact that after choosing the initial 

reference wavefunction no other assumptions must be made on the other configurations because they 

are directly detennined in the method. 

In the Moeller-Plesset method, the first and second derivatives of the energy are obtained analytically: 

this has an advantage for the location of stationary points and for the calculation of the harmonic 

vibrational frequencies, and this is why all the geometries and vibrational fi·equencies in this work have 

been calculated at the MP2 level. Not being a variational method, oscillations have been observed in 

the MPn energies for increasing n: the true energy of the system could be extrapolated hom the 

asymptotic value for MPO'J; the method has been observed to work better when a large basis set is used 

because in the perhlrbation approach a good description of the virtual spin-orbitals is particularly 

important. In this case, it has been calculated that in general around 75% of electron conelation has 

been taken into accOlmt already at the MP3 level. 

The coupled-cluster method (CC) [41] adopts a different approach of expressing the correlation­

conected wavefunction not as a combination of single-detenninant wavefunctions but by multiplying 
T the SCF wave function bye, i.e.: 

T tp=e<D 

where the operator T acts to introduce excitations on the single-determinant SCF wavefunction <D. 
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Its analytical expression is given by 

In this expression, M+ is the operator producing a virtual spin-orbital m from an occupied one i, while 

operator M++ causes a double excitation from spin-orbitals i and j to spin-orbitals m and n, and so on. 

The coefficients t are to be determined just as the coefficients C had to be detennined in the other 

methods. The CC equations to be solved are quartic functions of the coefficients I and must be solved 

iteratively. This implies that a good choice of the initial approximate wavefunction is needed. If only 

the terms linear in t are considered and no coupling between doubly-excitation configurations are 

allowed, the coefficients become very similar to those of the MP wave function : these have been proved 

to be a good starting point, and offer a valuable link to the Moeller-Plesset method. The most used 

class within CC methods is the one considering only single and double excitations, plus triple 

excitations evaluated using perturbation theory, i.e. CCSD(T): this method has the limitation of being 

quite time-consuming with respect to MPn, but it is considered as the best single-reference method, as 

it can lead to good results even if the initial reference wavefunction may not be paIiicularly accurate. 

However, the lack of an analytical expression for the energy gradient in CC calculations still makes 

MP2 the most suitable method to carry out the geometrical optimization for large molecules, as well as 

the calculation of their harmonic vibrational frequencies. 

3.7 DETERMINATION OF MINIMUM ENERGY GEOMETRIES AND VIBRATIONAL 

FREQUENCIES 

To calculate the minimum energy geometry of a molecule and its harmonic vibrational frequencies [43-

48], it must be recalled that the nuclear energy of a molecule in a certain electronic state as a function 

of the internuclear co-ordinate can be seen as a multidimensional potential energy surface: in this case, 

a minimum has a zero first derivative of the energy on all the n internal co-ordinates, while all the n2 

second derivatives must be positive. In the case of a trans ilion stale, all the second derivatives are all 

positive but one, indicating a saddle point along that particular co-ordinate on which the second 

derivative is negative. 
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The first derivatives form a n-Iong column vector called a gradient and all the negative of its elemcnts 

(that is, the negatives of the first derivatives) are calledfiHces; the second derivatives form a IHI square 

matrix called a Hessian matrix, and its tenns are defined as fiJrce constants. 

For the location of a minimum on the potential energy hyper-surface, the analytic gradient /IIethod is 

normally used; in it, the first step is to formulate an initial approximate geometry. Then an expression 

for the Hessian matrix is estimated, allowing the Hmiree-Fock energy to be calculated at the initial 

geometry, and from this an analytical expression of the gradient vector g = aEI ar is obtained. At this 

point, the Hessian matrix can be obtained from numerical differentiation of the gradient vector or by 

being simply updated using available fonnulae such as the BFGS algorithm [49]. From thc starting 

geometry, steps are moved in different directions and the one producing the lowest energy is followed 

as the direction to obtain the new geometry. The process is then reiterated until both the step size and 

the forces become lower than a value fixed at the beginning of the geometry optimization procedure. 

Once the m1l111nUm energy geometry has been located, the forces are analytically derived and 

subsequently numerically differentiated to obtain the force constants Hij . Considering that in the 

hannonic approximation [14] the energy near the minimum is given by 

then it is possible to change variables so that it becomes 

The Hessian matrix can therefore be diagonalized and the harmonic vibrational frequencies obtained. 

3.8 CONCLUSIONS 

Calculations aimed at determining the molecular electronic distribution- and the most relevant 

characteristics of molecules, such as their minimum energy geometry, ionization energies, vibrational 

frequencies and total energy- can be divided in two major classes: ab initio calculations and density 

function calculations. For their general validity, systems without heavy atoms are usually preferably 

approached by means of ab initio calculations: with this category, the Roothan-Hartree-Fock method is 

the most commonly used. The method is based on the use of a Slater determinant description of the 

66 



molecular wavefunction, and the calculations are carried out by minimization of the total energy of the 

system, using the Variational theorem. This operation is conducted by optimization of the coefficients 

used to express the atomic orbitals as a linear combination of a pre-determined set of functions (the 

basis set). The approximation introduced by using a finite set of basis functions is compensated by thc 

improvement of the basis functions quality, by including contributions from polarization and diffuse 

functions. The problem of electron correlation is tackled either by variational or by perturbative 

methods, and is based on the use of more than one Slater determinant to express the molccular 

wavefunction. 

In this work, calculations were needed to facilitate the assignments of the experimental photoelectron 

and infrared spectra recorded for studies on the DMS+Cb reaction (Chapter 4) and on organic azide 

decompositions (Chapter 5); moreover, they were needed to establish the mechanism for these 

reactions. Calculations at the MP2 level have been used in all the geometrical optimizations and the 

calculations of total energies, hannonic vibrational frequencies and vertical ionization energies (VIEs), 

both for the azides and their decomposition products and for the DMS+Cb system. For the azide 

calculations only the 6-31 G** basis set has been used, while the DMS+Ch system has been described 

by means of different basis sets, which will be presented in Chapter 4. The total energies at fixed points 

on the DMS+CIz potential surface have been determined also by means of single-point CCSD(T) 

calculations at geometries obtained at the MP2 level. Given the more accurate values provided by the 

CCSD(T) method with respect to the MP2 method, this was necessary because- in contrast with the 

azide systems- the formation of a reaction intennediate between DMS and chlorine was observed only 

by PES without the alternative fingerprint provided by IR matrix isolation spectroscopy. Also for 

CCSD(T) calculations different basis sets have been used, as will be reported in Chapter 4. 
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CHAPTER 4 

A SPECTROSCOPIC STUDY OF THE ATMOSPHERICALLY RELEVANT 

REACTION OF DIMETHYL SULPHIDE WITH MOLECtJLAR CHLORINE 

4.1 INTRODUCTION 

While the reaction between OMS and Cl atoms has been subject of numerous experimental 11-3] and 

theoretical [4, 5] studies (recently, also PES experiments have been conducted at Southampton 

University, and the results are currently under analysis [6]), the reaction between OMS and Ch has 

been less studied: spectroscopic studies have been conducted in the liquid phase [7], and in a matTix [8, 

9], but questions on the actual reaction mechanism have been left unresolved 

When OMS and molecular chlorine were co-deposited in a matrix, in fact, evidence was found of a 

reaction intermediate [8]- which decomposed when irradiated by a mercury lamp- characterized by a 

strong vibrational band at aroLlnd 360 cm- I
, but no assignment was given for the intermediate, and the 

overall reaction mechanism was not determined. 

In the gas-phase, the reaction has been the subject of a study by photoelectTon spectroscopy by the 

Southampton PES group: along with PE bands associated with the reagents and the products, 

monochloro-OMS + HCl, two unassigned bands with VIEs at approximately 9.6 and 10.5 eV were 

observed: the dependence of their intensities on the mixing distance of OMS and Ch above the photon 

beam suggested they are associated with an intermediate of the reaction, but no convincing assignment 

has been given. Moreover, a more systematic investigation of the experimental conditions (mixing 

ratios and times, and partial pressures) was needed in order to fully characterize the compound 

associated with these bands. 

The aim of this work was to give a deeper insight into this reaction, both from the mechanistic and the 

kinetics point of view . For this, it was decided to perform also FT -IR and FT -UV studi es on the 

reaction in the gas-phase, in order to provide additional "fingerprints" for the monitoring of the 

reaction, and for the formation of highly chlorinated species. The work presented here will focus on the 
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mechanistic aspect, as a measurement of the rate constant of this reaction in the gas-phase at room 

temperature has been carried out by Dr. Ghosh in the Southampton PES group [10]. 

In the present work, the DMS + Ch reaction was studied in Southampton by UV -photoelectron 

spectroscopy and by infrared matrix isolation spectroscopy, and at the Rutherford Appleton Laboratory 

by FT -infrared and ultraviolet spectroscopy. The most important difference between the experiments at 

Southampton and at the Rutherford Laboratory is the fact that in Rutherford the spectroscopic 

measurements were conducted in a static cell in which the gases were mixed, while in SOllthampton thc 

UV -photoelectron spectrometer was equipped with an inlet system in which the gases wcrc 

continuously flowing: this- and the possibility of changing the distance between the detection and thc 

mixing point, see following section- meant that PES measurements could be performed at lower 

reaction times with respect to those in the FT-IR or UV experiments, where the closed cell led to the 

formation of reaction products under equilibrium conditions. In the matrix isolation experiments 

performed in Southampton, the gases were also pre-mixed prior to deposition in a matrix. 

The data obtained from the different techniques provided evidence about how the reaction proceeds 

under different conditions. 

Supporting the experimental work, ab initio calculations have been extensively used to interpret the 

PES results and to obtain a relative energy diagram and to elucidate the mechanism for the reaction, in 

particular for the first steps in the chlorination of DMS. 

4.2 Experimental section 

4.2.1 UV -photoelectron spectroscopy 

The 10 cm analyser radius single detector photoelectron spectrometer- specifically built for the study of 

reaction intermediates [11]- was the same one as used in the azide project. This has been extensively 

described in Chapter 2. 

The only change for the DMS+ Cb study was the use of a gas-inlet system. A system of two concentric 

glass hlbes was used, as represented in Figure 4.1. 
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FigUl'e 4,1- The inlet system used for the PE study of the DMS + CI, reaction 

In Figure 4.1 the external tube is T-shaped. One end fits into tlle top of the reaction cell inside the 

ionization chamber of the spectrometer, so that its opening lies 0.5 cm above the photon beam. The 

side-ann of the tube is connected to a needle valve via a short Teflon tube. The needle valve is 

connected to a chlorine cylinder via a regulator. The inner inlet tube is also connected to a needle valve, 

which in turn is connected to a flask holding a DMS sample via another short Teflon connection . In 

order to passivate the internal surface of tlle glass inlet and of the Teflon tubes, it was necessary to 

flush DMS tlrrough the system (DMS is a liquid of high enough volatility to allow a stable vapour flow 

by simply opening the needle valve to the vacuum of the ionization chamber) for some minutes. The 

surfaces were considered passivated once the photoelectron signal of DMS showed no trace of 

impurities, and when the pressure recorded in the chamber by the ion gauge showed no fluctuation 

leaving the needle valve setting unaltered. The distance of the inner tube relative to the end hole of the 

outer tube could be easily adjusted so that PE spectra can be recorded as a function of mixing distance 

(time). Different outer tubes have been used: they differed in the diameter of the exit bole. Tubes with 
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openings of 0.5, 1 and 2 mm have been used, along with an "open" one in which the opening was the 

maximum possible for fitting inside the reaction cell (approximately I cm). Different openings mean 

different mixing times, because as the exit hole gets smaller the longer the gases stay inside the mixing 

volume inside the outer tube. The open tube allows the molecules to be pumped et1'iciently towards the 

photon beam by means of the pumping provided by the diffusion pump below the reaction cell (see 

Figure 4.1); on the other hand, the 0.5 mm hole increased the probability of collisions between 

molecules inside the outer tube. In the case of such small openings, the situation approached that of a 

static cell, in which the gases are mixed. These were the conditions used in the FT-IR and UV 

experiments at the Rutherford laboratory. 

The inner tube could be moved inside the outer one through a Teflon seal without allowing any air to 

enter the system. By varying the distance between the openings of the outer and inner tubes, the 

reaction times could be varied: when the two holes were together (0.5 cm above the photoionization 

point) the two gases had virtually no space to mix and therefore to react with each other, while as thc 

inner tube was raised above the outer one, this space increased allowing a higher probability for the two 

gases to mix and react. A maximum mixing distance of 45 cm was used in these experiments. 

In this way, two parameters were used to control the extent of the reaction: the outer tube opening and 

the distance between the ends of the two tubes. It was assumed that there was a direct relation between 

this distance and the contact time between the two gases: for an open outer tube, a distance of 1 cm 

corresponded- considering the pressure l:,'Tadient between the ionization chamber and the inner inlet 

tube- to a contact time of roughly 0.5 ms [12]. From now on, the distance between the opening of the 

inner and outer tube will be therefore referred as the mixing distance, which is itself related to the 

reaction time. 

Studies were conducted by varying the mixing distance for a fixed outer tube opening. For example, 

when the 1 mm hole for the outer tube was used, spectra at mixing distances varying from 0 to 45 cm 

(and vice-versa) were acquired, with usually four spectra being obtained at each distance; the same 

operation was then repeated for an outer tube with a different opening. The two extreme situations were 

a mixing distance of zero using the open outer tube (in this case the two gaseous substances had 

virtually no time to be in contact and react, even if the mixing distance is still 0.5 cm above the photon 

beam) and a mixing distance of 45 cm with the 0.5 mm outer tube, where a long volume of the outer 

tube was available as a mixing volume for the gases, and the small opening made the reaction time very 

high. 

It was preferred to introduce Ch along the inner hlbe. Chlorine was introduced by directly connecting a 

cylinder of the pure gas to a needle valve. Also in this case, it was necessary to flush chlorine through 
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the system for some minutes, in order to get rid of the hydrochloric acid produced by reaction with 

residual water. This operation was monitored by recording the first photoelectron band of HC\, which 

is an easily recognisable strong, sharp band with VIE at 12.75 eV [13]. The surfaces were considered as 

satisfactorily passivated when the intensity of this band was around a hundredth of the first band of Cb, 

which is a broader band with VIE at 11.69 eV [13]. 

The choice of the operating pressure was controlled by two main factors: 

the DMS partial pressure in the ionization chamber could not exceed 4.10-5 mbar. 

DMS should always be in excess or approximately in equal molar concentration to Cb, in order to 

study the first chlorination mechanism and to avoid the presence of higher chlorinatcd DMS 

speCIes. 

Given the similar molecular weights (62 a.m.u. for OMS, 71 a.m.u. for Cb), it was assumed that the 

molar ratio between the gases was directly proportional to the ratio of their partial pressures, and that 

the total pressure increase read by the ion gauge in the ionization chamber was the sum of the partial 

pressures of the gases introduced. Typical experiments were performed with a base pressure of 1.0.10-5 

mbar; then DMS was introduced until a total pressure of 4.0·1 0-5 mbar was reached. Chlorine was thcn 

introduced until a total pressure of around 7.0.10-5 mbar was obtained. The stability of the pressure of 

chlorine in the system proved to be less easily reached than for OMS: routinely, the pressure ofCb was 

periodically checked (and readjusted to the pre-set value) every few minutes by closing the valve of 

OMS and reading the pressure both on the ion gauge in the ionization chamber of the spectrometer and 

on the regulator on the chlorine cylinder. 

Calibration of the spectra was usually performed using the well known VIEs for the reactants (OMS, 

first band with VIE at 8.72 e V; Cb, first band with VIE at 11.69 e V, second band with VIE at 14.40 

eV), or for the HCI produced (first band, VIE at 12.75 eV) [13]. These bands were usually easily 

recognized, due to their intensity and shape, without major overlap with bands of reaction products. 

4.2.2 Infrared matrix isolation spectroscopy 

The apparatus used for infrared matrix isolation spectroscopy is the same as used for the azide project, 

and has been described in Chapter 2. 

Nitrogen was used as the matrix gas. DMS and Cb were mixed in a cell with usually a 1:2 molar ratio, 

as evaluated by their partial pressures. The total pressure was typically set at 10 mbar. 
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Deposition times of the condensed mixture ranged between 30 and 90 minutes: no major changes were 

observed in the spectra between these times , indicating that the reaction is fast enough to reach an 

advanced stage after 30 minutes after the mixing ofDMS and Ch in the cell. 

The DMS/Ch molar ratio and the long deposition times made the IR matrix isolation experimental 

conditions more similar to those of the FT-IR and UV measurements in the Rutherford laboratory 

rather than those of PES experiments: while the PES measurements were more focused on the early 

stage of the DMS + Ch reaction leading to the production of mono-chlorinated DMS, the matrix 

isolation and the Fourier Transform IR and UV studies were more focused on the subsequent steps, 

which lead to the formation of highly chlorinated DMS species. 

4.2.3 Gas-phase FT-IR and UV spectroscopy 

These experiments were conducted at the Molecular Spectroscopy Facility at the Rutherford Appleton 

Laboratory. 

The pure reactants were introduced into a mixing cell via a vacuum line, which is shown schematically 

in Figure 4.2. 

ion pump 

Q9================:::J => 
to the cell 

Pressure gauge 

Liquid nitrogen 

Figure 4.2- Schematic diagmm of the vacuum line used to introduce DMS and Ciz into the Ff-IR/UV spectr'ometel' 

The mixing cell was a glass cylinder 22.85 centimetres long- measured between the internal surfaces of 

the circular windows, which had a diameter of 5 centimetres . The windows used were made of KBf, 

when radiation between 400 and 40,000 cm'! wavenumbers was used, while for radiation between 
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40,000 and 50,000 cm-1 windows of CaFz were used , Each window had a wedge shape in order to 

minimize fringes in the radiation transmitted , The outer surface of the cell was covered with aluminium 

foil to minimize external effects of temperature or radiation on the cell, and ethanol was flowed in a 

jacket around the cell to avoid heating, 

The mixing cell was connected to a Bruker IFS 66V/S Fourier Transform Spectrometer, which 

provided a spectral coverage from 370 to 50,000 cm-1 with a resolution of 0,12 cm-1
, An overa ll 

representation of the spectrometer is given in Figure 4,3, 

Radiation was produced in the UV region by a Xenon lamp, while in the lR region it was produced by 

a glowing filament of silicon carbide; the beam was collimated to a gold-coated paraboloid mirror 

which reflected it towards the cell. After passing through the cell, the radiation enters the detection 

chamber. 

,.\ pc "t u re 
change,' 

'\ 

Interferometer 

Electronics 

Supply 

Rotating 
III in'or 

Paraholoid 
11111'1'01' S 

Figure 4.3- Schematic diag,·am of the FT-IRJUV spectromete,· used in the study of the DMS+CI2 ,'eaction 

The beam can be oriented towards different detectors by adjusting the mirror positioned at the entrance 

of the chamber; once oriented, the radiation beam is collimated towards a specific detector by another 

gold-coated paraboloid mirror. 
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For IR radiation, an indium antimonite (lnSb) detector was used for the 1800-6000 cm- I region, while a 

mercury cadmium telluride (MeT) detector was chosen for the 500-8000 cm- I region. For the UV 

region, the detectors were either a silicon photodiode (between 9,000 and 25,000 cm- I
) or a Gallium 

phosphide detector (between 25,000 and 52,000 cm- I
). 

All the volume where the radiation passes (except for the mixing cell) was kept at low pressure- at 

around 10-3 mbar- by means of pumps connected to different sections of a stainless steel cell which 

comprises all the radiation path. 

DMS was first frozen by lowering the flask holding the sample into liquid nitrogen and pumping away 

any residual air or impurities by opening the flask to a vacuum line. A freeze-pump-thaw procedure 

was repeated several times, chlorine was directly connected from the cylinder, but the section between 

the cylinder and the vacuum line was first evacuated to eliminate air or other volatile impurities. 

The experiments were conducted by first filling the cell with a certain pressure of one of the reactants, 

then evacuating the rest of the vacuum line after having closed the connection to the cell. The vacuum 

line was then filled with the second reactant and the connection to the mixing cell was opened, Ictting 

the two gases mix and react. 

The pressure of the first gas introduced in the cell is known with certainty, because it is the one read by 

the ion gauge connected to the vacuum line; conceming the second gas, no direct measurements of its 

partial pressure were possible. The facts that had to be considered were 

the initial pressure of the second gas read by the ion gauge refers to the one in the vacuum line 

before the opening of the connection to the mixing cell 

the final total pressure is affected by the expansion of the first gas initially contained in the cell 

as consequence of the reaction, new products can be formed which alter the molar ratio in the 

gaseous mixture in the cell 

Therefore, an ideal behaviour of the reacting gases was assumed. After an initial measured pressure x 

of gas B was introduced in the vacuum line, by opening the connection between the vacuum line and 

the cell this pressure clearly drops to y: this is the therefore the pressure of gas B in the cell. From 

assumed ideal behaviour, the ratio ylx between the initial and final partial pressures is unaltered by the 

content of the cell, but is only due to the ratio between the initial and final volume available for the gas. 

This ylx ratio was detennined by averaging several different measurements, and set as K. In practice, 

this was done for DMS and the ratio of the volume of the line to the volume of the cell was found to be 

I: 1.8. Supposing that a pressure Y of gas A is already present in the cell when the connection to the 

vacuum line is opened to introduce gas B, the partial pressures of A and B in the cell can be calculated 
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knowing the ratio of the volume of the line to the volume of the cell. So for gas A initially in the ccll at 

a pressure P J\, the final pressure is P A·(1.8/ 2.8). For B, introduced into the line with the valve to the 

cell closed, the initial pressure P13 gives a final pressure in the cell of PrJ'( 1/2.8). 

The intensity of the lamp emission was subject to considerable fluctuations, especially in the first hOllrs 

after it had been switched on. It was therefore necessary to record backl:,'Tound spectra on the empty cell 

before and after every mixing, then to average these background spectra and subtract them {I'om the 

one obtained for the reaction. 

Typical acquisition times before obtaining the spectral results were set as 30 seconds: longer times 

provide better quality spectra, but the speed of the reaction required faster scans to monitor the actual 

increases or decreases of bands with time as consequence ofthe mixing and reaction of Clz and OMS. 

4.2.4 Chemicals used in the experiments 

In all the experiments, commercially available compounds were used without any further purification. 

The commercial samples were 

DMS: 99+ %, Aldrich 

Ch: 99.9 %, Air products 

CH3SCH2Cl (monochloro DMS): 95 %, Aldrich, hereafter referred as MDMS 

CH3SCHCb (1 ,l-dichloro OMS): 95 %, Aldrich, hereafter referred as OOMS 

1,1,1-trichloro DMS (CH3SCCh) was prepared following a method in the literature [14], that is mixing 

OMS with S02Cb at room temperature with a molar ratio roughly I :3.5, and subsequently degassing 

the yellow liquid obtained for few hours. Characterization by mass spectrometry showed that the 

mixture obtained is mostly composed of 1,1, l-trichloro OMS (hereafter referred as TOMS), with a 

small amount ofDDMS. Infrared and UV-photoelectron spectra will be presented in Section 4.4. 

1,1,1,1' -tetrachloro DMS (ClCH2SCh) was prepared by mixing DMS with S02Ch at room temperature 

with a molar ratio around 1:4.5. The orange coloured liquid obtained was characterized by mass 

spectrometry and showed that it consists mostly of 1,1,1,1' -tetrachloro DMS (hereafter referred as 

TrDMS), but not negligible amounts of TDMS were still present. IR and PE spectra will be presented 

in Section 4.4. 
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4.3 Spectroscopic characterization of DMS and stable chlorinated DMS 

compounds 

4.3.1 DMS 

Dimethyl sulphide infrared, ultraviolet and photoelectron spectra are well known in literature [14-16]; 

nevertheless, for the sake of compatibility between the experiments, lR, UV and PE spectra were re­

acquired and calibrated in this work. 

FT -infrared spectroscopy 

The Fourier transform infrared spectrum of gas-phase DMS is reported in Figure 4.4 . Below 900 cm-I 

and above 3100 cm- I no significant bands were observed. The most significant bands experimenta ll y 

observed are listed in Table 4.1 , along with the normal mode with which they are associated (resu lts 

taken from ab initio calculations on DMS, see Section 4.6) . 

1000 1500 2000 
Wavenumber cm- 1 

2500 

FigUl"e 4.4- The FT -IR spectl"Um of DMS in the gas phase (app.-ox" p,"essUl"e 20 mba .. ) 

3000 
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Table 4.1- Vibrational frequencies measlll'ed fOl' DMS with the associated normal mode 

IR frequency (cm- I
) Normal modes 

966 

1016 C-H3 wagging 

1039 

1314 

1428 
C-H3 scissOling 

1437 

1457 

2926 

2969 C-H3 stretching 

2997 

FT -ultraviolet spectroscopy 

The Fourier Transfonn UV spectrum of gas-phase DMS at different pressures is reported in Figure 4.5. 
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Figlll'e 4,5- The Ff -UV spectrum of DMS in gas phase at presslll'es of 0.2, 0.5, 1.0, 1.5 and 2,0 mba,' 
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The spectrum is in good agreement with that reported in the literature: the most intense peaks in the UV 

spectrum recorded in this work are at 227.9 and 214.2 run, compared with literature values [14] of 228 

and 213 run. 

Photoelectron spectroscopy 

The literature UV-PE spectrum of gas-phase DMS [16] is reported in Figure 4.6, while Table 4.2 lists 

the calibrated values for the vertical ionization energies (VIEs) of the bands, which are numbered in 

Figure 4.6. 
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Figul'e 4.6- Hel-photoelectron spectrum ofDMS with numbering of the bands 
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Table 4.2- VIEs of the PE bands ofDMS reported in the literature (see Figure 4.6 for the numbering of the bands) 

Band 1 2 3 4 5 6 7 
-~ 

VIE 
8.72 11.30 12.68 14.07 14.73 15.25 15.70 

(± 0.02 eV) 
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Monochloro DMS is a pale yellow liquid, for which no UV absorption spectra have been reported in 

the literature, and photoelectron spectra had been recorded only in the early studies of this project [17]. 

Infrared, ultraviolet and photoelectron spectra will be all summarized in the next pages. 

FT -infrared spectroscopy 

The Fourier Transform IR spectrum of gas-phase MDMS in the 600-3100 cm- I range (no bands are 

present outside this range) is reported in Figure 4.7, and Table 4.3 lists the most significant vibrationa l 

frequencies , along with the normal modes derived from ab initio calculations (see Section 4.6). Clearly, 

the spectrum displays more bands than the DMS infrared spectrum (Figure 4.4), due to the C-Cl 

vibrations, visible in the 660-760 cm-1 region. 

The IR spectrum acquired in the liquid phase is in good agreement with the gas phase spectrum; the 

two sets of vibrational frequencies are compared in Table 4.3. 
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Figure 4.7- The FT-IR spectmm of MDMS in the gas phase (pl'essul'e aJ'Ound 20 mbal') 
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T bl 43 V'b a e . - I ratlOna If I'equencles meaS\ll'e d ~ MDMS '1 h d d 01' WIt 1 t e assocIate norma mo e 

Liquid phase IR Gas phase IR 
Normal mode 

frequency (cm-I
) frequency.(cm-1l 

646 666 
696 704 S-C-CI stretching 
749 757 
961 962 

C-H3 wagging 
978 983 

1117 
C-H2 wagging 

1151 1155 

1226 
1222 

C-H2 scissoring 
1229 

1421 1411 
C-H3 scissoring 

1434 1436 
2852 
2933 C-H stretching 
2993 

FT -ultraviolet spectroscopy 

The Fourier TransfOlID UV spectrum of gas-phase MDMS at different pressures is shown in Figure 4.8. 

39000 40000 41000 42000 43000 44000 45000 46 000 47000 
Wavenumber em- 1 

Figure 4.8- The ¥r-uv spectrum ofMDMS in the gas phase at pl'essures of 0.5, 0.8, 1.25,1.6 and 2.0 mbar 

The introduction of a chlorine atom into the CH3SCH3 structure to give CH3SCH2CI is reflected by the 

presence of the broad band in the 40,000-45,000 cm- I region which has its maximum intensity at 

around 42,800 cm-! (233.8 nm), while a series of sharper bands at higher wavenumbers are observed­

more similar to the DMS spectrum, Figure 4.4- with the highest frequency being the one at 47,200 cm-! 

(211.9 nm). 
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Photoelectron spectroscopy 

The UV-PE spectmm of gas-phase MDMS is repOlied in Figme 4.9, whi le Table 4.4 lists the ca librated 

VIE values- obtained by averaging the VIE values from eight spectra- for the bands, labelled as in 

Figme 4.9. 
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Figure 4.9- HeI-photoelech'on spectl'Um ofMDMS with labelling of the bands 
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Table 4.4- Calibrated VIEs of the PE bands ofMDMS (see FigUl'e 4.9 fOI' the labelling of the bands) 

Band A B C D E F G 

VIE 
9.17 10.98 11.21 12.06 13.42 14.25 14.84 

(± 0.02 eV) 

The main difference between this PE spectrum and the PE spectrum of DMS is the strong band with 

components at 10.98 and 11.21 eV: this is due to tlle contribution from the lone pair on the chlorine 

atom, as can be seen both from results from ab initio calculations and from comparison with other 

chlorinated alkanes, which all display [16] a band in the 10.5-12.0 e V region associated with a 

molecular orbital centred on the chlorine atom(s). 
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4.3.3 D D MS (CH3SCH Clz) 

Dichloro DMS (DDMS) is a yellow liquid. For DDMS no UV or PES spectra have been reported in the 

literature. In the present work, infrared and photoelectron spectra have been recorded on a 

commercially obtained sample (95%, Aldrich). These results are summarized in the next pages. 

Liquid phase infrared spectroscopy 

Spectra have been acquired in the liquid phase; the main bands are shown in Figure 4.10. No major 

bands were displayed in the 1500-2500 cm- I region. 
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Figure 4.10- IR spectrum of liquid-phase DDMS, in the ranges 3200-2500 and 1500-600 cm-' 

The main vibrational frequencies are listed in Table 4.5. 

Table 4.5- Vibrational f."equencies measUl'ed fO"liquid phase DDMS 

IR frequency IR frequency IR frequency 
(cm"l ) ( cm-I

) (cm-I
) 

644 937 1319 
695 967 1419 
709 1030 2825 
734 1182 2921 
766 1208 2994 
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Photoelectron spectroscopy 

The UV -PE spectrum of gas-phase DDMS is reported in Figure 4. 11 , and Table 4.6 lists the calibrated 

VIE values- obtained by averaging the values of seven spectra- for the vertical ionization energies 

(VIEs) of the bands, labelled as in Figure 4.11. The band at 12.63 e V in Figme 4. 11 presents a double 

peak because of a small contribution from HC\. 
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Figure 4.11- HeI-photoelect"on spectl"Um ofDDMS with labelling of the bands 
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Table 4.6- Calib.-ated VIEs of the PE bands ofDDMS (see FigUl'e 4.11 fOi' the labelling of the bands) 

Band A B C D E F G 

VIE 
9.32 11.18 11.73 11.92 12.63 13 .90 14.88 

(± 0.02 eV) 

H 

15.35 

As well as changing the VIEs of the bands, the introduction of an extra chlorine atom in the molecule is 

reflected by an increased intensity of the bands in the 11.0-12 .5 eV region; in particular, band 0 is 

much more intense than in MOMS (c.f. Figure 4.9), and band C overlaps with bands Band D and not 

just with band B as occms in MOMS. 
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Trichloro-DMS and tetrachloro-DMS will be presented together because- not being commercially 

available products- they have been synthesized in this work: no complete separation between these 

different chlorinated products could be achieved, as shown mainly by mass spectrometry 

characterization (see Section 4.3). For these samples, IR and PES spectra will be presented (no UV 

spectral measurements were made on these compounds) with the asswnption that contributions from 

higher or lower chlorinated DMS can be present, even if the dominant compound will be TDMS in the 

first case and TrDMS in the second. 

The batch where TDMS was prepared showed initially, in PE spectra, traces of DMS and MDMS: the 

bands associated with these low chlorinated DMS species disappeared after degassing the sample for 

some minutes- also, the liquid turned to a darker tone of yellow. Such an operation was not conducted 

before IR spectra were acquired, so it is likely that the PE spectrum will be more representative of 

genuine TDMS than the IR spectrum, where contributions from lower chlorinated species can be more 

significant. 

The IR spectrum of TDMS is shown in Figure 4.12, where it is compared with spectra of MDMS and 

DDMS in the two most significant regions of the infrared. 
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FigUloe 4012- Comparison of the liquid phase IR spectra ofMDMS (black line), DDMS (blue line) and the liquid 
obtained in Batch 2 (red line) which is mostly TDMS, in the 1600-850 and the 900-600 cm"! ,oegions 

87 



From a companson of the spectra, it is evident that- even by taking into account the possible 

contributions from MDMS and DDMS, vibrational bands associated with TDMS should be those at 

709, 766, 808, 967 and 1433 cm- I
. 

The PES spectrum obtained after degassing the sample is reported in Figure 4. \3. 
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Figure 4.13- Hel photoelectron spectl"Um ofTDMS obtained afte.· degassing of the initial liquid p."oduct 

The VIE values obtained after averaging the bands from seven different TDMS spectra are listed in 

Table 4.7 

Table 4.7- Calib."ated VIEs of the PE bands ofTDMS (see FigUl'e 4.13 fo." the labelling of the bands) 

Band A B C 0 E F G H I 

VIE 
9.47 11.17 11.39 11.59 12.13 12.49 12.87 13 .90 15.63 

(± 0.02 eV) 

Despite some similarities with the DDMS spectnun, the photoelectron spectrum of TDMS shows an 

increased complexity in the 11.0-13.0 eV region, where photoelectron bands associated with molecular 

orbitals centred on the halogen atoms are expected. 
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The orange liquid obtained when TrDMS was prepared proved- according to mass spectrometry data­

to contain not negligible amounts of TDMS; in this case, no major changes were noticed in the PE 

spectra when the liquid was degassed. This is due to the fact that TDMS and TrDMS are expected to 

have relatively similar vapom pressmes at room temperatme. 

Figure 4.14 compares the most significant region of the IR spectra of the liquids contained in Batch 2 

(red line, mostly TDMS) and Batch 3 (dark yellow line, mostly TrDMS with some TDMS) 
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Figure 4.14- IR spectra of the liquids contained in Batch 2 (mostly TDMS) and Batch 3 (mostly Tt'DMS) 

A comparison of the spectra of the two batches allows TrDMS bands to be identified at 666, 730,790, 

852, 1261 and 1388 cm- l
. Also the band at 1231 cm- l should be associated with TrDMS, as it has no 

correspondent in the TDMS spectrum (red line in Figme 4.14) but it is possible that- because of its 

strong intensity- it could be due to a residual MDMS (which in the liquid phase displays a strong band 

at 1226 cm- l
) 

The photoelectron spectrum obtained after degassing the TrDMS sample is reported in Figure 4.15 (no 

major changes were observed as a consequence of this operation, however), and the calibrated values 

of the VIEs of the bands (obtained by averaging 11 different spectra) are listed in Table 4.8. 
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Figure 4.15- HeI photoelectJ·on spectrum of Batch 3, containing mostly T.·OMS 

Table 4.8- Calib.·ated VIEs of the PE bands ofTrDMS (see FigUl·e 4.15 fo.· the labelling of the bands) 

Band A B C D E F G H I 

VIE 
9.S3 11.23 lIAS 11.62 12.24 12.S4 12.96 14 .29 IS.87 

I (± 0.02 eV) 

Also in this case, the difference with the photoelectron spectrum of the lower chlorinated OMS species 

(TDMS) is small: the bands appear in almost the same positions. The most immediate difference, as 

can be seen by comparing Figures 4.1S and 4.13, is the diminished intensity of band B (at 11.23 e V) . 

To visualize the changes in the HeI-photoelectron spectra of OMS at increasing level of chlorine 

substitution, the PE spectra of MDMS, DDMS, TDMS and TrDMS are reported in Figure 4.16. Apart 

from the already observed increase in the complexity of the 11.0-13.0 e V region, it must be noted that 

with the increase of chlorine atoms in the molecule, the first band moves slowly towards lower 

energies. To have an estimate of the relative intensity of the first bands of all the chlorinated DMS 

compounds, spectra have been acquired at the same pressure for all of them. The relative intensities of 

the first bands for DMS / MDMS / DDMS / TDMS / TrDMS were found as 1 /3.11 /2.81 / 1.0S /0.91. 
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FigUJ'e 4.16- Compa";son of the HeI-photoelectron spectra ofinCl"easingly chlol'inated OMS: monochlol"O-OMS 
(black line), dichlol"O-DMS (blue line), trichlol"O-DMS (red line) and tetr'achlol'o-OMS (dal'k yellow line) 

One final observation must be reported. The IR spectroscopic characterization (liquid phase and matrix 

isolation shldies) of samples obtained from the reaction between DMS and Ch with different mixing 

ratios confirm what is reported in literahlre [7]- that chlorine substihltion on DMS always occurs first 

on the same carbon atom. That is, when dichloro DMS is formed, the two chlorine atoms are attached 

to the same carbon atom . Subsequent chlorination still occurs on the same carbon atom, and the other 

methyl group is only attacked when all the protons from the first methyl group have been substituted, 

that is when 1,1 ,l-trichloro DMS is formed. 

IR and PE spectra of commercially available bis-dichloro DMS (CICH2SCH2CI) have also been 

recorded and compared with those obtained for samples from Batches 2 and 3: although they are not 

reported here, the spectra are not the same as spectra of these liquid substances . It is then important to 

remark that the chlorination mechanism of DMS- at least in liquid phase- proceeds via a mechani sm 

and not via bis-dichloro DMS (CICH2SCH2CI). 
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4.4 SPECTROSCOPIC STUDY OF THE DMS + Cl2 REACTION 

The gas-phase reaction between dimethyl sulphide and molecular chlorine has been studied (I) by lR 

matrix isolation spectroscopy, (2) in a closed cell, monitored by FT-IR and UV spectroscopy, and (3) in 

a continuously flowing inlet system, monitored by PES. 

As already mentioned, these difTerent types of investigation allow study of different stages of the 

reaction, as- for a fixed mixing ratio- mixing the gases in a closed cell involves an equil ibrium 

condition to be reached because of long contact times between reactants, while mixing the gases in a 

flowing system (with OMS:Ch ratios with OMS in excess or equal to Ch) allows the study of the early 

stage of the reaction, that is the mechanism of the first chlorination of OMS. 

The results will be presented in the above order, presenting for each type of spectroscopic investigation 

the different parameters chosen for the reactions, i.e. molar ratios, mixing distance or acquisition times. 

4.4.1 FT-INFRARED (GAS PHASE) RESULTS 

The OMS+CI2 reaction has been monitored by IR spectroscopy by varying the different experimental 

parameters that affect the extent of the reaction. It was found that of all the possible parameters (molar 

ratio, mixing order, total pressure, acquisition time), the most crucial one is the molar ratio. In the case 

of IR monitoring, it was found that total pressures around 20 mbar are the most suited for a clear 

detection of a noise-free spectrum, while the introduction order did not affect the quality of the spectra 

that much. 

The results will therefore be presented considering the molar ratio as the most important parameter. 

a) DMS in excess 

The most significant regions of the IR spectrum obtained by mixing OMS and CI 2 in a 1.8: I molar 

ratio and total pressure 20 mbar are reported in Figure 4.17, along with the IR spectra of pure MOMS 

and OMS shown to assist the assignment. 
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FigUJ'e 4,17- IR spectrum (blue line) of the DMS+CIz I'eaction monitored star'ting with a 1,8: I molal' I'atio and total 
pl'essUJ'e 20 mbar, Spech'a ofDMS (pink line) and MDMS (I'ed line) al'e shown fOl' compal'ison 

It is clear that the spectrum of the reaction consists of unreacted DMS plus MDMS initially formed (the 

bands at 1230 em-I and below 800 em-I). In the infrared spectra, bands associated with HCl can also be 

observed (the very sharp peaks in the 2650-3050 region , which show a P-branch between 2650 and 

2875 em-I and a R-branch between 2900 and 3075 em-I). 

IR data therefore indicate that in excess DMS, the first step of the reaction is the formation of MDMS 

and HC! following the reaction 
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b) DMS and CIz in equal proportion 

Figure 4.18 reports the most relevant region of the infrared spectrum obtained when mixing OMS and 

chlorine in 1:1 molar ratio, with a total pressure of 25.5 mbar; DMS was first introduced in the ce ll, and 

Ciz added later. 

o 

m 00 
.~ 0 
c 
::J 

'" " ~ <p -eo 
o 

~ 

o 
c:i 

700 

2700 

800 900 

2750 2800 

1000 1100 1200 1300 1400 
Wavenumber cm- 1 

2850 2900 2950 3000 3050 

Wavenumber crn-1 

FigUl'e 4.18-JR spectmm (blue line) of the reaction ofDMS and el2 mixed in equal propo,·tion and total p"ess\ll'e 
25.5 mba,'. Spectra ofDMS (pink line) and MDMS ("ed line) a,'e "eported fo,' compa"ison 

The pattern reflects the one obtained for the OMS in excess situation (Figure 4.22), but here the 

reaction is more advanced, as can be seen by the stronger intensity of the bands associated with HCI 

and MOMS and the corresponding lowering of the contributions from unreacted OMS. 
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c) Ch in excess 

The IR spectrum of the mixture obtained starting from chlorine and DMS in 1.8: I molar ratio (tota l 

pressure 20 mbar) is reported in Figure 4.19. 
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FigUloe 4019- IR spectmm of the loeaction DMS+CI, (blue line) mixed in I: 1.8 molar ratio and total ploessUloe 20 mba ... 
Spechoa ofDMS (pink line) and MDMS (Ioed line) aloe shown for compal°ison 

The spectrum radically changes when an excess of chlorine is the initial condition: in the 2800-3000 

cm-] region there are just very weak bands due to C-H stretching modes, compared with the strong 

signals due to HC!. The lower energy region of the spectrum clearly indicates that both DMS and 

MDMS are not present in the mixture (no signals are found at 1230 and 1440 cm-] where MDMS and 

DMS have strong bands), and the pattern of bands between 700 and 850 cm-] clearly indicates the 

formation of a new chlorinated form of DMS. The latter is the most significant feature to allow 

identification of the new species: a comparison with the spectra of DDMS, TDMS and TrDMS 
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(reported in Figures 4.12 and 4.14) strongly indicates TDMS as the obvious candidate for the 

assignment of the unknown bands. Both the positions and the relative intensities of the bands in the 

850-700 cm- I region reproduce well those obtained for the liquid contained in Batch 2, which was 

mostly TDMS. The small differences between the two spectra can in fact be due to the presence or 
residual MDMS- and maybe DDMS- in Batch 2 if all possible peaks due to MDMS (at 696 and 749 

cm- I
) or DDMS (at 783 cm- I

) are eliminated from the spectrum of Batch 2 (Figure 4.12), an almost 

perfect match with the spectmm obtained for the DMS -I- Clz reaction of Figure 4.19 is obtained. 

It is noteworthy that the HCI bands are not stronger than in the I: I molar ratio situation (Figurc 4.18): 

this seems to suggest that the fonnation of TDMS is not accompanied by an increascd amount of Ilel 

compared to the one fonned together with MDMS. From this, an initial suggestion for the reaction path 

can be expressed as 

DMS -I- Cb ~ HCI -I- MDMS 

followed by MDMS -I- Ch ~ TDMS -I- H2 

instead of DMS -I- 3Cb ~ 3HCI -I- TDMS 

If TDMS is the product observed, it is evident that an excess of chlorine on DMS largely favours 

formation of the tri-chlorinated compound compared to the di-chlorinated compound, whose presence 

cannot be confirmed among the reaction products. A further discussion of the experimental data and a 

proposal for the substitution mechanism will be given in Section 4.7. 
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4.4.2 INFRARED MATRIX ISOLATION RESULTS 

Matrix isolation experiments were carried out at just two different mlxmg ratios, that is either 

equimolar OMS/Ch mixtures, or a 2: 1 molar ratio with chlorine in excess. The gases were pre-mixed 

before samples were trapped in a matrix for spectroscopic study. The two mixing ratios were studied 

with a different choice of the matrix gas: for the 2: 1 ratio nitrogen was chosen, while for the I: I ratio 

the matrix gas was argon. Spectra of OMS and MDMS have also been recorded to faci litate the 

assignments and to provide reference spectra; for OOMS and TOMS assignments have been made by 

using the vibrational frequencies for the species trapped in matrix reported in the literatme [18, 19] . 

a) DMS and Ch in 1:2 molar ratio 

Figme 4.20 reports the low wavenumber regions of the IR spectra of OMS, MDMS, OOMS and of the 

products obtained by mixing OMS and Clz, and MDMS and CI2 both in a 1:2 ratio. The high 

wavenumber regions of these spectra are presented in Figme 4.21. 

Nitrogen was chosen as the matrix gas; the deposition time was 30 m.inutes for all the spectra. 
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Figure 4.20- Low wavenumbe,' IR spectra of DMS (blue line), MOMS (green line), DDMS (dark yellow line) and 
mixtu,"es obtained f,"om DMS:C12 (pink line) and MDMS:C12 (wine ,oed line) in 1:2 mola," ,"atio in a nitt"ogen matrix 
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Figure 4_21- High wavenumbel- IR spectJ-a ofDMS (I-ed line), MUMS (gl-een line), DDMS (dark yellow linc) and 
mixtm-es obtained fl-om DMS:Clz (pink line) and MDMS:CIz (wine I-ed line) in t:2 molal' ratio, isolated in a nih'ogen 

matl-ix 

The first important evidence is that the spectra obtained for the reaction between OMS with Cb and for 

the reaction between MOMS with Clz are different, consistent with different products being formed 

from the two reactions after the same amount of time. It would be reasonable to expect a higher 

concentration of highly chlorinated OMS species if MOMS is chosen as staI1ing reactant instead of 

DMS. Despite this, an important spectral observation is that while the spectrum of DMS+CIz bears no 

traces of residual OMS, the spectrum of MOMS+CIz still shows bands associated with MDMS, such 

as, for example, those at 775 or at 14441 cm-!. All the main MOMS bands can be traced in the 

MDMS+CIz spectrum, even if with a much lower intensity. For the bands at 702, 1526 or 2850 cm-! , 

MOMS contributes only partiaIIy- as can be seen from the intensity of other MOMS bands like those at 

657 or 1235 cm-! . Therefore, the bands observed from the MOMS + Clz reaction whose wavenumber 

values have been reported in Figure 4.25 and 4.26 are due also to a reaction product being formed. 

Finally, in the DMS+CIz spectrum the contribution of DDMS is negligible, as can be seen by the 

absence of the bands at 705 and 2851 cm-!. 

Table 4.9 reports the most significant bands of the DMS+CIz and the MOMS+Ch spectra and compares 

them with the literahife values for DOMS and TDMS [18, 19] . 
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Table 4.9- Frequency values of the most intense bands measured in a nitt'ogen matrix for the OMS+CI, and 
MDMS CI' d . h h MOMS OOMS d TOMS f . + , reactions, compal'e WIt t e , an I'equencles 

-

DMS+Ch expel'. MDMS+Ch expel'. MDMS expel'. DDMS expel'. TDMS lite 
frequencies (cm-I) frequencies (cm'l) frequencies{cm'l) frequencies (cm'l) frequenci~~ 

655 653 
.. 

702 702 704 
721 721 722 

._-----

754 756 
772 773 773 774 

-, -- .. --

791 793 
----------, 

813 815 815 
983 
1104 
1235 1218 

1420 1429 1425 1420 _ .. 

1435 1440 1444 1442 1435 
-' -----

1684 
2139 2139 

2326 
2848 2851 2851 

I 
--~--

2933 -_.-

It is clear that all of the most intense bands observed in the spectrum of the OMS+Ch reaction can bc 

associated with TDMS. On the other hand, among the most intense bands observed from the 

MDMS+Ch reaction, there are some bands attributable to OOMS and even some to unreacted MDMS 

it is quite surprising to observe how the latter reaction seems to proceed more slowly to givc TOMS 

than the DMS + Ch reaction. However, as was pointed out earlier, the con'espondence betwcen the 

bands observed from the MOMS + Ch reaction and the MDMS or OOMS bands does not mean that 

there are no new products being formed which share vibrational band positions with MOMS or OOMS. 

It is possible that highly chlorinated DMS species can present very similar IR patterns. 
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b) DMS and Ch in equimo\ar ratio 

The IR spectra recorded for MDMS and for DMS+Ch when the reactants were initially in a I: I molar 

ratio are reported in FigUJes 4 .22. In these experiments , argon was used as the matrix gas, and the 

deposition time was 30 minutes for both spectra . 

. 5 

1000 2000 3000 

FigUl'e 4,22- IR spectl'Um of the DMS+CIz I'eaction stal,ting f!'Om a I: I molal' mtio (I'ed line) compal'ed with the 
spech'um ofMDMS (pink line) l'ecol'ded in an al'gon mah'ix aftel' 30 minutes of deposition 

As can be seen immediately, the results of the reaction between DMS and Ciz reproduce what was 

obtained in the gas phase, that is the formation of MDMS and HCl as the only reaction products. In the 

spectra, the only difference- apart from the absorptions due to water present in the MDMS sample 

(band at 1525 cm'I)- is the presence of two broad bands centred around 2600 and 2800 cm' l, which 

could be attributed to HCI polymers [20]. 

For an equimolar ratio, DMS+CIz leads therefore mostly to MDMS, as has already been found by FT­

IR and UV measUJements in the gas-phase (see Sections 4,5.1 and 4.5,2). 
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4.4.3 FT-ULTRAVIOLET RESULTS 

The different parameters that can be chosen for this study are the molar OMS:Ch ratio, the introduction 

order into the mixing cell, the total pressure and the time allowed before measuring a spectrul11 of the 

mixture. 

The order of introduction is important mainly for spectra acquired at low mixing times: after that, the 

effect of the equilibrium makes mixtures in which OMS is introduced first almost indistinguishable 

from those where Clz is introduced first, and only the molar ratio becomes important. 

For a constant molar ratio, the total pressure affects mostly the intensity of the band associated with the 

gas in excess. It was found experimentally that total pressures above 20 mbar are less favourable than 

those between 10 and 20 mbar, because longer times were needed at the higher pressures to reach the 

same extent of the reaction: this created problems in the stability of the backl:,'TOLlI1d, and therefore 

produced a spectrum affected by a higher level of noise 

For a chosen molar ratio and total pressure, spectra acquired at different times after the gas mixing will 

be reported to give an idea of the extent of the reaction. 

a) DMS in slight excess 

A FT-UV spectrum acquired when a DMS:Ch ratio of about 1.4: I was studied is reported in Figure 

4.23. The acquisition of the spectrum lasted for 12 minutes after mixing the gases, and the total 

pressure was set at around 3 mbar. 

To facilitate the assignment, FT-UV spectra of DMS and MDMS have been added to the graph: they 

are reported respectively in pink and red line. 

No significant bands were observed below 40,000 cm-I or above 47,000 cm-1 (where the noise affecting 

the signal was very strong). 

From the spectrum it is evident that under these conditions the mixture consists mostly of monochloro 

DMS, plus a small amount of unreacted DMS, as can be seen from the presence of the sharp band at 

around 43,800 cm- l Spectra acquired for shorter times after the mixing are not reported, as the signals 

of the products are weaker. 
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FigUl'e 4,23- Ff-UV spectrum of the OMS+Cl2 reaction (blue line) acquit'ed fot, a 1.4: 1 OMS/CI, molat, .-atio, afte.' a 
pe.-iod of 12 minutes afte.' the mixing ofthe gases, OMS and MOMS spech'a are shown as pink and .'ed traces 

.'espectively 

b) Ch in slight excess 

A FT-UV spectrum acquired in the 29,000-47,000 cm- I region for a mixhlre ofCh: DMS with a molar 

ratio approximately 1.4: 1 is reported in Figure 4.24. The total pressure was set at 3 mbar, and the 

acquisition lasted for 9 minutes after the mixing of the gases. 

Also in this case, spectra of MDMS (red line) and DMS (pink line) have been added to the figure to 

facilitate the interpretation of the spectrum of the mixture (blue line) . MDMS is still the predominant 

species, but a small amount of chlorine is still visible (the weak band at around 30,000 cm-I
) ; despite 

the high level of noise above 43,000 cm- I
, no bands associated with unreacted DMS can be clearly 

found. It can also be noted that the weak plateau between 36,000 and 38,000 cm-I indicates an initial 

formation of a product of the reaction : evidence for the identity of this feature can be obtained at higher 

CIz:DMS ratios. 
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FigUl'e 4,24- FT-UV spectmm of the DMS+Cl2 ,'eaction (blue line) acqui,'ed fo,' a 1.4 Ch/DMS molar .-atio, fo, ' a 
period of9 minutes after the mixing of the gases, DMS and MOMS spech'a ue shown as pink and red t,'aces 

,'espectively 

c) Ch in large excess 

AFT -UV spectrum of a CIz:DMS mixture with molar ratio of about 1.8: 1 is reported in Figure 4.25, 
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Figu,'e 4.25- FT-UV spech'a of a Cl2/DMS mixtUl'e with initial mola,' ,'atio 1.8: 1 and total p,'essUl'e 15 mba,' acqui,'ed 
at inCl'easing times (from 2 to 20 minutes) after the mixing. A spectmm of MOMS is ,'epo,'ted for comparison (,'ed 

h 'ace) 
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The red line represents the spectrum of MDMS, inserted for comparison with the other bands. The dark 

yellow spectrum is the one acquired for the first two minutes immediately after mixing the gases, then 

all the other spectra were acquired successively every two minutes, until the dark blue spectrum, 

acquired 18 minutes after the mixing was obtained. 

As can be seen from Figure 4.25 , successive spectra show a marked decrease of the Ch band at arOlmd 

30,000 cm-1
, and in parallel there is a steady increase of the band centred at around 39,500 cm-1 which , 

from a comparison with the superimposed red spectrum, cannot be assigned to MDMS, or to OMS . The 

assignment of this latter band will be discussed later. 

It is worth noticing that chlorine is still present as an unreacted molecule even 20 minutes after mixing 

it with DMS and that the band associated with the product slowly increases in intensity. This indicates 

that at the pressure used in this experiment (total pressure 15 mbar) chlorine consumption is 

unexpectedly slow. The reaction advances almost to completion in 14 minutes if a lower total pressure 

is investigated: Figure 4.26 represents the spectra obtained for the same Ch:DMS molar ratio (1.8: 1) 

but with a total pressure of just 8 mbar. 

42000 40000 38000 36000 34000 32000 30000 28000 
Wavenumber cm- 1 

FigUloe 4026- FT-UV spectra of a CI2IDMS mixtu.oe with initial molar- .oatio 1.8: 1 and total p.oessure 8 mbar- acqui.oed 
at increasing times (f.-om 2 to 16 minutes) after the mixingo A spectr°um of MDMS is .oepo.oted fo.o compal"isoll (.oed 

line) 

To definitely highlight the different nature of the product arising from the OMS+CIz reaction from 

DMS and MDMS, Figure 4027 compares the spectrum from the reaction with those of MDMS and 

OMS in the 46,000-38,000 cm-1 range. 
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Figm'e 4,27- FT-UV spectrum ofthe DMS+CI, reaction (blue line) acquit'ed for a 1.8: I CI,IDMS molao' ,'a tio, fo,' a 
total p,'essure of 4 mbar, DMS and MD MS spech'a a,'e shown as pink and ,'ed lines 

In the absence of any direct UV spectral infonnation on chlorinated OMS species with more than one 

chlorine atom, it is impossible to assign the band arising from the OMS+Ch reaction to dichloro DMS, 

trichloro OMS or tetrachloro OMS. It might be expected, if a Ch :OMS molar ratio belowl .S yields 

mostly MOMS, the next compolmd to be formed and detected should be OOMS, which then should be 

responsible for the observed broad band with maximum between 39,SOO and 40,000 -1 cm . 

Nevertheless, IR data- see Sections 4.S.1 and 4.S.2- recorded for the reaction under the same 

experimental conditions seem to indicate that TOMS is the predominant species produced in a closed 

cell when OMS and chlorine are mixed, with Ch in excess with a molar ratio close to 1: 2. 

It is therefore concluded that the reaction proceeds to MOMS for mol ar ratios Ch: DMS below 1.S, 

while above this value TOMS is preferably formed. 

105 



4.4.4 PHOTOELECTRON SPECTROSCOPY RESULTS 

The gas-phase PES experiments used a different inlet system and ITIlxmg arrangement: instcad of' 

mixing the gases in a static cell and then acquiring the spectrum of the mixture at different timcs, the 

gases were continuously flowed towards the photoionization point, and this situation, even when an 

inlet system with a small opening to connect the mixing volume and the photoionization region was 

used, allowed the study of the mixture under conditions in which the deb'ree of the reaction was much 

lower because the detection occlmed few milliseconds after the molecules were effectively mixed. It 

was assumed that in the pressure range used, a mixing distance of I cm cOITesponded roughly to a 

contact time of 0.5 ms with an open outer inlet tube. 

Studies with PES have focused mostly on DMS+Ch with a slight excess of OMS. Undcr thcse 

conditions, the first chlorination step, DMS+CIz ~ MOMS+HCI, was studied. 

The results will be presented first with a constant initial OMS:Ch ratio, as determined by their partial 

pressures: this ratio was set at around 1.3 (1.0 for the 0.5 mm exit hole system), so as to have a slight 

excess of OMS in order not to go past the first chlorination step. The total pressure was set betwecn 7 

and 8.10-5 mbar, as measured by the ion gauge on the side of the ionization chamber: even if the 

pressure in the reaction cell is expected to be in practice ca. 5.10-4 mbar [21 L this val ue is still several 

orders of magnitude lower than in the other gas phase spectroscopic measurements (Sections 4.5.1-

4.5.2). 

Each set of results is obtained with a particular exit hole aperture of the inlet system, with spectra 

acquired at different mixing distances superimposed in the same figure to observe clearly the changes 

in intensity of the PE bands. 

a) 0.5 mm exit hole 

This is the narrowest aperture for the inlet system used in this work; it is expected that the largest 

contact time of the gases can be achieved with this arrangement, especially for long mixing distances. 

A series of photoelectron spectra at different mixing distances is reported in Figure 4.28; for this inlet 

system, the initial DMS :Cb ratio was set as approximately 1 .0. 

The first evidence is that under these conditions there is almost no change in the band intensities when 

the mixing distance is changed. The only change is the dropping to zero when the distance passes from 

o to 10 cm of the very weak bands with VIEs at 9.7 and 10.6 e V. This is an important result and the 
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behaviour of these bands will be clarified when spectra with larger exit holes are considered (see next 

paragraphs). All the other bands remained constant with changing distances. 

The band at 8.72 eV is assigned to unreacted DMS, while the out-of-scale band centred at 12. 70 eV is 

due to Hel being formed from the reaction. 

The band with VIE at 936 has a shoulder at about 9.18 e V, while that with VI E at 11.20 e V has a 

shoulder at ca. 10.97 eV. Finally, the band with VIE at 11 .96 displays a shoulder at around 11 .7 1 eV. 
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FigUioe 4028- PE spectm ofDMS+CI2 mixtu.oes with a 005 mm exit inlet system at different mixing distances 

All the observed PE bands can be assigned to MDMS and DDMS: comparing the spectra obtained 

(Figures 4.10, 4.12 and 4.17) and the values of the calibrated bands (Table 4.4 and 46), it can be seen 

that the spectra obtained for the 0.5 mm mixing distance can be seen as a superimposition of DDMS 

and MDMS. The band at 9.36 eV can be identified as the DDMS first band (VIE at 9.32 eV) with the 

shoulder at 9.18 eV corresponding to the MOMS first band (VIE at 9.17 eV); the band at 11.20 eV 

arises from an overlap of the DDMS second band (VIE at 11.21 e V) with the MDMS third band (VIE 

at 11.18 eV), while the shoulder at 10.97 eV is attributed to the MOMS second band (VIE at 10 .98 eV). 

In the same way, the band at 11.96 eV is assigned to the DDMS fourth band (VIE at 10.92 eV), while 
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the shoulder at 11 .71 e V can be attributed to the DDMS third band (VIE at 11 .73 e V) as well as to 

some umeacted chlorine. 

All the spectra can be then interpreted as composed of DDMS and MDMS, plus HCl and some 

umeacted DMS. For very short mixing distances , two additional weak bands at around 9.7 and 10.6 eV 

are observed. 

b) Exit hole 1 mm 

A series of spectra at different mixing distances recorded using a I mm exit inlet system is reported in 

Figure 4.29. 
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Figure 4.29- PE spectra ofDMS+C12 mixtur'es with a 1 mm exit inlet system at differ'ent mixing distances 

In this situation the spectral changes are more evident when the mixing distance is changed between 0 

and 20 cm; at mixing distances greater than 20 cm the spectra show no change. For this wider aperture 

in the inlet system, it is expected that the signals of the reagent gases will be seen at short distances: in 

fact the DMS signal (VIE at 8.72 eV) is strong at 0 cm and- though diminishing in intensity- is still 

present at long mixing distances. At 0 cm Clz is also clearly visible (strong band with VIE at]] .69 eV): 

however its signal drops to almost zero already at a distance of 5 cm. This is not surprising, given the 

1.3: 1 excess of DMS over chlorine, 
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The spectnull at 0 cm (red line) also displays the first HCI band (sharp doublet with VIE at 12.75 and 

12.82 eV) and broad bands with VIEs around 9.40 eV (with a shoulder around 9.20 eV) and 11.20 eV. 

These bands can be attributed to a MDMSIDDMS mixture. Finally the bands centred at 9.70 and 10.60 

eV are more intense than with the 0.5 mm exit hole alTangement. Their intensity decreases but does not 

vanish when the mixing distance is increased 

The spectra at longer distances (black and blue lines) show no CI2 contribution, while the bands 

associated with HC] increase regularly and those of OMS decrease regularly; also the unassigned bands 

at 9.70 and 10.60 eV decrease regularly. The bands centred at 9.40 and 11.20 eV, on the other hand, 

change their shape as they increase in intensity when the mixing distance is changed: at long l1lixing 

distance the first band has VIE at 9.18 e V with a shoulder around 9.36 e V, and the second is centred at 

10.97 eV with a shoulder around 11.20 eV: this appearance is the reverse of that observed with the 05 

mm exit tube. 

The indication is that in this case MOMS is the predominant species, with a lower contribution from 

DDMS: the result is consistent with the fact that a wider aperture (and also a higher OMS:Ch ratio) 

should lead to a lower extent of molecular reaction, therefore towards single chlorination of DMS. 

A plot of the relative intensities of the bands with increasing mixing distance is reported in Figure 4.30. 

The plot has been obtained considering the areas of the bands: this was possible by simulating the 

bands with Gaussian profiles and measuring the integrals for such simulated bands. The simulation was 

conducted by first fitting the Gaussian functions for each component separately (OMS, MDMS, etc.): 

the operation involved choosing the number of functions, their centred position and their width. Thc 

fitting was calTied out using the OPUS proi:,'Tam. The error bars reported in the graph in Figure 4.30 

were obtained by simply considering the variation of the integral values for the band intensities from 

the four spectra that were acquired for each condition (exit hole size and mixing distance). 

The overall results for the 1 mm exit inlet system suggest that for these conditions the main product­

with HCI- ofthe DMS+Ch reaction is MOMS. 
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FigUloe 4030- Plot of the relative at"eas fOlo the bands of the species involved in the DMS+CI2 Joeaction studied by PES 
with a 1 mm exit size inlet system 

c) Exit hole 2 mm 

A series of spectra at different mixing distances recorded using a 2 mm exit inlet system is reported in 

Figure 4.31. 

The results for the 2 mm inlet system are probably the most imp0l1ant, especially with respect to the 

unassigned bands : it can be seen that- in contrast to what happened with the I mm exit hole- these 

bands increase in intensity as the mixing distance increases from 0 to 25-30 cm, until they reach a 

maximum intensity. The calibration of these bands gives VIEs at 9.69 and 10.62 eV. 

The other important evidence is that when the mixing distance increases from 0 to 25 cm, these bands 

are the only ones that increase in intensity, even more than the HCI first bands (the doublet at 10.75 and 

10.83 e V), whose increase is much less pronounced . Considering the fact that the first band of HCI has 

a hi gh photoionization cross section (by measuring spectra of the single compounds at the same 

pressure, it was found that HC! bands are three times more intense than MOMS bands) , such a low 

signa! suggests that HC! is fonned in very limited amount for mixing distances shorter than 25 cm. On 
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the other hand, a constant decrease of the OMS and (not reported in Figure 4.31 due to thc scalc 

chosen) of Ch signals are observed. 

The clear indication is that for the early stages of the OMS + CI2 reaction, assured by the wide exit hole 

and by the short mixing distances, no HCI or MOMS are formed. The consllmption of OMS and 

chlorine is then due to the formation of a OMS-Ch reaction intermediate characterized by PI-: bands 

with VIEs at 9.69 and 10.62 eV. 

This species is a reaction intermediate: in fact, its bands decrease for mixing distance above 25 Clll. 

After this distance, bands of MOMS (VIEs at 9.18 and 10.97 e V) and HCI start to appear and grow in 

intensity- first rapidly then much slower- while the bands of OMS and Ch decrease dramatically. 

Still, the fact that the reaction intermediate is observed at very long mixing distances and in an opcn 

tube (see following section) shows that such an intennediate has a very long lifetime (tens or 
milliseconds, according to the lcm=0.5 ms relation [12] for the conditions used); this tends to exclude 

that it is a weakly bound complex, such as OMS:Ch as suggested in the literature from matrix isolation 

evidence [9]. 

A plot of the relative intensities of the bands with increasing mixing distance is reported in Figure 4.32 

From Figure 4.32 it is evident the behaviour displayed by the bands associated with the DMS-Ch 

species is consistent with a reaction intermediate, while bands of MOMS and HCI show a typical 

behaviour for stable reaction products (the slight decrease for the HCI integral at long distanccs is a 

statistical error due to the difficulty of fitting such a narrow, doublet-shaped band). 
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Figure 4.31 - PE spectra ofDMS+CI, mixtures with a 2 mm exit inlet system at diffe,"ent mixing distances 
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Figure 4.32- Plot of the "elative areas for' the bands of the species involved in the DMS+CI1 reaction studied by PES 
with a 2 mm exit size inlet system 

The trends of the relative band intensities with mixing distances in Figure 4.32 matches the tTends 

observed for the 1 mm exit hlbe: in that case it was seen that the bands associated with a reaction 

intermediate diminish at increasing distance while the MDMS and HCI bands increase. Empirically, it 

is possible to view the plot for the 1 mm exit hole as a continuation of the 2mm plot on the long 

distance side: if this assumption is made, it is possible to extrapolate the behaviour of the bands to very 

long mixing distances. In that case, the bands associated with a reaction intermediate will disappear 

while the MDMS bands will increase lmtil they will decrease due to OOMS formation (as it was seen 

for the 0.5 mm exit hole). The HCI signal will keep on increasing until all the protons on the OMS 

structure have been removed. 

Support for this hypothesis will be presented by the behaviour of the relative band intensities for a 

wider exit hole, that is for the low mixing distance side of the plot of Figure 4.32. 
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d) Open tube 

To study the behaviour of this reaction at sh0I1 reaction times, a tube with no restriction at its end was 

used: this was equivalent to a 1 cm opening. A sequence of spectra obtained with this open tube for 

increasing mixing distances is reported in Figure 4.33. 
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Figure 4.33- PE spectl'a ofDMS+CIz mixtm-es with a open exit inlet system at different mixing distances 

The spectra show almost unchanged DMS bands (VIEs at 8.72, 11.29 and 12.66 eV), a moderate 

lowering of the second band of Cb (VIE at 14.40 e V; the first band is the one out of scale one at VIE 

11.69 eV), and a marked increase of the intensity of the intermediate bands at 9.69 and 10.62 eV 

occurs. Significantly, no bands of MDMS and HCI (apart from a small trace beyond 30 cm) can be 

found. This confirms that the first product of the reaction is not MDMS or HC) but a different 

molecule. 

A plot of the relative areas of the bands as a function of the mixing distance is reported in Figure 4.34 . 
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FigUl'e 4,34- Plot of the .'elative band a.'eas of the species involved in the DMS+Cl2 .'eaction studied by PES with an 
open exit inlet system 

The behaviour expected for the low distance side of the plot of the 1 mm exit hole (see Figure 4.32) is 

a slow decrease of the reactant bands (DMS and Clz), no formation of the stable products (HCI and 

MDMS) and a steady increase of the intennediate species. Considering the negligible the amount of 

HCl fonned, the only unexpected part of the experimental plot is the stability of OMS signal (with a 

slight increasing fluchIation); nevertheless, this is not completely a genuine result, as for the open tube 

the control on the pressure of the reacting gases was more difficult. The plot therefore does not 

contradict the expected behaviour for DMS, that is a slow decrease as the reaction intermediate is 

formed. 

e) Variable molar ratio and fixed mixing distance 

Instead of keeping fixed the molar ratio and varying the mixing distance, an experiment was carried 

out by keeping the mixing distance fixed and altering the molar ratio: this was achieved by keeping the 

DMS pressure fixed and increasing (and subsequently decreasing, to check the reproducibility of the 
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results) the pressure of chlorine to cover a wide molar ratio range. The spectra- repolied in Figure 

4.35- were acquired with the I mm opening inlet tube, at a mixing distance of25 cm . 
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FigUl'e 4,35- PE spectra ofthe DMS+CI2 ,'eaction monitOl'ed- using a 1 mm exit hole system at a fixed mixing 
distance of 25 cm- by changing the el2 p,'ess\ll'e keeping fixed the DMS one 

The results follow the expected behaviour: by increasing the chlorine preSSLU'e, the band of OMS (8.72 

e V) decreases. The bands of Ch (11.69 and 14.40 e V) slowly increase, because even if introducing 

more CI2 involves the start of the reaction, the additional Ch introduced is not totally consumed. The 

initial slow decrease of the OMS bands is accompanied by the growth of the bands associated with the 

intermediate at 9.69 and 10.62 eV. This growth slows down markedly (and OMS decreases faster) 

when MDMS begins to be formed, as can be seen by the bands at 9.18 and 10.96 eV. For the highest 

values of the Ch:DMS pressure ratio, the bands of the intennediate show no increase in intensity, 

while MDMS signals are still growing, 

No traces ofODMS can be seen: it is possible that the broadening of the first MDMS band can be due 

to the initial formation of ODMS (whose first band VIE is at 9.32 e V), but it must also be considered 

the overlap of this band with the low energy side of the first intermediate band: this can introduce an 

asymmetry in the MDMS first band by increasing its intensity on the high energy side. 
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4.4.5 SUMMARY OF THE EXPERIMENTAL RESULTS 

By studying the reaction at different contact times and molar ratios, different stages of the OMS +- Cb 

reaction have been monitored in the gas-phase and in matrices with the UV, IR and PE spectroscopic 

methods. 

For the gas mixed in a closed cell (i.e., a long contact time between OMS and ell before the 

detection), it was found that 

when OMS is in excess or when the two reactants are in equal ratio, monochloro OMS (MOMS) is 

the only reaction product clearly detected 

when Clz is in excess, trichloro OMS (TOMS) is the main product of the reaction, while probably 

just a small amount of dichloro OMS (OOMS) is observed 

In the PES studies, where a continuous flow of the reagent gases was used, earlier stages of thc 

OMS+-Ch reaction are probed: this was always achieved by introducing OMS in a slight molar excess 

over chlorine. By varying the size of the exit hole of the inlet system and the distance between the 

mixing and the photoionization points, it was found that the reaction initially proceeds through an 

intermediate which is formed without any formation of MOMS or HC!. The bands associated with this 

intermediate (with VIEs at 9.69 and 10.62 eV) decrease just after HCl and MOMS begin to be formed 

and they are almost totally consumed when OOMS begins to be observed. From the experimental 

evidence, it seems that OOMS is preferentially formed from MOMS, and not f['om the intermediate, 

due to the fact that the major part of the intermediate is consumed when MOMS is the only species 

being formed. This suggest a stepwise mechanism 

OMS +-Cb ~ intermediate ~ MOMS + HCl ~ OOMS +- HCI ~ TOMS +- HCI 

Concerning the characterization of this intermediate, the absence of partner products suggests the 

formation of a structure of formula OMS,Chy . This formula does not imply that a more rearranged 

structure is forbidden: it is possible that the intennediate can be due to a MOMS,HCh y., structurc. 

Given the fact that HCl +- MOMS are observed as products, it is likely that the intermediate is duc to a 

complex between the reactants (OMS:Ch) or between the products (MOMS:HCI), or to a product with 

the same overall formula. 

The assignment of the unknown bands can be achieved only with the support of ab inllio calculations 

on all these possible structures. 
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4.5 RESULTS OF THE AB INITIO CALCULATIONS ON THE REACTION 
INTERMEDIA TE 

The most obvious candidates for the reaction intermediate in the DMS + Clz ~ MDMS + HCl reaction 

are 

a molecular complex between DMS and C\z, CH3SCH3:Cb (a reactant-type complex) 

a molecular complex between MDMS and HCl, CH3SCH2Cl:HCl (a product-type complex) 

a sulphurane-Iike structure in which two chlorine atoms are co-ordinated on the sulphur centre, 

In this work, geometry optimizations of these structures have been performed at the second order 

Moeller-Plesset perhlrbation (MP2) level of calculation [22], using different basis sets. While 110 

problems arose for the optimization of the DMS:Cb and MDMS :HCI structures, some basis sets lIscd 

could not locate a stationary point with all real vibrational frequencies for the (CH3)2SCh compo lind 

When a suitable geometry was optimized, calculations with this optimized geometry with the cOllpled­

cluster (cq method [23]- at the CCSD(T) level- were performed in order to obtained more accurate 

determinations of the total energies; also in this case two different basis sets have been used. For a 

more complete description ofthe basis set characteristics, see Section 2.5. 

All-real frequencies structures of (CH3 )2SCh have been obtained at the MP2 level using the basis sets 

6-31 G**: optimized in the C, point t,'TOUp 

6-311 ++G**: optimized in the C, point group 

6-3l++G(2p,2d) optimized in the C, and C21 · point t,'TOUpS 

6-311 ++G(2p,2d): optimized in the C21 · point t,'TOUP 

aug-cc-p VDZ optimized in the C21 · point t,'TOUp 

aug-cc-p VTZ optimized in the C21 point group 

The basis sets that were considered more suitable for the description of the potential energy surface of 

the DMS + Ch reaction were 6-31++G(2p, 2d), aug-cc-pVDZ and aug-cc-pVTZ. In the section dealing 

with (CH3)2SCh (Section 4.6.3), the differences in results obtained with these basis sets will be 

presented in more detail. In the sections dealing with DMS:Ch and MDMS:HCl, the results will be 

given on the assumption that the "best" basis set is the aug-cc-p VDZ basis (because of the relati ve 

energy it gives for the intermediate compared to DMS+CIz), and equilibrium geometries, vibrational 

frequencies and ionization energies have been obtained with this basis set. 
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4.5.1 DMS:Ch 

Two different structures were optimized at the MP2/aug-cc-p VDZ level for the complex between 

dimethyl sulphide and chlorine, which differ in the relative orientation of the two interacting 

molecules. 

The first structure is characterized by a Cl-Cl bond perpendicular to the C-S-C plane, and oriented so 

that the chlorine atoms and the sulphur atom are almost collinear. Each chlorine atom is equidistant 

from the two carbon atoms, so the symmetry point group is Cs. The geometry of this structure, which 

is labelled a, is reported in Figure 4.36; Table 4.10 rep0l1s its most significant geometrical parameters. 

81 

CliO 

H4 

U5 

FigUJ'e 4.36- Optimized geometry of u -DMS:Ch at the MP2Iaug-cc-pVDZ level, with labelling of the atoms shown 

Table 4.10- The m , 'fi , I ost sigm Icant geometnca I parametel's 01' u -DMS CI : , ' d I MP2/aug-cc-pVDZ level 2 optimize at t Ie 

Bond Distance (A) Angle Value (0) 

SI -C2 1.820 C2-SI-C3 98.87 

C2-H4 1.099 H4-C2-S1 107.17 

C2-HS 1.100 C2-S1-CIl0 93.42 

CIlO-Clll 2.190 C2-H4-CII0 68.31 

CIIO-SI 2.552 S I-Cll 0-C1l1 174.55 

C110-C2 3.222 H4-C2-S I -C3 174.49 

CllO-H4 3.462 H4-C2-S l-Cll 0 80.49 

CIIO-HS 2.974 C2-S l-Cll O-Clll 49.56 
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The second structme optimized for OMS:Ch is characterized by a CI-CI bond perpendicular to the 

direction it has in the structme a : this time the CI-CI bond is almost pm'alle l to one of the C-S bonds 

and parallel also to the C-S-C plane. One ch lorine atom is still equidistant from the two carbon atoms, 

while the second one is displaced along the same line of the C-S bond, but in the opposite direction : 

this means that- referring to Figure 4.37- if the chlorine molecule is projected on the plane of OMS 

then Cill would overlay on SI while ClIO will be at 1800 with respect to C2 . The overall stTuctme 

lacks of any symmetry element, despite the fact that the OMS molecule retains Cs symmetry (and its 

geometrical parameters are almost unchanged from free DMS); therefore tJle point group of the 

complex is Cj • This structtrre, labelled ~ -OMS : Ch is presented in Figme 4.37 , while its most important 

geometrical parameters are listed in Table 4 .11 . 

C lIO 

Cill 

Figul'e 4.37- Optimized geometr-y of I3-DMS:Ch at the MP2Iaug-cc-pVDZ level, with labelling of the atoms shown 

Table 4.10- The m " fi . I r. II DMS CI f' d t th MP2Iaug-cc-pVDZ level ost Slglll Icant geometnca par'ameters 01' - : 20p"mlze a e 

Bond Distance (A) Angle Value (") 

SI -C2 1.821 C2-SI-C3 97.47 

C2-H4 1.100 H4-C2-S1 107.74 

C2-HS 1.101 C2-S I-CliO 107.71 

CllO-Clll 2.037 H4-C2-CIII 109.63 

CllO-Sl 3.781 C2-HS-C111 130.35 

Clll -SI 3.853 S l -CII O-CIII 72.59 

Clll-C2 3.585 SI-C2-CII I 75.31 

Clll -HS 3.039 H4-C2-S I-C3 178.84 

H4-C2-S I-CliO -109.33 

C2-S1-CIIO-CIII 5.74 
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Structure 13 is a looser complex than structure ex : this can be seen from the much larger distance 

between the chlorine atom closer to the DMS frame and the sulphur atom in this structure. Moreover, 

the CI-CI bond is shorter than in conformer ex, where the proximity between CI 10 and the sulphur 

atom allows an attractive interaction between these atoms, so that CI lOis attracted towards the 

sulphur atom increasing the Cl-CI bond to 2.19 A. This will have implications on the vibrational and 

electronic characteristics of the two complexes: therefore, the two different structures ex- and 13-

DMS:CIz should be considered as two different complexes. 

The total energies of struchlre ex- and struchlre 13 of DMS:CI2 have been calculated at the MP2 /aug-cc­

p VDZ level as respectively -1396.4914622 hartrees and as -1396.4816631 hartrees: ex-DMS:CIz is 

therefore more stable by 6.149 kcaVmoI. 

Harmonic vibrational frequencies at the MP2/aug-cc-p VDZ level have been calculated for the two 

structures: the vibrational frequencies which show the most intensities are reported in Table 4 .11 , 

while the two computed IR spectra are shown in Figure 4.38, assuming a Gaussian shape for the bands. 

Figure 4.38- Calculated IR spech·a for the a- (left) and 13- (right) DMS:CI, complexes at the MP2Iaug-cc-pVDZ level 

The IR frequencies are very similar between the two complexes. The only significant difference is the 

presence of a very strong band in structure ex, which is due to the stretching of the Cl-Cl-S system, due 

to the proximity of the chlorine and the sulphur atoms: this mode is absent in structure 13 due to the 

different dispositions of the DMS and Cb molecules. 

However, the intensity pattern is very different for the two structures, ex-DMS:Ch being dominated by 

the Cl-S-Cl band at 440 cm-J which is absent in 13-DMS:Cb. The latter spectrum exhibits much 

stronger C-H stretching bands around 3000 cm- J
• 
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Table 4"11- Computed vibmtional ft"equencies fOI" the structm"es of DMS:CI, optimized at the MP2Iaug-cc-pVDZ 
I let fth b d d" b k ) eve m enstties 0 e an s m"e t"epot"te m t"ac ets 

a-DMS:Ch f)-DMS:Ch Normal mode 
frequencies (em-I) frequencies (em-I) 

440.7 CI-CI···S stretching 
(121.85) 

737.0 739.3 
(2.48) (2.33 ) 
1023.3 1020.1 
(7.88) (7.80) 
1079.8 1076.3 

--~-

(13.15) 
--~.--------- - - - ------- "-- --

. __ ----.U 2.69) .... -- ---- --

1386.7 1385.0 
(1.37) (2.09) 
1412.6 
(6.68) 
1470.0 1468.5 

C-H scissoring 
(17.00) (14.03) 
1487.5 1493.3 
(12.65) (10.96) 
1499.5 1504.2 
(2.06) (1.86) 
3076.1 3071.7 
(28.81) (34.92) 
3079.8 3075.1 
(19.53) (28.00) 
3171.4 3161.0 

C-H stretching 
(9.95) (29.12) 
3189.0 3182.4 
(7.00) (10.55) 
3189.9 3183.5 
(1.53) (4.24) 

These results are particularly important, because in the literature [9] experiments involving eo­

deposition of OMS and Ch in a matrix have shown the presence of a strong band around 360 em- I in 

the IR spectrum due to a complex which is decomposed as consequence of irradiation from a J-[g lamp 

(no suggestions on the structure of this complex have been given). Considering the expected error in 

the calculated vibrational frequencies due to anharmonicity and partial allowance for electron 

correlation in the calculations, it is expected that for a-DMS:CIz a band should be experimentally 

detected around 400 em-I. This could make a-DMS:CIz a suitable candidate for the reaction 

intermediate observed in the OMS + Clz -7 MOMS + HCI reaction, while the computed IR spectrum 

of structure ~ does not give good agreement with the experimental IR spectrum for the intermediate. 
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Concerning vertical ionization energies (VIEs), the results obtained by applying Koopmans' theorem 

to the molecular orbitals obtained at the Hartree-Fock level for the two structures of DMS:CI 2 are 

listed in Table 4.12. 

Table 4.12- VIEs of the two DMS·C12 structures calculated with Koopmans' theorem at the HF/allg-cc-pVDZ level , 

KT calculated VIE (eV) KT calculated VIE (eV) 

a-DMS:Cl2 J3-DMS:Cl2 

9.626 9093 

11.401 11.772 

11.427 12.198 

12.601 12.243 

13.826 13.257 
----~ ---- - - --------

Bearing in mind that the PE bands experimentally detected have VIEs at 9.69 and 10.62 eV, thcse 

results exclude J3-DMS:Cb as a possible candidate as the reaction intermediate, as its first calculated 

VIE is too low. The VIEs in Table 4.12 are in fact expected to be too high because of the 

approximations involved in Koopmans' theorem: if the values are scaled by the widely used 0.92 

factor, the energies for the two first bands become 8.86 and 10.49 eV for the a structure and 8:n and 

10.83 for the J3 structure. 

For a more reliable energy detennination for the VIE of the first band of a-DMS:Ch, calculations at 

higher degrees of approximations have been conducted [24]. Coupled-cluster calculations with 

inclusion of the triples contribution (CCSD(T» led to a VIE of 8.83 eV with the aug-cc-pVDZ basis 

set, while the estimate with the aug-cc-p VTZ basis set was calculated as 8.93 e V. 

These values are too low compared to the experimental VIE of9.66 eV. Therefore, computed VIEs for 

a-DMS:Cb do not reproduce the experimental VIEs for the reaction intermediate. Despite the possible 

reasonable agreement for the IR spectrum, such a complex does not satisfy completely the 

requirements of the observed reaction intermediate in the PE spectmm. 
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4.5.2 MDMS:HCI 

Three different structures have been obtained for the CH3SCH2C1:HCl complex, according to the 

relative orientation of the HCl molecule with respect to the chlorine atom of MDMS. The three 

structures are presented in Figure 4.39. In this case, ti1eir differences are merely in orientation, so they 

can be considered as conformers of the same complex, in contrast with DMS :Ch where the two 

complexes showed more marked differences in bond lengths and electronic and vibrational 

characteristics. The stmctures have been labelled ortho-, meta- and para-MDMS:HC1, to distinguish 

ilie relative positions of their HCI and CH2CI groups. 

FigUl'e 4,39- Optimized stmctures ofMDMS:HCI at the MP2/aug-cc-pVDZ level. Left: orll/{), cenh'e: mela, J'ight: para 

The total and relative energies calculated for the tirree structmes are reported in Table 4.13 ; structure 

para was found to be tile most stable one, while structure meta is tile least stable one . 

Table 4.13- Total and relative eneJ'gies of the thJ'ee minimum eneJ'gY confoJ'meJ's of MDMS:HCI calculated at the 
MP2/aug-cc-pVDZ level 

Structure Total energy Relative energy 
(hartrees) (kcal/mol) 

Ortho-MDMS:HCI -1396.5423365 +0.756 

Meta-MDMS:HCI -1396.5395915 +2.479 

Para-MDMS:HCl -1396.5435419 0 

Figure 4.40 presents in more detail the geometry of para-MDMS:HC1, and Table 4.14 lists its most 

significant geometrical parameters. There are no major differences in parameters between the 

conformers, apart from the angles of the chlorine atom to the MDMS unit: the only difference is in 

structure ortho where, due to steric hindrance between the chlorine atoms, the HCl unit is moved 

higher above the sulphm atom . The two S-C bonds are here slightly different, due to the presence of 

chlorine near one ofiliem, while the H-CI bond is just slightly longer than in free HCI (1.274 A) 
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BI0 

Cill 

CI6 

FigUl·e 4.40- Optimized geomeh·y of para-MDMS:HCI with the labelling of the atoms 

Table 4.14- The most significant geomet.-ical pa.-amete.·s fOl·para-MDM S:HCI optimized at the MP2Iaug-cc-pVDZ 
level 

Bond Distance (A) Angle Value (0) 

Sl-C2 1.810 C2-SI-C3 98.23 

Sl -C3 1.824 CI6-C2-S1 113.57 

C2-H4 1.098 C2-SI-HIO 87.54 

C2-H5 1.099 Sl-HlO-CI11 161.70 

C2-C16 1.805 C2-HS-ClII 114.40 

HlO-Sl 2.228 H5-C2-SI-C3 -53.17 

CI11-HlO 1.315 H5-C2-S I-HI 0 37.18 

CI1I-H5 3.124 C2-S1-HIO-CIIl -47.92 

C2-HlO 2.782 CI6-C2-S1 -HIO 158.74 

Harmonic vibrational frequencies have been calculated at the MP2/aug-cc-p VDZ level for the three 

conformers . The complete spectra (presented with a Gaussian sbape for the bands) are rep0l1ed in 

Figure 4.41, while the vibrational frequencies with the largest calculated intensities are listed in Table 

4 .15. 

The spectra are dominated by the H-CI stretch ing band: this can vary considerably in frequency (100 

cm-! separate the peak of ortho structure to that of meta structure) according to whether the vibrational 

mode is close to the H-Cl value stretching for free HCl (calculated at 3084 cm-l using the same basis 

set). It is evident that even if the computed spectra show a relatively strong band in the 350-450 cm- l 

region, the full spectra cannot fit the experimental spectrum in the literahlre for the intermediate [9], 

where as a consequence of co-deposition of DMS and Clz in a matrix, a strong band was observed at 
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360 cm-! with much weaker bands at 1035 and 1331 cm-!. Moreover, in FT -IR spectra acquired in this 

work (Section 4.5.1), the HCI bands are observed at the frequencies of free HCI, while according to 

calculations MDMS:HCl should absorb around 150 cm-! lower. 
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FigUl'e 4.41- Calculated JR specb'a fOl' the MDMS:H CI conformers: above, ortllO (left) and m eta ("ight) ; below, pliTtl 

at the MP2/aug-cc-pVDZ level 

Table 4,15- Calculated vib.-ational f,'equencies fo r the sb'uctUl'es of MD MS:HCI (in tensities of the bands rellOl'ted in 
brackets) 

ortllO-MDMS:HCI meta-MDMS:HCI para-M DMS:HCI Nor'mal mode 
frequencies (cm -I) freguencies (cml frequencies (cm-I) 

395 .1 (44.19) 407 ,3 ~90 . 672 
424.3 (62 .88) 422 .7 (18,22) 

709.3 (8.44) 457.6 (35.47) 710 .7 (5.33) 
753 .2 (23.89) 748.6 (3 .22) 755 .0 (21.68} 
802.4 (50.27) 828,6 (37 .84) 802 .5 (55 .19) S-C-Cl stretching 
863.1 (1.87) 918 .6 (1.50) 863 .5 (2.29) 

1005 .8 (3.27) 1008.2 (4.47) 1008.8 (3.39) 
1025 .8 (9.14 ) 1015 .1 (485) 1026.0 (7 .78) 
1217.3 (2.30) 1220.4 (1 .05) 
1317.7 (35.03) 1322.2 (51.76) 1319.8 (38.01) 
1405.2 (1.84 ) 1404.5 (1.881 
1440.4 (3.56) 1441.4 ( 2.291 C-H scissoring 
1467 .1 (9.88) 1463.3 (9 .70) 1468.3 (10.51) 
1493.6 (9.17) 1499.2 (7 .27) 1495 .0 (8.94) 
2905 .0 (504.64) 2809.6 (621.5) 2837 .6 (621.12) Cl-H .. ·S stretch 
3086.6 (14.38) 3079.4 (18.90) 3085 .1 (13.22) 
3127.4 (9.08) 3111.7 (11 .85) 3124.4 (6 .68) C-H stretching 
3187.1 (4.98) 3176.2 (5 .90) 3185.4 (3 .35) 
3196.1 (1.32) 3189.0 (2 .66) 3198.6 (1.10) 
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From the computed vibrational intensities and frequencies, it is therefore not likely that MDMSllCI 

could be the intermediate in the DMS + Cb -7 MDMS + HCl reaction observed experimentally. 

The vertical ionization energies (VIEs) calculated with Koopmans' theorem for the three conformers 

ofMDMS:HCl are reported in Table 4.16 

Table 4.16- VIEs of the three MDMS:HCI stmctUl'es calculated with Koopmans' theOl'em at the HF/allg-rc-pYDZ 
level 

- ---- .. -.----~-----

KT calculated VIE (eV) KT calculated VIE (eV) KT calculated VIE (eV) 

ortllO-MDMS:HCI meta-MDMS:HCI para-MDMS:HCI 
._. 

10.266 10.271 10.307 
.. _----- -------

1l.975 12.103 12.027 
.. _.- ----

12.291 12.333 12301 

12358 12.516 12.638 
"--------.- --------

12.370 12.572 12.664 

13.245 13.036 13.264 

Considering the usual overestimate made by Koopmans' theorem of the VIE value, the prediction for 

the first band is quite realistic: if a 0.92 scaling factor is used, the computed value for conformer or/11O 

becomes 9.44 eV, compared to an experimental value of 9.66 eV. The four following VIEs are very 

close to each other: experimentally it would be possible that they all contTibute to the same PE band; 

considering the 0.92 scaling factor, the value for the second VIE would be 1 1.02 e V. Even if this value 

is not be far from the observed VIE at 10.62 e V, the energy separation between the first and second 

band is too large (1.6 eV, compared to 0.9 eV experimentally). This problem was encountered also for 

calculations run on ortho-MDMS :HCl at higher levels of approximation [24] despite the VI E of the 

first band being computed by coupled-cluster calculations to be at 9.42 eV (double-zeta basis set) or 

9.53 eV (estimate at the triple-zeta basis set level), the value for the second VIE (not calculable with 

CCSD(T) because of the C} symmetry of the complex) was found to be above 11.2 eV with CIS, 

CASSCF and EOM-CCSD methods. 

Therefore, even if the first computed VIE is in satisfactory ab'Teement with the one observed in the 

PES experiments at 9.66 eV, no clear bases for the assignment to the second band ofMDMS:HCI, with 

VIE at 10.62 e V, can be found. It is therefore unlikely that MDMS: HCl can be associated with the 

observed reaction intennediate. 

127 



(CH3)2SCIz was also considered as a possible candidate as the reaction intermediate observed in the 

PES experiments. When the structure was optimized at the MP2 level , it was found that the sulplmr 

centre does not exhibit a tetrahedral or square-planar co-ordination, but instead it exhibits a pseudo 

octahedral co-ordination, in which two axial positions are unoccupied. 

The computed structure for this sulphurane-like structure is reported in Figure 4.42 , alon g with the 

atom labelling. 

S1 

Cill 

Figm'e 4,42- Stnlcture of (CH3hSCl2 optimized at the M.P2Iaug-cc-pVDZ level 

Even if slightly distorted (the angle Cl 1 O-S I-Cl 11 is not exactly 1800
, and tJle angle C2-S l-C3 is not 

exactly 900
), t11e structure posses 2 planes of symmetry and a C2 axis passing through the sulphur 

atom: its point group is therefore C2V. The most relevant geometrical parameters are listed in Tab le 

4.17. 

Table 4.17- The most significant geometrical pm'ametel's of (CH3hSCl2 optimized at the MP2Iaug-cc-pVDZ level 

Bond Distance (A) Angle Value e) 
Sl-C2 1.828 C2-S1-C3 100.32 

C2-H4 1.099 H4-C2-S1 106.08 

C2-H5 1.096 C2-S1-CIIO 90.79 

Sl -CllO 2.322 CI 1 O-S l-Cl 11 178.11 

CIll -HS 3.508 H4-C2-S1 -C3 180.0 

H4-C2-S1-HIO -90.0 
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It is noteworthy that the DMS Lillit is practically Lillchanged on bonding with the two CI atoms, as its 

bond lengths and angles are almost identical for those of isolated DMS ca lculated at the same level 

(MP2/aug-cc-p VDZ). 

The geometry of (CH3)2SCIz is very similar to the geometry calculated for (CH.l)2SCI at the UMP2IDZP 

level [5] : (CH3)2SCI is the intermediate observed in the DMS + CI reaction [1 , 3] In that case, the 

molecule is almost identical as (CH3)2SCIz, only with one of the chlorine atoms removed from the 

sulphur. For example, the angle C-S-Cl is identical between the two structw'es, while the C-S and S-Cl 

distance are slightly different (S-Cl is longer III CH3)2SCI, while C-S is lon ger in (CH .l)2SCl2). 

Moreover, the structure of SCl4 has been studied by means of ab inilio calculations [25], and its 

geometry is very similar to the geometry of (CH3)2SCIz, as both show a pseudo octahedral co-ordi nation 

around the sulphur atom. 

The total energy calculated for this molecule (which is not a complex, as are the two (CH.l)2S:CI2 

structures previously described) is - 1396.5182567 hartrees . The energy is therefore intermediate 

between those of DMSCIz and MDMS:HCI: at 0 K the most stable conformer of MDMS:HCl is 15.87 

kcallmollower, while the most stable structure ofDMS:CIz is 16 .81 kcallmollower. 

Harmonic vibrational frequencies have been calculated at the MP2/aug-cc-p VDZ level for (CH3)2SCI2. 

The frequencies are listed in Table 4.18, and the full computed IR spectrum is reported in Figure 4.43 , 

which was obtained assuming a Gaussian contour for the bands. 

n 
t 
e 
n 
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t 
\:I 

FrequenC\:I 

FigUl'e 4.43- The IR spectmm of (CH3nSCl2 calculated at the M'P2Iaug-cc-pVDZ level 
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Table 4.18- Hal'monic vibl'ational fl'equencies calculated for (CH3hSCI, 

(CH3hSCh Intensities Normal mode 
frequencies (cm -I) (km/mol) 

353.4 398,97 Asymmetric CI-S-CI stretch 
--

972.4 1.95 
1035.8 25.23 
1090.6 7.14 
1411 .8 2.94 
1440.1 12.49 C-H scissoring 
1474.7 10.58 
1479.2 10.44 
3245.8 1.96 C-H stretching 

The spectrum is clearly dominated by the S-CI stretching band at 353 cm-!, plus weak bands at around 

1036 and 1475 cm-!. The overall pattern is in very good agreement with the literature matrix isoi<Ition 

infrared evidence [9] that indicates that an intermediate produced by co-deposition of DMS and CI 2 is 

characterized by a strong band at around 360 cm-! and two weak bands at 1035 and 1331 cm- I Thc 

calculated value for the S-Cl band is slightly lower than the experimental one; nevertheless, this 

frequency is very dependent on the basis set chosen in the calculations. For example, when a 6-

311 ++G(2p, 2d) basis set is used, the S-CI stretching frequency increases to 373.6 cm-!, a value that 

considering neglect of anharmonicity and partial allowance for electron correlation is in particularly 

good agreement with the experimental value of 360 cm-! . 

Therefore, (CH3)2SCh has a calculated IR spectrum in very good agreement with the experimental 

matrix isolation spectrum recorded on co-deposition of DMS and Cb, both in band positions and 

intensity distribution. 

Vertical ionization energies calculated with Koopmans' theorem are listed in Table 4.19, along with 

the values corrected by a 0.92 scaling factor. 

Table 4.19- VIE s of (CH3),SCI, calculated with Kooomans' theorem at the H FfaVDZ level 

KT calculated VIE O.92·KT calculated VIE 

(eV) (eV) 

10.218 9.400 

11.715 10.778 
f------ I- ---

11.721 10.783 

11.774 10.832 

11.789 10.845 
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The second to tlle fifth calculated VIEs are very close: experimentally tlley would merge into the same 

photoelectron band. In fact, the molecular orbitals involved in these ionizations (MO 30-33) are very 

similar, being due to lone pairs on ilie chlorine atoms, plus a small a-bonding contribution from the S­

CH3 bonds. The HOMO (MO 34) is mostly a a-antibonding orbital along the C1-S-CI unit. The two 

HOMOs are reported in Figure 4.44: the three next highest HOMOs are almost identical with MO 33. 

M034 
(HOMO) 

M033 

FigUloe 4044- The two highest occupied moleculalo o lobitals calculated fOlo (C H3)zSCI2 

The results from Koopmans ' theorem are somewhat similar to those obtained for MDMS :HC I. The 

value computed for the first band is encouraging (the experimental value is 9.66 eV), and the energy 

difference with the second one (experimental VIE at 10 .62 e V) is still too high, but better than the 

values obtained for MDMS:HCI : there, the difference between tlle two first VI Es was about 1.6 eV; 

here it is ca. 1.4 eV. Calculations conducted Witll a coupled-cluster metllod considerin g triple 

contributions- CCSD(T)- have been performed using different basis sets in order to obta ined more 

reliable values at least for tlle two first VIEs; the results are listed in Table 4 .20. 
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Table 4,20- VIEs of the (CH3hSCl2 structUl'e calculated with the CCSD(T) method with dilTel'ent basis sets, and 
d ' th ' I VIE compal'e WIt e expenmenta s 

Ionization CCSD(T) VIE (eV) CCSD(T) VIE (eV) CCSD(T) VIE (eV) Experi mental 

Basis set: a VDZ Basis set: a VTZ Basis set: aV(T+d)Z VIE (eV) 

(34 al),l-+ 2 AI 9.535 9.633 9.643 9. 

(33 b2)'1 -+ 282 10.465 10.593 10,602 

(32 al),l-+ 2 AI - - -
"--- 10. 

(31 bl)'1 -+ 281 - 10.623 -
62 

(30 a2yl-+ 2 A2 - 10.655 -

It was not possible to calculate the third VIE of (CH3)2SCb by the CCSO(T) method because the 

symmetry of M032 is the same as the HOMO. From the Koopmans' theorem values, however, the 

VIE value should be very close to that of the second VIE, that is around 10.60 eV. 

The overall agreement between experiment and calculations is strikingly good, to the point that the 

error in the calibration of the experimental bands must be taken into account as a limit for the degree 

of accuracy of the calculations. 

Therefore, on the basis of this evidence and the computed vibrational spectrum of (CH3 )2SCI2, the 

intermediate between the reagents OMS+CI2 and the products CH3SCH2CI+HCI observed in the PES 

experiments is assigned to (CI'~h)2SCI2; also from the energetic point of view, its relative energy IS 

consistent with its relatively long lifetime. 

Now that the reaction intermediate has been assigned to (CH3hSCJ2, a study of the energy SUrl~ICC 

relating OMS + CIz to the intermediate and products was carried out in order to explain the reaction 

mechanism. This will be presented in Section 4.7, 
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4.6 PROPOSED REACTION MECHANISM 

From the experimental results, it was shown that the DMS + Cl2 reaction first proceeds via the 

formation of (CH3)2SCIz without any other product being formed. Unfortunately, the poss ible 

formation of this intermediate was proposed after the acquisition of the lR spectra, so no investi gation 

was carried out in the region below 400 cm-1 where this molecule is expected to display its strongest 

vibrational absorption; a confirmation of this hypothesis was given by the PES results and from the 

literature results on IR matrix isolation [9]. Moreover, the same kind of compound has been proposed 

for the reactions ofDMS with F2 [26] and of DMSe Witll Clz [27, 28]. 

At later stages of the reaction, (CH3)2SCIz decomposes and MDMS and HCI are observed. 

For increasing concentrations of chlorine relative to DMS, or at longer contact times, DDMS is 

observed, even if its presence was detected in a narrow range of experimental conditions: for example, 

in a closed cell its presence was almost completely hidden by the great abundance of TDMS. 

An initial decomposition scheme can be visualized as 

H3C H3C Cl 
\ + CI-CI .. \-< + H2 S-CH 3 

B) 

1 
CI 

A) 

H3C CI 
H3C CI \/ 

S-CH3 .. \-< + H2 
/ D) 

CI 
CI 

1 
C) 

H3C 
excess CI 2 \ H3C CI HCI + S~ .. \-< + HCI 

CI F) 
CI 

excess 11 2 
E) excess t 2 

G) 
H3C CI H3C CI 

\+CI + H2 \+CI + HCI 

CI CI 
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Route B is clearly disfavoured, because no DDMS has been observed in the initial stages of the 

reaction: route A is then the fi rst step. 

It is more problematic to state if route D is open or not: experimenta l evidence (Section 4.5.4) 

indicates that some DDMS is observed before (CH3)2SCl2 has been totally consumed. Nevertheless, it 

is possible that DDMS can initi a lly be produced (via routes C+ F) when (CH, )2SCh is not already full y 

decomposed to MDMS via route C. No ab initio calcul ations searching for a tTansition state fo r ro ute 

D have been pelformed, but the nature of the process- with fOLu· bonds being broken and then fOUT new 

ones formed- seems to suggest that route C should be favoured over route D. 

The choice between route E and routes F+G is very difficult. On one hand, DDMS is experimenta lly 

detected, weakly in PES and more intensely in IR matrix iso lation spectra . On the other, the intensities 

of DDMS bands are usually lower- both in lR and PES spectra- than those of MDMS or TTDMS 

(depending on the DMS:Ch ratio or the mixing distance), and even in IR matTix results it appears that 

DDMS is better observed when MDMS is mi xed with chl orine, rather than when the reaction is 

between DMS and chlorine. This probably suggests that when MOMS is formed as a reaction product 

from DMS, it has some kind of excess energy that allows the compound to react promptly with Ch to 

form directly TDMS; when MDMS is the initi al reactant, the reaction is much slower (in the same 

mixing ratio, and after the same deposition time, the amount of unreacted MDMS was hi gher than the 

equivalent amount of DMS, and TDMS was not observed) and DDMS is detected in hi gher 

abundance. It is also possible that DDMS is formed with a very short lifetime, that is route F could be 

open and route G can be a very rapid process . 

An important discrimination can be done on the basis of the reaction partner: whil e route E proceeds 

without any formation of HCl with respect to MOMS, ro utes F+G implies the formation of add itiona l 

HCl after all (CH3)2SCh has decomposed to MDMS. Res ults must be handled with care, due to the 

difficulty of discerning when Hel begins to be formed as a consequence of route C or ro ute F (that is, 

when MDMS is formed , or when it is already reacting: probably there is an overl app ing between the 

two processes); still , fro m PES it seems that the increase of HCI when MDMS bands are almost stab le 

is not very enhanced (Section 4.5.4), and from FT-LR results (Section 4.5.2) it can be seen that the 

bands associated with HCl do not increase between the condi tions in which MOMS is obtained and 

those when TDMS is obtained . Comparing Figures 4.23 and 4.24, once the different total pressure is 

taken into account for the correction of the intensities, it can be seen that the HCI intensity, as judged 

from the sharp-like HCl spectrum, is almost the same, even if in one case MOMS is fOlllled and in the 

other case TDMS is formed: the differe nt Ch:DMS ratios do not seem to have much effect on the 

amount of HCl produced. 
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It is concluded that probably routes E and F+G are open at the same time, even if it is difficult to state 

clearly which one of them is more dominant in the decomposition pathway. 

Considering all these aspects, a general scheme for the DMS + Clz reaction can be proposed as in 

Figure 4.45. 

CI - CI 

H3C CI 
\/ 

S- CH 
/ 3 

CI 

HCI + 
excess CI2 

~ 
+ HCI 

excess CI2 

excess CI2 

+ HCI 

Figur'e 4.45- P.-oposed scheme foo' the DMS + O 2 o'eaction 

The possibility that the intermediate (CH3)2SClz directly reacts with Clz to produce HC I, H2 and 

TDMS was not considered (such a complex reaction is very unlikely to happen in a single step) , and 

also it was assumed that DMS does not react directly with Cl2 to produce directly MDMS and HCI: 

apart from the need to justify the presence of (CH3)2SCh, the reason why this direct route is not 

included is due to its higher transition state with respect to that producing the intermediate. This aspect 

will be described in more detail in the next section. 

Finally, it must be bome in mind that the production of DDMS can stali when the (CH3)2SCl2 

intermediate is not fully consumed: this explains why in some PE spectra it is possible to see weak 

intermediate bands when DDMS bands are already present (1 mm exit tube, at short mixing distances). 
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4.6.1 ENERGY LEVEL DIAGRAM AND TRANSITION STATES 

In order to support the hypothesis of the fonnation of (CH3)2SCh as an intermediate in the DMS + Ch 

reaction , a study of the potential energy surface connecting DMS+Ch to MDMS+HCl was conducted. 

No investigation was can"ied out on the steps of the reaction, which involve the fonnation of ODMS 

and TOMS. 

The detailed study of the relevant paJ1s of the energy surface (including the lTansition states) proved to 

be quite time consuming due to the size of the structures invo lved ; this placed a limitati on on the type 

of molecular orbital method and basis set that could be used. For example, at the MP2/6-3 1 ++G(2 p, 

2d) level the time required for the convergence of the calculations was too long and therefore no study 

an all the intermediates and transition states was carried out at this leve l Relevant parts of the surface 

were therefore investigated with aug-cc-pVDZ, aug-cc-pVTZ and 6-31 ++G** basis sets. 

When OMS and molecular chlorine are brought together, the DMS CI2 complexes (a and ~) described 

in Section 4.6.1 were formed ; the interconversion between them should occur without an apprec iable 

activation energy, as interconversion involves essentially a rotation of the CI2 group . From complex ~­

OMS:Ch another intermediate was found, where one of the chlorine atoms is co-ordinated by the 

sulphur centre, while the second chlorine atom is moved further towards one of the methyl groups. 

This structure, which can be described as a (CH3)2SCI:CI complex is characterized by all real 

frequencies : its geometry is shown in Figure 4.46 along with all the other intermediates and lTaJlsition 

states on the OMS+CIz surface. Wllile the OMS:CI2 complexes were calculated to be more stab le than 

OMS+CIz, (CH3)2SCI:Cl is characterized by a relatively high energy. 

No transition state was found to connect such a complex to ~-DMS :C I 2 . On the other hand , a transition 

state was found to connect (CH3)2SCI:Cl to the intermediate (CH3)2SCIz which is experimenta ll y 

observed: the connection was confirmed by an IRC calculation. The two structures differ only by a 

displacement of the second chlorine atom towards the other side of the sulphur cenlTe with respect to 

the first chlorine atom: therefore, the energy of the transition state (l abelled TS I) was not much hi gher 

than the energy of (CH3)2SCI:CI itself The only imaginary vibrational frequency for such a transition 

state is cOITectly associated with the rotation of the Cl atom around the sulphLU" ato m. 

From TSl, the intermediate (CH3)2SCI2, which is much lower in energy than DMS+CIz, is obtained. 
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MDMS:HCI 
ortho 

a - DMS:C11 

CHjSCI=CH 1: HCI 
cis 

MDMS:HCI 
meta 

~-DMS:C12 

MDMS:HCI 
paru 

MDMS 

FigUl"e 4.46- GeometJ"ies of intel"mediates and tJ"ansition states on the DMS+Ci2 sUl"face located at the MP2/6-31G++ 
level. Refer to the enel"gy diagrams (Figures 4"47 and 4.48) for the labelling of the tJ"ansition states 
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From the (CH3)zSCh intermediate, if one of the S-CI bonds is broken or partially broken and the 

liberated chlorine atom is moved towards one of the methyl b'TOUPS, the transition state TS2 is 

obtained: the imaginary frequency for this transition state corresponds to a movement bringing the CI 

atom very close to one of the protons, which is detached from the methyl group to fonn HC!. Ilel 

remains complexed with the rest of the molecule, forming an intermediate CH,SCI=CHzHC!. This 

structure is characterized by a much shOIier S-Cl bond (1.66 A, against 1.82 A for a normal S-CI single 

bond), and a minimum energy structure that has all real vibrational frequencies. 

From CH3SCI=CH2:HCI, if the chlorine left in the co-ordination sphere of the sulphur atom is moved 

towards the terminal methylene group in a concelied movement with the HCI molecule, paro­

MDMS:HCI is obtained. Even if this is much more stable than CH jSCI=CH2:HCI, the relative 

complexity of the change requires the location of a transition state to check the energy barrier for the 

process. This optimization was not carried out in this work, but it was assumed that the transition state 

required will not be higher in energy than TS2, which is the crucial transition state for thc whole 

(CH))2SCh-7 MOMS+HCI reaction. Para-MOMS:HCI is the most stable structure on the surfilce on 

moving HCI away from the MDMS molecule, the energy of the MOMS+HCI system is higher than 

that of the complexed species. The stepwise OMS+Ch-7(CI-Ij)2SC\z-7MOMS+HCI path has therefore 

been explored. 

If a more direct route OMS+C\z-7MDMS+HCI by-passing the sulphurane-like intermediate is 

searched for, ah initio calculations showed that no reaction is possible by moving the Ch molecule 

towards one of the OMS methyl b'TOUPS to produce HCI and MOMS in a concerted way, because the 

optimization always pushed the chlorine molecule away from OMS. It was therefore necessary to pass 

through a stepwise mechanism to produce MDMS+HC!. 

Starting from (CH3)2SCl:CI, if the outer chlorine atom is moved not towards the sulphur atom (as 

occurred when TS 1 was obtained) but towards the other chlorine (which is bonded to the sulphur 

atom), then TS3 is obtained. Its geometry is somewhat similar to 13-0MS :Clz, but the Ch molecule is 

positioned so that one of the chlorine atoms is closer to the sulphur atom and the other closer to one of 

the methyl groups: the Cl-CI bond is broken, and a new S-Cl bond is formed. This structure has a very 

high energy, and it is therefore the rate-detennining energy barrier for the formation of MOMS which 

bypasses the (CH3)2SCh intermediate. Its imaginary frequency is associated with a movement that in 

one direction leads to (CH,)2SCI:CI by pushing away the eomplexed chlorine from the methyl group, 

and in the other direction moves the Cl atom close to the methyl b'TOUP so that it abstracts a proton 

from it. 
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The result is that from TS3 a structure of the type CH,SC1=CH:,:HCl is obtained. The difference with 

the analogous structure found in the (CH3)2SCh~ MDMS+HCl path is that here the second chlorine 

atom is more distant from the sulphur centre (in fact in Figure 4.46 no S-Cl bond is depicted) and that 

this time the HCl molecule lies on the same side of the sulphur as the second chlorine. This is why this 

structure, which has all real frequencies, has been labelled cis-Cl-bSC1=Clh'HC1, in conh-ast to the 

trans conformer previously encountered. Also in this case, the reduced bond length (1.64 A) is 

consistent with the double bond nature of one of the S-Cl bonds. 

In the geometry of cis-CH3SCI=CH2 :HCI, the proton on HCI is roughly halfway between the two 

chlorine atoms: it was then quite simple to locate a transition state (TS4) in which this proton moves 

from one chlorine atom to the other, as shown by the mode associated with the imaginaryfi·equency. 

From TS4, ortho-MDMS:HCI is then easily fonned by making the isolated chlorine atom come closer 

to the methylene group. Ortho-MDMS:HCl can isomerize to mela-MDMS:HCl with a simple rotation 

of the CH2Cl group, therefore without a proper energy barrier. If then HCl moves away from MDMS, 

the two separate products- experimentally detected- are obtained. 

The study of the key regions for the DMS+Ch surface has therefore been completed- apart for two 

transition states which are left to be searched in future work, but which should not alter the mechanism 

described. 

A relative energy level diagram for the whole process can be presented. The relative energies of 

products, intermediates and transition states were found to be quite dependent on both the molecular 

orbital level (MP2 or CCSD(T)) and the basis set (aug-cc-pVDZ, aug-cc-pVTZ or 6-311++G**) The 

choice of the preferred method and basis set was determined by the relative encrgy value for the 

(CH3)2SCh intermediate and the relative energy of the TS 1 h'ansition state: this choice was due to the 

fact that TS 1 is the highest saddle point of the surface for the formation of the intermediate and for 

formation of the separate MDMS and HCl products (the path by-passing the intermediate via TS3 is in 

fact much higher in energy and should not be open). Given the fact that the reaction proceeds at room 

temperature, and so no thermal contributions help the reaction to overcome the energy barriers, it is 

necessary that the energy of TS 1 relative to DMS+Ch should not be higher than 7-8 kcallmol, given 

the fact that at room temperature kJ3T is around 0.6 kcallmo1. 

A double-zeta basis set was found to achieve a relative energy of TS I lower than 5 kcallmol it was 

therefore chosen as the "best" basis set to describe the potential energy surface for this systcm. The 

energy diagrams reported in the next figures will then be those obtained with such a basis set 

Nevertheless, Table 4.21 lists the energies for (CH3)2SCh, MDMS+HCl and TS 1 relative to DMS+Ch 

to highlight the effects of the chosen method and basis set on the results of the calculations. 

139 



15 

10 

5 

-- 0 
0 
E -5 :::::: 
co 
u -10 
~ --
~ -15 
0> 
"-

~ -20 
Q) 

Q) -25 
> 
~ 

co -30 
Q) 

a: 
-35 

-40 

-45 

TS3 
+14.19 

" ' TS1 +4.50 
OMS 
+ CI 

(CH,)2SC1 :CI, : . ~ TS2 '. 27 _ . _ . +.5 
2 .' +2.43 

~-DMS : CIz 

- -3.32 

~ -9.47 
et-DMS:CI2 

(CH3)2SCI2 
-26.29 

.. 
. . 
' . ". -8.59 

trans· . _ 

(CH3S=CH2:CI!;HCt. . .' 
cis ~. 

-14.69 '. 

ortho 

CH3SCH2CI:HCI 

meta 

TS4 

-10.83 

. , .. 
-41.40 .... -------42.15 

MP2 
aug-cc-pVDZ 

CH3SCH2CI + HCI - -32.06 

, • CH3SCH2CI:HCI para 

------. -39.67 

Figure 4.47- Relative energy diagram for the DMS+Cl2 system calculated at 0 K at the MP2/aug-cc-pVDZ level 
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Table 4.21- Comparison of the computed enel1~y values ,'elative to DMS+C12 fOl' the most impo,'tant species on till' 
DMS+CI2 su..race calculated at 0 K with different quantum chemical methods and basis sets, The MP2 values m'e 
calculated on the MP2 geometries optimized with each basis set, while CCSD(T) values aJ'e obtained f,'om single-

point calculations on the molecula,' geometry obtained by MP2 calculations with the same basis set 

MP2 CCSD(T) MP2 CCSD(T) 
6-31++G** 6-31++G** aVDZ aVDZ 

(CH1)2SCb -15.05 -11.84 -26.29 -21.83 

TSI +13.75 +15.54 +4.50 +7.59 

MDMS+HCI - - -3206 -29.72 

MP2 CCSD(T) 
aVTZ aVTZ 
-24.46 -18.95 

--~---

+6.37 +10.17 

-27.76 -25.10 

MP2 CCSD(T) 
d)ZaV(T-td)Z, aV(T+ 

-25.2 I -1947 
_ .. 

+5.43 1940 

-

From Table 4.21 it is evident that the MP2 method always gives lower energies for both TS I and the 

intermediate (CH3)2SCh than the CCSD(T) method. 

It is quite surprising to notice that a double-Z basis set gives lower relative energies than a triple-I, 

basis set; the reason of this behaviour will not be discussed here. It will be remarked, however, that if a 

polarization function d is included within the basis set, then the relative energies are lower for a triple­

Z basis set. In the following paragraphs the relative energy values obtained at the MP2/aug-cc-p VDZ 

level will be presented, as this seems the most favourable choice for the calculation of the energy of 

TS 1 and also leads to calculations which can be completed in a reasonable time. 

Figure 4.47 presents the 0 K relative energy level diagram for the DMS+Ch surface: both routes to 

MDMS+HCl- via the intermediate (CH3)2SCh or bypassing it- are reported. It is clear that the route 

passing through the intermediate is favoured, with the highest energy barrier (TS I) almost 10 kcallmol 

lower than the highest one for the direct route (TS3). This explains why under certain conditions (see 

Section 4.5.4) only (CH3)2SCh is observed without any trace ofMDMS. 

The contribution of zero point energy, of thermal energy and of entTopy should also be considered for 

this, a diagram of the relative free energies at 298 K is reported in Figure 4.48. The dia!:,'Tam was 

calculated at the MP2/6-31 ++G** level, due to the very time consuming procedure to calculate the 

entropy and thermal contribution with a double-Z basis set. In order to give an idea of the changes 

introduced passing from .0.Eo to .0.G298
, a diagram of .0.Eo at the MP2/6-31 ++G** level is reported in 

Figure 4.48, for the sake of comparing energy levels calculated with the same basis set. In this case, 

the energies are all much higher than at the MP2/a VDZ level, but a qualitative comparison can be 

made. 
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Inclusion of entropy means that all the complexes and transition states are higher in energy with 

respect to DMS+Ch or MDMS+HCI, because of their more ordered structure compared to two 

separated molecules. This explains why in the L'.G 2
l)X diagram the DMS:Ch complexes are calculated to 

be less stable than DMS+Ch compared to the L'.EIl figures or the MDMS:HCI complexes are as stabk 

as separated MDMS and HC!. 

Also (CH3)2SCIz is raised in energy to reach a value comparable to OMS+CI2, and the tTansition states 

TSI and TS3 are considerably higher in energy. As already stated, these L'.G 2
'lX values must not be 

taken as reliable values, because of the inadequacies of the 6-31++G** basis set in describing this 

system. In order to give a more precise idea of the changes introduced by comparing L'.EIl and L'.G 2
'lX for 

some important points on the surface calculated at the MP2/aug-cc-p VDZ level, the results obtained at 

this level aTe reported in Table 4.22. 

Table 4.22- L1Eo and L'1G29S for some significant points on the DMS+C12 surface calculated at the MP2/aVDZ level 

L'.EO (kcaUmol) 298 L'.G (kcal/mol) 

(CH3)zSCI:CI +2.43 +13.79 
---------- - --- --

TSI +4.50 + 16.40 

(CH3)zSCI2 -26.29 -14.73 

TS3 +2.75 +22.17 
-

MDMS+HCI -32.06 -33.37 

Despite the fact that all the relative energies increase on passing from L'.Eo to L'.G29R
, it can be seen that 

the highest increase is for the transition state for the process which by-passes the (CH3hSCh 

intermediate (TS3), giving additional support for considering that the reaction proceeds mainly 

through the formation of the (CH3)2SC\z intermediate. 

The fact that the values of the free energies are too high is proved by the inconsistency with the values 

for the rate constant of the OMS + Clz reaction [10], measured as 3.4.10- 14 cm3/molecule·s. Using the 

values for ,;\.H# and L'.S# from geometries obtained at the MP2/aug-cc-p VDZ level followed by fjxed 

point CCSD(T) calculations (L'.H# = +4.89 kca\/mol, L'.S# = -37.8 caIlK·mol) to calculate the rate 

constant by means of the standard transition state expression, a value of 1.0·1 0-21l cm3/molecule·s is 

obtained. To be consistent with the experimental rate constant, the energy of TS I relative to the 

reactants should be around 1-2 kcal/mollower and the computed L'.S# should be less negative. 

This discrepancy arises because single reference methods have been used to calculate the energy 

surtace. A multireference treatment with a larger basis set is thought to give more accurate values for 

the relative energies of both intennediates and transition state. 
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4.7 CONCLUSIONS 

The reaction between dimethyl sulphide and molecular chlorine has been studied in the gas-phase by 

photoelectron spectroscopy, FT -infrared and ultraviolet spectroscopy, and in a nitrogen matrix by 

infrared spectroscopy. Different molar ratios have been investigated, with particular attention being 

given to conditions of slight DMS excess in order to study the mechanism of the first chlorination step. 

In PES, broad bands with VIEs at 9.69 and 10.62 eV have been observed under every condition in 

which the reaction had not totally consumed the initial DMS and Cb partial pressures yet and not 

proceeded to completion and produced a full amount of monochloro-DMS. These bands- disappearing 

when DMS was totally consumed and MDMS was present- had the behaviour of those associated with 

a reaction intermediate, as was found out by measuring their relative intensity on varying the 

experimental parameters (mixing distance and molar ratio between DMS and Ch). 

Ab initio calculations assigned the intermediate bands to a (CH3hSCh structure in which the central 

sulphur atom is tetra co-ordinated to the methyl and chlorine groups. The geometry is very similar to 

the geometry of (CH3)2SCI [5], which is the intermediate observed in the reaction between DMS and 

atomic chlorine, and to the geometry of SCl4 [25]. Such a structure is expected to have VIEs in very 

good agreement with the experimental VIEs. Moreover, the calculated IR spectrum of the intermediate 

displays a very strong band at around 355 cm- I with weaker bands at 1035 and 1440 cm- I
: this is in 

very good ab'Teement with the literature spectra recorded for DMS and CI2 co-deposited in a matrix. 

Calculations using different methods and basis sets have also been used to construct an energy level 

diagram for the DMS -7 MDMS surface, both involving and by-passing the formation of the 

intermediate. 

Unfortunately, in the IR matrix isolation in this work no windows for radiation below 400 cm
l 

were 

available, preventing the observation of (CH3)2SCh by IR spectroscopy. 

In FT-IR and UV gas-phase measurements, attention was focused on the formation of high chlorinated 

DMS species. It was found that the reaction proceeds stepwise to produce first MDMS, then DMDS 

and TDMS; while MDMS and TDMS were clearly detected, the signal of the dichlorinated species is 

very weak, suggesting that the reaction, once having produced MDMS, prefers to form predominantly 

the trichloro-DMS. This can be due either to a very fast reaction DMDS -7 TDMS or to a direct 

reaction MDMS -7 TDMS. Whatever the case, the spectra indicate that the reaction intToduces the 

chlorine atoms on the same methyl group of the DMS molecule, attacking the other one only after the 

formation ofTDMS- when no more hydrogen atoms can be removed from the first methyl b'TOUP. 
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If the formation and removal of the complex in the gas-phase is represented as 

OMS + CI2 + M -7 (CH3hSCh + M 

(CH3)2SCh -7 MOMS + HCI 

(a) 

(b) 

then the results of this work suggest that the first step is the slow step and the second step is much 

faster. Hence the measured rate constant for the OMS + Ch reaction cOiTesponds to the rate of reaction 

(a). 

Emphasis of future work could be both on ah initio calculations (the location of the remaining 

transition states to fully describe the potential energy surface for the first chlorination mechanism) and 

on experiments. In particular, co-deposition of OMS and CI2 in a matrix should be studied in the far 

infrared region to detect the band of the (CH3)2SCh intennediate; also, the possibility of designing a 

flow-tube set-up for the detection of this intermediate in the gas-phase by means of FT-IR and UV 

spectroscopies should be considered. 

Considering the importance of halogens above the ocean surface [28], a parallel study of the reaction 

of OMS with Iz could be an interesting complement to the OMS+CI2 investigation. 
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CHAPTERS 

A SPECTROSCOPIC STUDY OF THE THERMAL 

DECOMPOSITION OF ALIPHATIC AZIDES 

5.1 INTRODUCTION 

Since the early work by Bock and Dammel [1-4], gas-phase UV-photoelectron spectTOscopy has been 

used to study the pyrolysis of organic azides. The first azides studied were simple alkyl azides RCI-I r 

N3, such as methylazide, or ethylazide: the compounds detected upon thermal decomposition of these 

azides were the corresponding imines RCH=NH (methylimine, ethylimine) and molecular nitrogen. 

These pioneering studies suggested that the imines could be formed either via a 1,2- H shift mechanism 

(or a 1,2-Me shift) of the unstable nitrene radical RCH2N: originating from the liberation of nitrogen 

from the azide or from a concerted process involving nitrogen elimination and the 1,2-hydrogcn shift, 

which would therefore produce the imine without any nitrene formation The initial study by Bock and 

Dammel preferred the latter mechanism, but this was apparently inconsistent with later experimented 

and theoretical works [5, 6]. 

The imines formed from the azide decomposition showed a limited temperature range in which they 

were stable, as they were usually decomposed at less than a hundred degrees above the tempcraturc for 

complete azide pyrolysis. The decomposition involved elimination of hydrocarbons, such as mcthane 

or ethane, or other small molecules like HCN or CHoCN. 

More complex azides, for example azidoacetonitrile, showed no imine formation but instead thc direct 

elimination of nitrogen and production of other small stable molecules. In cases where the imine was 

not detected, the presence of the observed products could be explained by molecular rearrangements 

following the same general pattern as for the alkyl azides. 

In order to extend the interpretation of the thermal behaviour to more complex organic azides, a joint 

project between the PES groups of the Universities of Southampton and Lisbon has been undertakcn; in 

order to provide an alternative identification fingerprint for the reaction intermediates and products, 

gas-phase monitoring by means of PES has been supported by paJ'allel experiments carried out with 
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infrared matrix isolation spectroscopy. The azide studies made previously on azidoacetic acid, 

azidoacetone, azidoethanol and ethyl azidoacetate [10, 11, 12] showed that the thermal decompositions 

do not just give the products expected by following the same pathway as the simple alkyl azides, but 

also other products were observed whose presence can be explained only by suggesting alternativc 

reaction mechanisms. The aim of the present project was to extend the study to investigate more classes 

of organic azides. 

In this work, azidoacetamides, azidoesters and azidonitriles have been studied. For each compound, thc 

specific objects of investigation were the temperatures of partial and complete pyrolysis and the naturc 

of the products released along with molecular nitrogen- as these are the crucial pieccs of information 

needed to characterize the azide decomposition. For example, when used as energy storage in synthesis 

it is important to know the nature of the decomposition products, or the thermodynamic stability of thc 

azide when used in seismic explosives. 

Each azide was pyrolyzed and the vapour monitored both by gas-phase PES and matrix isolation IR 

spectroscopy. The aim was to identify reaction products, to locate bands associated with rcaction 

intermediates and to monitor their intensities as a function of pyrolysis temperature. Fundamental 

support to assist spectral assignments, to help in formulating the decomposition paths, and to calculate 

the relative energy between reactants and products, was provided by ah inilio molecular orbital 

calculations. 

Experimental PES and IR studies were carried out on: azidoacetamide, dimethylazidoacetamidc, 

methyl- and ethyl-azidoformate, 2- and 3-azidopropionitrile, azidoacetonitrile, methyl azidoacetate, 2-

and 3-methylazidoacetate. The first six of these compounds have been fully studied with the support of 

ah initio calculations, and the results will be presented in this Chapter. For the last four compounds, 

only a summary of the spectra and the initial interpretation of the results will be given in the final 

section ofthis Chapter. 

From these studies, two alternative decomposition pathways have been proposed in order to explain the 

experimental evidences. 
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The first one, "Type 1", is characterized by the formation of an imine after the initial liberation of 

nitrogen from the azide, by means of a proton transfer on the iminic nitrogen atom from the adjaceIlt 

carbon atom; this is consistent with the mechanism proposed by Bock and Dammel in their works 11-41 

and can be written as: 

N, + 

) 
R' 

~C=NH 
/ 

R" 

The second path, "Type 2", involves a nucleophilic attack of the electron-deficient nitrogen atom on a 

remote site of the molecule after the liberation of nitrogen has occurred: in this case fragmentation of 

the molecule or formation of cyclic products are possible. It was first recognised in the decomposition 

of azidoacetic acid [10], and in that case was represented as: 
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5.2 AZIDOACETAMIDE 

5.2.1 EXPERIMENTAL SETUPS 

Photoelectron spectroscopy 

As azidoacetamide (N3CH2CONH2 ) is a solid at room temperature, it does not have enough vapour 

pressure to be introduced into the ionization chamber of the spectrometer by simply evacuating a flask 

holding the sample connected to the inlet tube of the spectrometer via a needle valve. It was necessary 

to heat the substance in the spectrometer ionization chamber, in order to achieve a sample vapour 

pressure in the photoionization region high enough to produce spectra of acceptable signal-to-noisc 

ratio -in this case when the pressure in the ionization chamber reached 10-4 torr. For this purpose, the 

spectrometer which has a radio-frequency induction heating system has been used. A description and a 

schematic diagram of this PE spectrometer has been given in Chapter 2, Section 2.1 [7]. 

The procedure for the acquisition and calibration of the photoelectron spectra followed the samc pattern 

as described in Chapter 2. Calibration of spectra obtained on pyrolysis of the azide was normally 

achieved using the bands associated with the first vertical ionization energies (VI Es) of N2 (15.58 e V), 

H20 (12.62 eV), or HCN (13.60 eV) [8]. 

Matrix isolation IR spectroscopy 

The apparatus and the procedure for the acquisition of infrared spectra in nitrogen matrices has been 

described in Chapter 2. Given the fact that azidoacetamide is a solid, it was found more convenient to 

pre-heat the sample and the inlet system to approximately 40°C in order to obtain a sufficient vapour 

pressure. Deposition times were of the order of 30 to 60 minutes, and the matrix dilution ratios were 

estimated to be above 1000: 1. 

Spectra of ammonia and formam ide have been acquired in a nitrogen matrix, to provide evidence for 

the possible presence and thermal behaviour of these compounds as pyrolysis products. 
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5.2.2 SAMPLE PREPARATION AND CHARACTERIZATION 

PREPARATION 

The sample was prepared by the Lisbon PES b'fOUP using the following method: chloroacetamidc was 

added slowly to a solution of sodium azide in water, until an approximate molar ratio 

chloroacetamide:sodium azide of 1:3 was reached. The mixture was stirred for 24 hours in an oil bath 

at 60°C. After cooling the product was extracted with ethyl acetate and the water phase discarded. The 

organic phase was dried over anhydrous sodium sulfate and concentrated using a rotary evaporator. 

The azidoacetamide obtained was purified by re-crystallization from dichloromethane (m.p. 55 56 "C) 

by means of an Electrothermal apparatus. 

CHARACTERIZATION 

Azidoacetamide (N3CH1CONH1) is a white crystalline solid at room temperature. It was characterized 

in the vapour phase by UV -photoelectron spectroscopy and electron impact mass spectrometry, and by 

IH_ and 13C-NMR in solution in deuterated chloroform. Characterization by infrared spectroscopy was 

conducted in a suspension in Nujol. 

Mass spectrometry and NMR were performed to check for the presence of impurities in the samples: in 

practice, the spectra revealed that the azidoacetamide used in this work was pure. 

Mass spectrometry: the 70 e V electron impact mass spectrum is reported in Figure 5.1. As expected, 

it displays the parent peak at 100 amu (intensity 2.1 % relative to the base peak). Stronger peaks can be 

found at 28 amu (base peak, 100%) corresponding to Nl + and CH1N+ fragments, at 44 amu (17.1 %) 

corresponding to CONH/ and at 72 amu (2.6%) corresponding to NCH1CONH/. Signals are present 

also at 29 (4.9%, HCO+) and 43 (2.6%, HNCO+) amu. 

In the 20 e V electron impact mass spectrum, the relative intensities of all the ions were enhanced with 

respect to the N/ intensity. The relative intensities are 14.8% for the parent ion, 100% for CONH/, 

24.8% for NCH2CONH2 +,20.9% for HCO+ and 4.8% for HNCO+ 
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Figure 5.1- The 70 eV impact mass spectmm of azidoacetamide 
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lH_ and 13C_NMR spectroscopy: the 300 MHz lH-NMR spectrum of azidoacetamide, recorded in 

CDCh solution, is reported in Figure 5.2. It shows a single peak at 4.01 ppm relative to TMS 

corresponding to the two protons on the methylene group, while a lower, broad doublet at 6.46 ppm is 

due to the protons on the amidic nitrogen atom. The ratio between the integrals of the two peaks is 

1.04: 1. The doublet at 6.46 ppm is due to the inequivalent N-H proton signals in the azide 

o 

N-N-N II H 
~N/ 

I 
H 

In the I3C-NMR spectrum, also run in CDCh solution, two peaks were observed, as can be seen in 

Figure 5.3; a peak at 52.7 ppm with respect to TMS is due to the methylene carbon atom, while the 

other one at 170.2 ppm is assignable to the carbonyl carbon atom. 

Infrared spectroscopy: the IR spectrum of the compound dispersed in Nujol recorded between KBr 

plates is shown in Figure 5.4a. Apart from the Nujol bands at 1460 and 1377 cm- l [9], it displays a 

broad band with peaks at 3373 and 3179 cm-l, assigned to N-H stretching absorptions, strong bands at 

2980-2920 cm-I (C-H stretching overlapping with Nujol bands), and bands at 2117 em- l (Nl 

stretching), 1630 cm -I (C=O stretching), 1414 cm- I and 1315 cm-1 

The bands appear to have almost the same value in the matrix isolation IR spectrum recorded in a N2 

matrix (reported in Figure 5.10 in Section 5.1.3 dealing with the ah initio results), apmi from the 

highest frequency of the N-H stretching mode above 3500 cm-l: because of the elimination of any 

intermolecular hydrogen bonding in the matrix, the frequencies of the two modes rise respectively from 

3373 and 3179 cm-l to 3538 and 3420 cm-1 A further analysis of the matrix IR spectrum will be found 

in the next section, when a comparison with the results of the ah initio calculations will be made. 
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Figure 5.3- \3C_NMR spectrum of azidoacetamide in CDCI3 (triplet at 77 ppm) 
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Photoelectron spectroscopy: the azidoacetamide UV -photoelectron spectrum (Figure 5.5) was 

obtained by warming the solid sample to 80 DC to obtain a suitable vapour pressure. The eight bands 

visible in the spectrum, and labelled A-H, were calibrated by averaging the vertical ionization energies 

of the bands calibrated from nine different spectra. The results are shown in Table 5.1 (see Figure 5.5 

for the numbering of the bands in the spectrum). The asymmetric shape of band B arises, according to 

ab initio molecular orbital calculations (see later section), from the overlap of two different one­

electron ionizations. 

Table 5.1- Calibrated vel-tical ionization enel·gies of azidoacetamide- see Figure 5.5 fOI· band numbel·iug 

A 

VIE (eV) ±O.02 10.16 

B 

10.68 

C 

11.94 

D 

13.37 

E 

14.44 

F 

15.35 

G 

16.93 

H 

17.99 

Spectra of the precursor of the azide (chloroacetamide) have also been recorded and calibrated in ordcr 

to verify the absence of the precursor in the sample studied. It displayed the characteristic sharp band 

associated to the ionization from the lone pair on the chlorine atom in the I 1.0-11.5 e V ionization 

energy region. Actually, all parent azide spectra were free of any detectable trace of the precursor llsed 

in the preparation: considering this, no comparison between the spectra of chloroacetamide and 

azidoacetamide will be presented here. 
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Figure 5.5- The Hel photoelectron spectrum of azidoacetamide recorded at a heater temperature of 80 °C 
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5.2.3 RESULTS OF MOLECULAR ORBITAL CALCULA nONS 

At the MP2/6-31 G* * level of calculation, four mmllTIUm energy conformers have been found for 

N3CH2CONH2 in its closed-shell singlet state, depending on the different relative positions (cis or 

trans) of the carbonyl, methylene and azide b'TOUPS: their geometries are shown in Figure 56. They arc 

not perfectly planar: in each case the CH2 group and the N3 chain are slightly out of thc min"or planc (in 

structure cis-IranI' the chain is paIiicularly out of the plane). Therefore they all have C1 symmetry. 

Attempts to locate a minimum geometry structure in the Cs point b'TOUP proved unsuccessful, both with 

this basis set and with a 6-311 ++G** basis set. 

Table 5.2 reports the total and relative energies calculated for the four structures. The energies of threc 

of the structures differ only by 2.0 kcallmol, while structure lrans-cis lies approximately 5.2 kcallmol 

higher in energy than the most stable form, structure cis-cis. Due to the small differences in cnergy 

between trans-trans, cis-cis and cis-trans conformers, it is likely that all the three structures contribute 

to the experimental photoelectron and infrared spectra, considering that kilT at 300 K is around 0.60 

kcal/mol. 

Table 5.3 reports the most important geometrical parameters for the most stable conformer (see Figure 

5.7 for the labelling of the atoms) 

Table 5.4 reports the first nine VrEs for the most stable conformer (structure cis-cis), calculated with 

Koopmans' theorem, obtained by taking the negative of the orbital energies computed at the MP2/6-

31 G* * level, and the first three VIEs calculated with ,0.SCF method, and compares them with the 

experimental VIEs. Values in parentheses indicate doublet ionic states, calculatcd at the neutral 

minimum energy geometry, contaminated with higher multiplicity states: a state was considered 

contaminated when the spin quantum number S is such that S2> 0.9 for these states, where 82 for a pure 

doublet state is 0.75. 

Attempts to calculate adiabatic ionization energIes (AIEs) by optimization of the geometry of the 

cation, starting from the geometry of the most stable neutral conformer (cis-cis), was prevented by the 

lack of convergence of the calculations both at the MP2 and Hartree-Fock level, either on removal of 

an electron from the HOMO or from the second HOMO. 

Table 5.5 compares the calculated values of the VIEs for all four conformers obtained by Koopmans' 

theorem at the HF level. 
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Trans-trans 

Cis-cis 

Cis-trans 

Trans-cis 

FigUloe 5.6- The foUlo conformers of azidoacetamide obtained f"om ah initio calculations using the Gaussian98 
pl"Ogram at the MP2I6-31G** level; the labelling reflects the ,oelative position of the methylene hydrogen atoms to the 
oxygen atom and of the azide chain to the methylene hydrogen atoms. As an example, stmctUloe cis-trails has oxygen 
and hyd,oogen atoms in the cis position with respect to the C-C bond, and the azide chain and the hydrogen atoms in 

the trans position with ,oespect to the C-N bondo 
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Table 5.2- Total ene"gies of the conforme.·s calculated fo.· azidoacetamide at the MP2I6-31 G* * level 

Structure 
Energy 

Relative 
energies 

(hartrees) 
(kcal/moQ 

Trans-trans -371 .761257 1.96 

Cis-cis -371.7643758 0 

Cis-trans -371.7641118 0.17 

Trans-cis -371.7561247 5.18 

FigUl'e 5.7- Atom labelling in structm'e cis-cis of azidoacetamide 

Table 5.3- Geometrical pa,·amete.·s fo.· the lowest ene.·gy stl"Uctm'e of azidoacetllmide 

Bond Length Angle Value 
(A) (0) 

Nll-NIO 1.163 N11 -N10-N9 173 .2 

N10-N9 1.2455 N10-N9-C3 115.52 

N9-C3 1.4776 N9-C3-H7 111.25 

C3-H7 1.0913 N9-C3-Cl 110.65 

C3-C1 1.5243 02-CI-N4 124.87 

C1 -02 1.2291 CI-N4-H5 119.1 

C1 -N4 1.3573 N10-N9-C3-CI 189.3 

N4-H5 1.0059 N9-C3-CI-02 191.6 
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Table 5.4- Expe,"imental and compnted VIEs of cis-cis azidoacetamide 

-

KT calculated ' KT calculated L1SCF calculated S2 for Experimental 
Band 

VIE (eV) VIE· 0.92 (eV) VIE (eV) the ion VIE (eV) 
I 

I 10.69 I 9.83 10.24 0.86 10.16 A 

11.34 
I 

10.43 (10.29) 0.954 
10.68 B 

11.70 I 
I 

10.76 10.40 0.795 
I 

12.57 
I 

11.56 11.94 C 

14.75 13.57 1337 0 
, 

"---

15.97 14.69 14.44 E 
I 
I 

17.11 15.75 15.35 F I 
.... I 

17.52 16.11 16.93 G 
... -

Table 5.5- Compa,·ison between the VIEs ofthe fonr minimnm ene'"gy confOi"mers of azidoacetamide calculated with 
Koopmans' theorem (all exp,"essed in eV) 

KT KT KT KT Exp. 

Ionization VIEs·O.92 VIEs·O.92 VIEs·O.92 VIEs·O.92 VIEs 

cis-cis cis-trails trans-trans trails-cis 

(26 ari -)2A 9.83 9.70 9.30 9.54 10.16 
i 

(25 arl-) 2A 10.43 I 10.48 10.68 10.55 
.. 10.68 

(24 arl-) 2A 10.76 11.02 10.76 10.87 

(23 arl-) 2A 11.56 11.77 11.40 I 1.17 11.94 

(22 arl-) 2A 13.57 13.52 13.79 13.74 13.37 

(21 arl-) 2A 14.69 14.88 14.84 14.78 14.44 

(20 arl-) 2A 15.75 15.54 15.18 15.50 15.35 
.... .. 

(19 arl-) 2A 16.11 15.92 16.34 16.34 16.93 
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Calculations perrormed at the Hartree-Fock level led to location of on ly two mml1l1UI11 energy 

geometry conformers, corresponding to structures cis-cis and trans-trans. The descliption of the 

molecular orbitals for structures cis-trans and trans-cis have been obtained from a single point Hartree­

Fock calculation asslll11ing the geometries being those calculated at the MP2 level. 

Figure 5.8 shows the shape of the first six MOs calculated for the most stable conformer of 

azidoacetamide (Cis-cis) at the HF level. 

25 

26 (HOMO) 

"., 
24 23 

22 
21 

Figure 5.8- The six highest occupied molecular orbitals fOJo structure cis-cis of azidoacetamide as obtained from 
calculations peJi'ormed with the Gaussian98 pJ'ogmm at the HF/6-31 G** level. Refer to FigUJoe 5.7 fOJo the 

identification of the atoms on the skeleton of the molecule (repoJoted heJ'e in the top left comer). 
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Assuming the main skeleton of the azide to be quasi-planar, molecular orbital 26 (the HOMO) is a 

delocalized orbital with mostly antibonding character: the major contribution is due to a Pn antibonding 

system between the last nitrogen atom of the azide chain and the adjacent carbon, and between the first 

and last nitrogen atoms of the azide chain. Lone pairs are also contributing from the oxygen and amidic 

nitrogen atoms. 

MO 25 retains mostly TC-type symmetry: it has mainly a Pn-bonding character on the NI-[2 group, and a 

slight Pn-bonding character on the carbonyl group. A further contribution is due to the lone pair on the 

first nitrogen atom on the azide chain. 

MO 24 is basically antibonding between the oxygen atom and the carbonyl carbon atom, still with Pn 

symmetry but this time with a nodal plane perpendicular to the plane of the molecule. The orbital has 

also a-bonding character on the H2N-C-CH2 frame. 

MO 23 is a delocalized orbital, mainly with Pn-antibonding character (and nodal plane perpendicular to 

the molecular plane) between the first and last nitrogen atoms of the azide chain and with bonding 

character on the methylene f,'Toup. 

MO 22 is strongly Pn-bonding on the O=C-NH2 sector of the molecule, and Pn-antibonding between the 

carbonyl and the methylene carbon atoms. 

MO 21 is Pn-antibonding between the amidic nitrogen and the adjacent carbon atom and a-bonding on 

the carbonyl group and between the carbonyl and the methylene carbon atoms. 

As expected, the highest occupied molecular orbitals have mainly antibonding or non-bonding 

character, but in contrast with previous calculations on other azides [10-12], the conh'ibution of the 

azide chain to these HOMOs is relatively low. Molecular orbitals 20-26 are not widely deloealized this 

is in agreement with the relatively sharp appearance of the photoelech'on bands in the azide spectrum; 

the mostly localized molecular orbital, MO 25, is the one whose ionization produces band B, whieh is 

in fact the sharpest. 

Comparing structure trans-trans of azidoacetamide with the cis-cis one, the main general difference 

between the molecular orbitals calculated for the two conformers is that in the trans-Irans form the 

azide chain contributes more to the description of the outennost occupied MOs with respect to the C/s­

cis struchlre. This is particularly evident, for example, for MOs 23 and 24. In the case of the HOMO 

(MO 26), the major contribution is still due to the Pn- antibonding character on the I-I2C-N bond, but in 

the case of the trans-trans structure there is a Pn- antibonding contribution on the carbonyl f,'TOUp and a 

Pn-bonding contribution between the amidic nitrogen and the carbonyl carbon atoms and between the 
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carbonyl and methylene carbon atoms: all of these characters were absent in the HOMO of structure 

cis-cis. Also, a more marked contribution of the lone pair of tile last nitrogen atom of the azide chain 

can be identified. 

The comparison between tile HOMOs of the two conformers explains the big difference (0. 53 eV) 

predicted by Koopmans' tileorem for the veltical ionization energies of tileir first bands. 

Harmonic vibrational frequencies have been calculated for the four conformers at the MP2/6-31 G** 

level by means of calculations of second derivatives. Figure 5.9 displays the calculated IR spectra for 

each structure, while Table 5.6 reports the computed LR frequencies for tile four conformers of 

azidoacetamide and compares tilem Witil tile values for the most prominent experimental peaks. 
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Fig. 5.9- The four IR spech'a calculated for the conforme.'S cis-cis (.oed lines), cis-trails (yellow lines), trails-trans (blue 
lines) and trails-cis (green lines) ofazidoacetamide at the MP2I6-31G** level 
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Table 506- Calculated IR bands and intensities of the four minimum ene,ogy confOloml'l"s of llzidollcetllmide at the 
M P2/6-3\ G * * level 

Cis-cis Cis-lrans Trans-lrans Trans-cis 
Calculated 

Absorbance 
Calculated 

Absorbance 
Calculated 

Absorbance 
Calculated 

Absorbance 
Expenm 

Normal 
frequency 

(Km!mol) 
frequency 

(Km/mol) 
frequency 

(Km/mol) 
frequency 

(Km/mol) 
fj'equency 

mode ( cm· l
) (cm· l

) (cm· l
) (cm· l

) (em· l
) 

449.5 6.04 460.3 5.13 414.8 10.02 420.8 7.96 
.. --.~ -_. .-

512.0 4.33 505A 3.58 505.8 37.80 501.2 29A3 
----

541.9' 
--------- . --

3.78 542.0 8.30 542.6 4.35 540.2 7.32 
- .. _----- .-_. - . .- - .. 

546.5 9.28 553.0 14.80 596.9 20.14 592.0 20.51 
. - .- .. 

~-

670.6 20A3 677.0 6.80 660.9 35.98 650.2 17.40 
-._. __ . ------- .. -- ----- -----

685.7 8.26 705.0 18.26 695.7 17.53 747.3 16AO 
.. .. - --.--- ....... 

910.7 2.83 877.8 8.55 898.3 1.03 866.5 9.65 
... _--------

994.3 20.79 953.7 17.14 995.9 12.39 977.4 15.00 
- ... - --. --------

1016.2 0.66 1031.0 2.14 1010.2 6.92 1018.5 11.13 
. _-_.--_ .... _.-

1125.7 11.84 1112.6 7.72 1119.3 3.31 1120.3 0.71 
'--'--' --.--------- -

1251.1 2A7 1254.3 6A2 1261.7 9.30 1274.2 2.28 
-.-- - ---

1332.0 110.10 1334.7 143.62 1327.9 154.11 1327.5 210.9 
C-N=N 
stretch 

.. _- -
1363A 88.52 1365.4 1.33 1343.9 161 Al 1357.5 15.6 (,_~ll:o. wag --_."-- -----

1434.2 76.75 1415.4 92.93 1454.5 7.10 1447.3 59.98 
.. _--- --- -_ .. -----

1522.5 18.07 1517A 7.50 1525.1 27.42 1523.5 6.27 
C'-H2 

sCissor 
-------- .-... _ .. _- -- -----

1646.2 183.15 1641 A 142.62 1664.6 107.20 1664.2 100.54 1574 N-H2 
sCissor --_.-- '--

1835.1 299.50 1833.9 286.59 1842A 237.92 1833.9 183 10 1719 CeO sIr 
.---~ ----_._ .. ----- ......... ----- ------ ---- - --------- ---- ... 

2376.3 336.67 2356.9 326.84 2385.6 316.44 2364.7 306.02 2126 
N-N-N 

sIr. 
--"-

3127.8 16.10 3156.6 12.82 3096.9 36.36 3109.1 27.65 
C-H2 

... 
_~yn~_s~r. 

3196.1 7.70 3231.3 204 3155.5 18.71 3211.0 l1A2 
C-H2 

asym sIr 

3680.1 65.84 3681.9 60.05 3678A 59A6 3679.7 60.11 3420 
N-112 

sym. str 

3831.0 97A8 3833.0 80.99 3824.3 47.12 3827.2 50.50 3538 
N-H2 

asym str 

These computed results and the comparison with experimental IR spectra are particularly informative: 

the two most energetically stable structures- cis-cis and cis-lrans- display an intensity ratio for the two 

highest vibrations (in the 3500-4000 cm'! range) that reflect the experimental matTix IR spectTa 

intensity ratio, while for structures Irans-Irans and trans-cis the relative intensities of the two bands are 
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reversed. This indicates that structures cis-cis and cis-trans are those which contribute most to the IR 

spectrum. The small satellite peaks arolUld the N3 stretching peak could reflect the co-presence of 

different conformers of azidoacetamide trapped in the matrix . 

The two most stable structures (cis-cis and cis-trans) have similar spectra, but the one arising from the 

structure cis-trans is slightly closer to the experimental spectrum in the 1900-1300 cm- I region, in 

particular the bands predicted at 1640 and 1330 cm-I which in structure cis-trans have equal computed 

intensities and therefore reflect the experimental intensity ratio better. Figure 5.10 compares the 

experimental IR spectnnn obtained in a nitrogen matrix with the one calculated for conformer cis-lrans 

allowing the calculated frequencies to assume a Gaussian shape. The IR spectrum calculated for the 

cis-trans conformer has been chosen as it is in slightly better agreement with the experimental 

spectmm, and the energy difference with the most stable conformer- cis-cis- is negligible . 

4000 3500 3000 2500 2000 1500 1000 

~--------------------------------------i 

4000 3500 3000 2500 2000 1500 1000 

Figo 5_10- The IR spectrum calculated fo,o confo,omer cis-tran.~ of azidoacet."lmide at the MP2I6-31 C*- level, 
compa,oed with the expe,oimental spectJ"Um ,oeco,oded in the nitJ°ogen mah'ixo 

The higher values of the calculated frequencies compared to the experimental values, especially for 

those above 3000 cm-I
, are expected considering that anharmonicity has been neglected, and that 

electron correlation was only partially taken into account in the calculations [13-15]. 

The differences between experiment and calculations are reduced if the possibility that two or more 

confonners of azidoacetamide are trapped in the matrix is considered: in this case, the agreement in the 

band pattern especially in the 500-2000 cm- I region is very good, in particular for the number of bands 

detected in that region. The possibility of trapping more than just the cis-cis structure is confirmed by 

the relatively low energy difference between three of the four optimized structures. 
167 



5.2.4 THERMAL DECOMPOSITION EXPERIMENTS 

Photoelectron spectroscopy 

The first evidence of pyrolysis is the appearance of the first, sharp band of nitrogen with VIE at 15.58 

e V [8] at around 210°C. With increasing temperature the parent bands decrease, while four bands 

associated with three products appear simultaneously: a broad band at 10.66 eV (VIE) and a 

vibrationally resolved band at 12.50 e V (VIE) are both attributed [16] to methyl imine, CH 2N II The 

vibrationally resolved band at 11.61 eV (VIE equal to AlE) is attributed [17] to isocyanic acid. IINCO. 

A very weak vibrationally structured band with VIE equal to the AlE at 13.60 e V indicates [81 the 

formation of HCN. All these bands increase in intensity when the temperature is raised, and- using as 

an indicator the first azide band with VIE at 10.16 e V-no bands associated to azidoacetalllide are 

present anymore when the temperature reaches 600°C. 

At intermediate temperatures- when the de/:,'Tee of pyrolysis of the azide is relatively low- no clear 

features were observed which could be attributed to an imine intermediate, iminoaeetamide 

HN=CHCONH2 or a nitrene intermediate NCI-hCONH2 : however, according to L'.SCF calculations at 

the 6-31G** level, their photoelectron bands are expected to be very close in energy to those of the 

parent azide. The computed values for the two first VIEs of these compounds are 9.94 and 10 I I e V for 

HN=CHCONH2 in its X IN state and 9.65 and 10.16 eV for NCH2CONH2 in its X 'A" state. The only 

possible indication of the formation of such a molecule can be the growth of the band at approximately 

10.50 e Vat temperatures around 300°C: it is clear from the band at 10.16 e V that at those temperatures 

the azide is already consumed and that therefore there is an additional contribution to the band at 10.50 

eY. CH2NH contributes too, but considering the intensity of the band at 12.50 eV it seems that a further 

contribution must be invoked to explain the prominent feature around 10.50 e V. Considering the matrix 

isolation results- see following section- iminoacetamide is the most likely candidate. 

Figure 5.11 reports four PE spectra of azidoacetamide vapour recorded at different degrees of 

pyrolysis, from 80°C to 900°C. Figure 5.12 shows in more detail two photoelectron spectra obtained at 

280 °C (roughly 50% of azide decomposed) and 590°C (roughly 100% of azide decomposed), where 

contributions from different products have been shaded. 
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FigUl'e 5.11 - PE spectra of azidoacetamide recorded at heater' temperatur'es of A) 90, B) 260, C) 580 and D) 900 C. 
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At 600 DC, HCN is present, but in a relatively low amount (evaluated by the intensity of its first band, 

with VIE at 13.60 eV). A sharp feature at 14.01 eV, partially overlapping with the third vibrational 

component of the HCN first band, is attributed [8] to CO. The low intensity seems to indicate that these 

molecules- of high photoelectron cross section- are present in low paI1iai pressures at early stages or 
the azide decomposition: as can be seen in the following chapters, other experiments which yield lieN 

or CO as major decomposition products of an azide show that the intensity of the photoelectron bands 

associated with these products is much b'Teater. The fact that the band intensities increase whcn the 

temperature passes from 600 DC to 900 DC indicates that probably HCN and CO appcar also as 

secondary decomposition products, from CH2=NH and HNCO respectively. 

At 900 DC N2, HCN and CO are the only contributors to the spectTum (not considering the H20 band at 

12.62 eV due to residual water in the system): all the bands associated with other decomposition 

products are negligible. A spectrum at 900 DC was reported in Figure 5.11. 

Other possible decomposition products have been considered in the spectral analysis, notably am11lon ia, 

hydrazine and formamide. In all the PES experiments, no clear evidence for bands assignable to these 

products is present. Formamide should display [8] a vibrationally resolved band at 10.13 c V quite 

different from the first band of the parent azide and of CH2=NH. Hydrazine is characterized r lSI by 

two broad bands partially vibrationally resolved: the first one has components at 9.91 and 10.64 eV 

Ammonia should show [IS] a very structured, broad band with VIE at 10.85 eV. From the spectra, no 

featnres that could be associated with HCONH2 , NH2NH2 or NH3 are observed; however, thc overlap 

of the bands of the azide and of CH2=NH means that small contributions fi'om these species cannot be 

ruled out. 

Matrix isolation IR spectroscopy 

A succession of matrix isolation infrared spectTa recorded at increasing temperature is reported in 

Figure 5.13. Table 5.7 lists the molecules associated with the labels on the bands in this figure, along 

with the value of the most intense features in the spectra. 

In infrared spectroscopy, nitrogen cannot be detected: the beginning of the azide pyrolysis is therefore 

marked by the appearance of bands associated with decomposition products. The first evidence can be 

identified at around 200 DC, when a band at 869 cm'! begins to be observed. 
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Figure 5.13- The IR spectra l'ecorded for azidoacetamide va pours heated between 30°C aud 530°C trapped in a 
nitrogen matrix 

172 



Table 5_7- Labels and assignment of the most significant IR bands obsel-ved in the matl-ix isolation study of 
azidoacetamide thel-mal decomposition (I-efer to Figm-e 5_13 for the labelling of the bands) 

--

Label 
N, malrix 

Assignment Refe renee frequ~ney (em-l) 
--

p 3538,3420,2126, 
H2NCOCH2 N3 1719,1574 

--------- I ------ -- - --

3538,3418,1728, 
I 1566,1399,1339, H2 NCOCHNH 

1178,869 
A 3483 HNCO [ 19] 
B 3287, 747, 737 HCN [20] 
C 2139 CO r21] 

3032,2919,1637, 
D 1450,1352,1127, CH2NH [22] 

1065 
E 970 NH3 [23] 

With increasing temperatures, the azide bands lower in intensity, as exemplified by the decrease of the 

strong N3 absorption at 2126 cm-!, while new bands appear. Among these, two types can be 

distinguished. A set of bands which increases steadily in intensity with the raising of the temperature: 

this is the case for example for the bands at 2265 (labelled A in Figure 5.13), 3287 (labelled B), 2139 

(labelled C), 1127 cm-! (labelled D) and 970 cm-! (labelled E) which have been assigned- by referring 

to previous matrix IR studies- to HNCO, HCN, CO, CH2NH and NH3 respectively [19-23J A second 

set of bands, identified with the label I in Figure 5.13, shows a different thermal behaviour, with an 

increase of intensity between 200 and 300°C followed by a decrease for temperatures above 350 "C 

and a total disappearance beyond 450°C: this suggests the presence of a reactive intermediate being 

formed as a consequence of the azide decomposition, and which is subsequently deb'raded to secondary 

products. The important evidence resulting from the analysis of the spectra is that all these bands, 

which cannot be assigned to HNCO, HCN, CO, CH2NH and NH" display the same kind of 

intermediate thermal behaviour. Moreover, the fact that their relative intensity ratio is not altered by 

changing pyrolysis temperature, deposition time or other experimental parameters suggests that all the 

intermediate bands belong to the same species. The bands between 3600 and 3400 cm-! and the strong 

band at 1728 cm-! displayed by the intermediate give an initial indication of its structure, which must 

retain the N-H and the C=O groups from the parent azide. Comparisons with spectra of possible 

products such as formamide proved that this intermediate could not be associated with any stable 

reaction product. A full assignment of all the bands and of the compound associated with them can only 

be achieved with the support of ab inito calculations. 
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5.2.5 CHARACTERIZATION OF THE POSSIBLE REACTION INTERMEDIATES 

Following the pattem already indicated in other azide decompositions [10-12], the formation of 

nitreneacetamide, : NCH2CONH2, was supposed as the initial step accompanying the release of nitrogen 

when azidoacetamide is pyrolysed, following the scheme 

The established instability of nitrenes with respect to imines [6, 24], for example, by means of a 1,2-

hydrogen shift like in 

required also the ab initio investigation of the possible imines related to nitreneacetamide. 

Nitreneacetamide 

The search for minimum energy structures of :NCH2CONH2 on the closed shell singlet surhlCe at the 

MP2/6-31 G* * restricted level converged to the imines (see the following section for geometric and 

energetic details): singlet nitrene appears therefore to be unstable with respect to interconversion to an 

imine, at least at this level of calculation. 

An unrestricted calculation at the MP2/6-31 G** level on the open-shell triplet surface with 

configuration ... (a,)2(a")\a,)I(a,,)1 led to the identification of a minimum, with the planar structure 

shown in Figure 5.14. 

No minimum energy structure with the nitrogen atom of the -CH2 N group cis to the oxygen atom was 

obtained: the optimization gave rise to convergence to the lrans conformer shown in Figure 5.14, 

probably because of the stabilizing interaction between the methylene protons and the oxygen, and 

between the terminal nitrogen and the iminic proton. The computed total energy of the triplet nitrenc at 

the MP2/6-3IG** level is -262.4949107 hartrees, and its electronic state is 3A". 

Considering that the ground state of azidoacetamide and the ground states of all possiblc stable 

decomposition products are singlets, spin conservation selection rules imply that the triplet nitrene is 

not produced among the possible pyrolysis products: the calculated vertical ionization energies and 

vibrational frequencies of triplet nitrene are therefore not reported. 
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Figure 5.14- St.-ucture of the triplet state confomlel· of nitre neace tam ide obtained at the MP2I6-31 G** level 

Iminoacetamide 

For HN=CHCONH2 four conformers with all real vibrational frequencies have been located at the 

MP2/6-31 G* * level on the closed-shell singlet surface: their geometries are shown in Figure 5.15. 

Structures cis-cis and trans-trans are planar, structure trans-cis is very close to planarity, while 
~. 

structure cis-trans is characterized by a distinctly out of plane terminal NH group . The labelling 

nomenclature describes, as for azidoacetamide, the relative positions of the C-H hydrogen atom with 

respect to the oxygen atom and of the iminic hydrogen atom relative to the C-H hydrogen atom. 

The two most stable structures, cis-cis and trans-trans , differ only by less than 1.7 kcallmol , while 

structures cis-trans and trans-cis lie 5.3 and 7.7 kcallmol respectively above structure cis-cis, which is 

the most stable one. It is likely that structures trans-trans and cis-cis contribute to the experimental 

photoelectron spectrum. 

Table 5.8 reports the total energies of the four structures. The ground electronic state is lA'. Figure 

5.16 shows in greater detail the most stable of them, structure cis-cis; its geometrical parameters are 

listed in Table 5.9. 

Table 5.10 reports the VIEs calculated by applying Koopmans ' theorem to tile orbital energies of cis­

cis iminoacetamide, and the two first VIEs and the first AlE calculated via L'lSCF metllOd. 

Table 5.11 shows the computed IR frequencies and intensities for iminoacetamide and compares them 

with the bands detected in the IR matrix isolation experiments of tllermal decomposition of 

azidoacetamide. Even if the most stable structure (the cis-cis conformer) is expected to be the one that 

mainly contributes to the experimental IR spectrum, vibrational frequencies for all the structures are 

shown. The experimental and computed spectra are shown in Figure 5.17. 
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Trans-trans 

Cis-cis 

Cis-trans 

Trans-cis 

Figure 5015- The four conformers of iminoacetamide obtained floom ab initio calculations at the MP2I6-31G** level; 
the labelling loeflects the loelative position of the methylene hydrogen to the oxygen atom and of the imine hydrogen to 
the methylene hydrogeno As an example, stmcture cis-trans has oxygen and hydl'Ogen in a cis position with loespect to 
the C-C bond, and the imine hydrogen and the methylene hydl"ogen in a trans position with respect to the C-N bond 
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Table 508- Total and relative ene,ogies of iminoacetamide confo,ome,os at the MP2/6-31G** Icvcl 

Energy 
Relative 

Structure Symmetry energy 
(bartrees) 

{kcal/mol} 
Trans-trans Cs -262.S898174 1.7 

Cis-cis Cs -262.S924662 0 

Cis-trans C j -262.S840081 S.3 

Trans -cis C j -262 .S80 1703 7.7 

H9 

FigUloe 5016- Atom labclling in shouctu,oc cis-ci~ of iminoacctamidc 

Table 509- Geometrical pa,oamete,os fo,o the lowest cne,ogy structu,oc of iminoacetamide (stl"Ucn"oe ci.~-cis) 

Bond Lengtb Angle Value 

(A) (0) 

NS -H9 1.021 H9-NS -C3 11 0.S4 

NS-C3 1.284 NS-C3-Cl 120. 17 

C3-H8 1.091 02-CI-N4 12S.64 

C3-Cl 1.506 CI -N4-H6 119.19 

CI-02 1.233 H9-NS-C3-C l 180.0 

CI -N4 1.3SS H8-C3-CI-02 0.0 

N4-H6 1.00S H6-N4-C l -C3 180.0 
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Table 5.10- Calculeted VIEs for structm'e cis-cis of imino acetamide at the MP2I6-31G** level 

KT S2 with the KT ~SCF ~SCF 
calculated ion 

calculated calculated minimum calculated lonizatioll 
VIE· 0.92 

VIE (eV) VIE (eV) energy AlE (eV) 
(eV) geometry 

11.21 10.31 9.94 0.75 9.65 (19 a")"17 "A" 

l1A2 10.51 9.94 0.75 (18 a')"17 2A' 

12.67 11.66 (10.11) 0.925 (17 a,,)"17 2A" 
--_._--- ----------- '----------- ----- - ---- - ---- ... 

(16 a')"17 2A' 12.95 11.91 10.93 0.789 

16.03 14.75 
.. 

16.34 15.03 

17.76 16.34 

Table 5.11- Comparison between expel'imental IR bands of imino acetamide and calculated IR bands for the 
minimum enel'gy conformel's of iminoacetamide (absorbances in Km/mol repOl·ted in bnlckets) 

Calc. IR bands (em-I) Calc. IR bands (em-I) 
-_ .. 

Exp. , Exp. 
, Normal 

cis- tralls- tralls- bands cis- tralls- trllllS- 1 bands 
cis-cis 

(em-I) 
cis-cis mode 

( em-I) trails cis trans trails cis trails 

522 463 465 475 426 1455 1478 1459 1424 1566 
(14.3L (9.5) (28.3) JU5 .. 4l. r-{sl ... (40.4) (0.9) (71.0) (26.9) (s) ----- --------- -,._-_ .. _-

593 661 491 513 1637 1662 1663 1657 
I 

N-I-1z 1630 
(7.0) (40.6) (48.2) (19.0) (1303) (1011) (98.8) (816) SCISSOring r-(s) __ 
652 668 673 665 1688 1697 1709 1674 C=N 1695 
(3.0) (12.6) (39.9) (54.0) ( 44.5) (10.3) (2.6) (35.0) I stretching tsL_ 
873 866 852 870 869 1826 1822 1832 1812 ! 

, I-hN-C=O 1728 
( 49A) (17.6) (12.0) (15.1) (s) (226.9) (233.9) (206.7) (195.6) I stretching (vsL 
893 867 871 891 3189 3194 3117 3236 C-H 

(10.0) (0.9) (427) (6.9) (21A) (29.6) (50.2) (1 1.6) stretching 
1102 1105 1100 1110 3547 3453 3527 3502 N-H 

(18.1 ) (2.0) (16.6) (18) (0.1 ) (3.9) (0.2) ( 1.1) stretching 
1125 1177 1124 1171 3682 3691 3681 3664 N-I-I2 symm. 3418 
( 12.8) (655) (13.6) (548) (69.7) (76.3) (60.1 ) (52.1) I stretching (s) 
1213 1255 1238 1241 1178 3840 3839 3826 3803 N-I-!2 asym. 3538 

(63 A) (62.7) (77.1 ) (84.8) (s) (87.3 ) (60A) (47A) (48.1 ) stretching (s) 

1390 1371 1352 1403 
1339/ 

(29.2) (190.2) (80.1) (73.5) 
1399 i 

(m) i .. _-
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Figo 5017- The foUl' IR spectra calculated fo.o the confo.omers cis-cis (red lines), cis-trans (yellow lines), trllll.~-trllll.l' 
(blue lines) and trllns-cis (green lines) of iminoacetamide at the MP2I6-31G** level. 

The agreement between the experimental and the calculated lR spectra, especially for the cis-cis 

structure, is remarkable: there are discrepancies between the calculated and experimental frequencies , 

in particular for the N-H stretching region above 3000 cm- l
, but this is an expected enor considering 

that anharmonicity has not been considered in the calculations and that only partial allowance has been 

made for electron conelation, Moreover, the experimental spectrum has been obtained by considering 

only the bands with the correct thermal behaviour for an intennediate, and all the bands belonging to 

the azide or the other recognized decomposition products have been removed, It is therefore possible 
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that the subtracted spectrum is not the complete spectrum for iminoacetamide because some features 

could have been lost in the subtraction process. It is possible, however, to state that it represents the 

most significant bands for the intermediate. 

The degree of agreement can be better clarified by considering the agreement between the computed 

and the experimental infrared spectra in the case of the parent azide. Figure 5.18 reports the comparison 

between the experimental azidoacetamide spectrum with the ab initio calculated spectra for the 

different conformers, and the comparison between the imine intermediate experimental spectrum with 

the spectra calculated for the iminoacetamide conformers. The quality of the agreement is comparable 

between the two compounds. 

T 

_---'-__ --'----..L---.LL __ ~~ .. 

__ -'-____ '--_-'1_ J ___ LL ___ ~..-.L_ 
~.J I I .! 

I I I 

(a) 
•• iIIofIo ,.. LA U . ~ j 1 

I 
cis-cis 

I j I I I .I ~ 

(b) T 
trans-tJ"ans j ~ I I I 

(t:) 

trans-cis I I I I -- J LLl L I -.. (d) 

cis-trans ~ I I ,I I I I I . • 
( e) 

c . , I I 4000 3.,00 .1(hlO ;>;'00 2000 1000 lOCO GOO 

Wavenumber (em"l) 

Figure 5,18- Comparison of the experimental and calculated IR spectra fo,' azidoacetamide (above) and 
iminoacetamide (below), a) indicates the experimental spectra, b) to e) the calculated ones for the foUl' confo,"mel"s of 

both compounds- assignment repOl'ted on each spectrum 
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The computed imine spectra offer a significant contribution for the understanding of the re<lction, 

because only the spectrum calculated for structure cis-cis provides the experimentally correct intensity 

ratio for the two highest energy bands (3680 and 3840 cm- I
). The differences between its calculated IR 

spectmm and the experimental one- which displays an additional band in the 1500-2000 cm- I region 

and some more weak bands in the 500-1500 cm- I region- are small and therefore do not contradict the 

assignment, and underline the fact that other possible intermediates are formed. 

The first assumption is that structure cis-cis- despite being the structure better reproducing thc 

experimental pattern- is not the only iminoacetamide conformer trapped in the m<ltrix but that othcr 

confonners can be present. The differences between experiment and calculations are in fact lowered by 

adding the contribution of stmcture trans-trans to the spectrum. This reflects what was also found in 

the case of the parent azide. 

Even with this assumption, the investigation of possible reaction intermediates must be widened to 

consider other types of imine (e.g. N-iminoacetamide). 

N-iminoacetamide 

So far, it was assumed that nitreneacetamide, :NCH2CONH2, undergoes a 1,2-H shift to form 

iminoacetamide. An alternative mechanism can nevertheless be invoked: ah initio calculations show 

that by removing the two tenninal nitrogen atoms from one of the optimised structures of 

azidoacetamide- leaving intact the rest of the atomic coordinates- and letting the optimization 

procedure operate on the remaining nitrene, the terminal nitrogen atom does not acquire a proton from 

the adjacent carbon but instead prefers to attack the carbonyl atom. The net result is the production of 

N-iminoacetamide 

:NCH2CONH2 ~ CH2=NCONHz 

Only one structure has been optimised for this molecule at the MP21 6-31 G** level and its geometTY is 

shown in Figure 5.19; the most important geometrical parameters are listed in Table 5.12. The 

calculated total energy was found to be -262.5905386 hartees, which is 1.11 kcallmol higher in energy 

than cis-cis iminoacetamide .. 

It corresponds to a planar structure with the terminal methylene group in a cis position with respect to 

the oxygen atom; attempts to locate a stable geometTY with trans orientation have not been successful, 

because in this stmcture the stabilizing interaction between the -CHz hydrogen atom and the oxygcn is 

removed, and a repulsive interaction with the hydrogen atom on the -NH2 group leads the optimization 

to converge back to the cis stmcture. 
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H4 

FigUloe 5019- Optimized geomettoy of N-iminoacetamide calculated at the MP2I6-3 IC** level 

Table 5012- The most significant geomettoical pa.oameters of N-iminoacetamide ca lculated a t the MP2I6-3I C** level 

Bond Length Angle Value 

(A) (") 

C7-H8 1.089 H8-C7-N6 122.31 

N6-C7 1.282 C7-N6-Cl 113 .14 

CI-N6 1.458 02-CI -N3 125.17 

N3-Cl 1.355 CI-N3-H4 119.39 

CI-02 1.225 H8-C7-N6-Cl -0.07 

H4-N3 1.004 C7-N6-CI-02 -0.27 

H4-N3-CI-02 -0.20 

Table 5.13 reports the calculated vertical ionization energies for N-iminoacetamide. As can be seen 

from a comparison with Table 5.10, the differences with the VIEs of imino acetamide are minimal. 

Table 5.14 reports the most significant calculated vibrational frequencies for N-iminoacetamide: the 

associated IR spectrum is shown in Figure 5.20. 
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Table 5.13- Calculeted VIEs ofN-iminoacetamide at the MP2/6-31G** level 

KT KT 
calculated calculated 
VIE (eV) VIE· 0.92 

(eV) 
11.27 10.37 

11.33 10.42 

12.16 1l.18 

1302 11.98 

16.04 14.76 

16.42 1511 

16.96 15.60 
~.~~-.-.----.---. .. 1-___ -- --- ----

Table 5.14- Calculated IR bands ofN-iminoacetamide at the MP2I6-31 G** level 

Frequency Intensity Frequency Intensity Normal 

(cm-I) (km/mol) (cm-I) (km/mol) mode 

487.2 4.69 1504.3 42.62 C-H2 scissoring 

557.1 6.68 1644.3 14801 N-H2 scissOling 

653.5 5.00 1712.0 31.86 C=N stretching 

656.4 5.54 1858.1 330.04 H2N-C=O stretching 

837.7 30.03 3171.3 16.54 C-I-12 symm. stretching 

873.0 9.22 3294.8 11.06 C-H2 asym. stretching 

1117.4 14.57 3705.3 91.81 N-l-1z symm. stretching 

1250.1 3.62 3861.2 75.61 N-I-h asym. stretching 

1385.3 192.13 
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FigUl'e 5.20- The infrar'ed spectr'um ofN-iminoacetamide calculated at the MP2I6-31C** level 

Iso-N-iminoacetamide 

From N-iminoacetamide, it is possible to form a new type of compound by promoting a 1,2-H shift 

between the tenninal methylene carbon and the adjacent nitrogen atom 

This new imine is expected to be clearly less stable than N-iminoacetam ide, consideriJ1g the fact that 

the carbon and nitrogen atoms between which the 1,2-H shift took place are negatively and positively 

charged respectively. 

Nevertheless, optimization was carried out on the possible conformers of this new imine, labelled iso­

N-iminoacetamide, because they could be important as reactive intermediates or precursors for the 

experimentally observed decomposition products of azidoacetamide. 

Two structures have been optimized at the MP2/6-31G** level ; their geometries are shown in Figure 

5.21. The interatomic distances and angles are almost the same as in N-iminoacetamide, with the 

exception of slightly longer C=N and C-H bonds (1.32 and 1.1 A). Structure cis (referring to the 

relative orientation of the terminal carbon atom with respect to the oxygen atom) is not planar due to 
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the repulsive interaction between the hydrogen atoms on the two different nitrogen atoms. Structure 

trans , which is planar and does not display intramolecular repulsions, is therefore the most stable 

confonner. Their total energies are calculated to be -262.5095464 and -262.5300254 hartrees 

respectively. 

Figu,·e 5.21- The two stnrctures (cis, left; trans, l"ight) of iso-N-iminoacetamide optimized at the MP2/6-31C** level 

Given their high energies compared to the energy of iminoacetamide or N-iminoacetamide, it was 

assumed that neither of the iso-N-iminoacetamide structures could be formed in the azidoacetamide 

decomposition process. For this reason, the results obtained from ab initio calculations on vertical 

ionization energies and vibrational frequencies will not be reported here . 

Interpretation of the ab initio calculations on the possible reaction intermediates 

From the computed lowest VIEs, few differences are seen between the VIEs of iminoacetamide and N­

iminoacetamide: the changes of VIE for each band are of the order of 0.1 eV, and the values are very 

similar to those calibrated for the second and third bands of azidoacetamide and the first band of 

CH2=NH. It is therefore impossible to distinguish if these imines are both present as reaction 

intermediates, or which one is the predominant species. 

Iso-N-iminoacetarnide is computed to have a more distinct first band around 10.0 eV. Even if this is 

roughly l.0 eV lower than the corresponding first band of iminoacetamide and N-iminoacetamide, it 

would overlap with the azide first band. During the thennal decomposition experiments, the shape of 

the first azide PE band does not seem to markedly change, and its decrease in intensity when increasing 

temperatures suggests that iso-N-iminoacetamide is not formed , or- more correctly- is not detected. 
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This is supported by its calculated total energy, which is much higher with respect to iminoacetamide 

or N-iminoacetamide. 

The calculated IR spectra for iminoacetamide and N-iminoacetamide show some important differences, 

especially for the intensity ratio in the N-H stretching region: the spectrum of cis-cis iminoacetamide is 

the only one among all the iminoacetamide and N-iminoacetamide conformers which correctly 

reproduces the experiment in this region. The cis-cis iminoacetamide is therefore expected to be the 

dominant species produced. More complicated is to distinguish the additional contributions which will 

completely fit the experimental results in the 1000-2000 cm'l region: from both the total energy and the 

IR pattern, is not possible to unambiguously distinguish if frans-trans iminoacetamide or N­

iminoacetamide are formed. 

5.2.6 SUGGESTED MECHANISM OF GAS-PHASE DECOMPOSITION 

The combination of the results from UV -PES and matrix isolation IR experiments on the pyrolysis of 

azidoacetamide show that 

When the thermal decomposition begins, N2 is released as the first product 

A reaction intermediate is formed when the azide is not yet completely decomposed (at around 

200°C) and before the appearance of other products: its IR spectrum matches the one calculated 

for iminoacetamide 

HNCO and CH2NH are formed at the same temperature as when iminoacetamide approximately 

reaches its maximum partial pressure (280°C) 

HCN, NH3 and CO are formed at slightly higher temperatures and initially in lower pmtial 

pressure than HNCO and CH2NH 

When iminoacetamide is almost completely consumed (450°C), HNCO, CH2NH, HCN, CO 

and NH3 are all still present 

At very high temperatures -around 800 °C_ only HCN and CO are observed. 
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It is clear that the first step of the decomposition is the formation of nitrogen and iminoacetamide, 

following the same behaviour of simpler alkyl azides [1-4, 25]. Production of N-iminoacetamide at the 

same time as iminoacetamide is thought to be a minor channel. 

From this work, it is not clear whether a nitrene is first formed which then reananges via a 1,2 I-I-shift 

or if an imine is produced at the same time as the nitrogen release. This point could of course be 

resolved if a nitrene could be detected experimentally. 

Even if from these experiments it was not possible to detect the formation of the nitrene diradical as the 

consequence of the release of nitrogen, 

recent theoretical [6] and experimental [5, 26] results on methylazide and ethylazide decomposition 

seem to confirm the formation of the nitrene as a prefened route in opposition to a concerted 

mechanism involving breaking of the N-N bond and 1,2-H shift to produce directly iminoacetamide 

Ab initio calculations clearly indicate that the singlet nitrene is unstable and converges to different 

imines by undergoing two different isomerization processes, which will be called Type I and Type 2. 

Furthennore, it was not possible to locate a transition state between the azide and one of these imines 

by means of a concerted nitrogen releasell ,2-H shift mechanism; the conclusion from this evidence is 

that the azide decomposes via a stepwise mechanism to a nitrene which has a very short lifetime and 

rapidly decomposes to the imine: this justifies the fact that experimentally they have not been observed. 

The two decomposition mechanisms for the nitrene are reported below. 

Type 1: 

This is the well established 1,2-H shift mechanism in which the electron deficient nitrogen atom 

acquires a proton from the adjacent carbon atom and a double bond is formed. As a general scheme it 

can be depicted as 

In this case, this would lead to the formation of iminoacetamide 
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Type 2: 

As an alternative to proton transfer, the nitrogen atom can compensate its electron deficiency by 

attacking a remote site of the molecule, forming a new bond. This can be seen as a type of nucleophi lic 

substitution. In this case, the site is the carbonyl carbon atom, following the scheme 

Ab initio calculations show that in the azidoacetamide case, type 2 would be the preferred path when all 

the nitrene geometrical parameters are left as they were in the azide; this is equivalcnt to saying that if 

the geometry of nitreneacetamide is exactly like the geometry of azidoacetamide-only with a very long 

length of the N-N bond which is broken in the azide decomposition- the optimization of thc structurc 

leads to the formation of N-iminoacetamide rather than of iminoacetamide. 

In reality, the breaking of the N-N bond will most probably be accompanied by slight rearrangcmcnts 

of the remaining interatomic geometries, and with just a small geometry change in the initial nitrenc, 

the optimization process leads to iminoacetamide. Moreover, the experimental IR spectTum shows that 

iminoacetamide is the main product. N-iminoacetamide can be formed as a minor product: this could 

improve the degree of agreement between the calculated and experimcntal infrared spectra. 

From the experiments, it is therefore clear that azidoacetamide prefers a Type I mechanism for thc 

decomposition path; Type 2 in this system- producing N-iminoacetamide- appears to be only a minor 

route, even it is not possible to completely rule it out. 

The main decomposition products are HNCO, CH2NH, HCN, NI-i:l and CO. The presence of all of 

them can be explained with the decomposition of iminoaceamide (or N-iminoacetamide). 

The most prominent products, isocyanic acid and methylimine, are formed from iminoacetamide by 

breaking the carbon-carbon bond and with a hydrogen shift from the amide nitrogen to imine carbon, 

I.e. 

H-V 
H \~N-H 

\\ Y 
H 

H H \=< + HN=C=O 

H 
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From N-iminoacetamide, a C-N bond has to be broken instead of a C-C bond, and the proton is 

transferred from a nitrogen atom to another nitrogen atom, instead of to a carbon atom. 

H)==NH 
H 

+ 

The fonnation of CH1NH and HNCO via N-iminoacetamide is calculated to have a transition state 

roughly 5 kcallmol lower in eneq,,'Y with respect to the one for iminoacetamide: this is probably due to 

the fact that in the first case the proton transfer is favoured by the absence of other protons on the 

receiving nitrogen atom. In the iminoacetamide case, the presence of a proton on the receiving carbon 

atom gives rise to a steric hindrance which could be the cause of the higher energy required in the 

process. 

An alternative decomposition channel could lead to formamide, HCONH1 and HCN, by breaking the 

carbon-carbon bond in the imine and forming a new carbon-hydrogen bond with one of the hydrogen 

atoms of the iminic group. 

+ HNC 

Ab initio studies [6, 24] have found that I-INC is more favoured than HCN as the first released 

molecule: the isomerization takes place immediately, though, and HNC has never been experimentally 

detected from azide decompositions. 

However, in the IR matrix isolation experiments, no bands were observed associated with pure 

formamide; in the PES experiments, no clear evidence for bands assignable to formam ide was 

obtained. Therefore, formam ide either is not formed at all, or it is formed in very small amollnt in the 

decomposition path. The partner decomposition product of fonnamide, HCN, is on the other hand 

clearly present even at low temperature, even if in small amount. Its formation should not be due to 

decomposition of CH2=NH, which in a previous decomposition study of methylazide is reported to be 

stable up to 500°C. It is therefore possible that the imine intermediate partially decomposes also to 

formamide and HCN, but that formam ide is formed with such a high internal energy that is 

immediately decomposed to HN=C=O and hydrogen. A separate experiment was carried out on 
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formamide which showed that the decomposition to isocyanic acid is only partial at 300"C. The 

complete decomposition of formamide observed on pyrolysing azidoacetamide must be due to the fact 

that in this decomposition formamide is produced with very high internal energy. 

Remarkably, no transition state was found for the N-iminoacetamide -7 formamide process; this 

difficulty in locating the transition state can indicate that N-iminoacetamide prefers to decompose to 

isocyanic acid and methylimine rather than to formamide. Such a result is in agreement with the PES 

evidence that at relatively low temperatures HCN is formed in lower amount than I-INCO and CI1 2NII. 

Finally, a route leading to production of ammonia can be found by considering a concerted brcaking oj' 

the C-C and C-N bonds adjacent to the carbonyl group and a proton transfer to the amidic nitrogen 

either from the iminic nitrogen or from the iminic carbon atom. From the ah inillO results, the transfer 

from the carbon atom is favoured, due to the formation of HNC instead of HCN as one of the products. 

o r; NH 

cYi< 
H-N----------- H 

NH3 + HNC + co 

\ 
H 

The production of ammonia, carbon monoxide and cyanic acid from N-iminoacetamide was thought to 

proceed via a two-step mechanism, the first producing ammonia and the HCNCO radical 

which is subsequently decomposed to HCN and co: the second step is the most endothermic one. 

The overall decomposition path can therefore be represented schematically as shown in Figure 5.22. 

The calculated total energy level diagram at 0 K is reported in Figure 5.23. All the calculations were 

performed at the MP2/6-3J G** level. To show the contribution of entropy to the decomposition path, a 

diagram of the relative free energies at 298 K for all products and transition states is reported ill Figure 

5.24 in which only the most stable conformer of azidoacetamide and iminoacetamide are shown; the 

geometries of the transition states are reported in Figure 5.25, and their energies listed in Table 5.15. 

For the sake of simplicity, in the N-iminoacetamide -7 ammonia route only the transition state 

producing the HCNCO radical is reported in the diab'fams. 
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Type 1 ~TY~2 

/ j j 

co + 

HCN 

H2C=NH + HN::::::::C 

j 

:::::::::0 

j 
HCN 

+ H2 

Figure 5.22- Schematic rep."esentation of the proposed thermal decomposition pattem of azidoacetamide 
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TS5 

TS7 
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Figure 5,25- Optimized geometl'ies of the transition states of the azidoacetamide decomposition system at the MP2/6-
31G** level. See figUl'es 22-23 for the labelling of the transitin states 

192 



70 
-,.-

" TS1 , , 
60 , , , 
50 

f - " TS2 
I I \ \ 

, I , 
...--. I , 

0 40 \ 

E , , ,I , , 
" :::: , , I I 

co 30 , , I I 
<..) , ' I I 

~ , ' I 

---- 20 , ' I 

, ' I 
C/) , ' ,Q2 10 " OJ " 

, 
'- -,'- I 
0) 0 =:::i::::::. c: 
0) Azidoacetamide I 

I 
0) -10 
> 

'.0=; 
co -20 
0) 

0:: -30 I , 
-40 

-50 Iminoacetamide 

TSS 
, ~TS3TSS 
I, I 'TS7 

'

1,/ " TS4 
, ',I I 

t 'f I ' 
I " I ' 

I " I ~ 
I " I ~ I " I I~ 

I ', II~ 
I ', \~ 

I " ,~ 
/ " ,~ 

/ " I' " \\~ 
/

" II I 

I 
I 

I 

I I 
--"-

I, \ ,\ 
~ \ ~ 

If \ \\ 
" \ \\-- HJ + HeN + HNCO 

I, \ ~ 
" I \ HCN + CO + NH 
~ """'=~ 1 

I CH,NH + HNCO 

_ ' - HCONH, + HCN 

N-i minoacetamide 

Figure 5.23- Diag.-am of the I'elative total energies of the species and transition st'-Ites involved in azidoacetamide 
thel'mal decomposition calculated at the MP2-6I3J G** level. No thel'mal or ze.-o point conl1'ibutions al'e included. 

70 

...--. 60 
0 
E 
:::: 50 
CO 40 <..) 
~ 

---- 30 
C/) 
0) 20 
OJ 
'-
0) 10 
c: 
0) 0 
0) 
0) 

-10 '-
'+-

CO -20 
E 
'- -30 0) 

..c: ...... 
0) 

-40 
> -50 :p 
CO 
0) -60 
0:: 

-70 

, 

, , 
, I 

, I 
, I , / , / 

, I 
, / 

1 
Azidoacetamide 

-,- TS2 
f I , 

, 
, I 

, --,..- , TS1 
I I \ \ 

I , 
I , 
I 
II 
, I 
, I 
, I 
, I 

, , , , 

TSS 

I 

Figul'e 5.24- Diagl'am of the relative fl'ee enel'gies of the species and l1'ansition states involved in azidoacetamide 
thel'mal decomposition calculated at the MP2-6/3JG** level. Thermal and ze.-o point conh'ibutions are included. 

193 



Table 5"15- /lEo and Ll.G298 values calculated at the MP2/6-31 G** level fo," inte,"mediates, products and tnlllsition 
states of the azidoacetamide the'"mal decomposition system: azidoacetamide is chosen as the J"('feJ"f'nce zem clingy 

Compound Relative energy Relative free energy 
at 0 K (kcal/mol) at 298 K (kcal/mol) 

Azidoacetamide 0 0 
--

TSI 70.938 71.933 

Iminoacetamide -51389 -61.313 

TS2 52.532 51.887 
_ ... _. . .............. 

N-iminoacetamide -50.275 -60.423 

TS3 35.335 24.728 

TS4 25.715 15.548 

CH2NH+HNCO -34.741 -55.954 

TS5 34.648 24.861 

HCONH2 +HCN -45.303 -64.588 

HNCO + H2 + HCN -31.827 -58.343 

TS6 36.497 26.701 

TS7 34.173 20.612 

NH3 +CO+ HCN -36,908 -65.572 

When LlG298 is considered, the main effect in comparison to LlEo is the lowering of the energies of the 

transition states between imines and main products, and of the energies of the main products, Thc frce 

energies of the products span a smaller scale of values than for the total energies. Also, the transition 

states for the reactions iminoacetamide -7 products are very close in energy. On the basis of just the 

relative energy values, the predominance of CH2NH and HNCO as decomposition products cannot be 

explained. The decisive factor for the large presence of methylimine and isocyanic acid is the route 

through N-iminoacetamide: from the graph in Figure 5.23 it can be seen that the initial transition statc 

leading to its production is 20 kcallmol lower in energy than the one leading to iminoacetamide, and 

the one leading to the CH2NH and HNCO is almost 10 kca1/mol lower than the equivalent transition 

state from iminoacetamide. In this way, both the predominance of iminoacetamide over N­

iminoacetamide and of CH2NH and HNCO over the other main products is explained. It is also 

important to underline that according to the calculations, N-iminoacetamide does not seem to 

decompose to formamide: this- along with the possibility of its formation with high internal encrgy­

explains the fact that formamide has not been detected in both PES and IR studies. 
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5.3 DIMETHYL AZIDOACETAMIDE 

5.3.1 EXPERIMENTAL SETUPS 

Photoelectron spectroscopy 

Dimethylazidoacetamide (N3CH2CON(CH3)2) is a liquid which does not have a sufficiently high 

vapour pressure at room temperature to allow PE spectra with sufficient signal-to-noise ratio to be 

recorded. The vapour could not be introduced into the spectrometer ionization chamber by simply 

evacuating a flask holding the sample connected to the inlet tube of the spectrometer via a needle valve. 

As was the case for azidoacetamide, it was necessary to heat the substance in the ionization chamber, in 

order to achieve a sample vapour pressure in the photoionization region high enough to produce spectra 

of acceptable signal-to-noise ratio -when the sample pressure in the chamber reaches approximately I (f 

4 torr. Therefore two small glass vials were placed in the region immediately above the heated area on a 

small pad of glass wool (see Figure 2.5), where the temperature is lower than in the pyrolysis region 

but high enough to heat the sample to give suitable vapour pressures. In this way, run times of <\(1 

minutes could be achieved even at temperatures of 500°C. The 10-cm mean hemispherc radius 

photoelectron spectrometer was used for this set of experiments: a description and a schematic diagram 

of this PE spectrometer is given in Section 2.1. 

The procedure for the acquisition and calibration ofthe photoelectron spectra followed the same pattern 

as described in Chapter 2. Calibration of spectra obtained on pyrolysis of the azide was normally 

achieved using the bands associated with the first vertical ionization energies (VIE) of N2 (15.58 e V), 

H20 (12.62 eV), or HCN (13.60 eV) [8]. 

Matrix isolation IR spectroscopy 

The apparatus and the procedure used for the acquisition of infrared spectra in nitrogen matrices have 

been described in Chapter 2. Given the fact that dimethylazidoacetamide is a viscous liquid, it was 

found more convenient to preheat the sample and the inlet system at approximately 35°C in order to 

obtain a more suitable vapour pressure. Deposition times were in the order of 30 to 60 minutes, and the 

matrix dilution ratios were estimated to be above 1000: I. 

Spectra of dimethylformamide (DMF) have been acquired in a nitrogen matrix, to provide evidence for 

its possible presence and thermal behaviour as a possible pyrolysis product, and to support the 

hypotheses made on the azide decomposition pathways. 
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5.3.2 SAMPLE PREPARATION AND CHARACTERIZATION 

PREPARATION 

The preparation follows the same method as the azidoacetamide preparation. Chloro­

dimethylacetamide was added slowly to a solution of sodium azide in water, until an approximatc 

molar ratio chloro-N-dimethylacetamide:sodium azide of I :3 was reached. The mixture was stirrcd for 

2 hours in an oil bath at 60°C. After cooling the product was extracted with ethyl acetate and the water 

phase discarded. The organic phase was dried over anhydrous sodium sulphate and concentrated using 

a rotary evaporator. The dimethylazidoacetamide obtained was purified by distillation at reduccd 

pressure. 

CHARACTERIZA TION 

Dimethylazidoacetamide (N3CH2CON(CH3h) is a VISCOUS, low vapour pressure liquid at room 

temperature. It was characterized in the vapour phase by UV -photoelectron spectroscopy and e lectlon 

impact mass spectrometry, and by IH_ and 13C-NMR in solution in deuterated chloroform. InJI·ared 

spectroscopy characterization was conducted on the pure liquid between KBr plates. 

According to spectroscopic results, the dimethylazidoacetamide used in this work was pure. 

Mass spectrometry: the 70 e V electron impact mass spectrum is reported in Figurc 5.25. The parent 

peak is the expected one at 128 amu (intensity 3.4% relative to base peak). Stronger peaks can be found 

at 28 amu (corresponding to N/ and CH2N+, 100%), at 42-43-44 amu (corresponding to CH2NClh' 

18.9%, CH3NCH/ 22.2%, and CH3NCH/ 5.9%), at 72 amu (corresponding to CON(CH3h ', 100%) 

and at 98-99-100 amu (cOlTesponding to NCOCH2N/ 10.0%, NCH2CON(CI-h)CI-h+ 28.9°/." and 

NCH2CON(CH3)/ 8.1 %). Signals were present also at 15 (CH/) and 85 (CHCON(CH 3)z +, 0.8'Yo) amu. 

As was the case for azidoacetamide, in the 20 e V electron impact mass spectrum most of the relative 

intensities of the ions were enhanced with respect to the N/ signal, compared to the 70 e V spectrum. 
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IH_ and 13C-NMR spectroscopy: the 300 MHz I H-NMR spectrum of dimethylazidoacetamide, 

recorded in CDCh solution, is reported in Figure 5.26. It shows a single peak at 3.68 ppm relative to 

TMS corresponding to the methylene protons on the carbon atom in the a position to the N; and the 

carbonyl groups, while a partially resolved doublet peak at 2.69 ppm relative to TMS is duc to the 

protons on the methyl groups- which are chemically inequivalent 

A closer investigation of the doublet at 2.69 ppm reveals that each component of the doublct is 

furthermore split, due to the non-equivalence between the two methyl b'TOUPS due to their different 

orientation within the molecular arrangement (cis or trans with respect to the carbonyl group). 

The intensity ratio between the signals at 2.69 and 3.68 has the value of 6:2 i.e. 3: I, consistent with the 

relative intensity expected for the (CH3)2 and CH2 protons. 

The 13C_NMR spectrum, run in CDCl3 solution, is reported in Figure 5.27. Four peaks can be 

identified: the double peak at 35.8 and 36.5 ppm with respect to TMS is due to the two different methyl 

groups. Another peak at 50.4 ppm corresponds to the methylene carbon atom, while one present at 

167.3 ppm is assignable to the carbonyl carbon atom. 

199 



Figure 5.26- 1H-NMR spectrum ofdimethyl-azidoacetamide acquired in CDCh solution with a lOs pulse delay 

" ~~~!i! 

• »1m~~ 

/ \If) 

Figure 5.27- 13C_NMR spectrum of dimethyl-azidoacetamide in CDCh (triplet at 77 ppm) 
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Infrared spectroscopy: the IR spectrum of the liquid compound recorded between KBr plates (Figure 

5.28) shows a relatively broad band with peaks at 2934 cm- I and 2925 cm- I
, assigned to C-H stretching 

absorptions, and strong, sharp bands at 2107 cm- l (N3 stretching), 1660 cm- I (C=O stretching), Other 

prominent features can be observed at 1403, 1284 and 1147 cm-1 

As for azidoacetamide (see chapter 5.1), the infrared bands of the compound in the liquid phase have 

almost the same positions in the spectrum recorded in a N2 matrix (spectrum reported in Figure 534 in 

Section 5.2.3 dealing with ah inil io results), apart from the highest frequency of the N-H stretching 

modes above 3500 cm- I
: because of the elimination of any intermolecular hydrogen bonding in the 

matrix, the frequencies of the two modes rise respectively from 3373 and 3179 cm- I to 3538 and 3420 

cm- I
. A further analysis of the matrix IR spectrum will be found in the next section, when a comparison 

with the results of the ab initio calculations will be made. 

Photoelectron spectroscopy: the dimethylazidoacetamide UV -photoelectron spectrum (Figure 5.29) 

was obtained by warming the liquid sample at 60°C to obtain a suitable vapour pressure. The six most 

prominent bands in the spectrum (labelled A-F) were calibrated by averaging the vertical ionization 

energies (VIEs) of the bands obtained from measurement of seven different spectra. The results are 

shown in Table 5.16 (see Figure 5.29 for the numbering of the bands in the photoelectron spectrum). 

Table 5.16- Calibrated vertical ionization ener'gies ofdimethylazidoacetamide 

VIE (eV) 
±0.02 eV 

9.19 

B 

9.85 

C 

11.36 

D 

13.31 

E 

14.22 

F 

16.03 

Spectra of the precursor of the azide (dimethyl-chloroacetamide) have also been recorded and 

calibrated in order to verify the absence of the precursor in the sample studied. It displayed a 

characteristic sharp band associated to the ionization from the lone pair on the chlorine atom in the 

11.0-11.5 eV region. Actually, all parent azide spectra were free of any detectable trace of the 

chlorinated precursor used in the preparation: considering this, no comparison between the spectra of 

the two compounds will be presented here. 
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Figure 5_28- lnf.-ared spectrum recorded for liquid dimethylazidoacetamide 
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Figure 5.29- HeI photoelectron spectrum of dimethylazidoacetamide at a fumace temperature of 80 °C 

203 



5.3.3 RESULTS OF AB INITIO MOLECULAR ORBITAL CALCULA nONS 

Four minimum enerb'Y conformers have been found for N3CH2CON(CH3)2 in its ground state (c1oscd­

shell singlet state) at the MP2/6-31 G* * level, according to the different relative orientations of thc 

carbonyl, methylene and azide groups. They have C I symmctry, with their methyl and mcthylenc 

groups and the N3 chain out of the planc of thc NC(=O)C backbonc. Attcmpts to locatc a minimum 

geometry structure in the Cs point group both with this basis set and with 6-311 ++G** as basis sct 

proved unsuccessful. 

The geometries of the stable structures are reported in Figure 5.30, thc most stablc onc- labclled as ("IS­

tran.\'- is shown in greatcr dctail in Figurc 5.31, and Table 5.17 rcports its most important calculatcd 

geomctrical parameters. 

Following the same nomenclature schcme for the different conformers as in azidoacetamidc, the labcl 

describcs thc rclative position of the carbonyl group to the methylene b'TOUP, and of the mcthylene 

group to the azide b'TOUP respectively. For cxamplc, structure cis-lrans is thc stnlcturc in which thc 

carbonyl and thc mcthylcne groups are in the cis relativc position, whilc thc mcthylene and azidc 

groups are in the trans orientation. Referring to Figure 5.31, this approximates to saying that an "idea]" 

cis-Irans position is that when the dihedral angle 02-CI-C3-N9 is 180°, the dihedral angle CI-C3-N9-

NIO is 0°: in this way the methylene hydrogen atoms are cis to the carbonyl group and lral1s to thc 

azide chain. The actual optimized dihedral angles are not exactly 0° or 180 0
, duc to the non-planarity of 

the molecule; an orientation is considered trans when the angle value is between _90° and 90° and cis 

when between 90° and 270°. 
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Cis-cis 

Cis-trans 

Trans-cis 

Trans-trans 

Figure 5030- The four confOlomers of dimethylazidoacetamide obtained f.-om ab initu) calculations at the MP2I6-
31G** level. The labelling reflects the ,oelative position of the methylene hydrogen atoms to the oxygen atom and of 
the azide chain to the methylene hydrogen atomso Fo,o example, stmcture truns-cis is cha.-actedzed by the oxygen 

atom in trans position to the methylene hydrogen atoms, and with methylene hydrogen atoms latte,o pointing in the 
same di,oection of the azide chain, the,oefo,oe they are cis 
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Nll 

H13 

Figure 5.31- Atom labelling in structm'e cis-trans of dimethylazidoacetamide 

Table 5.17- Geometrical parametel's fo r the lowest enel-gy struchll'e of dimethylazidoacetamide 

Bond Length (A) Angle Value (") 

Nll -N10 1.1635 N1l -NlO-N9 172.08 

N10-N9 1.2492 N10-N9-C3 114.66 

N9-C3 1.4797 N9-C3-H7 108.28 

C3 -H7 1.09 N9-C3-CI 113.07 

C3-Cl 1.5304 02-Cl-N4 123 .5 

Cl-02 1.2369 CI-N4-C5 121.6 

C1-N4 1.3668 N4-C5-Hl2 109 .9 

N4-C5 1.4536 N10-N9-C3-Cl 62.3 

C5-H12 1.0846 N9-C3-Cl-02 244.2 

C5-H13 1.0931 C1 -N4-C5-H12 113 

Table 5.18 reports the total and relative energies calculated for the four structures: the differences are 

small, because the dihedral angles are very different from the 00 and 1800 values and tend to lie in a 

relatively narrow range. For example, in structure cis-trans the values are 244.20 and 185.1 0, while in 

structure trans-trans they are 13.70 and - 58.70. 

These small differences in the orientations can be seen at a glance in Figure 5.30 . 
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Table 5,18- Total enel'gies of the f01l1' dimethylazidoacetamide confol'mel'S at the MP2/6-3IG* * level 

Structure Energy (hartrees) 

Cis-cis -450 1057254 

Cis-Irans -450.1075181 

Trans-cis -450.1016063 

Trans-Irans -450.1067725 

The total energies of the three lowest energy structures differ by only 1.1 kcal/mol , while structure 

trans-cis (which is the structure closest to planarity) lies around 3.7 kcal/mol higher in energy than the 

most stable one. Due to the small differences in energy between conformers cis-cis , cis-Irans and lrans­

lrans, it is likely that the three structures will contribute to the experimental photoelectron and infrared 

spectra (kBTat 300 K is around 0.60 kcaIlmol). 

Table 5.19 reports the first VIEs for the most stable conformer (stTucture cis-lrans) , calculated with 

Koopmans' theorem, obtained by taking the negative of the orbital energies computed at the MP2/6-

31 G* * level, and compares them with the experimental VIEs. The t-SCF method was appl ied to the 

first two ionizations: values reported in parentheses indicate VIEs obtained for doublet ionic states, 

calculated at the neutral minimum energy geometry, contaminated with higher multiplicity states . In 

the case of dimethylazidoacetamide, the spin contamination on the first two ionic states is such that 

t-SCF method is hardly reliable, as can be seen from the lower value obtained when an electron was 

removed from the third HOMO, which is free of spin contamination (a state was considered 

contaminated when the spin quantum number S is such that S2> 0.9 for these states, where S2 for a pure 

doublet state is 0.75). 

Also in this case, calculation of adiabatic ionization energies (AlEs) by optimization of the geometry of 

the cation, starting from the geometry of the most stable neutral conformer (cis-lrans) , was prevented 

by lack of convergence of the calculations at the MP2 level either on removing an electron from the 

HOMO (MO 33) or from the second HOMO (MO 32) 

Koopmans' theorem has been applied to all four conformers. Table 5.20 compares the values obtained 

from the calculations at the Hmiree-Fock level, after they have been scaled by 0.92 which is a factor 

widely used in the literature [27, 28]. 
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Table 5.19- Expe"imental and computed (with Koopmans' thcOI'em) VIEs fo,' the ci~·-tralls stmcttll'c of 
dimethylazidoacetamide. Unresh'icted calculations we,'e pe,-formcd on the cations. 

KT KT calculated t,SCF 
Expe"imental 

calculated VIE· 0.92 calculated Ionization Band 
VIE (eV) (eV) VIE (eV) 

VIE (eV) 

1006 9.25 (34 arl ~ 2A 
(10.01) 9.19 A 

10.30 9.47 (33 arl~ LA 

11.67 10.74 9.83 (32arl~ LA 985 B 
- -

12.68 11.67 11 .36 C 

14.42 13.27 
13.31 D 

14.62 13.45 

15.32 14.09 

15.39 14.16 
14.22 E 

15.70 14.44 

16.08 14.79 

17.62 16.21 
16 .03 F 

17.91 16.48 

Table 5.20- Compa"ison between the VIEs of the fOll/' minimum cne,'gy confonl1e,'s of dimcthylazidoacctamide 
calculated with Koopmans' theo,'em, all expressed in cV and scaled by the 0.92 facto,' 

Ionization 
KT VIEs·O.92 KT VIEs·O.92 KT VIEs·O.92 KT VIEs·O.92 Exp. 

cis-trans cis-cis trans-trans trans-cis VIEs 
(34 arl~ 2A 9.25 9.32 9.16 9.29 

9.19 
(33 arl~ 2A 9.47 9.64 9.60 9.59 

(32 arl~ 2A 10.74 10.75 10.53 10.62 9.85 

(31 arl~ 2A 11.67 1128 11.17 10.99 11 .36 

(30 arl~ 2A 13.27 12.99 1300 12.88 
13.31 

(29 a)'1 ~2A 13.45 13.38 13.58 13.55 

(28arl ~2A 14.09 1395 14.23 ]409 

(27a)'1 ~2A 14.16 1408 14.38 14.32 
14.22 

(26a)'1 ~2A 14.44 14.42 1466 14.63 

(25arl ~2A 14.79 15.03 14.89 1537 
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Figure 5.32 shows the shape of the four highest occupied molecular orbitals calculated for the most 

stable conformer of dimethylazidoacetamide (cis-trans) at the HF level- the skeleton of the molecule is 

also reported to facilitate the identification of the atoms. The description of the molecular orbitals for 

the struchrres bas been obtained from a single point Hartree-Fock calculation assLUning t.he geometTies 

being those calculated at the MP2 level. Calculations can'ied out at the Hartree-Fock level only 

produced three minimum energy geometry conformers (cis-cis and cis-lrans structures optimised to the 

same structllfe), and therefore three different sets of molecular orbitals. 

H12 

\ C5 
H 13 /..:::.:. N4 -----l 

H7 \C~ r -- 02 

N9 

NIO 

Nll 
33 

34 

Figure 5032- The foUlo highest occupied molecular o.obitals fo.o stl"Uctu.oe cis-trails of dimethylazidoacetamide as 
obtained f.oom calculations performed on the Gaussian98 p.oog.oam at the HF/6-31G** level 

Assuming that C3 , CI , 02, N4 and C5 lie in a plane, and C3 , N9, NIO and NIl lie in another plane, 

molecular orbital 34 (the HOMO) can be described as a delocalized orbital with major p,,-bonding 
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character between C I and N4, a pn-antibonding contribution on the carbonyl b'TOUP, and a Pn­

antibonding character on the azide chain (the nodal plane is the C3-N9-NIO-NII one). There are also 

non-bonding contributions arising from the methyl carbon atoms. 

MO 33 retains the Pn-antibonding character on the carbonyl b'TOUP, but the nodal plane this time IS 

orientated perpendicularly to the C3-C I-02-N4-C5 plane; with respect to MO 34 there is a higher Pn­

antibonding contribution from the azide chain. 

MO 32 is strongly Pn-antibonding on the carbonyl group, with the nodal plane oricntMed 

perpendicularly to the C3-CI-02-N4-C5 plane, and a-bonding between CI and N4 and betwecn Cl 

and C3. There is also a strong Pn-bonding contribution between N II and N I 0, as well as the strong Prr­

antibonding character between N 1 0 and N9: the nodal plane for both is pcrpendicular to the C3-N9-

Nl O-NII plane. An additional contribution can be seen in a a-bond between C3 and 117. 

MO 31 is similar to MO 32. 

In comparison with the results on azidoacetamide, the contribution of the azide chain to these HOMOs 

is higher, especially for structure cis-trans (even if this time the differences in the shape of the HOMOs 

and in the corresponding VIEs between different conformers are smaller than betwccn the 

azidoacetamide conformers), and therefore they show more similarities with the HOMOs obtaincd 

from previolls calculations on other azides [10-12]. Also, all the molccular orbitals arc morc 

delocalized than in azidoacetamide (c.f. previous section): this explains the broader nature of thc 

photoelectron bands (see Figure 5.29) in dimethylazidoacetamide, which especially in the 130-20.0 eV 

region are difficult to distinguish Moreover, Table 5.19 shows that numerous bands have VI Es 

expected in the region between 13.0 and 17.0 e V: the overlapping of such one-electron ionizations 

leads to the broad appearance of the photoelectron spectrum in that region. 

Harmonic vibrational frequencies have been calculated for the four conformers at the MP2/6-3 I G * * 
level by means of second derivative calculations. Figure 5.33 displays the calculated IR spectra for 

each structure, while Table 5.21 reports the computed IR frequencies for the four conformers of 

dimethylazidoacetamide and compares them with the experimental values for the most promincnt 

bands. For a more detailed evaluation of the agreement between the calculated and experimental 

spectrum, Figure 5.34 compares the calculated IR spectrum for structure cis-cis (even if it is not the 

most stable structure) with the experimental spectrum obtained in a nitTogen matrix. The conformer cis­

cis has been chosen because it is the one for which the degree of ab'Teement between the calculated and 

experimental IR spectrum can be better appreciated; moreover, its energy is comparable to the most 

stable conformer (cis-trans). 
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FigUloe 5034- Co mpa,oison between the mahoix m spechoa of dimethylazidoacetamide calculated at the M_PZ/6-31G** 
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Table 5.21- The most intense calculated IR bands fo." the foUl" confo."me."s of dimethylazidoacetamide (abso."bancrs 
in km/mol a."e ."epo."ted in b."ackets fo." all the stnIctUl"es) 

Cis-trans Cis-cis Trans-Irans Trans-cis I 
_.-_.- .. - - --

IR IR IR IR Experim. Nor"mal 
frequency frequency frequency frequency frequency mod(' 

(cm-I) ( cm- I
) (cm- I

) (cm- I
) {cm- I

} 

932 961 978 
(11.6) ( 184) ( 109) 

---- -

1011 
(13_9) 

-- ---- - - - ---

1038 1039 1027 1028 
(44.7) (52.5) (10.7) (29.1 ) 

-------- -

1201 1201 1184 1183 
(51.8) (39.6) ( 159.2) ( 193.0) 

--- -------

1211 1211 
(410) (35.6) 
1322 1319 1328 1326 

(1294) (943) (430) (316) 
1329 1331 1348 1341 

(18.5) (59.9) ( 1254) (85.7) 
1383 1383 

(514) (122.2) 
1475 1474 1475 1475 

(12.8) ( 156) (23.9) (22.3) --------.. --.--~. 

1495 1489 1483 1484 
_i87 0) 

- ----
(1073) (111.3) (77.9) 

1520 1517 1520 1527 C-N=N 
(36.9) (26.6) (170) (286) 

-------------
_~trc_tching 

1533 1533 1548 C-1-I2 
(317) ( 174) ( 16.2) wagging 

1557 1560 1558 
(12.3 ) ( 14.0) ( 15.7) 

.. -~--

1564 1565 1561 1562 C-H2 
(174) (14.2) ( 11.7) ( 11.9) ---------_.- _ sClssorlllg_ 
1595 1592 1589 1599 N-H z 

(27.7) (239) (29.3) (25.8) 
---- __ ~~~sorll~g_ 

1780 1775 1788 1795 1685/1672 C=O 
(303.0) (2838) (2209) (267.8) 

-""_._.-- _~!retc hIllg_ 
2374 2365 2366 2383 2118/2104 N-N-N 

(353.7) (305.1) (327.1 ) (3430) stretc h III g 
3109 3110 3096 3091 C -1-12 sylll 
(35.6) (43.5) (324) (34.9) strctchI I1B __ 
3112 3110 3106 C-1-I2 aSylll 
(327) (394) (424) 

-- __ ~t:eJ:c hlll_g __ 
3118 3119 3119 3117 N-1-I2 sylll 
(64.1 ) (60.7) (56.1 ) (57.8) stretching _. __ c_ 

3192 3160 3149 
(336) (18.1 ) ( 15.7) 

-----------

3199 3194 3199 3197 N-H2 aSylll 
(15.6) 

---
(36.2) 

--- -------
__ (~L01_ - .-

___ (446) 
- .. 

stretching -----_._._ ... _-- - .-... --- .. 
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(12.6) ( 15.9) 

-
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In the case of dimethylazidoacetamide minimum energy structures, the computed spectra do not display 

h'Teat differences in intensity ratios or peak position (for example the C=Q stretch ranges from 1775 to 

1795 cm"I), so it is more difficult to state whether a given conformer contributes to the experimental lR 

spectrum more than the others; the calculated total energies for the four structures are so similar that is 

possible that all of them- with the possible exception of structure lrans-cis- contribute to thc lR 

spectrum. The actual experimental spectrum shows the carbonyl absorption to be more intensc than thc 

azide absorption, and it seems that structure cis-Irans (which is also the most stable, as obtained in 

calculations) is the one that more closely resembles the conect intensity ratio betwecn thc pcaks at 

~2300 and ~ 1700 cm"l. 

The differences between experimental and calculated spectra are reduced by considering the possibility 

that two or more conformers of azidoacetamide are trapped in the matrix: in this case, the ah'recmcnt in 

the band pattern especially in the 500-1500 cm"1 region is improved (the cis-cis and cis-lrans structures 

alone cannot, even if they are the ones whose agreement seems more satisfactory with the expcrimcnt, 

reproduce the high intensity of the bands around 1200 cm"I). Also the broad nature of the carbonyl 

band can be explained by the slightly different frequencies between the conformers that lead to a partial 

overlap of the bands associated to the C=Q stretch. 

The degree of ah'Teement between experiment and calculations is good: the higher values of the 

calculated frequencies, especially above 3000 cm"1 e.g. the C-H and N-H stretches, are expected 

considering that anhannonicity has been neglected, and that electron correlation has only been partially 

allowed for in the calculations. 
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5.3.4 THERMAL DECOMPOSITION EXPERIMENTS 

Photoelectron spectroscopy 

Figure 5.35 shows the change in the photoelectron spectra when dimethylazidoacetamide vapour is 

heated at temperatures respectively of 100, 350 and 510°C. In the spectrum at 350 DC, when roughly 

50% of the azide has decomposed, the estimated contribution for DMF (red line) has been included. 

The first evidence of pyrolysis is, as expected, the appearance of nitrogen (sharp band at IS.SX eV, 

structured band with AlE at 16.91 eV [8]): this occurs at temperatures around 250 "C. Around 300 "C 

the characteristic resolved band of hydrogen cyanide (VIE at 13.60 eV [8]) appears, along with thc first 

sharp band of CO (VIE 14.01 eV [8]). 

At the same time the first band of the azide begins to show the presence of an overlapping vibrationally 

resolved band at around 9.75 eV: this marks the appearance of dimethylformamide [8]. Thc charactcrs 

of the HOMOs for both DMF and dimethylazidoacetamide are similar (the azide HOMO has a 

relatively small contribution from the azide chain), therefore the bands associated with thcsc 

ionizations are quite similar: at temperatures between 200 and 300°C it is difficult to distinguish which 

of the two compounds contributes more, and hence to establish the actual degree of pyrolysis. The 

visibility of the vibrational structure in the 9.75-10. I 0 e V is therefore the most reI iable feature to detect 

the formation of DMF. At temperatures above 350°C, the shape of the band in the 9.0-12.0 e V region 

is virtually the same as that of the DMF first band. It is therefore assumed that the parent azide is 

almost totally decomposed at that temperature. 

The azide third band, centred at around 11.36 e V seems surprisingly persistent at increasing 

temperatures, and it only fully disappears beyond 480°C: considering the thermal dependence of the 

other bands associated with the azide, this band was expected to disappear at lower temperatures. In 

fact, the band at 9.19 e V, which is associated with the parent azide, shows changes in its shape 

indicating that at those temperatures DMF is the main product and contributes to the 9.19 e V region. I r 
the band at 11.36 eV is not associated with the azide (and is not associated with DMF, as can be seen 

from the pure PE spectrum of DMF shown in Figure 5.35b), this anomalous behaviour must be 

interpreted in terms of the presence of a reaction intermediate that shows a band in that region, given 

the fact that the band disappears with further increase of temperature. 

Figure 536 shows the approximate residual contribution to the 9.0-12.0 eV IE region of the PE 

spectrum after DMF has been subtracted. This residual contribution can be attributed both to the imine 

being formed at that temperature and to some non-pyrolyzed azide. The similarity between the azide 

and DMF PE spectra makes deconvolution of spectra at intermediate degrees of pyrolysis difficult. It is 
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therefore difficult to estimate the amount of azide actually contributing to the spectrum in Figun: S.35b. 

Deconvolution attempts on this spectrum have nevertheless have shown that the PE band at I 1.36 e V 

cannot be fully associated with the azide: even supposing that spectnlln 5.35b is mainly originating 

from the azide rather than DMF, the azide contribution in the 11.36 eV region is not enough to fully 

represent the band experimentally observed. 

By analogy with azidoacetamide, it is likely that dimethylazidoacetamide also decomposes fIrst to 

dimethyliminoacetamide, which subsequently decomposes to DMF and HeN. Ah lIlilf() MO 

calculations on dimethyliminoacetamide using Koopmans' theorem predict the third VI E at I 1.17 e V 

and the fourth VIE at 11.55 eV, therefore confirming the hypothesis of assigning sllch an intermediate 

to the thennally persistent band at 1136 e V. The first two PE bands of the imine, predicted VIl·:s at 

9.56 and 10.43 eV (see following section), are overlapping with strong bands of the parent azide and 

DMF and are therefore not clearly observed. 

Beyond 500°C the spectnul1 only shows bands associated with N2 , HeN, eo and DMF: no clear 

evidence was found either of isocyanic acid and its methylated equivalent, or of methyl- and 

ethylimine. In fact, CH3N=C=O is characterized [17] by an intense, vibrationally resolved band with 

VIE approximately 10.60 eV, while CH3CH=NH shows [4] a broad band at 10.17 eV and a 

vibrationally resolved band at 11.43 eV. While the energy of these bands is compatible with the 

observations in the decomposition spectra of dimethylazidoacetamide, their shapes, as is reported in 

literature [17,4], do not seem to correctly represent the characteristics observed in the present series of 

PE spectra. Lacking a positive identification of the presence of these compounds, it is not possible to 

state that methyl isocyanate and ethyl imine are being formed in the thermal decomposition of 

dimethylazidoacetamide. 
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(b) and 510°C (c). Red line in (b): pUI'e dimethylfol'mamide. 

216 



3000 

en 
()j 
C 2000 ::::l 

Ji 
~ 
·00 
c 
.2] 
c 

1000 

8.5 9.0 95 10.0 10.5 11.0 11 .5 12. 0 

IE (eV) 

Figure 5036- Residual cont.oibution (blue line) obtained f!"Om the PE spect .... m of the pyrolysis of 
dimethylazidoacetamide at 350 C (black line), afte.o subtraction of the estimated DMF contJ°ibutiono The ."ed alTOws 

indicate the positions of the VIEs of the bands of the possible .oeaction intermediate 

Matrix isolation IR spectroscopy 

A succession of matrix isolation infrared spectra recorded at increasing temperature of the furnace is 

reported in Figure 5.37 . Table 5.22 lists the molecules associated with the labels of the bands, along 

with the vibrational wavenumber values of the most intense features in the spectra. 

Table 5022- Labels and assignment of the most impo.otant IR bands obtained expe."imentally in a nitJ"ogen matJ°ix in 
the thermal decomposition of dimethylazidoacetamide (see FigUJ"e 5037 for the labelling of the bands) 

Vibrational wavenumbers 
Label 

( cm-I
) 

Assignment Reference 

211812104 , 1685/1672 (CH3)2NCOCH2N3 

D 1673,1630,1371,1217 (CH3)2NCOCH=NH 

F 2139 CO [21 ] 

J 1694,1384, 1082 DMF [29] 

K 2828,2786, 1148, 1021 (CH3)2NH [29] 

M 3285,747/737 HCN [20] 
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As it is impossible to detect nitrogen in infrared spectroscopy, the stmi of the azide pyrolysis can bc 

identified by the appearance of other bands associated with decomposition products. The first evidence 

occurs at around 160 DC, when a band at 1217 cm-! begins to be observed. With increasing 

temperatures, the azide bands reduce in intensity, as exemplified by the decrease of the strong N, 

absorptions at 2118/2104 and at 168511672 cm-!, while new bands appear. As happened in thc 

azidoacetamide decomposition, two types of new bands can be distinguished according to their thermal 

dependence. A set of bands increases steadily in intensity with increasing temperature, indicating the 

formation of stable products which do not decompose even at relatively high tempcraturcs: this is thc 

case for example for the bands at 3285, 747/737 (labelled M in Figure 5.37), 2139 (labelled F) and 

1694, 1384, 1082 cm-! (labelled .I), which have been assigned- by refeITing to previous matrix 1 R 

studies [20,21,29]- to HCN, CO and HCON(CH 3)2 respeetively. Also additional weak bands can bc 

identified at temperatures above 210 DC which follow the same thermal behaviour: the bands at 3483, 

2265, 780, 581 cm-1 (labelled G in Figure 13) are assigned to HNCO r 191, while the bands at 2828, 

2786, 1148, 1021 cm-! (labelled K) are assigned to (CI-I, hNH [29]. 

A second set of bands (the most prominent are at 1673, 1630, 1371 and 1217 cm-!, and are labelled D 

in Figure 5.37) shows a different thermal behaviour, with an increase of intensity betwecn 160 and 250 

DC followed by a decrease in intensity for temperatures above 300 DC and a total disappearance beyond 

360 DC: this suggests the presence of a reactive intermediate as a product of the azide decomposition, 

which is subsequently decomposed to secondary products. Also in the case of the decomposition of 

dimethylazidoacetamide, all the bands not assigned to the thermally more stable products (HCN, CO, 

DMF, HNCO, dimetl1ylamine) show the same kind of intermediate thermal behaviour, that is there is 

no evidence for more than one reaction intermediate being formed. The fact that their relativc intensity 

ratio is not altered by changing pyrolysis temperatures, deposition times or other experimental 

parameters suggests that all the intermediate bands belong to the same species. An initial estimate of 

the stmcture of the intermediate is given by the bands above 3000 cm-! and by the strong band at 1673 

cm-L it is likely that the N-H and the C=O groups are retained from the parent azide. By analogy with 

the intermediate observed in the azidoacetamide thennal decomposition, a full assignment of the bands 

associated with the intermediate can only be achieved with the support of ah inito calculations: it was 

found that no match between these bands and those of some expected products like CH1 NCO or 

CH1CHNH could be obtained. 
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5.3.5 CHARACTERIZATION OF THE POSSIBLE REACTION INTERMEDIATES 

The chemical formula of dimethylazidoacetamide and the IR and PES evidence suggests a thermal 

decomposition path similar to azidoacetamide, the initial step being the release or nitrogen 

accompanied by the production of a nitrene diradical in its singlet spin multiplicity state following the 

scheme 

1 :NCH2CON(CH3)2 -nitreneacetamide- is expected to be highly unstable, as nitrenes have never been 

experimentally detected in the gas-phase in photoelectron spectra and in matrices in infi'ared matrix 

isolation spectra. 

Moreover, ab initio MO calculations on dimethyl nitrenacetamide do not lead to the location or a 

minimum energy structure in the singlet multiplicity state, because all the attempted calculations led to 

the conversion into the imine during the optimization. Only the triplet state is found to be stable: an 

inter-system crossing to the triplet is therefore required for experimental detection, which is an unlikely 

process due to the breaking of the spin conservation rule. 

Nitrene fonnation cannot be proved, so- by analogy with azidoacetamide- no details of the 

computational results on this diradical will be reported here. Only the products arising from one of the 

possible isomerization mechanisms of the nitrene will therefore be considered in the next paragraphs. 

The first isomerization possibility from the nitrene is the Type I mechanism (see Section 5.1.5), in 

which dimethylnitreneacetamide undergoes a I ,2-hydrogen shift 

producing dimethyliminoacetamide which is a stable molecule with all real vibrational frequencies at 

the MP2/6-31 G* * level of calculations. 

A Type 2 mechanism involves the attack of the nitrogen terminal atom at another site within the nitrene 

molecule so that a new bond is formed to compensate the electron deficiency of the nitrogen atom. By 

letting the ah initio calculation optimize the nitrene structure obtained by removing the two terminal 

nitrogen atoms (and leaving unchanged all the other geometrical parameters) from all the four different 

confonners of dimethylazidoacetamide, different Type 2 mechanisms are found. 
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One is the attack on the carbonyl carbon atom, already encountered in the azidoacetamide case, which 

in the present case can be represented as 

where a new N-C bond is fonned along with the formation of the iminic C=N double bond. This 

molecule is labelled dimethyl-N-iminoacetamide. 

In contrast with azidoacetamide, an additional mechanism is possible, involving the attack or thc 

nitrogen atom on the oxygen atom, leading to the formation of a four-membered ring. The geometrical 

strain of this structure and the presence of adjacent opposite charges is reilected by a very high energy 

of this molecule (the computed total energy is found to be around 100 kcallmol highcr than that of the 

two other imines). Therefore, despite the calculation predicting it having all real vibrational 

frequencies, this molecule is very unlikely to be formed in the decomposition process. Its calculated 

geometrical, energetic and spectroscopic characteristics will not be reported here. 

Finally, a third possibility must be considered, that is the attack on one of the methyl /:,'TOUPS: this lcads 

to the formation of a cyclic structure. 

(N:j=o .. 
H C-N 

3 \ 

CH3 

The most probable candidates as reaction intermediates for the dimethylazidoacetamide pyrolysis are 

then dimethyliminoacetamide, dimethyl-N-iminoacetamide and the five-membered cycle. 

The most probable candidates as reaction intermediates for the dimethylazidoacetamide pyrolysis are 

then dimethyliminoacetamide, dimethyl-N-iminoacetamide and the above five-membered cyclic 

compound. 

Dimethyliminoacetamide 

For HN=CHCON(CH3)2 three confonners - and not fouf as was the case for iminoacetamide- with all 

real vibrational frequencies have been located at the MP2/6-31 G** level on the closed-shell singlct 

surface: their geometries are shown in Figure 5.38. The labelling nomenclature describes, as for the 
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azide, the relative positions of the C-H hydrogen atom with respect to the oxygen atoll1 and the iminic 

hydrogen atom relative to the C-H hydrogen atom. The structure, which at the beginning or the 

calculation had an initial geometry which was set in a Irans-Cls orientation, converged, during the 

optimisation process, to structure cis-cis, in which the C-H proton is in a CIS position both to the N-JJ 

proton and the oxygen atom. This result is probably due to the presence of the methyl groups in the 

positions in which in iminoacetamide there are hydrogen at0111S. This involves a new repulsive 

interaction of the C-H hydrogen with the methyl hydrogen atoll1s, in addition to the one with the proton 

on the tenninal nitrogen atom: the effect is a rotation around the C-C bond of the molecule. Figure 'U9 

shows in greater detail the most stable structure, structure Irans-lrans, and its most relevant geometrical 

parameters are listed in Table 5.23. 

Even if the distortion from a Cs structure is not very large, the symmetry of the three structures is C I , 

mainly due to the asymmetry of the methyl hydrogen atoll1s and, in the case of structure cis-imll.\', of" 

the imine NH group placed markedly out of the -NC(=O)C- plane. The most stable structure has been 

calculated to be structure trans-Irans, which is the closest to planarity. This is in contrast to the results 

on dimethylazidoacetamide, where the structure closer to planarity (cis-lrans) was the least stable. 

Setting the energy of structure trans-trans as zero, structures cis-cis and cis-trans lie at energies 1.4 and 

2.8 kcal/mol higher respectively. This small energy difference indicates that all structures could be 

formed in the pyrolysis experimental conditions, and therefore they all contribute to the photoelectron 

spectrum. 

Table 5.24 reports the total energies of the three structures. The b'TOlll1d electronic state is I A'. 

Table 5.24- Total and relative energies of the th"ee confor'mers of dimethyliminoacetamide at the MP2/6-31 G** level 

Structure Energy (hartrees) Relative energy 

(kcal/mol) 

Trans-trans -340.9337716 0 

Cis-cis -340.9315373 1.4 

Cis-trans -340.9292423 2.8 

Table 5.25 reports the VIEs calculated by applying Koopmans' theorem to structure trans-lrans of 

dimethyliminoacetamide and the two first VIEs calculated via the 6SCF method. As no optimization of 

the geometry oftbe cation was achieved, the calculation of the first adiabatic ionization energy was not 

possible; values in parenthesis indicate high spin contamination (S2> 0.9). 
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Trans-trans 

Cis-cis 

Cis-trans 

Figure 5038- The th,oee confo,ome,os of dimethyliminoacetamide computed with llh initio calculations at the MPZI6-
31 G" level; the labelling reflects the relative position of the C-H pl"Oton in NH=CH to the oxygen atom and of the N­
H pl"Oton to the C-H proto no For example, structu,oe cis-cis means that the pl"Oton on the methyne g'ooup is in ci.~ 

orientation with ,oespect to the ca,obonyl oxygen and in cis also to the p,ooton on the iminic nitr°ogen atomo 
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Table 5.25- Calculated VIEs for stmctUl'e trails-traIlS of dimethyliminoacetamide, using Koopmans' theorem and the 
Ll.SCF method 

KT calculated KT calculated ~SCF calculated S2 for Ionization 

VIE (eV) VIE· 0.92 (eV) VIE (eV) the ion 

10.39 956 (934) 0944 (27 a ' yl ~ LA 

11.34 10.43 1006 0762 (26 a ' r' ~ 2A 

12 .14 1117 (9.34) 0.944 (25 a ' yl ~ cA 

12.55 11.55 

14.S3 13.65 

15.14 13.93 

15.S2 14.55 

15.S4 14.57 

16.31 15.01 
- -

16.70 15.36 

IS.17 16.71 

IS.29 16.S3 

Table 5.26 shows the computed IR frequencies and intensities for dimethyliminoacetamide and 

compares them to the bands experimentally detected in IR matrix iso lation experiments of thermal 

decomposition of dimethylazidoacetamide. Even if the most stable structLlre (the trans-trans 

confonner) is expected to be the one that mainly contributes to the experimental IR spectrum, 

vibrational frequencies for all the minimum energy structures are shown. The resultin g spectra 

compared with the experimental one obtained in a nitrogen matrix are shown in Figure 5.40. 
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F igure 5 _39- StructUl-e and atom labelling in st.-uctu,-e trails-trails of dimethyliminoacetamide 

Table 5_23- Geometrical pnamete,-s for the lowest energy st,-uctJlI-e of dimethyliminoacetamide 

Bond Length Angle Value 

(A) (") 

NS-H9 1.021 H9-NS-C3 110.S4 

NS-C3 1.284 NS-C3-C1 120.17 

C3-H8 1.091 02-CI -N4 12S.64 

C3-Cl 1.506 CI -N4-H6 119.19 

CI-02 1.233 H9-NS-C3-C1 180.0 

C1-N4 1.3SS H8-C3-CI-02 0.0 
- - -

N4-H6 1.00S H6-N4-CI -C3 180.0 
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Table 5.26- Comparison between the computed and expe"imentallR bands of dimethyliminoacetamide (absorbances 
in km/mollll'c ,'cpo,'tcd in b,'ackets for all the th,'ec calculated str'uctures) 

Calc. !R bands (em") Exp. Calc. IR bands (e/1(') Exp. Normal 
trans- cis-trans cis-cis bands tralls- cis-trails cis-cis bands mode 
trans (em· l) trails (em-I) 

4092 418.0 1507 A 1494.6 1480 A 1460 
(5.35) (2.39) (2439) (65 90) (2792) (w) 
500.6 463.8 4443 488 1518.7 1523.0 15 18.1 

(1074) (lOA3) (17.36) (s) (lSI I) (2351 ) ( 1267) 
580.9 570.3 579.4 580 ] 553.1 15 35.7 15430 

(34A7) (1636) (13.65) ~~,J>..'L _ (l1 .281 (2382) (302) 
628.8 705.3 727.0 1557.8 1556.1 1551.6 
(424) (2253) (30.68) (17 .00) (1335) (1258) 
843.9 7300 727.7 817 1562.0 1560A 1564 A 

(2606) (4.95) (3.81 ) (s) (14 .06) (10.12) (1128) 
870.8 876.5 1588.1 1591.3 1589.7 1506 C- I-I3 

(49A9) (8.09) (24.66) (22.23) (17.71 ) (m) scissoring 
1000.0 1020A 1019.8 973 1678.0 1687.8 1670.3 1630 C=N 
(3.11 ) (27.83) (29.56) (w) (23.79) (50.22) (40 .64) (s) s(Tetching 
1108.8 1111.2 1108A 1062 1768.3 1759.2 1759.1 1673 N-C=O 
(5.95) ( 4.38) (5.08) (w) (25973) (27352) (25678) (vs) stretching 
1154.6 1129.7 1156.6 3118.1 31 18.5 3114.2 aSylll1ll 
(3.66) (7.62) (2.58) (27 A4) (30.61 ) (32.24) C-I-I, 

stTetching 
1182 A 1155.6 1173.1 1082 31221 3125 A 3 11 8.6 2930 syllllll C-
(60.22) (113) (6175) (m) (61.16) (64.85) (57.48) (m, br) I-b 

slTetching 
1192.0 1188.8 1201.2 ll20 3171.5 
(68.60) (91.59) (57.16) (m) (2602) 
1202.9 1203.8 1203 .8 11 48 3199.6 3196.1 3190. 1 C-I-IJ 
(37.36) (8.35) (50.72) (s) (36.22) (47.25) (28.87) asymm 

stretching 
1263.9 1287.1 1267.5 1217 3207.3 3200.9 3204.1 C-I-h 

(115.13) (16.24) (41.21) (s) (9.12) (7.39) ( 17A8) asymm 
stTetching 

1323.2 13232 1318.5 1261 3243.9 3226.7 C-I-I 
( 45A8) (44.34) (37.12) (m) (1874) (15 78) stTetching 
1440.2 1424.3 1428.1 1371 32757 3302.0 3276.2 C-l-h 

(12131) (20.85) (24.93) (s) (14.53) (4.01) ( 4A6) symm 
1474.7 1473.1 1478.0 1399 3449.7 34957 N-H 
(18.30) (1304) (8770) (m) (464) (2.36) rocking 

1450 
(w) 
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Fig_ 5.40- The three IR spectt-a calculated fOl' the confo.-me.·s ci.~-ci~ ("ed lines), cis-trans (yellow lines) and trans-trall ,I' 
(blue lines) of dimethyliminoacetamide at the MP2/6-31G** level and the expe"imental matr-ix isolation IR spectr'um 
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For dimethyliminoacetamide, the computed spectra for the different structures are very similar, so at 

first it seems difficult to make clear statements about which conformer contributes more to the 

experimental matrix IR spectmm. Nevertheless, the ab'Teement between the experimental and thc 

calculated IR spectnlln of the trans-trans structure is particularly good, both in the freq llcncy 

distribution and the intensity pattern, once the effect of neglecting anharmonicity and of only partial 

allowance for electron con-elation in the calculations has been considered: this leads to a higher valuc 

of the calculated frequencies, in paIiicular for the N-H stretching region above 3000 cm- I
. It is there!t)I'e 

possible to state with confidence that dimethyliminoacetamide is present as a reaction intermcdiatc 

from the thermal decomposition of dimethylazidoacetamide: this retlects the results obtaincd it)\" 

azidoacetamide. For the individual conformers, the intensity ratio of the bands bctween 1500 and I 100 

cm- I in the experimental spectrum seems to prove, anyway, that structure lral1.I-lral1s is charactcrised 

by an infrared spectrum in overall better agreement with the experimental one, so it is the con(tmncr 

most likely to be present in higher concentrations under the conditions in which the experimental 

spectra have been recorded: this retlects the fact that structure lrans-lram' is the lowest in energy 

among those calculated for dimethyliminoacetamide. 

Concerning the causes of discrepancies between experimental and calculated spectTa- which anyway do 

not contradict the assignment-, it must be emphasised that the experimental spectrum cannot rcprescnt 

the true spectrum of the intermediate because it has been obtained by removing all the bands bclonging 

to species -either the starting azide or the decomposition products- which do not show the proper 

thermal dependence for a reaction intermediate. The experimental spectrum shown in Figure 5.40 

therefore represents the most important features of the intermediate, but it does not represent thc "truc" 

one, especially for low intensity peaks, because of the subtraction procedure used. 

As was the case for azidoacetamide, the deb'Tee of agreement can be better clarified by considering the 

agreement in the case of the parent azide (dimethylazidoacetamide) As can be seen by comparing 

Figures 5.40 and 5.34, the quality of the agreement between the experimental spectrum and the one 

calculated for the most stable confonner is comparable between the two compounds. 

Finally, to obtain better agreement with the experimental IR spectrum, especially in the 1700-1000 cm- I 

region, the possibility must be considered of other intermediates being trapped in the matTix: this can 

involve both different conformers of dimethyliminoacetamide, which are very close in energy to the 

trans-trans one, and a different imine arising from a deb'Tadation of the starting nitrene via an 

alternative pathway to the 1,2-H shift, as it was the case for azidoacetamide. 

For this, investigations on the other possible reaction intermediates arising from a "Type 2" mechanism 

have been considered. 

228 



Dimethyl-N-iminoacetamide 

In the same way as occurred for azidoacetamide, ah initio calculations show that by removing the two 

terminal nitrogen atoms from one of the optimised stmctures of dimethylazidoacetamide- leaving intact 

the remaining structure- and letting the optimisation procedure operate on the remaining nitrene, the 

terminal nitrogen atom does not acquire a proton trom the adjacent carbon but instead prefers to attack 

the carbonyl atom. The net result is the production of dimethyl-N-iminoacetamide 

Only one stmcture has been optimised for this molecule at the MP21 6-31 G* * level and its geometry is 

shown in Figure 5.41; the most important geometrical parameters are listed in Table 5.27. The 

calculated total energy was found to be -340.9367223 hartees. 

It corresponds to a structure which is close to planarity; as was the case for N-iminoacetamide, only the 

structure with the terminal methylene l:,'TOUp in the cis position with respect to the oxygen atom was 

optimised; attempts to locate a stable geometry with Irons orientation have not been successful, 

because in this disposition the stabilising interaction between a -CHl hydrogen atom and the oxygen is 

removed, and a repulsive interaction of the -CH2 protons with the protons on the methyl group leads 

the optimisation to converge back to the cis structure. 

Table 5.28 reports the calculated VIEs for dimethyl-N-iminoacetamide. The differences with the 

dimethyliminoacetamide VIEs are minimal, as ean be seen from a comparison with Table 5.25. 

Table 5.29 reports the most significant calculated vibrational frequencies for N-iminoacetamide: the 

associated IR spectrum is shown in Figure 5.42, where a Gaussian envelope for the bands has been 

assumed. 
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FigUl'e 5.41- Optimized geometry of dimethyl-N-iminoacetamide calculated at the MP2I6-31 G** level 

Table 5,27- The most significant geometdcal pammete.'s fo.' dimethyl-N-iminoacetamide 

Length Value 
Bond Angle 

(A) (") 

C12-H13 1.0848 H13-C12-Nll 118.34 

N11 -C12 1.2824 C12-Nll-C1 113.17 

C1-N11 1.4541 02-CI-N3 12408 

N3-C1 1.3619 C1-N3-C4 118 .73 

C1-02 1.2326 H6-C4-N3 108.65 

C4-N3 1.4522 H13-C12-N11 -C1 179.6 

C5-N3 1.4534 C12-N11-C1-02 -6 .8 

H6-C4 1.0844 C4-N3-C1 -02 0.8 

H7-C4 1.0918 H6-C4-N3-Cl -1.5 
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Table 5.28- Calculated VIEs of dimethyl-N-iminoacetamide at the MP2I6-31G** level 

KT KT 
calculated calculated 
VIE (eV) VIE·O.92 

(eV) 
10.00 9.21 

11.09 10.21 

11.96 11.00 

12.78 11.76 

14.45 13.29 

14.96 13.77 

15.09 13.88 

15.14 13.93 

15.84 14.58 
----- - ------- .. -

Table 5.29- Calculated IR bands of dimethyl-N-iminoacetamide at the MP2/6-31 G** level 

Frequency Intensity Frequency Intensity 

(em-I) (km/mol) (cm-I) (km/mol) 

400.3 5.12 1198.8 175.71 
! 

413.0 19.40 1211.0 
! 

3.58 

532.4 7.16 1246.1 1.84 

570.0 11.02 1326.9 52.87 

619.5 7.14 1470.5 I 21.81 
! 

, 
797.1 7.56 1483.1 I 92.18 

860.2 10.50 1490.4 8.70 

1015.5 6.91 1515.6 104.49 

1106.2 5.35 1558.9 
, 

17.64 ! 

i 
1113.9 1406 1561.6 

I 
16.65 

Frequency Intensity 

(em-I) (km/mol) 

1592.7 30.83 

1708.7 24.67 

1805.5 379.07 

3113.5 33.52 

3119.1 82.52 

-----------

3171.2 21.47 

3185.0 44.24 

3194.2 16.18 

3291.7 11.94 

Normal 

mode 
.. _ .. 

C-H, syml1l. 
SCIssoring 

C=N stretchin g 

C=O stretch in g 

C-I-j, SYIl1I1l. 
stretchin~_ 

C-I-I, symill. 
_~etchln_!L 

C-1-12 SYllllll. 
stretchillg . 

C-I-h aSYllllll. 
stretch_ing. 

C-I-h asymlll. 
stretching 

C-H2 aSYlll. 
stretch i n J ~ 

g C-H2 scissorin 
---._-_ .. _-
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Figul'e 5.42- The inrl'al'ed spectl'um of dimethyl-N-iminoacetamide calculated at the MP2/6-31 G** level 

Five-membered cyclic intermediate 

cm-l 

When the attack of the electron deficient nitrogen atom in the nitrene is towards the closest of the 

methyl groups- which is 3.1 A away from the nitrogen atom- a five membered ring is formed. lts 

optimized structure is reported in Figure 5.43, and its most important geometrical parameters are listed 

in Table 5.30. The pentagon formed is not planar, mostly because of the N-H group, even if the len!:,rths 

of the bonds forming the pentagonal structure are almost equal; the overall symmetry of the molecule is 

therefore C} even if the distortion from planarity is not large. 

Its calculated total energy was found to be -340.9502777 hartrees: this is the lowest energy value for all 

the imine intermediates considered for this system. 

232 



H7 

Figur'e 5.43- Optimized structur'e at the MP2/6-31G** level fo,' the cyclic intermediate obtainable in the 
decomposition of dimethylazidoacetamide 

Table 5030- The most significant geometr°ical pa,oamete,os calculated foro the five-membe"ed ,.jng inte"mediate 

Length Value 
Bond Angle 

(A) (") 

CI-02 1.229 02-CI-C3 127.55 

CI-C3 1.52] C]-C3-N6 103.40 

C3-N6 1.464 C3-N6-C8 106.60 

N6-C8 1.465 N6-C8-N] 1 ] 02.49 

C8-Nll 1.445 C8-NI1-C1 11 2.96 

CI-Nll 1.368 C8-NII-C12 123.45 

NII-Cl2 1.443 02-CI -C3-N6 165 .18 

C3-H4 1.089 C3-N6-C8-N11 -28.92 

N6-H7 1.013 CI2-N11-CI-02 3.18 

C8-HlO 1.094 H7-N6-C3-H4 -91.65 

C12-H13 1.087 H13-CI2-NII-Cl -6.18 
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The first six vertical ionization energies (VIEs) obtained by applying Koopmans ' theorem to the 

molecular orbital energies obtained at tile MP2/6-31 G* * level are reported in Table 5.31 . 

Table 5.31- Vel·tical ionization enel'gies obtained by Koopmans' theOl'em applied to the moleculal' ol'b itals obtained 
at the MP2/6-3\G** level fOI' the five membered dng intermediate obta ined fl 'om dimethylazidoacetamide pyrolysis 

Ionization 
KT 0.92* KT 

calculated calculated 
VIE (eV) VIE (eV) 

(27 a' r l ~ 2A 1002 9.22 

(26 a'rl ~ 2A 10.80 9.93 

(25 a ' rl ~ 2A 11.23 1033 

(24 a ' r l ~ 2A 13 .97 12 .85 

(23 a' r l ~ 2A 14.58 13.42 

(22 a')'l ~ 2A 15.05 13.84 

Harmonic vibrational frequencies have been calculated, and it should be noted that only a paItial 

allowance for electron correlation was included in tile calculations. The most significant bands are 

reported in Table 5.32, along willi some of the normal vibrational modes with which tiley are 

associated; the full calculated infrared spectrum is reported (with Gaussian shaped bands) in Figure 

5.44. 

n 
t 
e 
n 
s 
i 
t 
!:l 

Frequenclj 

Figure 5.44- Calculated m spectrum of the five-membel'ed dng at the MP2I6-31G* * level 

cm-l 
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Table 5.32- Calculated IR bands of the five-membel'ed ring obtainable fl'Om the thel'lnal decomposition of 
dimethylazidooacetamide at the MP2I6-31C** level 

_. 

Frequency Intensity Frequency Intensity Frequency Intensity 

(em-I) (km/mol) (em-I) (km/mol) (em-I) (km/mol) 
; 

623.5 50.44 1231.1 6,80 1576.5 21.06 

760.8 39.23 1235.9 
I 

4.40 1612.0 4.41 
. - - --_ . 

903.4 58.36 1301.1 3.05 1834.1 336.34 
----

1005.6 6.16 1354.8 52.22 3014.3 107.18 

1028.9 5.49 1417.9 68.91 3076.3 43.67 
-

1067.9 4.93 1457.0 
I 

36.70 3115.0 47.55 
_. 

1122.6 4.71 1480.6 
I 

35.81 3133.1 53.08 

. 
1161.9 20.89 1520.5 113.18 3196.2 27.23 

I 

_. .... _---- -_._-

1178.9 16.11 1549.6 8.48 3200.8 14.48 

1194.4 9.76 1557.5 
I 

7.67 3636.6 3.13 

Interpretation of the ab initio calculations on possible reaction intermediates 
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In the IR matrix isolation experiments, the sequence of spectra recorded at increasing temperatures 

shows the increase in intensity of some bands (while those of dimethylazidoaeetamide decrease) not 

associated with HCN or DMF, then their decay at higher temperatures. This indicates an intermediate is 

formed and then decomposed. 

By analogy with azidoaeetamide, an Immo intermediate has been proposed, originating from the 

nitrogen release from the azide and a 1,2-H shift: ah initio calculations on dimethyliminoacctamide 

have been performed and VIEs, vibrational frequencies and vibrational intensities computed. 

As mentioned, the prediction for the imine of two PE bands in the 11.1-11.6 e V region can explain the 

thermal persistency of a band centred at 11.4 e V. 

A comparison of the calculated IR spectra of dimethyliminoacetamide for the different conformers and 

the experimental spectrum (between 2000 and 400 cm- I
) derived by removal of all bands not showing 

the thermal behaviour of an intermediate is shown in Figure 5.40. Three minimum energy structures 

have been located in the calculations, and their relative energies are quite similar: the most stable 
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structure has been calculated to be structure trans-trans, with structures cis-cIS and cis-trans lying at 

energies lA and 2.8 kcal/mol higher respectively. Strangely, the cis-trans structure is the most stable 

for the azide and the least stable for the imine. 

The presence of two methyl groups attached to the amidic nitrogen atom makes both the expcrimcntal 

and calculated vibrational spectra richer in bands than the ones of azidoacetamide: the assignmcnt or 

bands is therefore more complex. The matrix isolation IR experiments seem to suggest that structurcs 

cis-cis and trans-trans contribute most to the experimental IR spectrum: the latter displays a bettcr 

agreement in the intensity distribution. As an example, the calculated frequencies of the two strong 

bands observed at around 1370 and 1220 cm-1 are 1440 and 1264 cm-1 for the lra/1.\-lralls conformcr 

and 1478 and 1267 cm- 1 for the cis-cis conformer, with the intensity ratio better described by thc Imll.l­

trans conformer spectrum (see Figure SAO). 

Dimethyliminoacetamide and dimethyl-N-iminoacetamide have, according to calculations, almost thc 

same energy: dimethyl-N-iminoacetamide lies about 1.85 kcallmol below the most stablc 

dimethyliminoacetamide conformer. 

The cyclic intermediate is calculated to be much lower in energy (by about 10.34 kcallmol). 

The three lowest VIEs of dimethyliminoacetamide, dimethyl-N-iminoacetamide and the cyclic imine 

structure differ by a mean of 0.2-0.3 e V, with a maximum difference of around 0 A e V for the first V n·: 
even if these differences are higher than those observed between iminoacetamide and N­

iminoacetamide (where the variations within each band veliical ionization energy were of the order or 

0.1 eV), it is not possible to discern which compound is contributing to the observed intermediate PI-: 

bands, especially the b311d at J 1.36 e V. Moreover, the values are very similar to thosc of 

dimethylazidoacetamide and DMF. From PES it is therefore impossible to distinguish if the imines arc 

both present as reaction intermediates, or which one is the predominant species. 

Concerning the calculated IR spectra, they show the most important differences in the 1000-1500 cm- 1 

region: the spectrum of trans-trans dimethyliminoaeetamide is the one that best reproduces thc 

experiment, therefore justifying the assumption that trans-trans dimethyliminoacetamide is the 

dominant species produced. Despite its predicted higher stability, the cyclic imine is the one whose IR 

spectnllil does not fit the experimental results, because of the lack of more than one strong band in the 

1000-1500 cm-1 region. It is possible to conclude that the cyclization mechanism is not active in the 

thermal decomposition of dimethylazidoacetamide, or is active to a very minor extent. 

It could be, however, that a contribution of more than one isomer of dimethyliminoacetamide or 

dimethyl-N-iminoacetamide could produce an IR spectrum in good af,'Teement with the experimental 

236 



one. It is difficult to distinguish the additional contribution which will completely fit the experimcntal 

results, especially in the 1000-1500 cm-! region: still, it is possible to state that the computed spectrum 

of dimethyl-N-iminoacetamide does not fit the experimental one to the same del:.'Tee as the 

dimethyliminoacetamide conformers do. 

Even if from both the total energies and the IR spectra, it is not possible to unambiguously distinguish 

if dimethyl-N-iminoacetamide is formed at all, it is neveliheless clear from the IR pattcrn that 

dimethyl-N-iminoacetamide should be present only as a minor decomposition route, the major route 

being the production of dimethyliminoacetamide especially in its frans-frans structure. A Type I 

mechanism is then the one playing a major role in the decomposition. 

5.3.6 SUGGESTED MECHANISM OF GAS-PHASE DECOMPOSITION 

The combination of the results from UV -PES and matrix isolation IR experiments on the pyrolysis of 

dimethylazidoacetamide show that 

When the thermal decomposition begins, N2 is released as the first product 

A reaction intermediate is formed when the azide is not yet completely decomposed (around 

160°C) and before the appearance of other products: its IR spectrum matches the one calculated 

for dimethyliminoacetamide 

HCN, CO and HCON(CH3)2 (dimethylformamide) are formed at the same temperature as when 

iminoacetamide approximately reaches its maximum concentration (210°C) 

(CH3)2NH (dimethylamine) and HNCO are formed in lower concentration than HCN, CO and 

DMF when dimethyliminoacetamide is almost completely consumed (360°C) 

From this evidence, the first step of the decomposition follows the same behaviour of azidoacctamide, 

that is the formation of nitrogen and dimethyliminoacetamide. 

From the experiments it was not possible to detect the formation of the nitrene diradical 

as the consequence of the release of nitrogen. However, recent theoretical and experimental results [5, 

6, 26] on methylazide and ethylazide decompositions seem to confirm the formation of the nih'ene as a 
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preferred route as opposed to a concerted mechanism involving breaking of the N-N bond and a 1,2-H 

shift to produce directly dimethyliminoacetamide. Ah initio calculations performed in this work see11l to 

confirm this hypothesis, as it was not possible to locate a transition state for the azide -7 i11line 

concerted mechanism. The nitrenes were optimized as true minima only in the triplet spin state: in the 

singlet state they converged to imines, suggesting that the lifetime of this diradical in its singlet state is 

very short and isomerization takes place almost immediately after nitrogen has been released lI'om the 

azide. 

Ab initio calculations clearly indicate that also for dimethylazidoacetamide the unstable nit rene can 

undergo Type 1 and Type 2 isomerisation processes for its decomposition. 

Type 1: 

This is the l,2-H shift mechanism in which the electron deficient nitrogen atom acquires a proton li'om 

the adjacent carbon atom and forms a double bond. In this case it would lead to the formation of 

dimethyliminoacetamide 

H 

Type 2: 

As an alternative to proton transfer, the nitrogen atom can compensate its electron deficiency by 

attacking a remote site of the molecule, forming a new bond as a type of nucleophilic substitution. In 

this case, the site is the carbonyl carbon atom, following the scheme 
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In partial contrast with azidoacetamide, ah initio calculations show that in the decomposition of thc 

nitrene produced from dimethylazidoacetamide, Type I is the prefeITed mechanism when all the nit rene 

geometrical parameters- left as they were in the azide but with a very long value for the N-N bond 

which is going to be broken- are allowed to fully optimise: the process leads to the formation of 

dimethyliminoacetamide rather than of dimethyl-N-iminoacetamide. 

This result confirms the IR evidence: the experimental spectrum shows that dimethyliminoacetamide is 

the main contributor to the bands of the reaction intermediate. Dimethyl-N-iminoacetamide should be 

formed only as a minor product. 

The main decomposition products, HCN, CO, DMF, (CH,)2NH are formed from the decomposition of 

dimethyliminoacetamide (or of dimethyl-N-iminoacetamide). 

The most prominent products are HCN and DMF: this behaviour is in contrast with what was observed 

for iminoacetamide, where HCN was a secondary product and formamide could not be observed at all. 

In that case, isocyanic acid and methylimine were the predominant species, while in thc 

dimethylazidoacetamide decomposition isocyanic acid is only a very minor product, methylimine is not 

observed, and no methylated equivalent of these two compounds could be observed. 

HCN and dimethylformamide are formed from dimethyliminoacetamide by breaking the carbon-carbon 

bond adjacent to the HN=CH- group and prompting a hydrogen shift between the two carbon atoms 

}-H + HNC 

H C-N 
3 \ 

CH3 

Following the indications obtained from iminoacetamide, a mechanism involving the initial production 

of HNC (and therefore a 1,2-hydrogen shift) is more favoured over a mechanism producing HCN 

accompanied by a l,3-hydrogen shift. Unfortunately, the bigger size of the dimethyliminoacetamide 

molecule with respect to iminoacetamide has prevented a successful determination of the transition 

states involved in the decomposition pathway. It was therefore assumed that the results obtained from 

iminoacetamide- like the preference of HNC formation as the exit molecule rather than HCN- have a 

parallel equivalent in dimethyliminoacetamide. 
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For this, dimethyl-N-iminoacetamide is a poorer precursor for the DMF + HCN route, because it is not 

possible to produce HNC by a single proton transfer from the terminal carbon atom, but instead a 

different mechanism producing HCN is required 

H 

o ./'j?)-H rn 
H C-N 

3 \ 

CH3 

+ HCN 

Given the fact that no CH3NCO, CH3N=CH2 or CH3CH=NH have been observed, no alternative 

decomposition channel is open. This is in contrast to azidoacetamide, where the main channel was the 

one leading to the formation of isocyanic acid and methylimine. It is probable that the migration of a 

methyl group from the amidic nitrogen is much less feasible than the hydrogcn migration involved in 

the formation of HNCO and CH2NH £i'om azidoacetamide. The difficulty of obtaining satisfactory 

infonnation on the tTansition states involved in the decomposition from ah initio investigations 

prevents a quantitative explanation of this marked difference in the major pyrolysis channcl between 

the two different azides. 

The other main decomposition product, carbon monoxide, is formed along with DMF and HeN, at 

lower temperatures than was the case in azidoacetamide. Two mechanisms can be invoked to explain 

its presence. 

It is possible that DMF partially decomposes to CO and (CI-bhNH even at relatively low temperatures, 

when it is produced as a thermal decomposition product, presumably with internal energy, which can 

be better dissipated if the molecule breaks up. This ref1ects the assumption that was made in the 

previous chapter on formamide being completely decomposed to HNCO and H2, if formed with high 

internal energy. The reason why dimethylfonnamide decomposes to CO and (CI-hhNH while 

formam ide decomposes to HNCO and H2 (and not to CO and NH3) can be traced to the difficulty of 

breaking the carbon-nitrogen bonds in the amidic part of the molecule: this follows the fact that 

dimethyliminoacetamide also decomposes with retention of the (CH3)2N- part. 
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The second route leading to production of carbon monoxide (and dimethylamine) can be due to a 

concerted breaking of the C-C and C-N bonds adjacent to the carbonyl group and a proton transfer to 

the amidic nitrogen either from the iminic nitrogen or from the iminic carbon atom. 

o r; NH 

Cfi< 
H3C-N ----------- H 

\ 
CH3 

This is an exact parallel of the concerted route producing NH3 and CO from iminoacetamide From the 

ab initio results on that system, the transfer from the carbon atom is supposed to be favoured, due to the 

formation of HNC instead of HCN as one of the leaving b'TOUPS. For this reason, 

dimethyliminoacetamide should also be a better precursor than dimethyl-N-iminoacetamide for the 

mechanism leading to CO and (CH3)2NH. 

The fact that in PES dimethylamine is not observed and that in IR it is observed only at higher 

temperatures than carbon monoxide, can be explained by the big difference in cross section between 

the two molecules for the two spectroscopic techniques. As the route to CO and (CH 3)zNH is a minor 

one, the combination of low concentration and low cross section explains the weakness of the bands 

associated with (CH3)zNH (moreover, in PES its first band would be overlapping with the first band of 

DMF, due to the similarity of their HOMO energies). 

The overall decomposition path can therefore be represented schematically as shown in Figure 5.45. 
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Figure 5.45- Schematic representation of the proposed the,·mal decomposition patte,·n of dimethylazidoacetamidc 

The calculated total energy level diagram at 0 K is reported in Figure 5.46. All the calculations werc 

perfonned at the MP2/6-31 G** level. To show the contribution of entropy to the decomposition path, a 

diagram of the relative free energies at 298 K for all products is reported in Figure 5.47 in which only 

the most stable conformer of dimethylazidoacetamide and dimethyliminoacetamide are shown. The 

calculated relative energies and free energies of all the reactants and products are listed in Table 5.33 
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Table 5.33- LlEo and AG298 values calculated at the MP2/6-31 G** level fOl' possible intermediates and p.-odul'ts of thl' 
thermal decomposition of the dimethylazidoacetamide system: the azide is chosen as the ,'efe,'enee ze.-o ene"gy 

Compound 
Relative energy Relative free energy 

at 0 K (kcal/mol) at 298 K (kcal/mol) 

Dimethy lazidoacetamide 0 0 
---------

Dimethyliminoacetamide -47.78 -60.70 
-

Dimethyl-N-iminoacetamide -49.63 -63.27 
------------ ---- --

CH3CH=NH + CH3NCO -40_25 -68.18 

CH2=NCH3 + CH3NCO 
--

DMF+ HCN -42.93 -6807 

(CH3)2NH + CO + HCN -24.80 -62.61 
- .. _-

When 6G298 is considered, the main effect in comparison to 6Eo is the lowering of the energics of the 

products in comparison to the intermediate imines, and their narrower difference in energy. The mueh 

lower amount of dimethyl amine produced in comparison to the amount of DMF produced is clearly 

justified from their energy difference. Nevertheless, just from the relative energy values, it is not 

possible to explain the absence of CH3CHNH and CH3NCO as decomposition products. A possible 

solution could have been the ab initio investigation of the transition states leading to the different sets 

of products, as this provided an explanation of the absence of formamide from the azidoacetamide 

pyrolysis, but this was not possible to achieve, probably because of the size of the azide molecule 
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5.4 ETHYL AZIDOFORMA TE 

5.4.1 EXPERIMENTAL SECTION 

Photoelectron spectroscopy 

Ethyl-azidoformate (N3COOCH2CH3) is a liquid that at room temperature has sufficient vapour 

pressure to produce spectra of acceptable signal-to-noise ratio by simply evacuating a flask holding the 

sample connected to the inlet tube of the spectrometer via a needle valve 

For the pyrolysis study, a resistive heating system was found sufficient to reach temperatures at which 

total decomposition of the azide is achieved. 

The 20-cm mean hemisphere radius photoelectron spectrometer of the Lisbon PE group was used for 

this set of experiments: a description and a schematic diagram of this PE spectrometer has been given 

in Section 2.1 . 

The procedure for the acquisition and calibration of the photoelectron spectra followed the same pattern 

as described in Chapter 2. Calibration of spectra obtained on pyrolysis of the azide was normally 

achieved using the bands associated with the first vertical ionization energies (VI Es) of N2 (15.58 e V, 

[8]), H20 (12.62 eV, [8]), CO2 (13.78 eV, [8]), or of residual CH2Ch (12.21 eV, [18]), which is the 

solvent used for the preparation of the azide in the samples. 

Matrix isolation IR spectroscopy 

The apparatus and the procedure for the acquisition of infrared spectTa in nitrogen matrices have been 

described in Chapter 2. Deposition times were in the order of 30 to 60 minutes, and the matrix di lution 

ratios were estimated to be above 1000: 1. 

Spectra of 2-oxazolidone have also been acquired in a nitrogen matrix, to provide evidence for its 

possible presence and thermal behaviour as a possible pyrolysis product, and to support the hypotheses 

made on the azide decomposition pathways. 
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5.4.2 SAMPLE PREPARATION AND CHARACTERIZATION 

PREPARATION 

Ethyl chloroformate was added slowly to a solution of sodium azide (3 equiv) in distilled water. The 

mixture was stirred for 24 hours in an oil bath at 50°e. After cooling, the product was extracted with 

dichloromethane, dried over anhydrous sodium sulphate and the organic phase concentrated in a rotary 

evaporator. The azidoformate was purified by distillation in a Kugelrohr at reduced pressure (10 mbar: 

b.p. 20 QC). 

CHARACTERIZA TION 

Ethyl azidoformate (N,COOCH2CH3) is a colourless liquid at room temperature. It was characterized 

in the vapour phase by UV -photoelectron spectroscopy and electron impact mass spectrometry, and by 

IH_ and J3C_NMR in solution in deuterated chloroform. Infrared spectroscopy characterization was 

conducted on the pure liquid between KBr plates. 

According to spectroscopic results, the ethyl-azidoformate used in this work was pure, apaI1 from some 

samples in which a non negligible amount of solvent (dichloromethane) was present: in this case, as the 

two liquids had very different boiling points, it was necessary to leave the sample connected to the low 

pressure inlet of the ionization chamber of the spectrometer (roughly 10-5 mbar), so that the residual 

solvent was eliminated by pumping it off. 

Mass spectrometry: the 70 e V electron impact mass spectrum is rep011ed in Figure 5.48. It displays a 

parent peak at 114 amu- corresponding to the de-protonated molecule- and the most intense peak (base 

peak) at 29 amu (corresponding to N2 H+ and CH2CH3 +). Strong peaks were also present at 70 amu 

(corresponding to N3CO+, 34.50%), 27 amu (corresponding to CH,C+, 17.46%), 43 alllu 

(corresponding to N3H+, 6.77%), 73 amu (corresponding to CH3CHzOCO+, 5.30%), 42 amu 

(corresponding to N/ and NCO+, 5.11 %) and 100 amu (corresponding to N,COOCH/, 3.45%). 
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IH_ and 13C-NMR spectroscopy: in the IH-NMR spectrum, recorded in CDCh solution and presented 

in Figure 5.49, a triplet peak centred at 132 ppm relative to TMS corresponds to the methyl group, 

while the quartet centred at 4.27 ppm is associated to the methylene 6'TOUp. Their relative intensity ratio 

is very close to the expected value of 1.5. 

In the IJ C_NMR spectrum, run in CDCIJ solution, three peaks were observed: a peak at 13.9 ppm with 

respect to TMS is due to the methyl carbon atom, a peak at 64.6 ppm is associatcd with the methylcnc 

carbon, while the last one at 157.3 ppm is assignable to the carbonyl carbon atom. 

Infrared spectroscopy: as can be seen from Figure 5.50a, the IR spectrum of thc purc compound 

recorded between KBr plates showed peaks at 2986 cm-I, assigned to C-H stTetching absorptions, and 

strong bands at 1724 cm-! (C=O stretching), 1220 cm-! (N-N-C-O stTetching), 1021 cm-! and 751 cm- I 

A double band with maxima at 2179 and 2132 cm-! is assigned to NJ stretching vibrations. 

The infrared spectrum of the compound in the liquid phase shows remarkable differences with thc 

spectrum recorded in a N2 matrix (reported in Figure 5.50b): apart from the higher frequencics of" the 

C-H stretching- which is expected because of the elimination of any intermolecular hydrogen bonding 

in the matrix- the intensity pattern appears affected in the sense that in the mah·ix the bands associated 

with the azide group and carbonyl stretching modes (respectively at around 2130 cm-! and around 1720 

cm-!) are much more intense with respect to the band at 1220 cm-! than in the matrix. No clear 

explanation has been found for this discrepancy. A further analysis of the matrix IR spectrum will bc 

found in the next section, when a comparison with the results of the ah initio calculations will bc madc. 

Photoelectron spectroscopy: the bands in the ethyl-azidoformate He I-photoelectron spectrulll 

(reported in Figure 5.51) were calibrated by averaging the vertical ionization energies of the bands 

calibrated from seven different spectra. The results are shown in Table 5.34 (see Figure 5.51 for the 

numbering of the bands in the spectrum). 

Table 5.34- Calibrated vel1:ical ionization energies of ethyl azidofol'mate- see FigUl'e 5,51 fOl' band numbel'ing 

C D E F G H 

12.98 13.50 14.68 15.64 16.32 17.47 
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5.4.3 RESULTS OF MOLECULAR ORBITAL CALCULA nONS 

Ab initio calculations have been perfonned at the MP2/6-31 G* * level to help the interpretation of 

photoelectron and infrared spectra, and to establish geometrical, electronic and vibrational 

characteristics of ethyl-azidoformate. 

Seven minimum energy conformers have been found for N j COOCH2CH, in its closed-shell singlet 

state, depending on the different relative positions of the carbonyl, methyl, methylene and azide groups. 

The conformers have been named with a double cis lrans nomenclature, and a subsequent number. The 

alphabetical part refers for the first label to the relative position of the azide chain with respect to the 

carbonyl group, and for the second label to the relative orientation of the carbonyl and the methylene 

groups. The number added to the name is to distinguish the different orientations of the methyl group 

with respect to the orientation of the oxygen atom (label I means that the methyl t,'TOUP is pointing in 

the same direction as the carbonyl, label 2 means that it points in the opposite direction). So, for 

example, structure cis-trans2 refers to a structure in which the N j chain is cis with respect to the ('-0 

group, the C=O group is in a trans position with respect to the C[-b group and the terminal CI11 group 

points in the same direction as the oxygen atom. A representation of all the geometries with the 

visualization of the nomenclature can be seen in Figure 5.52. 

The five most stable structures lie within 4.25 kcallmol in energy, while the two structures Iran.I-lralls 

lie 12.37 and 12.76 kcallmol higher in energy with the respect to the most stable one (CIS-CIS I, sec 

Table 5.35). Table 5.36 reports the most impOliant geometrical parameters calculated for the most 

stable conformer (structure cis-cisl, which is reported in detail in Figure 5.53 along with the labelling 

of the atoms). Table 5.37 reports the first seven VIEs for this most stable conformer, calculated with 

Koopmans' theorem, and the first three VIEs calculated with t,SCF method by calculating the energy 

of the cation and neutral using the neutral molecule geometry, and compares them with the 

experimental VIEs. The agreement with the experimental VIEs is good, especially if the values 

obtained from Koopmans' theorem are scaled by a 0.92 factor [27, 28]. Because of the small 

differences in energy between the conformers cis-cis, trans-CIs, and cis-Irani, it is possible that these 

three structures all contribute to the experimental gas phase spectrum. Vertical ionization energies have 

been computed for these structures using Koopmans' theorem and they were found to be very similar. 

The t,SCF values are not particularly reliable, because the states obtained by ionization from the 

HOMOs were, apart from the third one, highly contaminated by higher multiplicity states. 
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cis-cis 1 
cis-cis 2 

cis-trans 1 cis-tram' 2 

trans-trans 1 trans-trlln~' 2 

trllns-ci~' 

Figu,'e 5,52- The seven confo,'me,'s of ethyl-azidofo,'mate obtained f,'om ah initio calculations at the M P2I6-31G** 
level. The labelling used ,'eflects the ,'elative position of the methyl g"oup to the ca,'bonyl g"oup, of the methylene 

g"oup to the car'bonyl group and of the car'bonyl g"oup to the azide chain: for example, in stl'Uctu,'e cis-tralls2 the NJ 

chain is cis with respect to the C=O gJ'Oup, the C=O g,'ollp is in a tran\' position with ,'espect to the C H2 g,'ollp and 
the terminal CH3 g,'ollp points in the same direction as the oxygen atom 
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Table 535- Total and ,oelative ene'-gies of the seven confo,omeJ"S of ethyl-azidofonllate at the l\fP2/6-31 G ** level 

Structure 
Total energy Relative energy 

Point group 
(hartrees) (kcal/mol) 

Cis-cis] -430.7842669 0 C! 

Cis-cis2 -430.7839814 0.179 C, 

Cis-trans] -430.777496 4 .249 C, 

Cis-trans2 -430.7775001 4 .246 C! 

Trans-cis -430.7820778 1.374 C! 

Trans-trans 1 -430.7645604 12.366 C! 

Trans-trans2 -430.7639391 12.756 C, 

FigUloe 5053- StructUloe cis-cisl of ethyl-azidofOJomate optimized at the MP2/6-3J G** level 

Table 5036- The most ,oelevant geomet.-ical pammete,os fo,o the lowest ene,ogy stmctllloe of ethyl azidofOJomate (cis-cis/) 

Bond Length (..\.) Angle Value (0) 

N13-N12 1.159 N I3-NI2-N II 172.4 

N I2-NI I 1.253 NI2-NII-C I 11 3.06 

NII-Cl 1.421 Nl l-C I-03 106 .69 

CI-02 1.219 O I-C I-03 127.21 

CI -03 1.34 Cl-03-C4 114.29 

03-C4 1.454 03-C4-C5 11 0.85 

C4-C5 1.513 N I3-N I2-Nl l-C l 179.77 

C4-H6 1.087 N I2-Nll-CI-03 -179.82 

C5-H8 1.09 CI -03-C4-C5 81.51 
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Table 537- Experimental and computed VIEs of ci.~-ci~l ethyl azidofonnate 

Koopmans' 
KT calculated L-.SCF calculated S2 for Experimental 

theorem (KT) Bat HI 
calculated VIE· 0.92 (eV) VIE (eV) the ion VIE (eV) 
VIE (eV) 

11.40 10.49 12.09 1022 10.72 A 

12.33 11.34 12.66 1.018 B 
11.36 -

12.81 11.79 11.70 0.790 C 

13.77 12.67 12.98 D 

14.30 13.15 E 
13.50 -_ .. -

14.75 13.57 F 

15.06 13.86 14.68 C 

16.03 14.75 15.64 H 
-----~--.--- - ----------_ .. - -

Figure 5.54 shows the shape of the highest six occupied molecular orbitals calculated for the cis-Irons! 

conformer of ethyl-azidoformate at the Hartree-Fock level. The description of the molecular orbitals 

has been obtained from a single point Hartree-Fock calculation assuming the geometries being those 

calculated at the MP2 level. The choice of showing the MOs of structure cis-lrans! instead of thc most 

stable one is due to the simplicity of representing a planar structure, and because structure cls-lrans! is 

the one used as the azide starting point in the search of the transition states which form the nitrenc. In 

every case, the MOs for the most stable structure, structure cis-cis}, are very similar. 

Molecular orbital 30 (the HOMO) is a slightly de localized orbital with a major Prr-antibonding 

contribution from the lone pairs on the first and third nitrogen atoms of the azide group, and fl"om this 

latter atom and the carbonyl oxygen. 

In contrast, MO 29 is a largely delocalized orbital; it has mainly Prr-bonding character between the tlrst 

two nitrogen atoms of the azide chain (in this case the nodal plane is perpendicular to the molecular 

plane), a-bonding character between the nitrogen of the chain and the adjacent carbon, between the 

carbonyl carbon and the ester oxygen, and between the methylene and methyl carbon. A Prr-antibonding 

character (still with the 11: plane perpendicular to the molecular one) is evidenced between the first and 

third nitrogen atom of the azide chain and along the carbonyl group. 

MO 28 is a delocalized orbital with mostly Prr-antibonding character on the plane of the molecule all 

along the -CH20C(=O)N- backbone; the only Prr-bonding contribution is found on the carbonyl group. 
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M026 

M030 
(HOMO) 

FigUJ'e 5,54- The six highest occupied moleculaJ' oJ'bitals for stmctUJ'e cis-cis of azidoacetamide as obtained fJ 'om 
calculations peJi'oJ'med on the Gaussian98 PJ'og.-am at the HF/6-31G** level. The skeleton of the molecule is 

J'epoJ'ted in the top left comer of the figm'e, to help the identification of the chaJ'acter of the oJ'bitals 

MO 27 is mostly dominated by the p,,-bonding contribution between the terminal nitrogen atoms of the 

azide chain, the p,,-bonding character on the carbonyl group and the a-bonding system stTetching along 

the O-CH2-CH3 end of the molecule , 

MO 26 is a lot more localized orbital with a mainly p,,-bonding character in the molecular plane 

between the carbonyl group and p,,-antibonding character between the methylene and methyl carbons , 

No contribution arises from the azide chain. 
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Harmonic vibrational frequencies have been calculated for all the conformers at the MP2/6-3 I G * * 
level by means of second derivative calculations. Figure 5.55 displays the calculated IR spectra for 

each structure. 

The spectra are similar for the frequencies of the bands, but display a marked difference in intensity 

distribution. The result is quite surprising considering that the structures are computed to be relatively 

close in energy and geometry. 

For evaluation of the agreement between the computed IR spectra and the experimental spectra, the 

difference between liquid phase and matrix spectra must be considered (see Figure 5.50). Apart frolll 

the expected higher values of the calculated frequencies due to neglecting anhannonicity and only 

partially allowing electron correlation, the de,gree of al:,'Teement with the liquid phase spectra is 

remarkable, especially considering structure cis-trans2 due to the stronger intensity of the weak bands 

in the 1000-1500 cm-! region and to the azide and carbonyl bands in comparison to the N-N-C band at 

1220 cm- I The broad appearance of the experimental band centred around 1220 cm-! is explained, 

according to the calculations, by the overlap of three bands computed between 1360 and 1260 cm-!. 

The only differences between the experimental and the calculated spectrum for this stTUcture are the 

relative intensities of the carbonyl and azide stretching bands, the prediction of weaker intensity for the 

bands below 1000 cm- l and the fact the experimental spectrum shows a subdivision of the Nl chain 

stretching peak at around 2130 cm- I The structure whose calculated speetTllln follows the best the 

experimental one is not the lowest in energy: this fact is nevertheless only a partial contradiction 

because the energy differences are relatively small between five of the seven conformers, so it is very 

likely that they contribute almost at the same level in the spectrum acquired at room temperature. 

Given the enhanced differences in intensity distribution among different spectra, it is possible that the 

spectnlln of structure cis-trans2 is the most similar to the one obtainable by averaging the five spectra. 

As can be seen from Figure 5.50, the effect on the IR spectrum of trapping the azide in the nitrogen 

matrix with respect to the liquid phase is the dramatic decrease of intensity of the bands at 1720 and 

2130 cm- l
; the effect was expected considering that the most stable structures, conformers cis-cis, are 

those displaying the lower intensity for those bands. Nevertheless, the extent of this decrease largely 

exceeds even the possibility of having trapped in the matrix only the two most stable conformers. For 

reasons which are not clear, the calculations overestimate the intensity of the bands associated to the 

C=Q and N-N-N stretching modes. 
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Table 5.38 reports the computed IR frequencies for the cis-cisl and cis-lrans2 conformers of ethyl­

azidoformate and compares them with the calibrated values for the most prominent experimental bands. 

Table 538- Comparison between expel'imentalliquid phase IR bands of ethyl-azidofonnate and calculated IR bands 
for the confol'mel's ci~'-cisl and cis-trans2 of ethyl-azidofol'mate (all fn"quencies aJ'e expl'essed in cm"; absodJan('("s in 

Km/mol al'e repol'ted in brackets) 
- -------

Cis-cis 1 Cis-trans2 hxperimental Cis-cis 1 ('is-lrans2 Hrperimenlal 
Normal mode 

frequencies frequencies frequencies frequencies frequencics ji'C(jllcllcics 

494.5 512.9 1362.6 1360.1 
C-I-I twisting 

(10.00) (\.89) (112.14) (51.00) 
.~ ~---- ~----.- - ---------

538.7 541.4 1438.9 1442.2 
1367.7 

C -1-1 in phase 
(4.77) ( 4.63) (47.06) (379~) waggIng 
546.3 579.1 1471.2 1470.1 C-I-I out of phase 
(2.10) (4.64) (11.14) (23.70) 

--f-- __ ~agg~llg 
----.--

745.7 655.2 1544.5 15445 
C-H1 scissoring 

(19.85) (19.90) (8.34) (I. 77) 
-----------

751.0 728.4 
750.8 

1550.2 1555.5 
1466.8 

C-H out of phase 
(14.53) (27.78) (7.24 ) (IISI) --_.- selssorIng __ 
831.3 826.6 1565.5 1565.4 C-H in phase 
(5.53) (5.44) (8.24 ) (7.77) selssorIn~ __ 
910.6 871.5 

877.6 
1821.8 1846.3 

1724.4 C=O stretching 
(8.65) (1.55) (214.10) (377.32) 

------ ---- ._.- --- - ------

959.1 968.2 
943.8 

2288.3 2279.5 
213212179 

N-N-N 
(16.45) (29.97) (399.56) (416.92) __ .. __ ~I:etch ing 
1083.4 1104.3 

1020.7 
3143.7 3142.4 C-1-I3 symmetric 

(22.96) (95.06) (10.16) (9.27) stretching 
1155.2 1152.2 3176.5 3174.8 C-I'h symmetric 
(26.35) (13.65) (23.64) (21.0Q) stretching 

_._c ___ .... 

1230.2 1196.9 
1095.4 

3239.0 3237.6 C-l-I asymmetric 
(14.36) (120.2) (15.67) (8.65) stretching 

1271.9 1272.0 3244.3 3239.6 
C-1-I3 symmetric/ 

(353.82) (263.96) (2.47) (11.30) 
C-I-b 

asymmetric 
1342.5 1312.6 

1220.1 
3264.1 3260.1 

2985.7 
C-I-I asymmetric 

(822.28) (585.96) (18.16) (25.45) stretching 
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5.4.4 THERMAL DECOMPOSITION EXPERIMENTS 

Photoelectron spectroscopy 

Photoelectron spectra of ethyl azidoformate at different del:,'Tees of pyrolysis are shown in Figures 5.56-

5.58 --corresponding to roughly 30% pyrolysis at 250°C and to 100% pyrolysis at 410 DC A spectrum 

at 500°C is reported, to show further decomposition of the primary products and results in CO 

production. 

The first evidence of pyrolysis can be detected aroLlnd 170°C; along with the appearance of nitrogen 

(the sharp band with VIE at 15.58 e V, [8]), there is evidence of acetaldehyde and carbon dioxide being 

produced at the same time (the sharp bands associated with these products are clearly visible 

respectively at 10.26 e V and 13 .78 e V, [8)). At increasing temperatures, as usual the parent bands 

decrease while bands of new products appear and gain intensity: a broad band at around 10.20 e V 

(VIE) and a partially resolved band at around 11.40 e V (VIE) are attributed to CI-hCI-i=NI-I [4]. The 

vibrationally resolved band at 11.61 e V (VIE equal to AlE) is assigned to HNCO [17] There is also 

evidence of a broad band at roughly 11.05 eV, which cannot be associated either to the azide or to the 

products so far considered. At around 400°C, the pyrolysis is virtually complete, and the second band 

of acetaldehyde (broad band with VIE= 13.24 e V) is visible. The 14.0-16.0 e V region is where bands 

associated with acetaldehyde and ethylimine overlap, leading to the broad plateau in the spectrum. 

There is also clear evidence of the second and third bands of N2 and CO2 at higher ionization energies 

The band at 11.05 e V is still present, indicating the presence of a product with remarkable thermal 

stability, and therefore not a reaction intermediate. This band has been attributed to the third PE band 

of a cyclic compound, 2-oxazolidone [30]: in the 10.0-13.0 e V region its PE spectrum consists of four 

bands, at 10.21, 10.71, 11 .07 (the most intense one) and 12.82 e V. The former two are hidden by the 

envelope of the ethylimine first band, but evidence of the fourth can be found in the spectra. Also for 

ethyl azidoformate, a further increase in temperature leads to production of CO, whose first band is at 

14.01 eV VIE [8]. Its presence is attributed to partial decomposition of HNCO or- more likcly- of 

acetaldehyde, due to the fact that the bands associated with CH3CHO are those that decrease in 

intensity on passing from 410 to 500°C 
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Figure 5.56- HeI PE spectrum of ethyl azidoformate pyrolysis at 250 °c 

2-oxazolidone N2 

'\ CH3CHO 

HNCO 

CH3CHNH ~ CH3CHO 

9 10 11 12 13 14 15 16 17 18 

IE (eV) 

Figure 5.57- HeI PE spectrum of ethyl azidofol'mate pYl'olysis at 410 °c 
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Figure 5"58- Hel PE spech"urn of ethyl azidofo."rnate py,"olysis at 500 °c 

Matrix isolation IR spectroscopy 

A comparison of the matrix infi·ared spectrum of the parent azide with the one obtained when the 

temperature is raised to around 280°C is reported in Figure 5.59. It can be seen that the azide is 

practically completely decomposed under these conditions. Table 5.39 lists the products associated 

with the labels of the bands in the spectrs, along with the value of the most intense features in the 

spectra. 
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Figure 5.59- Matrix IR spectrum ofethyl-azidoformate at room temperature (d) and when heated at 280 "C (e) 
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Table 5.39- Labels and assignment of the most significant IR bands obsel"Ved in the matI"ix isolation study of ethyl­
azidoformate thel'mal decomposition (I'efel' to FigUl'e 5,59 fO!' the labelling of the bands) 

! N] matrix 
Labell 

frequency (cm'l) 
Assignment Reference 

2204,2143, 
A N3COOCH2CH3 

1740, 1250 

E : 2345,662 CO2 [31] 

3483,2265, 
G i HNCO [ 19] 

780,581 

2734,1737, 
I 

1431,1121 
CH3CHO [29] 

P I 1654 CH3CHNH [32] 
I 
I 

I 
1791,1226, 

0 2-0xazolidone [29] 

I 
1201,1081 

In matrix infrared spectroscopy experiments, the beginning of the azide pyrolysis is marked by the 

appearance of bands associated with decomposition products, of which the first one to be observed is 

that at 2265 cm'! assigned to HNCO [19]. 

Only spectra at 0% and 100% degree of pyrolysis are reported, because ethyl-azidofonnate decomposes 

without any formation of intermediates, In fact, apart from the bands associated with the azide which 

obviously decrease at increasing temperature, all bands increase steadily in intensity with the raising of 

the temperature: this can be seen for the bands at 2265 and 3483 cm'! (labelled G in Figure 13), 2345 

cm'! (labelled E), 1654 cm'! (labelled P), 2734 and 1737 cm-! (labelled I) and 1791 cm-! (labelled 0) 

which have been assigned- by referring to previous matrix IR studies- to HNCO, CO2, CH]CI-INH, 

CH3CHO and 2-oxazolidone respectively [19, 29, 31, 32]. Their relative intensity ratio is not altered by 

changing pyrolysis temperatures, deposition times or other experimental parameters. The only band 

showing a slightly different behaviour is the weak one at around 2140 cm-! (not labelled in spectTum b 

in Figure 13): it is assigned to CO [21], and it starts to be observed at higher temperature than the bands 

associated with the other decomposition products, Furthermore, its intensity keeps increasing at high 

temperatures, when the intensities of the other bands are roughly constant. Carbon monoxide is 

therefore a secondary product arising either from a minor decomposition route or from partial 

decomposition of one of the primary products- most likely acetaldehyde. 
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5.4.5 SUGGESTED MECHANISM OF GAS-PHASE DECOMPOSITION 

The combination of the results from UV-PES and matrix isolation IR experimental data on the 

pyrolysis of ethyl-azidoformate show that 

When the thermal decomposition begins, HNCO and N2 are observed as the first products to be 

released (roughly 170°C) 

HNCO, CO2 and CH3CHO are observed at the same temperature, slightly higher than when 

nitrogen begins to appear (190 DC) 

CH3CHNH and 2-oxazolidone are observed at slightly higher temperatures than the other set of 

products; however, this can be due to their lower photo ionization cross sections and dipole 

moment than for the other molecules, so that their PE and IR bands are weaker and observable 

only at higher concentrations in the reaction region, or when the bands of the azide have almost 

disappeared 

At higher temperatures -around 500 DC_ bands associated with CO are present in the PE spectra, 

indicating that a new route is open, or that one of the primary products begins to decompose. 

No bands which suggest the presence of a reaction intermediates were observed 

As a general rule for azides, the first step in the decomposition is the formation of nitrogen: no 

evidence could be found that a nitrene is formed, even with an extremely short lifetime, or if a 

concerted rearrangement occurs in the molecule at the same time as the nitrogen release. Following the 

evidence obtained theoretically for other azides [6, 24] and experimentally for methyl- and ethyl-azide 

[5,26], it will be assumed that the route which proceeds via a nitrene intermediate 

is favoured over a concerted mechanism involving breaking of the N-N bond and a rearrangement to 

produce the decomposition products. 

Azidofonnates present a peculiarity over other azides, in the sense that they have no hydrogen atoms 

attached to the carbon atom adjacent to the N3 chain. This means that no 1,2 hydrogen shift between the 

carbon and nitrogen atoms is possible when molecular nitrogen is released when the azide decomposes. 
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This fact rules out one of the two possible isomerization processes that ah initio calculations have 

indicated as the decomposition routes for the unstable nitrene, the one labelled Type I and that in 

general can be depicted as 

H 

R1 ~} N: 

In this case the absence of hydrogen atoms adjacent to the N3 chain prevents the formation of an iminc. 

The only possibility for isomerization is therefore the Type 2 mechanism in which the electron 

deficient nitrogen atom attacks a remote site of the molecule, forming a new bond. In the case of ethyl­

azidoformate, there are two different sites to which the attack can be directed, that is either the 

methylene or the methyl carbon atoms. 

In the first case, the nitrogen atom attacks the y position to form a four membered ring 

If on the other hand the attack is on the methyl carbon in the 8 position, 2-oxazolidone is formed 

A five membered ring lacks the strain of a four membered one, and this is confirmed by the fact that 2-

oxazolidone is a solid commercially available, while no proof of the existence of the four memebered 

ring- originating from the first type of attack- has been reported. 

To take into account the optimised structures, the energy differences and the spectroscopic properties, 

ab initio calculations have been performed on all reactant, nitrenes and products involved in thc 
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thermal decomposition of ethyl-azidofonnate. Calculations were necessary not only a pos/aw/"l to 

explain the possible decomposition pathways, but also a priori to determine the decomposition 

pathways themselves: in fact, PE and IR bands of 2-oxazolidone were initially unassigned as 110 valid 

candidates could be found. 

Before considering the decomposition process to produce the other main observed products (HNCO, 

CH3CHNH, CO2, CH3CHO and CO), a summary of the ah initio calculations 011 the nitrenes and the 

cyclic products results will be presented. 

Significantly, no attempt of optimization conducted in this work was possible for the amine that can be 

obtained by hydrogen abstraction from the methyl group onto the nitrogen atom followed by a 

molecular rearrangement, following a Type 2 mechanism like 

5.4.5.1 Ab initio calculations results on ethyl nitreneformate and cyclic molecules 

Ethyl-nitreneformate 

Calculations have been carried out for the nitrene that could be formed from ethyl azidoformate after 

release of molecular nitrogen. Four structures have been optimised for ethyl nitreneformate in its 

singlet spin multiplicity state- according to the possible different mutual dispositions of the alkyl 

groups and the oxygen and nitrogen atoms- and four structures were optimised for the triplet state, 

which is the ground state, all of them with all real vibrational frequencies. The location of minimum 

nitrene structures in the singlet spin state is remarkable, as this was not possible for nitrenes derived 

from other classes of azides such as azidoacetamides or azidopropionitriles, at least at the MP2/6-

31 G* * level, as during the optimization the structures converged to those of the imines formed by 

isomerization via Type I or Type 2 mechanisms. It is possible that the absence of hydrogen atoms in 

the a position to the diradical nitrogen- and therefore the prevention of one of the possible 

isomerization routes (Type 1)- gives the singlet nitrene structures a higher stability. 
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The singlet state nitrene geometries have very similar energy (L'lE = 1.61 kcal/mol), while in the triplet 

state the difference among the conformers is more marked (7.27 kcallmol) Tables 5.40 and 5.41 report 

the computed total energies for the four singlet structures, indicated by cis or trails according to the 

relative orientation of the methylene h'TOUP with respect to the carbonyl group and the number referring 

to the different orientation of the methyl group with respect to the methylene group. 

Table 5.40- Total energies of the confol'mel's of ethyl-nitrenefol'mate calculated at the MP2/6-31 G** level in the 
singlet spin mUltiplicity state 

Structure 
Energy 

(hartree.l) 
Singlet cis] -321.4835435 

Singlet cis2 -321.483202 

Singlet trans] -321.4809725 

Singlet trans2 -321.4818635 

Table 5.41- Total enet'gies ofthe conformel's of ethyl-nitrenefOl'mate calculated at the MP2/6-31G** level in the 
tr'iplet spin multiplicity state 

Structure 
[':nergy 

(hartree.l) 
Triplet cis] -321.4847452 

Triplet cis2 -321.484728 
r----c---- - -----

Triplet trans] -321.4959516 

Triplet trans2 -321.4963135 

Given the fact that the decomposition path, for spin conservation, will be on the singlet surface, no 

further discussion will be given in this section on the nitrenes in their triplet spin multiplicity state. 

The four optimised structures for singlet ethyl-nitreneformate are reported in Figure 5.60. Two of them 

are planar, while the other two show a marked out of plane orientation of the methyl group. 
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Strictly speaking, the conformers characterized by a cyclic C-O-N stTlIctw-e are not nitJ'enes: the N-O 

bond length is calculated as 1.75 A which probably indicates a weak electrostatic interaction arising 

from a structw-e of the type 

rather than from a struclw-e of the type 

o 

R 
~\ 

Moreover, the very small energy difference between the cyclic and the non-cyclic stJ"llctures allows 

consideration of the four struclw-es as the same set of unstable molecules, all arising from by nitrogen 

elimination from the different conformers of ethyl-azidoformate. 

Setting as zero the energy of the most stable conformer of the azide, the relative energies of the nitrenes 

(plus molecular nitrogen) are about 32 kcallmol higher: because of this high energy and because of 

their well known instability, the calculated VIEs and infrared bands of these nitrenes will not be 

reported here. 

Figure 5.60- Optimized structures of singlet spin state ethyl-nitreneformate at MP2/6-31G** level 
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Cyclic products 

As mentioned, the understanding of the pathway of the thermal decomposition of ethyl-azidoformate 

relies on the rationalization of the geometries and the energies of the reactants, transition states and 

products involved in the process. The hypothesis of the formation of cyclic molecules was based on the 

evidence that MO ab initio searches of a transition state between the nitrenes and the different sets of 

products always converged to one of these ring structures. Although some literature data were available 

on 2-oxazolidone [30], the existence of other possible ring structures is not proved: calculations were 

therefore carried out to obtain the relative energies and spectroscopic characteristics of such structures 

to confinn either their presence as decomposition products or to validate the hypothesis that they arc an 

intermediate stage between the azide and the final pyrolysis products 

The first option is the four-membered ring arising from the nitrogen attack on the methylene b'TOllP, and 

can be labelled A) and represented as 

A) 

The optimized geometry for this cyclic compound is reported in Figure 5.61, and Table 5.42 reports its 

most important geometrical parameters. It is an almost square ring structure, but with significant out of 

plane contributions, notably for the hydrogen atoms bonded to the nitrogen and carbon atoms. The 

methyl group external to the ring is markedly out of the pseudo-plane of the ring itself. 

The calculated total energy at the MP2/6-31 G** level is -321.6102883 hartrees 

The first vertical ionization energies (VIEs)- calculated either by applying Koopmans' theorem to the 

energies of the molecular orbitals or by the fl,SCF method calculating the energy of the cation and 

neutral using the geometry optimized for the neutral molecule at the MP2/6-3l G** level- are reported 

in Table 5.43. 

The fl,SCF method alters the ionization energy order, because the ionization from MO 22 appears at 

higher VIE than the one from MO 21. If this swap is considered, the net effect of the fl,SCF method is a 

narrowing of the interval spammed by the bands: this effect is probably over-estimated by the method, 

as can be pointed out in the discussion on the calculations on 2-oxazolidone (see later in the section). 
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H9 

Figure 5061- Optimized structUloe for the foUlo membe.oed "ing intem.ediate in the decomJlosition of ethyl­
azidofo.omate 

Table 5042- The most significant geometl"ical pa.oamete.·s calculated for the fOUl'-membe"ed dng intem.ediate at the 
MP2/6-31G** level 

Bond Length (A) Angle Value (j Dihedral angle Value ('j 

C1-02 1.202 N3-C1-02 135.89 C6-N3-C1 -02 \86 .7 

C1-N3 1.401 CI-05 -C6 88.21 CI-N3-C6-05 -7.0 

N3-H4 1.011 05-C6-N3 88.88 H4-N3-C1-05 137.2 

N3-C6 1.464 N3-C1-05 94.13 H7-C6-N3-C1 104.2 

C1-05 1.396 C6-N3-C1 87.87 C8-C6-05-C1 124.8 

05-C6 1.461 H4-N3-C1 121.21 H9-C8-C6-05 186.3 

C6-H7 1.093 H7-C6-N3 113.96 

C6-C8 1.502 C8-C6-05 112.63 

C8-H9 1.090 H9-C8-C6 110.04 

271 



Table 5.43- Vertical ionization energies obtained by Koopmans' theOJoem on the molecula.o o.obitals obtained at the 
MP2I6-31 G** level fo.o the foUlo membe.oed .oing intermediate 

Ionization KT caLcuLated 0092* KT calculated LJSCF 

VIE (eV) VIE (eV) 
calculated 
VIE (eV) 

(23a ' r l 117 1 10078 10.98 

(22a't 12 .61 11 .60 11.73 

(21a'r l 13.5 1 12.43 11.08 

(20a' t 14.87 13.68 

(l9a' r l 14089 13.70 

(l8a' t 15.14 l3 .93 

(17a' t 16.24 14.94 

(l6a't 16.71 15.37 

The calculated hannonic vibrational freq uencies obtained by second derivative calculations are listed in 

Table 5.44, while the full computed IR spectrum is presented in Figure 5.62, assuming a Gaussian 

shape for the bands. 
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FigUloe 5.62- Calculated inf.-ared spectrum of the foul' membe.oed ring intermediate at the MP2/6-31G** level 
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Table 5.44- Calculated vib..ational fl'equencies fOl' the fOUI'-membered intel'mediate at the MP2I6-31G** level 
---- -

Frequency Absorbance Frequency Absorbance Freljuel1cv Absorbance 

(cm-I) (em-I) (em-I) 
NOt"mal mode 

(km/mol) (km mol) (km mol) 

479.8 31.88 1092.0 5.77 1540.9 3.12 C-H, asymmctrical 
S.~lss~~lng 

- - --

526.4 112.29 1123 .9 5.73 1543.4 501 C-H, symmetrical 
SClsson n" =--

544.0 15.58 1163.8 52.06 1963.3 572.63 C=O stretching 
.... 

748.7 18.54 1208.3 28.58 3140.5 5.81 C-I-h symmetrical 
stretching 

796.2 41.65 1336.5 62.34 3153.7 38.23 C-H stretching 
-------

879.8 52.28 1382.3 51.48 3238.8 9.01 C-H, asymmetrical 

--- ._- stretchi~g _____ 

921.2 2.72 1437.7 28.53 3259.9 9.04 C-H, asymmetrical 

r------... - - - _ .. - -- .- - ------- ...... -
stretching 

1043.2 75.32 1478.8 74.50 3689.7 39.48 N-H stretching 

The second cyclization possibility is the one leading to the formation of a five-membercd cyclic 

structure, 2-oxazolidone, as consequence of the attack of the nitrogen group onto the methyl group. 

This route can be labelled as B) and represented as 

B) ~ o NH 

U 

Even if 2-oxazolidone is a commercially available product, calculations were perfonned to dctcrmine 

its relative energy compared to the other pyrolysis products- and therefore to make a proposal on the 

decomposition route- and to have another validation test for the quality of the a!:,'feement betwccn 

calculations and experiments: this latter aspect is particularly important, because 2-oxazolidone could 

be used as a reference for all the possible cyclic intermediates encountered in the azide decomposition 

pathways. Therefore it can provide a scaling factor to be used for the IR frequencies for thc fOllr 

membered ring discllssed earlier. 

273 



The optimised geometry of 2-oxazolidone is repOlted in Figure 5.63 , and the most important 

geometrical values are listed in Table 5.45 . The distortion from a planar geometry is quite marked. 

Its total energy has been calculated as -32 1.6259 169 hartrees, which means it is about 10 kcal!mo l 

lower than the total energy of the fom membered-ring. 

H4 
011 

H9 

Figu.oe 5063- Optimized stmctu.oe of 2-oxazolidone at the MP2I6-31 G·· level 

Table 5.45- Optimized values of the most significant geomet.-ical pa.oameters of 2-oxazolidone 

Bond Length (A) Angle Value ( j 

CI -02 1.212 02-C I-N3 128.21 

CI-N3 1.387 CI-N3 -C5 11 0.02 

N3-C5 1.45 1 N3-C5-C8 98.75 

C8-C5 1.528 C5-C8-0l1 104.18 

0l1 -C8 1.439 C8-011 -C l 108.42 

CI-011 1.378 H4-N3 -C5 121.45 

H4-N3 1.008 02-CI-N3-C5 163.44 

H6-C5 1.094 C8-011 -CI -N3 -4 .75 

H9-C8 1.09 1 H4-N3-C5-C8 16932 

H6-C5-C8-H9 -1 55 .39 
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The VIEs- calculated either with Koopmans' theorem or by the 6SCF method at the MP2/6-31 G** 

level- are reported in Table 5.46, and compared to the experimental VIEs reported in literature [30[. 

Table 5.46- Vertical ionization eneJ'gies obtained by Koopmans' theorem to the molecular oJ'bital eneJ'gies obtained 
at the MP2/6-31G** level for 2-oxazolidone 

Ionization KT calculated 0.92* KT Experimental 6SCF 

VIE (eV) calculated VIE (eV) calculated 

VIE (eV) VIE (eV) 

(23aTl 11.27 10.37 10.21 10.53 

(22a'Y' 12.23 11.25 10.71 10.45 

(21a-yl 12.45 11.45 11.07 10.51 

(20a'y1 14.47 13 .31 12.S2 

(l9a'rl 15.71 14.45 
--.--~ --------- --- - ------------------

(1Sa'r1 16.07 14.79 

(17a'r' 16.40 15.09 

(16a'r' 16.74 15.40 

The agreement between theory and experiment is not particularly good: the calculated values are higher 

by about 1.0 e V for the first VIE and about 1.5 e V for the second to fourth VIEs: even if a scaling 

factor improves the ab'Teement, the separation between the first and second band is predicted by 

Koopmans' theorem to be around 1.0 eV, while experiments show that it is 0.5 eV in reality. 

The VIEs obtained by the 6SCF method show first of all an alteration of the VIE ordering: thc 

ionization from the HOMO is higher than those from MO 22 and 21. Even taking into account this 

alteration, the VIEs span a too narrow interval (O.OS eV instead of the experimental 0.S6 eV). 

Therefore, 2-oxazolidone reveals that, at least at the MP2/6-31 G** level, the calculated VIEs can only 

offer an indicative prediction about the experimental VIEs of a cyclic intermediate like the four­

membered structure discussed earlier. Experimentally no clear evidences were found of the bands 

associated with the four-membered intermediate, although they could be overlapping with the first 

bands of 2-oxazolidone and HNCO. The presence of such a four-membered molecule is therefore not 

confirmed by the PES evidence. 
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Harmonic vibrational frequencies of 2-oxazolidone have been calculated at the MP2/6-3\ G* * level and 

are reported in Table 5.47 ; the fulllR spectrum is shown in Figure 5.64 . 
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FigUl'e 5,64- Calculated lR spectmm of 2-oxazolidone at the MP2I6-31 G** level 

CII' - ' 

Table 5.47- Calculated vibrational f,'equencies fo,' 2-oxazolidone at the MP2I6-3\G*" level 

Frequency Absorbance Frequency Absorbance Frequency Absorbance 

(cm-I) (cm-I) (cm-I) 
Normal mode 

(Ian/mol) (km/mol) (km/mol) 

501.4 6.93 1082.8 41 .69 1466.7 23.88 

554.2 122.78 1130.0 102.61 1570.7 4.28 C-H3 asymmetrical 
scissoring 

681.1 2.39 1168.8 2.82 1584.5 7.80 C-HJ symmetricaJ 
scissoring 

746.8 36.80 1246 .1 79.01 1910.8 518 .10 C=O stretching 

763.3 29.14 1266 .9 77.47 3116 .6 44 .19 C-H3 symmetrical 
stretching 

925.5 14.14 1271.3 2.91 3152.1 31.43 C-H stretching 

934.9 34.13 1382 .0 37.41 3207.2 21.91 C-H3 asymmetrical 
stretching 

991.0 12.82 1444.2 34.17 3241.8 20.78 C-H3 asymmetrical 
stretchi n g 

3724.5 47 .88 N-H stretchi.ng 
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In the case of the vibrational frequencies, the agreement is much better than for the VIEs the 

experimental pattern follows quite closely the pattern obtained from calculations. The most intense 

band, the C=O stretch, is observed at 1791 cm- I (calculated value 1911 cm- I
), while the strong bands 

calculated at 1267, 1246 and 1130 cm l are observed experimentally at 1226, 1201 and 1081 cm- I 

By comparing the vibrational frequencies of the two cyclic compounds, it is expected that the most 

intense band for the four-membered ring would be experimentally detected around 1840 cm- I
: 

nevertheless, the spectra do not display any clearly detectable band in this region. Therefore, no 

evidence could be found to support the formation of the four-membered structure: it is possible that, 

despite the predicted stability, its lifetime is very short. 

The four-membered cyclic structure is the most suited precursor for the formation of CO2 + CH,CI-INH 

and of HNCO + CH3CHO, by breaking the opposite sides of the pseudo-square of the structure. 

In one case the mechanism (labelled AI) can be represented as 

AI) 

• 

In the alternative case, the scheme (labelled A2) is 

o 

II 
HN~O 

Y 
• 

A2) 

CH3 

Therefore, the formation of the four-membered ring as an intennediate explains the formation of all the 

products, apart from 2-oxazolidone: this last molecule is formed in the other independent cyclization 

mechanism. 
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On the basis of the experimental results, 2-oxazolidone appears at roughly the same temperatures as the 

other products, and it is stable even at high temperatures, showing no trace of decomposition into the 

other sets of products: this indicates that the two channels for the production of the cyclic structures (A 

and B) are open at the same time and that increasing temperature does not alter the preference for one 

of the decomposition routes. 

The overall mechanism, assuming that the nitrene is actually formed, can be therefore represented as in 

Figure 5.65. 

o 

N-Ao~CH 
1+ 3 

N 

III 
N 

j -N, 

j 

a) 

b) 

.. 

.. 

o 

HNAo 

u 

Figure 5.65- P.-oposed decomposition scheme for ethyl-azidoformate 

+ HN=C=O 
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The preference for the assumption that the nitrene is actually formed- even if with a very short Ii fcti I11e­

arises from the fact that ah initio calculations are able to locate transition states for forming the cyclic 

structures only from the nitrene. All the calculations calTied out on the decomposition mechanism did 

not converge to an appropriate structure for the transition state between the azide and the two cyclic 

intermediates with a concerted mechanism between the release of nitrogen and the closure of the ring. 

From these results, the cyclic intermediates are likely to be preferably formed via the nitrenes. 

In the same way, it was not possible to locate a valid transition state for the direct nitrene -7 products 

route: this confirms that even if not detected experimentally the four-membered ring is crucial for the 

production of the smaller molecules observed on decomposition, as they are not formed Ii·om the 

nitrene. 

The 0 K energy level diagram for the stepwise mechanism is reported in Figure 5.66. To take into 

account the contribution of zero point energy, of thennal energy and of entropy (important especially 

for the formation of the final products), a fi'ee energy diagram at 298 K is reported in Figure 5.67. In 

both cases the zero is set to correspond with the energy of the most stable conformer of ethyl­

azidoformate. The geometries of the transition states found in the calculations- and reported in the 

energy level diagram- are shown in Figure 5.68. 

For the location of the transition states between the nitrene and the ring structures, it has been found 

that the two cyclic structures are more easily formed from two different nitrenes. In the study of the 

azide -7 nitrene process only one transition state (TS 1) was considered, because all the other nitrene 

geometries can be obtained fi'om the one resulting fi·om TS 1 by a simple rotation of the methyl or 

carbonyl groups. 

When the contributions of entropy are considered, the effect is- as expected- a lowering of the relative 

energies of the final products in comparison with the energy of the cyclic products, which themselves 

are lowered with respect to the azide. According to !'.G29R values, the energies of the two sets of 

products arising from the four-membered ring are lower than those of the cyclic structures. Also, 

despite the marked difference in energy, the two sets of products CO2+CH,CHNH and 

HNCO+CH3CHO are formed via transition states differing only by less than 4 kcal/mol, which 

confirms the fact that the two sets are experimentally observed and with an approximate constant molar 

ratio with increasing temperatures. 

Remarkably, the transition states between 2-oxazolidone and the other sets of products are much higher 

in energy than those from the four-membered ring: 2-oxazolidone therefore seems a stable structure 

requiring high amounts of energy to decompose, as it has already been found from the experimental 

results. The other products are attributed to the decomposition of the four-membered ring. 
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FigUloe 5068- GeometJ"ies of the transition states optimized in the ab initio study of the the.omal decomposition of 
ethyl-azidofo.omateo Labels .oefer to the TS labels in the energy diag.oams in Figures 5066-5067 
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5.5 METHYL AZIDOFORMA TE 

5.5.1 EXPERIMENTAL SECTION 

Photoelectron spectroscopy 

Methyl-azidoformate (N3COOCH3), with a chemical structure similar to ethyl-azidoformate and with a 

methylene group less, is a liquid that at room temperature has enough vapour pressure to produce 

spectra of acceptable signal-to-noise ratio simply by evacuating a tlask holding the sample connected to 

the inlet tube of the spectrometer via a needle valve 

For the pyrolysis study, a resistive heating system was found sufficient to reaeh temperatures at whieh 

total decomposition of the azide is achieved. 

The 20-cm mean hemisphere radius photoelectron spectrometer of the Lisbon PE group was used for 

this set of experiments: a description and a schematic diab'fam of this PE spectrometer were given in 

Section 2.1. 

The procedure for the acquisition and calibration of the photoelectron spectTa followed the same pattern 

as described in Chapter 2. Calibration of spectra obtained on pyrolysis of the azide was normally 

achieved using the bands associated with the first vertical ionization energies (VIEs) of N2 (15.58 e V), 

H20 (12.62 eV), CO2 (13.78 eV), or of residual CH2Ch (12.21 eV) [8]., which is the solvent used for 

the preparation of the azide, in the samples 

Matrix isolation IR spectroscopy 

The apparatus and the procedure for the acquisition of infrared spectra in nitrogen matrices have been 

described in Chapter 2. Deposition times were in the order of30 to 60 minutes, and the matrix dilution 

ratios were estimated to be above 1000: 1. 
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5.5.2 SAMPLE PREPARATION AND CHARACTERIZATION 

PREPARATION 

Methyl chloroformate was added slowly to a solution of sodium azide (3 equiv) in distilled water The 

mixture was stin-ed for 24 hours in an oil bath at 50De. After cooling, the product was extracted with 

dichloromethane, dried over anhydrous sodium sulphate and the organic phase concentrated using a 

rotary evaporator. Methyl azidoformate was purified by distillation in a Kugelrohr at reduced pressure 

(10 mbar; b.p. 20 DC). 

CHARACTERIZATION 

Methyl azidoformate (N,COOCl-h) is a colourless liquid at room temperature. It was characterized in 

the vapour phase by UV-photoelectron spectroscopy and electron impact mass spectrometry, and by 

IH_ and 13C_NMR in solution in deuterated chlorofonn. Infrared spectroscopy characterization was 

conducted on the pure liquid between KBr plates. 

According to the spectroscopic results, the methyl-azidoformate used in this work was pure, apart (l·om 

some samples in which a non-negligible amount of solvent (dichloromethane) was present: in this case, 

having the two components with very different boiling points, it was necessary to leave the sample 

connected to the low pressure inlet of the ionization chamber of the spectrometer, so that the rcsidual 

solvent was pumped away. 

Mass spectrometry: the 70 eV electron impact mass spectrum is reported in Figure 5.69. It displays a 

parent peak at 101 amu (con-esponding to the unfragmented azide, 0.86%) and the most intensc peak 

(base peak) at 59 amu (con-esponding to CH30CO+). Strong peaks were also present at 70 amu 

(corresponding to N3CO+, 36.47%), 28 amu (con-esponding to N/, 17.92%),29 amu (con-esponding to 

N2W and COH+, 14.28%) and 42 amu (corresponding to N/ and NCO+, 12.27%). 
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Figure 5.69- The 70 eV electron impact mass spectrum ofmethyl-azidoformate 
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IH_ and 13C-NMR spectroscopy: in the 300 MHz !H-NMR spectrum, recorded in CDCI, solution and 

presented in Figure 5.70, only a singlet peak is observed, at 3.83 ppm relative to TMS. It cOlTesponds 

to the protons on the methyl b'TOUP. A much weaker peak at 3.76 ppm (roughly intensity ratio 1.130 

relative to the one at 3.83 ppm) is due to an impurity- already present in the starting 111cthyl­

chloroformate used in the azide preparation- of unknown nature but whose low intensity indicated a 

very low relative concentration. 

In the 13C-NMR spectrum, run in CDCh solution, two peaks were observed. a peak at 55.0 ppllI is 

associated with the methyl carbon atom, while the one at 157.9 ppm is assignable to the carbonyl 

carbon atom. The full spectrum is reported in Figure 5.71. 

Infrared spectroscopy: Figure 5.72a presents the IR spectrum of the liquid compound rccordcd 

between KBr plates. It shows peaks at 2958 cm-!, assigned to C-H stretching absorptions, strong bands 

at 1727 cm-I (C=O stretching), 1437 cm-! (C-H scissoring), 1240 cm-! (N-N-C-O stretching), 905 cm-! 

and 727 cm-!. The band associated with the N, b'TOUP stretching is a very broad, consisting of roughly 5 

main components ranging from 2133 to 2256 cm-!. 

Similar to the case of ethyl-azidoformate, for methyl-azidoformate the infrared spectrum of thc 

compound in the liquid phase (Figure 5.72b) displays some differences in the intensity distribution of 

the bands with the one recorded in the N2 matrix (apart [TOm the expected highest frequencies of the C­

H stretching). As was the case for ethyl-azidoformate, the main difference between the spectrum in the 

liquid phase and in the matrix is the much higher intensity of the band at 1240 cm-! in the matrix with 

respect to those associated to the azide and carbonyl stretching modes (at around 2150 cm-! and 1730 

cm- I
). A further analysis of the matrix IR spectrum will be found in the next section, whcn a 

comparison with the results of the ab initio calculations will be made. 
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FigUl"e 5.71- The 13C_MR spectrum of methyl-azidofOlmate in a CDCI3 solution 
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Photoelectron spectroscopy 

The bands in the methyl-azidofomlate photoelectron spectrum (rep0I1ed in Figure 5 73) were calibrated 

by averaging the VIEs of the bands calibrated from six different spectra. The results are shown in Tab le 

5.48 (see Figure 5.73 for the labelling of the bands in the spectrum). 

Table 5.48- Calibl'ated vel-tical ionization energies ofmethyl-azidofol'mate- see Figm'e 5.73 fOi' band labelling 
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Fignre 5.73- HeI- PE spectmm of methyl-azidofol'mate at l'Oom tempel'llture 
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5.5.3 RESULTS OF MOLECULAR ORBITAL CALCULATIONS 

Ab initio calculations have been perfonned at the MP2/6-31 G** level to help the interpretation of 

photoelectron and infrared spectra, and to establish geometrical, electronic and vibrational 

characteristics of methyl-azidofonnate. 

Four minimum energy conformers have been found for N1COOCH3 in its closed-shell singlet state, 

depending on the different relative positions of the carbonyl, methyl and azide groups: they are 

repOlied in Figure 5.74. The conformers have been named with a double cis lralls nomenclature, with 

the first label referring to the relative position of the azide chain relative to the carbonyl b'TOUP and with 

the second label referring to the relative position of the carbonyl and the methyl groups. For example, 

structure trans-cis refers to a stmcture in which the N3 chain is frans with respect to the C=O group, 

and the C=O group is in a cis position with respect to the terminal CI-Ij . 

The three most stable structures are very close in energy, lying within 4.3 kcal/mol, while structure 

trans-trans lies 12.7 kcallmol higher in energy with the respect to the most stable one, structure cis-cis 

(see Table 5.49). Structure trans-trans is also the only non-planar one, all the others belonging to the C, 

symmetry group. Table 5.50 reports the most important geometrical parameters calculated for the most 

stable conformer, cis-cis, which is shown in detail in Figure 5.75 along with the labelling of the atoms. 

Table 5.51 reports its first seven VfEs, calculated with Koopmans' theorem, and the first threc VIEs 

calculated with t,SCF method by calculating the energy of the cation and the neutral at the ncutra I 

geometry, and compares them with the experimental VIEs. The al:,'feement is good, especially if the 

values obtained from Koopmans' theorem are scaled by a 0.92 factor [27, 28]. The t,SCF valucs arc not 

particularly reliable because apart from ionization from the third HOMO, the ion states are not purely 

doublet states but are heavily contaminated by higher multiplicity states (S2 for a pure doublet state is 

0.75). 

Because of the small differences in energy between the conformers cis-cis, frans-cis, and cis-frans, it is 

possible that these three stmctures all contribute to the experimental gas phase PE spectrum. VIEs havc 

been computed for these structures using Koopmans' theorem and they were found to be very similar. 

Figure 5.76 shows the shape of the first five molecular orbitals calculated for the cis-cis conformer of 

methyl-azidoformate at the HF level. The description of the molecular orbitals has been obtained from 

a single point Hartree-Fock calculation using as geometries those calculated at the MP2 level. 
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cis-Irans 

trans-trans 

trans-cis 

Figure 5074- The four minimum ene.ogy confOlomen; of methyl-azidofOl'mate obtained f.-om lIh initio calculations at 
the MP2I6-31 G** level. The labelling .oellects the relative position of the ca"bonyl g.·oup to the azide chain and of the 

methyl g.-oup to the carbonyl g.·oup 

Table 5049- Total and relative energies ofthe foUlo confo.omel"S ofmethyl-azidofo"mate at the MP2I6-31G** level 

Structure 
Total energy Relative energy 

Point group 
(hartrees) (kcal/mol) 

Cis-cis -391.5979684 0 Cs 

Cis-trans -391.5912249 +4.232 Cs 

Trans-trans -391.5776744 +12.735 C, 

Trans-cis -391.5960435 + 1.208 C} 
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H6 03 

Figure 5,75- Structure cis-cis of methyl-azidofOl'mate optimized at the MP2/6-31 G** level 

Table 5,50- The most relevant geometJ'ical pa.'ameters of the lowest enel'gy stl'Uctul'e (cis-cis) of methyl-az idoformate 

Bond Length (A) Angle Va lue e) 
N10-N9 1.159 N10-N9-NS 172.32 

N9-NS 1.253 N9-NS-CI 113 .07 

NS-Cl 1.419 NS-CI-02 126.54 

C1-02 1.21S C1-03-C4 113 .22 

CI-03 1.341 03-C4-H6 104.S0 

03 -C4 1.443 N1 0-N9-NS-C 1 I SO.O 

C4-H6 1.0S4 N9-NS-C 1-03 ISO .O 

02-C J-03-C4 0.0 
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Table 5051- Experimental and computed VIEs of cis-cis methyl-azidofol"lllate 

KT calculated KT calculated 

VIE (eV) VIE ° 0.92 (eV) 

11.45 10.53 

12.40 11.41 

13.06 12.01 

14.23 13.10 

15 .08 13.87 

15.54 14.30 

16.86 15.51 

~SCF calculated S2 for 

VIE (eV) the ion 

10.96 1.027 

12.91 1.022 

1181 0.790 

-~ . ~ 
M022 

Experimental 

VIE (eV) 

10.85 

11.59 

12 .83 

13 .51 

14.37 

15.43 

Band 

A 

B 

C 

0 

E 

F 

FigUloe 5076- The five highest occupied molecula.o orbitals fo.o structure cis-cis ofmethyl-azidoformate as obtained 
from calculations pedoOlomed with the Gaussian98 prog.oam at the HF/6-31 G** level. Refe.o to FigUloe 5075 fOlo the 

identification of the atoms on the skeleton of the molecnle, he.oe repOloted in the top left comer 
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Molecular orbital 26 (the HOMO) is a relatively localized orbital with a major p,,-antibonding 

contribution between the first and third nitrogen atoms of the azide group arising from their lone pairs, 

and between this latter atom and the carbonyl oxygen. A smaller contribution- still p,,-antibonding in 

character- comes from the ester oxygen atom. 

MO 25 is a more delocalized orbital with mainly Prr-antibonding character (with the nodal planes of thc 

11; orbitals perpendicular to the molecular plane) between the first and third nitTOgen atoms of the azide 

chain and along the carbonyl group. Also, p,,-bonding character is shown between the first two nitrogcn 

atoms of the azide chain, and a-bonding character between the nitrogen of the chain and the adjaccnt 

carbon, and between the carbonyl carbon and the ester oxygen. 

MO 24 is a very localized orbital with mostly p,,-antibonding character between the methyl carbon, thc 

ester oxygen and the carbonyl b'TOUP, with a p,,-bonding contribution within the carbonyl group. No 

contribution arises from the azide chain. 

MO 23 is characterized by the p,,-bonding contribution between the terminal nitrogen atoms of thc 

azide chain and along the carbonyl group, and by the a-bonding system stretching along the N-C-O 

backbone. 

MO 22 is a delocalized orbital with still mainly Prr-bonding character (perpendicular to the molecular 

plane) along the carbonyl b'TOUP and a-bonding along the O-C-O-CHl end of the molecule. 

MO 21 is dominated by the p,,-bonding contribution of the carbonyl group and the terminal azide 

nitrogen atoms, and the non-bonding contribution of the methyl carbon atom, all with a nodal plane 

cOITesponding to the molecular plane. 

In general, the characters of each molecular orbital are very similar between methyl- and ethyl­

azidoformate: this is consistent with the very similar VlEs of the PE bands and their distribution. Only 

the shape of the molecular orbitals are slightly different, in the sense that those of ethyl-azidoformate 

are more delocalized, and therefore the experimental bands are broader than those of the methyl­

equivalent. 

Harmonic vibrational frequencies have been calculated for all the conformers at the MP2/6-3l G** 

level by means of second derivatives calculations. Figure 5.77 displays the calculated IR spectra for 

each structure (with a Gaussian shape assumed for the peaks). 
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Fig. 5.77- The IR spech·a calculated fo.· the foUl· confo.·me.·s of methyl-azidofOl·mate at the MP2/6-3\ G** level. All 
the frequencies are repOl·ted in cm-' 

The calculated frequencies (listed in Table 5.52) are very similar between the four different conformers 

but, as was fOlmd for ethyl-azidofonnate, their intensity distribution shows important differences. 

As previously mentioned, the experimental IR spectra in the liquid phase and in the matrix show 

remarkable differences (see Figure 5.72), especially in the low-frequency region, where all the bands in 

the liquid phase show higher intensities. Due to the small energy difference between tlu·ee of the four 

structures, it is likely that those three structures contribute almost equally to the liquid phase spectrum, 

which is therefore a sum of the spectra of these structures: the breadth and subdivision of the azide 

stretching peak around 2150 cm-! seems to support this assumption. 

In the matrix, the intensities of all the bands with respect to the band at 1240 cm-! decrease, and the 

intensity pattern shows a better agreement with the calculated spectrum of structure cis-cis. This result 

is in agreement with the fact that this is the lowest energy conformer. Still , the azide stretching region 

presents distinct absorptions, which probably indicates the co-presence of more than one conformer 

trapped in the matrix; in this case, the high intensity of the band at 1240 cm-! is unclear- given that only 

in structure cis-cis is such a feature predicted. As for ethyl-azidoformate, the calculations overestimate 

the C=O and N-N-N stretching intensities, and underestimate the C-H scissoring and C-N stretching 

intensities. 
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Table 5.52- Comparison between experimental liquid phase and the calculated IR bands for the minimulII ('nergy 
confOJ'mers of ethyl-azidofol'mate (absOJ'bances in km/moll·epOJ·ted in brackets; all fl'equencies al'e quoted in cm- I

) 

Cis-cis Cis-trans Trans-cis Trans-trans /;\perimenlal 
NOI'mal mode l 

frequencies frequencies frequencies frequencies frequencies 
-- ~---.-.--.. ~. ---.. -----

463.4 511.8 475.9 515.9 
'_' _0.194) __ _ iL8.'U_ (3.:86) 

. . 
(736) 

538.4 540.2 532.6 543.2 
( 4.96) (5.06) (6.82) (3.50) 
747.2 570.3 7328 673.8 

(27.24) (5.30) (26.77) (1584 ) 
757.0 666.5 734.2 745.0 
(9.66) (21.26) (10.42) (52.50) 
941.8 730.6 884.0 821.1 

(29.19) (29.33 ( 18.06) (5.99) 
-

1052.7 891.9 1076.9 1067.3 
905 (9.06) (4.30) (16.31) (142.18) 

1205.9 1091.2 1205.6 1174_2 
995 (1.41 ) (135.88) (1.60) (175.84) 

1233.1 1198.0 1218.7 1203.3 
C-H twisting 

(8.45) (78.94) (180.20) (7.97) 
---

1283.4 1288.2 1241.4 1259.2 
1166 

C-H in phase 
(245.44) (158.0~ 11 85 .99J JI66.12) W~I~ ._--

1352.1 1317.4 1350.9 1331.7 
1241 

C-H out of phase 
(971.68) (754.95) (470.08) (252.57) waggmg 
1517.2 1525.3 1515.0 1525.9 

C-I-h scissoring (31.49) (34.56) (21.58) 114.22) 
1545.0 1548.7 1543.9 1553.2 C-H out of phase 
(5.94) (5.88) (5.94) (9.34) sClssonng 

. 

1554.8 1553.4 1555.7 1570.9 
1437 

C-H in phase 
(6.80) (20.320 (7.03) (17.17) sClssonng 

_.-. --
1828.7 1851.7 1857.2 1862.5 

1727 C=O stretching 
(228.91) (355.96) (464.88) (516.76) 
2289.0 2275.5 2282.8 2326.1 

2147 
N-N-N 

(383.22) (395.97) (357.89) (304.58) stretching 
3156.5 3152.4 3158.8 3148.3 

2958 
C-H asymmetric 

(25.40) (24.05) (22.68) (19.82) stretching 
-

3259.8 3258.4 3264.8 3252.4 C-H3 symmetric/ 

(15.01) (16.10) (13.61) (12.94) 
C-H2 asymm. 

stretchinK 
3293.3 3280.8 3292.7 3279.5 C-H asymmetric 
(10.45) (15.41) (8.18) (8.07) stretchinK 
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5.5.4 THERMAL DECOMPOSITION EXPERIMENTS 

Photoelectron spectroscopy 

Figures 5.78-5.80 show PE spectra recorded at increasing temperatures, conesponding roughly to 

respectively 10%,50% and 100% of pyrolysis. Figure 5.81 reports a spectrum at higher temperature to 

show the increasing formation of CO when the temperature is raised well beyond the temperature 

required for complete azide pyrolysis. 

The liberation of nitrogen, which is the first consequence of all azide decompositions, is effective at 

temperatures as low as 140-150 DC: methyl-azidoformate is the azide with the lowest decomposition 

temperature among all those considered in this project. 

Despite this, the intensity of the nitrogen first band (sharp peak at 15.58 eV, [8]) remains low until the 

temperatures reach 300 DC, and the intensity of the azide bands remain relatively unchanged: this seems 

to indicate that despite partial decomposition beginning at low temperatures, it is not until temperatures 

higher than 300 DC that the azide begins to be appreciably pyrolyzed. The only change in the spectra is 

the appearance ofa weak band at 13.78 eV indicating the formation of CO2 [8]. 

The spectra abruptly change when the temperatures reach 300 DC: the change is surprisingly filst in 

comparison with the very similar spectra obtained for the temperatures between 200 and 300 DC. The 

azide passes from about 10% to about 50% of pyrolysis in a few tens of deh'TeeS, as seen by the change 

in the band intensities. At temperatures beyond 300 DC, the appearance at almost the same time of two 

sharp bands- one at 10.88 e V and one at 11.60 e V-and of a structured band centred around 1250 e V 

indicate the formation of H2CO, HNCO and CH2NH [8, 16, 17]; at this stage, the bands associated with 

the parent azide are remarkably lower in intensity. 

Heating up further, the intensity of the azide bands decrease to zero while those of the products 

increase, showing that the pyrolysis reaches completeness as the temperature approaches 400 DC. 

On going to 500 DC, the only change is an increased production of CO; this is probably due to the 

decomposition of one of the primary products, HNCO or- most Iikely- H2CO. 

No clear evidence of other stable products or of reaction intermediates were observed; nevertheless, a 

shoulder on the low energy side of the first methylimine band (VIE at 10.46 e V) remains present in the 

temperature range between 400 and 500 DC. The position of this shoulder was calibrated as 9.85 ± 0.05 

eV. No explanations can be given for the presence of this shoulder. 
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FigUl'e 5.78- HeI PE spectrum of methyl-azidofo"mate pyrolysis at 170°C 
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FigUl'e 5.80- Decomposition spectmm of methyl-azidofo"mate at 420°C 
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Figure 5.81- Decomposition spectra of methyl-azidoformate at 490 "C 
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Matrix isolation IR spectroscopy 

A comparison of the matrix infrared spectrum of the parent azide with the one obtained when the azide 

vapours are heated at a temperature around 280°C- and therefore completely decomposed- is reported 

in Figure 5.82 (it should be noted that the temperature for full decomposition in the matrix experimcnts 

is different from that in the PES experiments). Table 5.53 lists the products associated with the labels 

given to the bands associated with the most intense bands found in the spectrum. 
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Figure 5.82- IR spectra recorded in a nitrogen matrix for methyl-azidoformate (upper spectmm) and for the vapour 
obtained on heating at roughly 280 °C when the pyrolysis is complete and only bands of the decomposition p,'oducts 

are pl'esent 
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Table 5.53- Labels and assignment of the most significant lR bands obselved in the matrix isolation study of methyl­
azidofol'mate thel'mal decomposition (I'efel' to Figlll'e 5.82 fOl' the labelling of the bands) 

! N, matrix 
Label i -

: frequency (Clll'!) 
Assignment Reference 

2174,2143, 
A 

1743,1260 
N3COOCH2CH3 

; 

E 
I 

2345,662 CO2 [31] 

i 3483,2265, 
G I HNCO [ 19] , 

780,581 i 

i 

2864,2799, 
H 

1739,1497 
HCHO [33] 

, 

1352,1127, 1 

L 
j CH2NH [22] 
i 

1065 

The beginning of the pyrolysis is marked by the appearance of the band at 2265 cm'!- assigned to 

HNCO [19]- at around 160 0c. 
As was observed for ethyl-azidoformate, methyl-azidoformate decomposes without formation of any 

observable intermediate, so that only the spech'a at 0% and 100% degree of pyrolysis are reported. All 

the bands associated with decomposition products increase steadily in intensity with the increase in 

temperature, as can be seen for the bands at 2265 and 3483 cm'! (labelled G in Figure 13), 2345 cm,j 

(labelled E), 2799 and 1739 cm'! (labelled H), and 1065 cm'! (labelled L); they have been respectively 

assigned- by referring to previous matrix IR studies- to HNCO, CO2 , Ct-}zNH, and HCHO [19, 22, 31, 

33]. Their relative intensity ratio is not altered by changing pyrolysis temperatures, deposition times or 

other experimental parameters. 

The only band showing a slightly different behaviour is the weak one at around 2140 cm,j (not labelled 

in spectrum b in Figure 5.82): it is assigned to CO [21], and it starts to be observed at higher 

temperatures than the bands associated with the other decomposition products, and its intensity keeps 

increasing at high temperatures, when the intensities of the other bands are roughly constant. Carbon 

monoxide is therefore a secondary product arising either from a minor decomposition route or from 

partial decomposition of one of the primary products- most likely formaldehyde. 
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5.5.5 SUGGESTED MECHANISM OF GAS-PHASE DECOMPOSITION 

The combination of the results from UV -PES and matrix isolation IR experimental data on the 

pyrolysis of methyl-azidoformate show that 

When the thermal decomposition begins, HNCO (in matrix IR) and N2 (in PES) are observed as 

the first products to be released (roughly 150- 160 DC) 

CO2 and HCHO are observed at approximately the same temperature, slightly higher than when 

nitrogen and isocyanic acid begin to appear (170 DC) 

CH2NH is observed at slightly higher temperatures than the other set of products, probably 

because of its lower photoionization cross section and dipole moment than the other molecules: 

their PE and IR bands are weaker and observable only at higher concentrations in the reaction 

region, or when the overlapping bands of the azide have almost disappeared 

At higher temperatures -almost 500 °C_ bands associated with CO are present in the PE spectra, 

indicating that a new route is open, or that one of the primary products begins to decompose. 

No clear bands which could be associated with the presence of reaction intermediates were 

observed 

As a general rule for azides, the first step in the decomposition is the formation of nitrogen: no 

evidence could be found for nitrene formation, even with an extremely short lifetime, or if a concerted 

rearrangement operates in the molecule with nitrogen release. Following evidence found theoretically 

for other azides [6,24] and experimentally for methyl- and ethyl-azide [5, 26], it will be assumed that 

the route proceeding via a nitrene intermediate 

is favoured over a concerted mechanism involving breaking of the N-N bond and a rearrangement to 

produce the decomposition products. 

As was the case for ethyl-azidiformate, methyl-azidoformate does not have hydrogen atoms attached to 

the carbon atom adjacent to the N3 chain, meaning that no 1,2 hydrogen shift between the carbon and 

nitrogen atoms is possible when molecular nitrogen is released when the azide decomposes. 
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The only possibility for isomerization is therefore the Type 2 mechanism in which the electron 

deficient nitrogen atom attacks a remote site of the molecule, forming a new bond. In contrast to the 

case of ethyl-azidoformate, there is only one site to which the attack can be directed, the methyl carbon 

atom. 

In this case, the nitrogen atom attacks the y position to form a fom membered ring similar to the one 

formed in the decomposition of ethyl-azidoformate, but without the additional methyl group on it 

This nng structme was not observed experimentally and no proof of the existence of this lour 

membered ring has been so far reported in the literature; therefore ah initio calculations were 

perfonned on this molecule to estimate its total energy and understand the role it plays in methyl­

azidoformate decomposition. Ab initio calculations have been performed on all reactants, nitrenes and 

products involved in the thermal decomposition of methyl-azidoformate. 

5.5.5.1 Results of ab initio calculations on methyl-nitreneformate and the cyclic compound 

Methyl-nitreneformate 

Calculations have been carried out for the nitrene that could be formed from methyl azidoformate alkr 

release of molecular nitrogen. Two structures have been optimised for methyl nitreneformate in its 

singlet spin multiplicity state- according to the possible different mutual dispositions of the methyl 

group to the carbonyl group- and two stmctures were optimized for the triplet state, which is the ground 

state, all of them having real vibrational frequencies. As was the case for ethyl-azidoformate, it was 

possible to locate minimum energy structures in the singlet spin state at the MP2/6-31 G* * level, which 

was not possible for other classes of azides. The explanation for this could be that hydrogen atoms are 

absent in the a position to the diradical nitrogen -and therefore this prevents one of the possible 

isomerization routes (Type 1)- and gives the singlet nitrene structures a higher stability. 

As happened for ethyl-nitreneformate, the singlet state nitrene geometries differ in energy by just 1.38 

kcallmol, while in the triplet state the difference among the stable conformers is more marked (7.43 
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kcal/mol). Table 5.54 reports the computed energies for the two singlet and the two triplet structures, 

indicated with cis or trans according to the relative orientation of the methy lene group with respect to 

the carbonyl group. 

Table 5054- Ene,ogies of the minimum energy conformers of methyl-nihoenefo ... lIate calculated at the MP2/6-31G** 
level in theho singlet and tl"iplet spin JIlultiplicity states 

Structure 
Energy 

(hartrees) 
Singlet trans -282.2964605 

Singlet cis -282.2942641 

Triplet trans -282.3099753 

Triplet cis -282.2981329 

Given the fact that the decomposition path, for spin conservation, will be on a singlet surface, nitrenes 

in their triplet spin multiplicity state will not be discussed further in this section. 

The optimised structures for singlet methyl-nitreneformate are repOIied in Figme 5.82. Both of them 

are planar. Also in this case, a minimum energy structure is found with a cyclic C-O-N structme, which 

in theory should not be attributed to a nitrene structme. Nevertheless, the long N-O bond distance 

probably indicates an electrostatic interaction between the two atoms more than a tru ly cyclic structure. 

Figllloe 5082- Optimized stmchlloes of the trans (left) and cis (J"ight) confo,ome,os of the singlet spin state methyl­
nitreneformate at MP2I6-31G** level 

The energy of the two singlet nitrenes (plus N2) is arollnd 33 kcallmol higher than the energy of the 

azide. This high value, and their well known instability, makes their formation and experimental 

observation highly unlikely: as a result, their calculated VIEs and infrared bands will not be reported 

here. 
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Cyclic product 

The hypothesis of the formation of a cyclic molecule was based on the similar structure of methyl- and 

ethyl-azidoformate, which could therefore display the same decomposition path. This was confirmed 

by the results of ab initio searches for a transition state between the nitrenes and the different sets of 

products always converged to the ring structure, whose existence is not proved. Calculations were 

therefore carried out to study the energetic and spectroscopic characteristics of the ring structure to 

investigate its possible presence as a decomposition product. 

The optimized geometry for the cyclic compound is reported in Figure 583, and Table 5.55 reports its 

most important geometrical parameters. It is an almost square ring structure, but with significant out of 

plane contributions, notably for the hydrogen atoms bonded to the nitrogen atom. 

The total energy at the MP2/6-31 G** level was computed to be -282.4177495 hartrees. 

The first four vertical ionization energies (VIEs)- calculated either by applying Koopmans' theorem to 

the energies of the molecular orbitals or by the ilSCF method calculating the energy of the cation and 

the neutral using the geometry optimized for the neutral molecule at the MP2/6-31 G** level- arc 

reported in Table 5.56. 

The ilSCF method alters the ionization energy order, and it dramatically narrows the interval spanned 

by the bands: this effect is probably intrinsic in this method when applied to this type of cyclic 

structures, as was pointed out in the discussion on the calculations on the cyclic compounds in ethyl­

azidoformate decomposition (see section 5.3.5.1). The exceeding nan"ow differences in the computed 

VIEs lead to the conclusion that the results of ilSCF calculations are unreliable for calculating the 

experimental VIEs, even if for all the ionization the S2 value is 0.75 and therefore no contamination by 

spin states higher than the doublet are present in the doublet ionic states considered. 
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H4 

Figure 5_83- Optimized stmctUl-e of the fOUl--membe,-ed ,-ing intel-mediate in the methyl-azidofo ... uate decomposition 

Table 5_55- The most significant geomet.-ical pa,-ameters calculated fo,- the fOUl--membe,-ed ,-ing iute ... uediate at the 
MP2/6-31G** level 

Bond Length VI) Angle Value (") Dihedral angle Value (") 

C1-02 l.200 N3-C1-02 136.06 CS-N3-C1-02 173.S 

CI-N3 1.402 CI-08-CS 88 .07 CI -N3-CS-08 6.9 

N3-H4 1.011 08-CS -N3 89.43 H4-N3-CS-08 134.3 

N3-CS 1.4S8 N3-CI -08 93.92 H6-CS-08-C l 110.6 

CS-H6 1.090 H6-CS-08 111.47 

CS-08 1.4S2 H4-N3 -Cl 121.47 

CI -08 1.399 
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Table 5056- Vertical ionization enelogies obtained by Koopmans' theorem applied to the moleculal' olobitals obtained 
at the MP2/6-31G** level fOl' the foUlo membeloed loing intel'mediate 

Ionization KT calculated 0,92* KT calculated ii,,)CF calculated 

VIE (ev; VIE (ev; VIE (ev; 

(19a'yt 11,85 10.90 11.21 

(18a'yt 12.80 11.77 11.94 

(17a'yt 13.66 12.57 11.31 

(16a'yt 15.51 14.27 11.16 

(15a,),l 15.81 14.55 

(14a,),l 16.38 15.07 
-~---- ------- ... , . , . 

The experimental PE spectra show no trace of an intennediate band formed, or bands associated with 

molecules other than N 2, CO2, HNCO, CH2NH and HCHO. The only unclear evidence is the broad 

shoulder on the low energy side of the CH2NH first band: this broad shoulder is roughly centred at 985 

e V. Whatever the calculation method, this experimental value is too low in comparison to the 

computed first VIE of the four-membered cyclic compound, whose first band should be expected to be 

close to 11.0 e V. No confinnation of such a molecule can therefore be found from PES. No explanation 

for the shoulder at 9.85 e V has been found, if it is not actually pmi of the structure of the methyl im i ne 

first band (e.g. vibrationally excited CH2=NH). In these experiments no measurements on pure 

methylimine have been performed, so that the knowledge of its PE spectum is just based on literature 

spectra [4] in which the quality of the graphic representation of the bands is quite poor, therefore 

allowing a certain degree of uncertainty in the exact shape of the experimental bands. 

The calculated hannonic vibrational frequencies obtained by second derivative calculations arc listed in 

Table 5.57, while the full IR spectrum is presented in Figure 5.84 (with Gaussian envelopes for the 

bands). 
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FigUl"e 5"84- Calculated infl"al"ed spectrum of the foUl" membel"ed dng intel"mediate at the MP2/6-31G** level 

Table 5"57- Calculated vibJ"ational frequencies fOJ" the four-membered intel"mediate at the MP2/6-31G** level 

Frequency Absorbance Frequency Absorbance 

(cm-I) (cm-I) 
Normal mode 

(kmlmol) (kmlmol) 

501.5 113.44 1348.1 44.07 N-H bending 

525.6 64.46 1422.2 39 .99 C-H wagging 

746.0 46.14 1601 .3 18.10 C-H scissoring 

819.2 20.86 1968.8 552.97 C=O stretchiJ1g 

960.9 43.64 3158.3 45.72 C-H symmetrical 
stretching 

1022.4 80.93 3240.7 25.94 C-H asymmetrical 
stretching 

1086.1 11.83 3699.2 42.30 N-H stTetching 

1136.4 47.20 

1152.3 19.50 

1182.4 41.44 

By companng the vibrational frequencies of the cyclic compound with those obtained for 2-

oxazolidone, it is expected that the most intense band for the four-membered ring would be 

experimentally detected around 1850 cm-I
; however, the experimental IR spectra do not display any 

clearly detectable band in that region. Therefore, no evidence could be found from the matrix IR 
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spectra to support the formation of the four-membered structure: it is possible that, despite the 

predicted stability, its lifetime is very short. 

As was the case in the thermal decomposition of ethyl-azidofonnate, the four-membered cyclic 

structure is a suitable precursor for the fonnation of the observed products, and this explains the fact 

that it is not observed as an intermediate. The two sets of products experimentally detected, C02 i 

CH2NH and HNCO + HCHO, are produced by breaking the opposite sides of the pseudo-square. 

In one case the mechanism (labelled A) can be represented as 

0 

~ A) 

HN::(90 .. CO2 + H2C=NH 

In the alternative case, the scheme (labelled B) is 

0 

II 0 

HN~O 
B) ( .. HN=C=O + V H 

Therefore, the formation of the four-membered ring as an intermediate explains the formation of all the 

products. The two mechanisms appear to be open at the same time, and given the temperature 

dependence of all bands, no change in the relative amounts of products from paths A) and 13) is 

observed. A determination of which of the two channels contributes more to the decomposition 

mechanism is difficult because no precise data on the relative PES and IR cross sections for the 

products are available: this prevents obtaining the relative concentration of a molecule from its band 

intensities in the spectra. The two mechanisms, however, seem to operating roughly to the same degree, 

even if the channel producing carbon monoxide should be more energetically favoured (see following 

paragraphs). 
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The overall mechanism, assuming that the nitrene is actually fonned, can be therefore representcd as in 

Figure 5.85. 

j 
+ HN=C=O 

a) 

Figure 5.85- Proposed decomposition scheme for methyl azidofOl·mate 

The preference for the assumption that the nitrene is actually formed- even if with a very short lifetime­

arises from the fact that ab initio calculations locate a transition state for forming the cyclic structures 

only from the nitrene; this is exactly what was found for ethyl-azidoformate. All the calculations 

carried out to find a transition state between the azide and the two cyclic intermediates (with a 

concerted mechanism involving the release of nitrogen and the closure of the ring) did not converge to 

an appropriate structure. From these results, the cyclic intermediates are likely to be preferably formed 

via the formation of the nitrenes. 
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In the same way, it was not possible to locate a valid transition state for the direct nitrene ~ products 

route: this confirms that even if not detected experimentally the four-membered ring is crucial for the 

production of the smaller decomposition products, as they are not formed directly from the nitrene. 

The 0 K energy level diagram for the stepwise mechanism is reported in Figure 5.86. To take into 

accOlmt the contribution of zero point energy, of thermal energy and of entropy (important especially 

for the formation of the final products) a free energy dia6'Tam at 298 K is reported in Figure 5.87. In 

both cases the zero is set to correspond with the energy of the most stable conformer of l11ethyl­

azidoformate. 

The geometries of the transition states found in the calculations- and rep0l1ed III the energy level 

diagram- are shown in Figure 5.88. 

When the contribution of entropy is considered, the effect is- as expected- a lowering of the relative 

energy of the final products in comparison to the energy of the cyclic structure, which in turn is 

lowered with respect to the azide. According to L1G29R
, the energies of both the two sets of products 

arising from the four-membered ring are lower than those of the cyclic structure itself: this explains 

why they are observed and the four-membered ring is not. Despite the marked difference in energy, the 

two sets of products CO2+CH3CHNH and HNCO+CI-hCHO are formed via transition states differing 

only by less than 4 kcal/mol, which confirms the fact that the two sets are experimentally observed and 

with an approximate constant molar ratio with increasing temperatures. 
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5.6 2-AZIDOPROPIONITRILE 

5.6.1 EXPERIMENTAL SECTION 

Photoelectron spectroscopy 

2-azidopropionitrile (N3CH(CH3)CN) is a liquid volatile enough to be introduced into the ionization 

chamber of the photoelectron spectrometer by simply evacuating the flask holding the samplc via a 

needle valve: in this way, the low pressure created by the diffusion pumps evacuating the ionization 

chamber is enough to ensure a constant vapour pressure allowing the recording of PE spectra with 

acceptable signal-to-noise ratio. 

The temperature of full decomposition proved to be low enough to allow a resistive heating systcm to 

be used on the photoelectron spectrometer with 10 cm-mean radius of the hemispheres [7]. 

The procedure for the acquisition and calibration of the photoelectron spectra followed the samc pattcrn 

as described in Section 2.1. Calibration of spectra obtained on pyrolysis of the azide was normally 

achieved using the bands associated with the first vertical ionization energies (VIEs) of N2 (15 .58 e V), 

H20 (12.62 eV) or ofHCN (13.60 eV) [8]. 

Matrix isolation IR spectroscopy 

The apparatus and the procedure for the acquisition of infrared spectra in nitrogen matrices have been 

described in Chapter 2. Deposition times were of the order of30 to 60 minutes, and the matrix dilution 

ratios were estimated to be above 1000: 1. 
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5.6.2 SAMPLE PREPARATION AND CHARACTERIZATION 

PREPARATION 

Samples of 2-azidopropionitrile (N3CH(CH3)CN) were obtained from the reaction of 2-

chloropropionitrile with sodium azide using DMSO as solvent. In this preparation, 2-chloroaeetamide 

was added slowly to 3 equivalents of sodium azide_ The mixture was stin-ed for 24 hours in an oil bath 

at 60°C. After cooling, the product was extracted with diethyl ether, and the organic phase, in whieh 

the azide was dissolved, was dried over anhydrous sodium sulfate, filtered and concentrated using a 

rotary evaporator. The impure azide was purified by distillation in a Kugelrohr apparatus under 

vacuum. 

CHARACTERIZA TION 

2-Azidopropionitrile (N3CH(CH1)CN) is a colourless liquid. It was characterized in the vapour phase 

by ultraviolet photoelectron spectroscopy and electron impact mass spectrometry, and in the liquid 

phase by IH_ and 13C-nuclear magnetic resonance (Bruker AMX-400), and by infrared spectroscopy 

(Mattson Satellite FT -IR). 

Mass spectrometry: the 70 eV electron impact mass spectrum is reported in Figure 5.89, and it shows 

the parent peak at 96 amu, with a weaker peak at 97 amu corresponding to the protonated azide. The 

base peak (i.e. the most intense one) was found at 53 amu, corresponding to CI-hCCN'. Strong pcaks 

were found at 54 (CH3CHCN+), 28 (N/, CH2N+), 42 (N/), 67 (CH3CNCN+) and 27 (CH3C+, HCN+) 

amu. For each of these signals, other peaks were present at I and 2 amu lower, indicating a high 

probability of deprotonation of the fragment during the electron impact. 
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lH_ and \3C-NMR spectroscopy: the !H-NMR spectTllm in CDCI, solution, presented in Figure 590, 

displays a doublet centred at 1.595 ppm relative to TMS corresponding to thc methyl protons, and a 

quartet centred at 4.245 ppm assigned to the methyne gTOUp. The multiplet structure of the signals is 

due to the munber of hydrogen atoms adjacent to the resonating protons. The ratio bctwcen the two 

signal intensities was 3.45:1, slightly higher than the expected 3.0 value. The higher value is probably 

due to small impurities contained in the sample whose protons resonate in the same chemical shin 

region as the methyl protons of the azide. The nature of these impurities has not been found, but it has 

been noted- from spectra on the chlorinated precursor- that they were already present in the starting 

material (2-chloropropionitrile) from which the azide was obtained. 

The I3 C_NMR spectrum in CDCb solution (Figure 5.91) shows peaks at 18.16 ppm (relative to TMS) 

assigned to the methyl carbon, at 46.39 ppm, assigned to the methyne carbon and at 117.34 ppm, 

assigned to the cyanide carbon. 

Infrared spectroscopy: the IR spectrum of the pure compound in the liquid phase was recorded 

between KBr plates, and is reported in Figure 5.92a. The most intense band is a relatively broad 

doublet, with peaks at 2089 and 2122 cm'1: the assignment of this band is not straightforward, becausc 

in that region of the spectrum both the azide N-N-N and the C",N stretching modes are expected. It is 

therefore not clear if the doublet is due to the two different vibrational modes, or if the C",N stretch 

(which is expected to be lower in intensity- see Section 5.5.3 on the ah initio calculations on the 2-

azidopropionitrile conformers) is assit,'11able to one of the weak satellites of the main band, or it is 

overlapped by it. The bands associated to the C-H stretching modes at 2997 and 2942 cm-! are very 

weak, while a very strong band is found at 1236 cm-! corresponding to the C-N-N stretch. Other 

prominent bands were found at 1448, 1382, 1321, 1087, 10 I 9, 880 and 713 cm-! . 

Figure 5.92b shows the IR spectrum of 2-azidopropionitrile obtained in a nitrogen matrix. As can be 

seen, in contrast with the spectrum acquired in the liquid phase, in the matrix the bands associated with 

the N-N-N and C",N stretches are resolved and some bands in the 1500-1000 cm-! region display a 

different intensity pattern. 

In the next section the IR spectra of 2-azidopropionitrile in the liquid phase and in a N2 matrix will be 

presented in comparison with the results obtained from ah initio calculations on the vibrational 

frequencies. 
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Figure 5.91- The I3C-NMR spectrum of 2-azidopropionitrile in CDCI3 solution 
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Photoelectron spectroscopy 

All the spectra were recorded using Hela radiation (21.22 e V). Photoelectron spectra of thc parent 

azide were calibrated using argon and methyl iodide [18] added to the ionization chamber along with 

the azide vapour samples. The photoelectron spectra of the azide precursor, 2-chloropropionitrik, wcre 

also recorded and calibrated to check for its possible presence as an impurity in the azide spectra, but 

all the 2-azidopropionitrile samples seemed free from any detectable trace of the precursor used in the 

preparation. The pressure of the azide in the ionization region was set at approximately 10"\ torr. 

Figure 5.93 shows the PE spectrum of 2-azidopropionitrile recorded at room temperature, along with 

the labelling of the bands. These have been calibrated by averaging the VIEs obtained frolll six 

different spectra, and the values are presented in Table 5.58. A more detailed description of the 

molecular orbitals involved in the ionizations associated with the photoelectron bands will be reported 

in the following session. 

Table 5.58- Calibrated vertical ionization energies of2-azidopropionitrile- see Figm'e 5.93 fOI' band labelling 

Band 

VIE (eV) 

±0.02 eV 

A 

10.34 

B c 

11.69 12.31 

D E F G 

12.71 13.31 [3.83 15.32 
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5.6.3 RESUL TS OF AB INITIO MOLECULAR ORBITALS CALCULA nONS 

Molecular orbital calculations were carried out at the MP2/6-31 G* * level on the parent azide and on its 

decomposition products to facilitate the spectral interpretation and the assignments of the bands by 

calculating vertical ionisation energies (VIEs) and infrared frequencies and intensities. Also, the 

geometry of the azide and the imines were computed, and relative energy diat,'Tams were constructed in 

order to trace the energy surface for the decomposition reaction. 

Two conformers of 2-azidopropionitrile were optimized, according to the relative orientation of the 

azide chain with respect to cyano group. This is the only possible geometrical change in the molecule, 

since all other groups cannot be differently orientated. 

The geometries of the two structures are shown in Figure 5.94, and as can clearly be seen by the 

absence of any symmetry element, their point group is C 1 • They have been labell ed cis and lrans 

according to the relative position of the azide chain with respect to the C=N group. 

Figure 5.94- The structUl'es of2-azidopropionit.-ile optimized at the MP2I6-31G** level, cis (left) and traIlS ("ight) 

The two structures are very close in energy (1.05 kcal/mol). Figure 5.95 shows in detail the most stable 

of the two, labelled "trans", along with the labelling of the atoms, whi le Table 5.59 summarizes its 

most significant geometrical parameters. 
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NIl 

FigUl"e 5.95- StructUl"e trans of2-azidop,"opionitdle calculated at the MP2/6-31G** level 

Table 5.59- Most significant geometrical pa"amete,"s for" the lowest ene,"gy stl"Uctl,,"e of 2-azidop,"opionitr"ile 

Bond Length (A) Angle Value (") 

Nll-NlO 1.162 Nll-NlO-N9 172.66 

NIO-N9 1.251 NIO-N9-Cl 113.71 

N9-CI 1.483 N9-CI-C2 106.33 

CI-H8 1.095 N9-C2-C4 111.84 

CI-C2 1.469 CI -C2-N3 177 .34 

CI-C4 1.528 CI-C4-H7 109.61 

C2-N3 1.182 NIO-N9-CI-C2 193.5 

C4-H7 1.090 N9-CI-C4-H7 -62.4 
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Table 5.60 reports vertical ionization energies for the two conformers as calculated by applying 

Koopmans' theorem to the energies of the molecular orbitals obtained at the MP2/6-3l G** level The 

agreement is good for the first four bands, while the higher ones show clear differences betwecn 

computed values and experiment; it is possible that 6-3IG** is not a good enough basis set to describe 

this azide, or that Koopmans' theorem is a too crude approximation of the true veI1ical ionization 

energies because of neglect of reorganization and correlation effects. To allow for reorganization 

effects, VIEs using the t..SCF method- calculating the energy of the azide cation at the same gcometry 

of the neutral- were calculated. Unfortunately, only ionization from the higher molecular orbitals were 

possible, due to the fact that on removing an electron from a lower lying orbital the same values of 

energies as from the ones of higher energy were obtained because the calculation converged to the 

lower state; this means that for a molecule of C} symmetry, calculations at the t..SCF level are not 

possible for higher VIEs. 

Table 5.60- Experimental and calculated vel"tical ionization enel'gies (VIEs) of the fil'st seven bands of2-
azidopl"Opionih"ile in both its conformel"S 

"cis" "cis" "trans" "trans" L'.SCF 
Experimental 

Band KT calculated KT calculated KT calculated KT calculated calculated 

VIE (eV) VIE *0.92 (eV) 
VIE (eV) 

VIE (eV) VIE *0.92 (eV) VIE (eV) 
--

A 10.89 10.02 10.34 10.97 10.09 11.58 

B 12.44 11.45 11.69 12.22 11.24 13.06 
-

C 12.63 11.62 12.31 12.67 11.66 12.29 

D 13.00 11.96 12.71 13.37 12.230 

E 15.09 13.88 13.31 15.09 13.88 

F 15.62 14.37 13.83 15.57 14.32 
~ --

G 16.13 14.84 15.32 15.72 14.46 
------

Figure 5.96 represents the highest occupied molecular orbitals for structure lrans of 2-

azidopropionitrile obtained at the Hartree-Fock level on the geometry optimized at the MP2/6-31 G** 

level. 
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FigUl'e 5.96- The foUl' highest occupied moleculal' ol'bitals (HOMOs) calculated fOl' 2-azidopl'opionih'ile 

For the most stable conformer (conformer Irans) , molecular orbital 25 (the HOMO) is quite a localized 

orbital , mostly rc-antibonding in character: assuming the N-N-N-CH-CN frame to be almost planar, the 

HOMO consists of p" orbitals centred on the fust and last nitrogen atoms of the azide chain, plus a p" 

antibonding character between the first nitrogen of the azide and tlle adjacent methyne carbon . AJI of 

them have the nodal plane corresponding to the pseudo-plane of the molecule . The p" character on the 

methyne group is not due to a lone pair on tlle carbon atom, but to the a-bonds between the methyne 

carbon atom and ilie meiliyl and tlle hydrogen groups. 

MO 24 is a delocalized orbital, witll major p,,-bonding contribution from the C=N group, a p" 

antibonding character between the cyano carbon atom and the meiliyne carbon atom, and a a-bonding 

contribution between tlle metllyne carbon atom and the first azide nitrogen atom of tlle azide group, 

plus a p" bonding character on the two terminal nitrogen atoms of the azide chain and a p" antibonding 

character between ilie fust and second nitrogen atoms of the azide chain . In this case, all the p" orbitals 

have ilie nodal plane perpendicular to tlle pseudo molecular plane. 
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MO 23 is almost totally characterized by a strong n-bonding contribution on the C=N b'TOUp and to a 

lesser extent by a a-bonding contribution between the methyne and methyl carbon atoms: these two 

contributions create also a p" antibonding system between the cyano and the methyne carbon atoms. 

MO 22 is very similar to MO 24, without the conh'ibution arising from the a-bonds between the 

methyne carbon and the methyl and hydrogen groups. 

Harmonic vibrational frequencies have been calculated for the two conformers of 2-azidopropionitri1c 

via second derivative calculations at the MP2/6-31 G* * level, with only partial allowance for electron 

correlation, the calculated frequencies are then expected to be higher than the experimental ones. The 

computed IR spectra are reported in Figure 5.97, and the computed frequencies and intensities of" the 

bands are listed in Table 5.61. 

Considering the approximations used in the calculations, the predicted distribution of the frequencies is 

good, As was found in previous calculations on azides, the calculations overestimate the intensity of" 

the strongest bands relative to the others, Therefore, the experimental spectrum displays a much higher 

intensity for the series of bands between 500 and 1200 cm'1. The bigger discrepancy is however the 

contribution of the C=N stretch, which according to calculations should be a weak band roughly 100 

cm-1 wavenumbers lower than the azide stretch: in the experimental spectra; in practice there is actually 

a band as intense as the azide one at around 2080 cm-1 It is not possible to definitely assign this band 

to the C=N stretch or to the azide stretch of the second conformer trapped in the matrix: assuming the 

assignment to the C=N stretch, the discrepancy between the predicted and the observed band is 

remarkable. 

The two conformers show very similar band patterns: the only main difference is the shape of the two 

bands almost overlapping around 1300 cm-1. The spectrum recorded in the I iq uid phase shows a better 

agreement with the cis structure of 2-azidopropionitrile, even if this is the high in energy structure. The 

difference is however so small (just 1.0 kcal/mol) that it is possible that at room temperature the two 

structures are both present: the experimental spectrum reproduces probably an average of the two 

spectra of the pure conformers cis and trans, In the matrix it is evident that the band centred at around 

1450 cm-1 displays a much enhanced intensity relative to the band observed in the liquid phase this 

behaviour is not reflected by the bands expected from the calculations, and the effect was attributed to 

an impurity in the sample, 
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Table 5.61- Comparison between the experimental liquid phase lR bands and the calculated band positions and 
intensities fo." the minimum energy confOl"me."s of2-azidop."opionitt"ile (absOl"bances in Km/mol, f."equencies in cnft) 

,- -----~~---~-

I Cis Trans Experimental 
intensity intensify ./i"equencies in Normal mode 

frequencies frequencies 
liquid phase 

544.0 5.27 536.0 4.45 
560.1 5.02 554.9 4.63 

1-. --,_._--- _ .. 

681.0 12.96 654.0 3.19 
828.2 3.14 854.7 730 
915.2 11.50 931.0 9.50 

-~ 

1068.8 10.37 1065.8 12.70 
-.--.---~~-- - .------.---

1145.7 15.00 1132.0 9.20 1019.0 
~-

1173.4 7.93 1158.7 13.95 1087.3 .. _-_. --

1306.7 111.81 13Il.l 90.56 
1235.6 

1353.1 62.56 1355.9 71.33 
1379.4 8.20 1385.7 55.03 1321.2 C-I-I bending 

r---y460 .2--c-~------~- .~ 

7.21 1457.5 5.11 1381.6 C-H1 wagging 
-------- - --- - ~-

1542.0 5.22 1546.5 701 1448.5 
C-1-I3 in phase 

SClssonng ._-

1551.5 3.17 
C-I-I, out of phase 

sClssonng _. 

2193.3 8.18 2209.8 14.18 2088.5 C""N stretching 

2363.5 300.64 2378.6 294.71 2122.3 
N-N-N 

stretching 
3122.8 11.l4 3117.1 10.36 C-I-I stretching 

3149.4 5.51 3139.6 5.47 
C-1-I3 symmetric 

stretching 

3255.1 7.05 3239.7 8.78 2941.9 
C-1-I3 asymmetric 

stretching 

3262.2 5.88 3258.1 5.02 2997.0 
C-1-I3 asymmetric 

stretching 

327 



5.6.4 THERMAL DECOMPOSITION RESULTS 

Photoelectron spectroscopy 

Figure 5.98 represents the UV -photoelectron spectra recorded when the vapour of 2-azidopropionitrilc 

is heated at respectively 350, 390 and 470°C. 

The first evidence of pyrolysis, as in every organic azide, is the release of nitrogen (sharp band at 15.58 

e V): in the case of 2-azidopropionitrile the loss of nitrogen was observed to begin at approximately 170 

0C. At approximately 190°C HCN is also produced (observation of a vibrationally structured band with 

VIE at 13.60 eV). Apart from N2 and HCN, the first bands associated with decomposition products 

appear at approximately 210°C; notably, two sharp bands at 11.27 and 13.14 e V. Their shape and 

position correspond to the bands expected for methyl isocyanide and methyl cyanide 181 At relatively 

low pyrolysis temperature the band of the isocyanide is more intense than that of the cyanide, while at 

higher temperatures (beyond 420°C) the intensity ratio moves in favour of CI-hCN This behaviour 

was expected both from previolls experiments [34] and from the predicted thermodynamic stability 

order for the methyl isocyanide/cyanide system [4]: the minimum energy structure of the isocyanide is 

calculated to have a total energy value 28.35 kcallmol higher than that of the cyanide at the MP2/6-

31 G* * level. 

The spectrum at 350°C shows that the intensity ratio between the first two azide bands is reflecting a 

higher relative intensity for the second one (centred at 11.7 e V), which also shows a slight change of its 

shape: this can be due to the presence of an additional contribution arising from a newly formed 

molecule. It is possible that an intennediate is being formed, due to the fact that when the temperature 

is further raised no remaining contribution is observed in that region. However, it is not possible to 

clearly state that an intermediate band is actually present, due to the overlapping of this possible 

intermediate band with the second azide band. 

At temperatures above 400 DC, the azide is totally decomposed into CH3NC, CH3CN and HCN. 

Figure 5.99 reports the thermal behaviour of the intensities of the main band of each compound: the 

normalization was carried Ollt by simply considering the height of the band, not its integral, and setting 

as 1.0 the height of the band at the temperature at which its intensity was the maximum among all the 

spectra. 

According to their observed thermal behaviour in the 400-500 °C region, HCN and CH,CN will 

eventually be the only products at temperatures higher than 600°C, which in these experiments could 

not be achieved. 
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Figure 5.98- Decomposition photoelectron spectra of 2-azidopropionitrile at 350, 390 and 470°C 
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Figuroe 5099- The.omal behaviouro of the normalized intensities of the main species p,·esent in the 2-azidop,oopionitr·ile 
pYl"Olysiso Orange diamonds: 2-azidopl"Opionitr°ile; black squa,oes: methyl isocyanide; ,oed cit-c1es: methyl cyanide; 

blne inclined tl"iangles: nitrogen; g,oeen hoiangles: HeN 

Of great importance is a very weak, broad band centred around 9.22 eV: its thennal behaviour, 

increasing in intensity with increasing temperature then suddenly disappearing at temperatures above 

400°C, is typical of a reaction intennediate. An initial assignment of this band to 2-iminopropionit:ri le, 

HN=CHCH2CN, proved not to be satisfactory due to the first VIE calculated with Koopmans ' theorem 

being at 11.80 eV, a value exceeding the experimental value, 9.22 eV, beyond any reasonable estimate 

for the Koopmans' theorem value . The band was subsequently assigned to ketenimine, CH2=C=NH, 

which has been studied by PES in the past [35]: this is a C2H3N isomer with comparable energy to 

CH3NC, but with much lower stability (reported lifetime of rough ly 1 second at I torr) [35]: its first 

band is in very good agreement with that found in these experiments, both in its VIE and in its shape. 
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Infrared matrix isolation spectroscopy 

Figure 5.100 presents the infrared spectra obtained when vapours of 2-azidopropionitrle were hcated at 

increasing temperatures and trapped into a nitrogen matrix. 

The onset of the pyrolysis was observed at 210° C by the appearance of the HeN bands at :1282 and 

797 cm-1 [20]. With increasing temperature, the azide bands decrease and all the bands associatcd with 

the products start to increase; the summary of the most significant absorptions for the molecules 

released in the decomposition of 2-azidopropionitrile are listed in Table 5.62. 

Some of the bands show an increase in intensity with increase of the temperature, marking the prescncc 

of thermally stable compounds: apart from HCN, this is the case of methyl cyanide (eI-I1CN) whosc 

most prominent peak is observed at 1447 cm-1 [36]. With the obvious exception of the azidc bands 

which constantly decrease in intensity with increasing temperature (and completely disappear above 

360° e), two other sets of bands show a behaviour typical of a reaction intermediate, with intensity 

decrease when the vapours are heated above 3000 C. The first set was assigned to methyl isocyanide 

(CH3NC) and its most intense band can be found at 2161 cm- I [37]; the second set is weaker (most 

intense band at 2038 cm- I
), and was attributed to ketenimine, CI-bCNH [38]. The assignmcnts, 

evidenced in Table 5.63, reflected the results obtained from PES data. 

Two additional pieces of evidence were found: HCN is not observed as a monomer, but instead the 

vibrational frequencies suggest its existence in a dimeric form (HCN)2 [29], or even a polymeric form. 

Finally, it was not possible to assign the band at 1742 cm-1
, which shows the thennal behaviour of a 

stable product: a possible explanation of this is the presence of a decomposition product of the impurity 

detected in the azide sample absorbing at 1447 cm- I
. If on the other hand the band is associated to a 

"true" decomposition product of 2-azidopropionitrile, an assignment may only be achieved following 

an ab initio calculations of the vibrational frequencies of all the possible products. This will be 

presented in the next section. 
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Table 5062- Labels and assignment of the most significant IR bands obse.ved in the matrix isolation study of ethyl­
azidofOiomate the.omal decomposition (.oefe.o to Figmoe 13 fo.o the labelling of the bands) 

Label 
N, matrix 

Assignment Reference frequ~ncy (em-I) 

M 
2141/2135, 2102 /2091, 

N3CH(CN)CH3 1242,1224 

HCN 3282, 3270, 799/795 
Polymeric 

[29] 
cyanic acid 

CH3CN 
2256, 1447,1407, Methyl 

[36] 
1378,1040,916 cyanide 

CH3NC 2161,947 
Methyl 

[37] 
isocyanide 

CH2CNH 
2038, 1125 

Ketenimine [38] 
997,885,697 
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Figure 50100- Matrix IR spechoa ofvapomos of2-azidop.oopionitrile heated at .oespectively 30, 250, 360 and 470 C 
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Summary of the experimental results 

The experimental results from both PES and matrix IR data show that this azide decomposes releasing 

nitrogen, cyanic acid and methyl cyanide as stable molecules; in addition to that, methyl isocyanide 

and- in a lesser amount- ketenimine are formed as reaction intermediate. Methyl isocyanide has a 

longer thermal stability, and it is still present at temperatures above 500°C, while ketenimine has a 

much lower stability which precludes its observation above 400 ° C. 

The apparent simplicity of the system disguises a much more complex situation when the geometries of 

the molecules are considered, and when ah initio studies of the transition states leading to the products 

are carried out. 

The formation of methyl cyanide, CH3CN, when 2-azidopropionitTile is thermally decomposed is easily 

explained by considering the structure of the azide (see Figure 5.95). However, the formation of methyl 

isocyanide (CH3NC) and ketenimine (CH2=C=NH) cannot be immediately rationalized on the basis of 

the geometry of the starting azide. A study of the potential energy surface connecting 2-

azidopropionitrile with the observed decomposition products has therefore been carried out by ah initio 

molecular orbital calculations at the MP2/6-31 G** level. 
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5.6.5 AB INITIO RESULTS ON THE DECOMPOSITION INTERMEDIATES 

As usual with aliphatic azides, it was supposed that 2-azidopropionitrile initially decomposes releasing 

molecular nitrogen and forming a nitrene, according to the reaction 

It was found out from ab initio molecular orbital calculations that the nitTene is not stable in its singlet 

state, because during the optimization the nitrene structure converges to an imine stTllcture; this was 

expected according to the previous results on other azides (see earlier sections). Nevertheless, the 

calculations showed that on optimization of the nitrene initial geometry, initially set as the one of the 

azide but removing the last two nitrogen atoms of the N, chain, instead of simply undergoing a 1,2-11 

shift to produce 2-iminopropionitrile, CH,C(CN)=NH, fol1owing Type I mechanism, the nitrene 

nitrogen prefers to attack other electron deficient sites within the molecule, therefore fol1owing a Type 

2 mechanism. 

There are two different sites to which the nitrogen atom can attack: one is the methyl carbon atom, the 

other is the cyanic carbon atom. 

In addition to these, the possibility of the formation of 2-iminopropionitrile via a Type I mechanism is 

stil1 present, because it is possible that during the release of molecular nitrogen the azide partially 

modifies its geometrical parameters so that the route to 2-iminopropionitrile becomes favoured. 

Ab initio calculations were therefore necessary on al1 these molecules, both to interpret the 

spectroscopic results and to build a reasonable decomposition mechanism for 2-azidopropionitrile with 

an associated energy level diagram. 

As mentioned, in principle three different possible routes for the decomposition of the nitrene arising 

from 2-azidopropionitrile are possible, one fol1owing a Type I mechanism and two following a Type 2 

mechanism. These three initial hypotheses have been considered for the ah initio study of the pyrolysis 

reaction. 

Type 1 mechanism: 2-iminopropionitrile 

Fol1owing this route, 2-nitrenepropionitrile decomposes via a 1 ,2-hydrogen shift following the scheme 
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The two structures of the imine obtained, 2-iminopropionitrile, were optimized at the MP2/6-31 G* * 

level of calculation, and they are reported in Figure 5101 ; Table 5.63 reports the most significant 

geometrical parameters for the most stable structme, labelled cis by refen'ing to the relative orientation 

of the iminic proton with respect to the cyano group. Both are planar structures , therefore tlleir point 

group is Cs. Their total energies were calculated as -225.5241063 and -225.52] 9504 hartrees: this 

corresponds to an energy difference of 1.35 kcallmoi. 

Due to the small difference in energy, the two structures are likely to contribute equally to the 

experimental spectra- if they are formed at all. Nevertileless, tile calculated VIEs and vibrational 

frequencies of bOtil structures will be reported in the following paragraphs. 

Figu.oe 50101- The optimized structu.oes of2-iminop.-opionitJ°ile at the MP2I6-31G** level, cis (left) and trtlllS (.oight) 

Table 5063- Most significant geometrical pa.-ameters for structu.oe cis of2-iminop.oopionit.-ile- sec FigUloe 50101 fo.o 
the labelling of the atoms 

Bond Length (A) Angle Value (0) 

C2-N3 1.185 N3-C2-CI 178.88 

CI-C2 1.458 C2-CI-N4 122.54 

CI-N4 1.289 CI-N4-H5 110.37 

N4-H5 1.023 C6-CI-N4 120.98 

CI-C6 1.499 H7-C6-CI 108.69 

C6-H7 1.087 N3-C2-CI-N4 10.11 
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To obtain VIEs, Koopmans' theorem has been applied to the orbital energies obtained for the MP2/6-

31 G* * optimized structure. The results are listed in Table 5.64. 

The two conformers show an important difference in their computed third band: in structure trans it is 

practically overlapping with the second one with VIE at 12.78 eV, while in structure cis it is an isolated 

band with VIE at 13 .28 eV. Considering the usual overestimation of the experimental VIEs by 

Koopmans' theorem, it is likely that only structure cis would display a band in the 12.5- 13.5 e V region 

of the photoelectron spectrum. 

Table 5.64- The calculated ve.·tical ionization ene.·gies fo." the conformers of 2-iminopl"Opionitrile 

"cis" "cis" "trans" "trans" 

KT calculated KT calculated KT calculated KT calculated 

VIE (eV) VIE *0.92 (eV) VIE (eV) VIE *0.92 (eV) 

11.80 10.85 11.70 10.76 

12.67 11.66 12.78 11.76 

13.28 12.22 12.79 11.77 

14.03 12.90 13.92 12.80 

15.61 14.36 15.33 14.10 

Harmonic vibrational frequencies at the MP2/6-31 G** level have been calculated for the two 

conformers, and the computed infrared spectra are reported in Figure 5.102. The frequencies and 

intensities of the bands are listed in Table 5.65 . 

Figure 5.102- The inf.-ared spectra fo.· the two confo."mers cis (left) and trans (J"ight) of2-iminopropionitJ"ile 
calculated at the MP2I6-3IG** level. The frequencies a."e ."epo."ted in cm"1 

It is evident that there is a very different distribution of the intensities of the bands- which are very 

similar in frequencies- between the two conformers. In particular, the trans conformer shows an 
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increased intens ity of the band at 11 32 cm- I and of a ll those bands above 1530 cm-I re lati ve to th e band 

at 1387 cm- I which is not the most intense band as it was in the case of the cis conformer. The cis 

confonner structure also shows the highest intensity for the band predicted at 933 cm- I
. 

Table 5.65- Calculated inf,·aJ'ed bands fo,· the two confo,·mCl"s of 2-iminop.-opionitrilc (absOI·bances in Km/mol, 
f,·equencies ex p,·essed in cm-I) 

Cis Trans 
Intensity Intensity NOI·mal mode 

frequencies /i'equencies 

426.1 9.80 4375 3.82 
568_8 7.47 
5913 5.74 598.2 6.18 
762.9 5.64 770 I 8.76 
933.5 68.28 930.7 4536 
1038.9 11.29 1024.8 606 
1110.8 6.52 1102.2 14.24 
1148.6 45.9 1 11 32.5 64_35 
1368.9 81.62 1386.6 59.40 N-H bendi ng 
1458.8 17. 17 1457. 1 2 1.77 C-H) wagging 

1529.0 9.42 1523 .5 8. 11 
C-H3 in phase 

scissorin g 

1530.3 9.46 1535. 1 22.45 
C-Hl out of phase 

scissoring 
1676.0 28.93 1686. 1 27.53 C=N stretching 
2166.7 15.75 2 187.8 20.72 C=N stretching 

3136.6 2_36 3131.4 2.25 
C-H) symmeb-ic 

stretching 

3225.4 4.8 1 3227.2 2.85 
C-HJ asymmetric 

stretching 

32655 1.68 3243.0 6.98 
C-I-b asy mmetric 

- -

stretching 
3526.5 1.46 _N-!::! stretchin g 

Type 2 mechanism: 

In principle, 2-nitreneacetamide, originatin g from 2-azidoprop ioni tril e by nitrogen release, should have 

just one possible geometry: when the initial geo metry of the nitrene is set as the one of the azide with a 

very long distance for the N-N bond which is go ing to be broken and the ca lculatio n is let to fully 

optimize the structure, the nitrene diradical proved to be LUl stable and isomerized by attacking a remote 

site of the molecule. However, two conformers of the azide were opti mi zed : by using the two different 
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geometries of 2-azidopropionitTile as the starting geometry for the initial nitrene geometry, two 

different attack sites for the nitrogen atom were found 

When the geometrical parameters of the singlet nitrene are set as in stTuctme cis of 2-

azidopropionitrile, the attack site is the methyl group, leading to the production of CH,N=CHCN with 

the mechanism: 

.. 

When structure trans is used as the starting point for the singlet nitrene geometTY, the attack is directed 

to the cyanic carbon atom, leading to the production of CH3CH=NCN following the scheme: 

... 

It is important to state that by using these initial geometries for the singlet nitrene for the ah initio 

optimization, no isomerization following a Type I mechanism (the I ,2-hydrogen shift) was observed. 

It is important also to note that attempts to locate a transition state directly leading to the formation of 

2-iminopropionitrile from 2-azidopropionitTile by a concerted nitrogen elimination-I ,2 hydrogen shift 

mechanism were not successful. 

In the singlet nitrene these two sites are favoured to be attacked by the nitrogen atom because of 

geometrical alignment: in the cis conformers of the azide (Figure 5.94), the N), CH and CI-l) groups are 

basically in the same plane, while in the trans conformer the azide chain is rotated so that this time the 

N3, CH and CN group are in the same plane. This means that when nitrogen is released and the azide 

chain is broken, the N-N bond breaking is accompanied by a relative movement of the nitrogen atoms 

so that the one remaining on the nitrene is moved closer to these two electron deficient sites. I none 

case the direction of the movement (found by the imaginary frequency for the transition state between 

the azide and the nitrene in consequence of the nitrogen elimination) makes the nitrogen move towards 

the methyl group (structure cis), in the other case it moves towards the cyano group (structure trans). 

The result is that the nitrene isomerizes to two imines, different from 2-iminopropionitrile. 
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Two geometries for this imine were optimized, they were labelled cis and trans according to the 

relative positions of the methyl and cyano groups, and are reported in Figure 5.103. They are planar 

structures, and therefore belong to the c., point group. Table 5.66 lists the most significant geometrical 

parameters for structure trans, which is the most stable of the two , as labelled in Figure 5.103 . 

Figure 50103- The two minimum ene.ogy structUloes cis (left) and traIlS (.oight) ofCHJN=CHCN optimized at the 
MP2I6-31G** level 

Table 5066- The most significant geometrical pa.oamete.os fo.o stl'Uctu.oe trails ofCHJN=CI-ICN - see Figure 50103 fo.o 
the labelling of the atoms 

Bond Length (A) Angle Value (0) 

C2-N3 1.184 N3-C2-CI ]77.51 

CI-C2 1.444 C2-CI-NS 119.56 

CI-H4 1.094 H4-CI-NS 124.24 

CI-NS 1.283 C6-NS-Cl 115.93 

NS-C6 1.455 H7-C6-NS 113.77 

C6-H7 1.095 N3-C2-CI-NS 179.53 

The total energy of the cis and trans structures was calculated as -225 .5091045 and -225 .5091953 

hartrees, which means a difference of just 0.057 kcallmol. Such a small energy difference means that 

both structures will be produced- if they are formed at all- as reaction intermediates: the calculated 

VIEs and vibrational frequencies of both conformers will therefore be reported in the following 

paragraphs. 
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VIEs have been calculated by means of Koopmans' theorem applied to the molecular orbital cncrgies 

obtained for the MP2/6-31 G* * structures: they are listed in Table 5.67 for both conformers. 

Table 5.67- The calculated vertical ionization energies fot" the two confonnen, ofCHjN=CHCN 

"cis" "cis" "trans" 
---~-c-

"trans" 

KT calcnlated KT calculated KT calculated KT calculated 

VIE (eV) VIE *0.92 (eV) VIE (eV) VIE *0.92 (eV) 
--

1150 10.58 11.39 10.48 
------- ·1 - - ---

12.35 11.36 12.48 11.49 
-~ 

13.01 11.97 12.77 11.75 

14.13 13.00 14.09 12.96 

15.42 14.19 15.19 13.98 

Also in the case of CH3N=CHCN the differences between the VIEs of the two conformers arc vcry 

small: the only difference could be the fact that-as happened for 2-iminopropionitrile, structure lrans 

should have the third band overlapping with the second, while in structure cis these should bc 

separated. Only structure cis would therefore display a band in the 12.0-13.0 eV region of the 

photoelectron spectrum. 

Harmonic vibrational frequencies have been calculated for both conformers at the MP2/6-31 G** Icvcl. 

They are reported in Table 568 along with a description of the normal mode they are associated with~ 

the full calculated IR spectra are presented in Figure 5.104, assuming a Gaussian shape for the pcaks. 

The main difference is in the distribution of the intensities of the bands- which are very similar in 

frequencies- between the two conformers, notably the band at 3110 cm- I
, which is stronger in the cis 

spectrum, and the band at 1016 cm- l
, which is stronger in the trans structure. For both conformers, the 

most intense band is the one due to the C=N stretch, which as an average is calculated at 1685 cm- I
. 
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FigUJ'e 5,104- The infl'al'ed spectra for the confOl'mel's cis (left) and trailS (I'ight) ofCHJN=CHCN calculated at the 
MP2I6-31 G** level. The fl'equencies are expl'essed in em" 

Table 5,68- Calculated infral'ed bands fOl' the two conformers of CHJN=CHCN (absOl'bances in Km/mol) 

Cis Trans 
Intensity Intensity Normal mode 

frequencies frequencies 

528 ,5 3,68 422.2 4.71 
669.1 2.40 
920.2 4.96 955.3 6.23 
946.5 5.37 1015.8 25 .24 
1014.8 36.07 1061.8 5.20 
1156.9 2.52 1194.8 5.60 
1417.9 4.57 1410.8 12.14 C-H bending 
1482.7 l.04 1485.6 4.l4 C-H3 wagging 

1539.2 4.88 1532.2 3.89 
C-H3 out of phase 

scissoring 

155l.6 10.67 1553.6 16.33 
C-H3in phase 

scissoring 
1676.8 38.06 1695 .4 39.05 C=N stretching 
2168 .5 1902 2191 .8 21.05 C=N stretching 

3110.6 16.91 3090.9 36.59 
C-H3 symmetric 

stretching 

3213.2 13.05 3144.1 22.10 
C-H3 asymmetric 

stretching 

323l.5 7.89 3202.2 17.74 
C-H3 asymmetric 

stretching 
3246.9 5.98 3229.7 8.43 C-H stretching 

- On inspecting the cis structure, it is evident that another isomerization is possible from CH3N=CHCN, 

that is a I,2 -hydrogen shift from the iminic carbon atom to the adjacent nitrogen atom: in this way, a 

CH3NH=CCN diradical can be formed as follows : 

CH3 
/ 

N C)') N 

H 
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This radical is expected to be less stable than the originating imine. Nevertheless, calculations have 

been performed also on this radical because, as it will be seen in the following sections, it has been 

found that it can act as a precursor for the formation of the decomposition products experimentally 

detected in the 2-azidopropionitrile pyrolysis. 

Two structures have been found for this radical, labelled cis or trans according to the relative 

orientation of the methyl and cyano groups. Their geometries are shown in Figure 5.105, and the 

important geometrical parameters for the most stable trans structure are listed in Table 5.69 . Both are 

planar structures (point group Cs). 

Figu.oe 50105- StructUloes cis (left) and trans (right) ofCHJNH=CCN optimized at the MP2I6-3IG** level 

Table 5069- The most significant geometJoical paramete.os fo r st.-uctUloe trans ofCHJNH=CCN - see Fig\lloe SolOS fo.o 

the labelling of the atoms 

Bond Length (A) Angle Value (") 

C2-N3 1.187 N3-C2-CI 172.14 

CI-C2 1.445 C2-CI-N4 110.89 

CI-N4 1.3]2 HS-N4-CI 12305 

N4-HS 1.021 C6-N4-CI 121.81 

N4-C6 l.459 H7-C6-NS 106.98 

C6-H7 1.085 N3-C2-CI-N4 179.86 
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The most relevant difference between the geometries of this radical and the imine it originated from is 

the long bond distance between the carbon and nitrogen atoms on which the 1,2-H shift has undergone: 

from 1.28 A it has increased to 1.31 A. This is expected from the loss of double bonding character 

between these two atoms. However, the small increase shows that the bond has still some double bond 

character: this indicates that the radical prefers to redistribute its electron density forming a charged 

imine, with a negative charge on the carbon and a positive charge on the nitrogen, following the 

scheme 

From the calculated bond lengths, it appears that this molecule prefers to exist in the iminic form: 

therefore, the molecule should be better treated as a charged imine rather than a radical. 

The two optimized structures have total energies of respectively -225.4572496 (cis) and -225.4586603 

(trans) hartrees. Their energy difference is then 0.885 kcallmol, a value comparable with the difference 

between the conformers of the originating imine CH,N=CHCN. The difference between the trans 

confonners of the two imines (which are the most stable conformers for both molecules) is 31.71 I 

kcallmol, indicating- as expected- a much reduced stability for the charged imine. 

The large energy gap makes unlikely the experimental observation of this charged imine in the 2-

azidopropionitrile thennal decomposition process. No details of the calculated VIEs and vibrational 

frequencies will be reported here. Only the computed IR spectra are displayed- in Figure 5.106- to 

show that no relevant bands are expected in the region above 1650 cm- I
, that is where the experimental 

IR matrix isolation results show the presence of a band associated with a stable pyrolysis product (1724 

cm- I
). In fact, structure trans of this charged imine shows a relevant peak at 1656 cm- I

, associated with 

the C=N stretching mode. This value is very close to the one predicted for CH3N=CHCN for the same 

vibration (around 1685 cm- I
). 
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Figur'e 50106- The infl'ared spectJ"a for the conforomers ci..\" (left) and traIlS (Ioight) of CH,NH=CCN calculated at the 
MP2/6-31G** levelo The fl'equencies al'e 10epol·ted in cm" 

Moreover, it was found that the singlet nitrene can undergo a different isomerization, leading to the 

formation of a cyclic amine, (CyC-CH2NHCH)-CN: the first step of th is process is the same as that 

leading to the formation of CH3N=CHCN, that is the attack of the nitrogen onto the methyl group 

followed by a 1 ,2-H shift from the carbon to the nitrogen. 

c:~ 
H H 

( cyc-CH2NHCH)CN 

Two structures have been optimized for the cyclic amine, according to the possible relative orientation 

of the cyano group to the aminic hydrogen (cis if both on the same side of the ring, trans if on opposite 

sides). Their geometries are reported in Figure 5.107, and the most relevant geometrical parameters for 

structure cis- the most stable one- are listed in Table 5.70. 

Their calculated total energies are respectively -225.4937989 (cis) and -225.4925642 (trans) hartrees, 

corresponding to a difference of 0.775 kcallmol. The two structures are therefore both likely to be 

produced in the pyrolysis of2-azidopropionitrile. 

The VIEs of these two structures obtained by applying Koopmans ' theorem to the energy of the 

molecular orbitals for the MP2/6-3JG** stmctures are reported in Table 5.71. The main difference 

between the two structures- apart from the mean 0.2 e V shift of the first two PE bands- is the fact that 

in structure trans the computed value for the third VIE is very close (0.27 e V) to that for the second 

VIE: in the experimental photoelectron spectrum the two would probably merge into the same band. 
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For structure cis the separation is bigger (0.43 eV), so that it should be possible to distinguish them 

experimentally. 

H9 

FigUloe 50107- The stmctu.oes cis (left) and trans (.oight) of (CYC-CH2NHCH)CN optimized at the MP2I6-31G** level 

Table 5070- The most significant geometrical paramete.os fOlo stmctu.oe cis of (CYC-CH2NHCH)CN - see FigUloe 50107 
fo.o the labelling of the atoms 

Bond Length (A) Angle Value C) 

C2-N3 1.183 N3-C2-Cl 178.85 

CI-C2 1.446 C2-CI-NS 119.30 

CI-H4 1.082 H4-CI-CS 121.63 

CI-CS 1.490 H6-CS-CI 119.60 

CI-NS 1.478 H9-NS-CS 109.97 

CS-NS 1.465 CS-NS-CI 60.85 

H6-CS 1.083 H9-NS-CI-C2 4.49 

H9-NS 1.018 H6-CS-CI-H4 -148.06 

CS-NS-CI-C2 107.13 
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Table 5.71- The first six calculated vertical ionization energies for the two confo.·me.·s of (cyc-C H2NHCH)CN 

"cis" "cis" "trans" "trans" 

KT calculated KT calculated KT calculated KT calculated 

VIE (eV) VIE *0.92 (e V) VIE (eV) VIE *0.92 (eV) 

11.19 10.30 11.39 1048 

12.51 1151 12.26 1128 

13.09 12.04 12.53 11.53 

14.52 13.36 14.50 13.34 

14.79 13.61 14.88 13 .69 

15.27 14.05 15.12 13 .91 

Harmonic vibrational frequencies have been calculated for both conformers at the MP2/6-31G** level , 

and are reported in Table 5.72 . The full IR spectra are shown in Figure 5.108. As can be seen, the most 

relevant differences appear in the region below 1300 cm- l in which structLU-e cis displays a\1 the bands 

with increased intensity- with the exception of the band at 550 cm- l
_ with respect to the one at 890 cm-l 

which is the strongest for both confonners. Noteworthy is also the fact that no relevant contributions 

are expected in the region between 1500 and 2000 cm- l and that the C",N stretching mode is expected 

to be very weak, in particular for the cis conformer. 

FigUl-e 5.108- The infm.-ed spectm fo.· the confo.-me.-s cis (left) and trans (right) of (CyC-CH2NH=CH)CN calculated 
at the MP2/6-31G·* level and assuming a Gaussian shape fo.- the peaks. Frequencies are expressed in cm-' 
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Table 5.72- Calculated infmred bands for the two eonformel's of (eye-CH,NH=CH)CN (absOI'banees in Km/mol, 
fl'equeneies in em-I) 

Cis Trans 
Intensify Intensity Normal mode 

frequencies frequencies 

547.3 1.55 526.7 2.85 
801.5 19.26 552.7 7.19 
862.1 42.41 807.2 9.82 
955.6 24.34 888.7 47.41 
985.8 9.60 933.9 14.48 
1047.4 9.04 975.8 15.07 
1151.5 3.95 1013.8 3.81 
1174.0 3.33 1159.6 1.80 
1220.4 24.80 1232.6 18.86 
1284.4 12.60 1266.9 1930 
1325.9 7.68 1315.1 6.51 
1427.3 3.55 1461.6 4.50 C-H bending 
15643 1.45 C-H2 scissoring 

2211.5 1.31 C=N stretching 

3223.1 7.64 3221.6 9.39 
C-H2 symmetric 

stretching 
3269.4 1.63 3253.1 3.49 C-H stretching 

3329.2 6.12 3329.1 5.03 
C-Hz asymmetric 

stretching 
3584.7 5.68 3590.0 4.47 N-H stretching 

As already mentioned, when the pseudo-nucleophilic attack of the nitrogen atom occurs on the cyano 

group, CH3CH=NCN is formed. 

Two structures have been optimized at the MP2/6-31 G* * level, according to the relative orientation of 

the cyano and the methyl groups, and consequently are labelled as cis or trans structures. Their 

geometries are reported in Figure 5.109 and the most important geometrical parameters for the most 

stable one, structure trans, are listed in Table 5.73. Being planar, their point group is Cs . 
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Figur'e 5.109- The stmctures cis (left) and tram- (J"ight) ofCH3CH=NCN optimized at the MP2I6-31G** level 

Table 5.73- The most significant geometrical pa"amete,'s fo,' stt'uctu,'e trans of CH3CH=NCN - see Figur'e 5.109 rOl' 

the labelling of the atoms 

Bond Length (A) Angle Value n 
C3-N4 1.187 N4-C3-N2 17475 

N2-C3 1.357 C3-N2-Cl 117.38 

CI-N2 1.292 HS-CI-N2 121.63 

CI-HS 1.092 C6-CI-N2 120.35 

CI-C6 1.487 H7-C6-Cl 110.12 

C6-H7 1.087 N4-C3-N2-Cl 179.99 

The calculated total energies are -225.5130145 (cis) and -225.5135792 (trans) hartrees, meaning a 

difference between the two conformers of only 0.354 kcal/moI. 

Given this very small difference in stability, the two structures will both contribute to the experimental 

PE and IR spectra- assuming that CH3CH=NCN is formed in the pyrolysis of 2-azidopropionitrile. 

Therefore both structures will be considered when VIEs and vibrational frequencies are presented. 

VIEs obtained for the MP2/6-31 G** structures by applying Koopmans' theorem to the molecular 

orbital energies are listed in Table 5.74 . 
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Table 5.74- First five calculated ve,·tical ionization energies fOI" the two conforme,'s ofCH3CH=NCN 

"cis" "cis" "trans" "trans" 

KT calculated KT calculated KT calculated KT calculated 

VIE (eV) VIE *0.92 (e V) VIE (eV) VIE *0.92 (eV) 

11.14 10.25 1UO ]0.22 

11.340 10.49 11.47 ]0.552 

14.02 12 .90 13.95 12.83 

14.79 13.60 14.81 13.63 

15.15 13.94 15.12 13.91 

The two structures display the same pattern of bands; it is possible that given the small difference 

between the energy of the first and second VIEs, a single band would be observed in the experimental 

photoelectron spectrum in the 10.5 eV region. 

The harmonic vibrational frequencies, calculated at the MP2/6-31 G* * level, are listed for both 

conformers in Table 5.75 . The computed IR spectrum is reported in Figure 5.110. 

The spectnun of structure cis, apart from a higher intensity of the band at 1525 cm - I , disp lays a more 

congested series of bands in the region below 1200 cm- I
. Both conformers are characterized by a so'ong 

peak at 1725 cm- I due to the C=N stretching mode, 

FigUl'e 5.110- The infrared spectm for the confo"me,'s cis (left) and trans (J"ight) of CH3CH=NCN as calculated at the 
MP2/6-31G** level and assuming a Gaussian shape for the peaks. F"equencies a,'e expressed in cm-I 
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Table 5.75- Calculated infl'al'ed bands for the two confol'mel's of CH,CH=NCN (absol'bances in KIll/mol, fl'equencies 
in cm' l) 

Cis Trans 

frequencies 
Intensity 

frequencies 
Intensity Normal mode 

4509 191 444.7 7.48 
549.7 4.45 497.7 11.70 
678.7 6.26 588.6 237 
889.4 5.11 909.1 14.1 1 
908.0 6.02 913 .0 7.23 
998.1 809 1074.8 4.83 
1187.7 1157 1195.8 90 1 

1435.4 2.93 1420.0 1.33 
C-H bending-
C-H3 wagging 

1457,6 16.58 1459.7 10.21 
C-H, wagging-

C-H bending 

1526.0 2197 15233 19.69 
C-I-h in phase 

sClssonng 

1527.5 9.85 1528,2 999 
C-H,out of phase 

scissoring 
1718.1 5101 1723.3 71.55 C=N stretching 
2179.2 9.14 2185.3 12.68 N-C",N stretch ing 

3129.2 103 31303 205 
C-H3 symmetric 

stretching 

3214.3 2.90 3167.7 19.21 
C-H3 asymmetric 

stretching 
3226.3 12.20 3212 .2 4.58 C-H stretching 

3253.9 3.86 3265.3 3.45 
C-H3 asymmetric 

stretching 

- As it was the case for CH3N=CHCN, in CH3CH=NCN it is evident that in structure cis it is easy to 

promote a l,2-hydrogen shift between the carbon and the nitrogen atoms to form a charged imine with 

formula CH3C=NHCN. 
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Also for this imine, two planar structures, cis and trans, have been optimized at tlle MP2/6-31 G* * leve l 

with different orientations of ilie cyano and methyl groups: they are repOlied in Figure 5.11 I, and Table 

5.76 lists the most relevant geometrical parameters for structure cis, which in this case is the most 

stable one probably because of ilie lack of repulsion between the hydrogen atoms on the nitrogen and 

those on ilie methyl group which characterize structure trans. The value of the C=N bond distance 

(1.34 A) is very close to the one in the originating CH3CH=NCN imine, confirming tllat also in this 

case ilie newly formed structure shows ilie character of an imine witll charges on the imin ic carbon (-) 

and nitrogen (+) atoms rather than a diradical character. 

FigUl'e 5.111- The stmctUloes cis (left) and trans (right) ofCH,C=NHCN optimized at the MP2I6-3IG** level 

Table 5.76- The most significant geometJ"ical pammeters fo,o structUloe cis ofC~C=NHCN - see FigUloe 21 fo,' the 
labelling of the atoms 

Bond Length (A) Angle Value C) 

C3-N4 1.183 N4-C3-N2 179.17 

N2-C3 1.382 C3-N2-Cl 128.27 

CI-N2 1341 HS-N2-Cl 117.67 

N2-HS 1.013 C6-CI-N2 112.65 

CI-C6 1.494 H7-C6-Cl 118.19 

C6-H7 1.094 N4-C3-N2-CI -0031 
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The total energies for the two structures have been calculated as -225 .4324657 and -225.4324485 

hartrees: this means a difference between the two confonners of just 0.011 kcallmol. The difference 

between the most stable conformers of CH3C=NHCN and CH3CH=NCN (the initial imine undergoing 

the I,2-hydrogen shift) is 50.90 kcaVmol: such a marked difference in stability makes highly unlikely 

the experimental observation of CH3C=NHCN in the pyrolysis experiments of 2-azidopropionitrile. 

Therefore, no details on the calculated VIEs and vibrational frequencies on this imine will be repOIted 

here. Only the calculated IR spectra are shown in Figure 5.112, to show that in this case no strong 

bands in the 1600-1800 cm-! region are expected, therefore discounting CH 3C=NHCN as the species 

associated with the band at 1742 cm! observed in the decomposition experiments conducted in the 

nitrogen matrix. It is noteworthy that- despite the almost identical total energies between the cis and 

trans structures- the calculated IR spectra of the two conformers show marked ctifference in the 

intensity ratios of the bands, especially above 1400 cm-! . 

FigUl'e 5.112- The infra"ed spectr'a fOi' the conforme.·s cis (left) and trans ("ight) ofCH3C=NHCN as calculated at the 
MP2/6-31G** level with a Gaussian shape fo.· the bands. F"equencies exp"essed in cm-' 
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5.6.5.1 SUMMARY OF THE AB INITIO RESULTS ON THE INTERMEDIATES 

Five possible imines and a cyclic amllle have been considered as intermediates for the thermal 

decomposition of 2-azidopropiopnitrile, and the geometries of their different conformers have been 

optimized. These molecules are: 

CH3C(CN)=NH 

CH3N=CHCN 

CH3NH=CCN 

CH3CH=NCN 

CH3C=NHCN 

( cyc-CHzNHCH)CN 

The relative energies indicate a marked stability of the imine + N2 system in comparison to the azide: 

CH3C(CN)=NH + Nz is located at an energy 51.2 kcallmol lower than 2-azidopropionitrile, 

CH3N=CHCN + Nz at 41.9 kcal/mollower and CH3CH=NCN + N2 at 44.6 kcallmollower. 

The two other imines are fonned as a consequence of 1,2-hydrogen shifts from CH,N=CHCN and 

CH3CH=NCN, and are much higher in energy (respectively -10.1 and +6.3 kcallmol with respect to the 

azide). 

Also the cyclic amine proved to be stable, its energy having been located 32.2 kcallmol below the one 

of the azide. 

Considering the higher energies of the two charged imines, it was assumed that it is likely that they will 

not been observed even as short-lived molecules in the 2-azidopropionitrile thermal decomposition 

process and hence they will not be considered when the spectroscopic characteristics of the 

intermediates are discussed. 

The first five VIEs calculated for the most stable confonners of these four molecules (and scaled by the 

0.92 factor [27, 28]) are listed in Table 5.77. 

From the experimental results, the only possible sign of a PE band associated with an intermediate is 

the one with VIE at roughly 1 1. 7 e V; from the calculation, three of the suggested compounds are 

expected to present a band in that region. Only CH3CH=NCN is not expected to show bands in the 11-

13 eV IE region. However, it must be considered that the results from Koopmans' theorem are not 

completely reliable because of neglect of reorganization and electron correlation change on ionization. 

Considering also the uncertainty of the experimental evidence, it is therefore not safe to rule out 

CH3CH=NCN from the possible observed compounds. 
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Table 5077- Ionization ene,ogies calculated with Koopmans' theOloem at the MP2I6-31G** level fOlo the most stable 
products originating from the isome,oization of the nihoene p.-oduced by decomposition of 2-azidop.-opionitrile 

cis-CH3C(CN)NH trans-CH3NCHCN trans-CH3CHNCN cis-(cyc-CH2NHCH)CN 

KT calculated KT calculated KT calculated KT calculated 

VIE*Oo92 (eV) VIE *0092 (eV) VIE *0092 (eV) VIE *0092 (eV) 

10.85 10.48 10.22 10.30 
11.66 11.49 10.55 lUI 

- ---

12.22 11.75 12.83 12.04 
-

12.90 12.96 13.63 13.36 .. -.--~ .. -
14.36 13.98 13.91 13.61 

For the IR bands, the only sign of a reaction product not assi,gnable to any of those clearly detected 

(HCN, CHlCN, CH3NC, CH2=C=CN) is the thermally stable band at 1742 cm': the presence of an 

impurity in the starting azide makes uncertain the attribution of this band to a genuine decomposition 

product of the azide, because it could be a product originating from the decomposition of the impurity. 

The infrared bands above 1300 cm" calculated for the four most stable candidate compounds are listed 

in Table 5.78. As can be seen, only CH3CH=NCN presents a band in the 1600-1700 cm" region, and 

knowing that calculated frequencies are always overestimates of the experimental ones, it is difficult to 

say if the experimental band at 1742 cm" could be attributed to the C=N stretching in CH)CH==NCN. 

Table 5078- Harmonic vib.-ational f,oequencies calculated at the MP2I6-31G** level fo,' the most stable p.-odllcts 
originating f,oom the isomerization of the nihoene p"odllced by decomposition of 2-azidop,00pionit"ile 

cis-CH3C(CN)NH trans-CH3N CH CN trans-CH3CHNCN ci.\·-(cyc-CH2NHCH)CN 

frequencies (cm") frequencies (cm .1) frequencies (cm .1) frequencies (cm· l
) 

1368.9 1325.9 
1410.8 1420.0 1427.3 

1458.8 1485.6 1459.7 
1529.0 15233 
1530.3 1532.2 1528.2 

1553.6 1564.3 
1676.0 1695.4 1723.3 
2166.7 2191.8 21853 

3090.9 
.. -

3136.6 3144.1 3130.3 
3202.2 3167.7 

3225.4 3229.7 3212.2 3223.1 
--------~----- ----------

3265.5 32653 3269.4 
..... - --- ----- -

3329.2 
-- _._------------ - -.--- .- -- -------------- --_._- ,-" ---_._-_ ... - -- - --- --- --------

3526.5 3584.7 
----------- - --- - -- -- ---- .. -- -- --------- - .. - -------- - ------ -- ---
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5.6.6 PROPOSED DECOMPOSITION MECHANISM AND ENERGY LEVELS 

The results of the ab initio calculations do not support the presence of either an intell11ediate- as 

suggested by PES- or a stable product- as suggested by matrix IR- other than the observed stable 

products (nitrogen, cyanic acid, methyl cyanide, methyl isocyanide, ketenimine). The six intermediates 

found in the calculations- five imines and a cyclic amine- formed by isomerization of 2-

nitrenepropionitrile are therefore assumed not to be experimentally observed. 

Nevertheless, these molecules are crucial in the definition of an energy surface connecting the azide to 

its decomposition products. 

Summarizing, 2-azidopropionitrile is supposed to decompose by first forming 2-nitrenepropionitrile, 

whose structure has not been optimized and therefore it is supposed that it immediately decomposes in 

a very short time after its formation. Even if there is still the possibility that the imines or the products 

could be obtained directly from the azide with a concerted mechanism, the fact that it was possible to 

locate transition states originating ii-om the nitrene leads to the assumption that the nitTene is actually 

formed, as consequence of the release of molecular nitrogen from the azide, even with a very short 

lifetime. A concerted mechanism forming N2, HCN and CI-I]CN at the same time from the azide 

directly might be possible, avoiding any kind of nitrene formation, but attempts at locating a suitable 

transition state for this process have not proved successful. 

The nitrene isomerizes through four altell1ative pathways, three of them producing a different Illl\l1e 

intermediate and the fourth producing the cyclic amine; this amine can further isoillerize to 

CH3N=CHCN. On the basis of the structure of CH3N=CHCN, the formation of methyl isocyanide is 

therefore explained. CH3CH=NCN is on the other hand a good precursor for ketenimine. 

CH3C(CN)=NH (2-iminopropionitrile) has been found to be a suitable intermediate for the production 

of all the observed decomposition products, CH3CN, ketenimine and CH3NC (this latter compound via 

a further isomerization). 

Despite their predicted stability, the imine intermediates have not been experimentally detected: this 

could be due to the high intell1al energy with which they are formed. Figure 5.113a reports the energy 

level diagram at 0 K for the decomposition paths of 2-azidopropionitrile. The calculations showed that 

the energy surface is very complex, with different transition states linking the stable products. 

In the diagram all the minimum energy structures located have been included, including the two 

different imines formed by a 1,2-H shift on the primary imines (e.g. CFbN=CI-ICN -7 CH3NH=CCN) 

Although all of these intermediates have not been experimentally observed, they have been included in 
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the diagram because they can explain the formation of ketemine, which is observed- although wcakly­

in the experiments. 

To illustrate the contribution of entropy to the reaction, a fi'ee energy level scheme at 298 K is reported 

in Figure 5 .113b: in this diagram, for the sake of clarity, a simplification was made by considering only 

the most likely pathways (those with lower transition states). The general free energy level diagram is 

reported in more detail in Figure 5.114, and the labelling and geometrics of the transition statcs arc 

shown in Table 5.79 and Figure 5.1 15. 

As expected, considering 6S, the energies of the product relative to the azide are all significantly lower, 

by around 25 kcallmol. Also the transition states and the intermediate imines are lowered in encrgy, but 

to a lesser extent (about 10-15 kcal. mo I). 

From the diagram it is seen how the free energies of the observed products are not- apart from CH,CN 

channel- lower than those of the intennediate imines: simple energetic considerations do not explain 

why experimentally the imines are not clearly detected. The crucial factor must be thc fact that the high 

temperatures at which these imines are fonned lead to the formation of products with a high internal 

energy: for big molecules such as the imines or the cyclic amine, the possibility of dissipating this 

excess energy into translational, rotational and vibrational energy is not enough to keep the molccule 

intact. It is possible that some vibrational modes are so excited that the molecule falls apart into smallcr 

fragments: in this way the internal energy is better dissipated, and only the smaller molecules (I-ICN, 

CH3CN, CH3NC and CH2=C=NH) are experimentally detected, cven if the energy of methyl 

isocyanide and ketenimine are not as favoured as those of the imines or the cyclic amine. 

The imines, even if not experimentally observed, could nevertheless be present as very reactivc species 

on the decomposition path: the calculations show that is much easier to find a series of transition statcs 

for the stepwise mechanism involving the formation of imines rather than locating a single transition 

state for a concerted path. Moreover, the stepwise path can explain the small amount of ketenimine 

observed in the IR and PE spectra: the energy barriers for the formation of ketenimine are lowcr than 

those leading to the formation of the cyanides. As can be seen in the diagram, ketenimine can bc 

formed on either side of the energy surface, both parallel to CH3CN formation or to CH3NC formation. 

Experimentally, the amount of CH}NC produced decreases with increasing temperature: this is despitc 

the fact that the activation energy barrier for the production of the isocyanide is the highest and 

therefore likely to be produced more at higher temperatures. This partial contradiction is explained by 

the fact that at those temperatures the thermodynamic equilibrium between isocyanide and cyanidc is 

much in favour ofCH3CN, so that at very high temperature only CH,CN will be observed. 
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The overall thermal decomposition mechanism of 2-azidopropionitrile can be drawn schematically­

without taking into account the intennediate steps via the imines obtained by I ,2-hydrogen shift- as: 

N --N 

+ + 
HeN HeN 

.. 

/ \ 
---

+ 
HeN 

--N 

in which only the products in the last row are experimentally detected. 

/ 

+ 
HeN 

+ 
HeN 

Table 5.79 reports the relative energies (at 0 K) and free energies (at 298 K) of the optimized structures 

and of the transition states found, setting as zero the total energy of the parent azide. Figure 5.115 

shows the geometries of all the transition states of the system optimised at the MP2/6-31 G** level, and 

it shows how the imines that have been located are necessary to explain the formation of molecules, 

such as CH3NC and CH2=C=NH, whose formation are not immediately explained from the geometries 

of the 2-azidopropionitrile conformers. The labelling of the transition states reflects that used in Figure 

5.114 and explained in Table 5.79. 
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Table 5,79- Relative energy and fl'ee energy values calculated at MP2/6-31 G** level fOl' pl'oducts and tl'ansition 
states of the 2-azidopl"Opionitrile decomposition system 

- -. ---------

Energy Free energy Transition TS Energy Fl'ee enel'gy 
Structure 

(kcal/mol) (kcal/mol) state label (kcal/mol) (kcal/mol) 

CH3CH(CN) N3 0 0 TS azide- TS5 51.55 4684 
cyclic amine -.. -.---.----~ ~--------.---~ t------ ---------

( CYC-CH2NHCH)-CN -32_19 -4323 
TS azide-

TSI3 62.27 5754 
CH3N=CHCN 

- ---t------- -----

CH3N=CHCN -41.85 -54_62 TS azide- TSI 56.65 51.94 
CH3CH=NCN 

." - .-~------ .. ~--

CH3NH=CCN -10.14 -22.45 
TS cyclic amine-

TS6 43.35 28.17 
CH3N=CHCN 

-- -- ---.---

CH3CH=NCN -44_60 -57.53 
TS CH3N=CHCN-

TS7 38.70 21.22 
CH3NH=CCN 

--.--~ 

CH3C=NHCN + 6.30 -7.29 
TS CH3N=CHCN-

TS8 57.29 40.53 
CH3NC 

- -- ----~-----

CH3C(CN)=NH -51.21 -63.98 
TS CH3NH=CCN-

TSI2 64.90 46.72 
CH3NC ._---

CH2=C=NH + HCN -11.25 -3706 
TS CH3NH=CCN-

TS9 52.14 37.54 
CH3C(CN)NH 

--- ------

CH3NC+HCN -18.78 -43.70 
TS CH3C(CN)NH 

TSII 24.50 6.76 
-CH3CN 

."---

CH3CN+ HCN -47.13 -72.09 
TS CH3C(CN)NH 

TSIO 45.54 28.27 
-ketenimine 

TS CH3CH=NCN-
TS2 47.94 30.11 

CH3C=NHCN 
TS CH3CH=NCN-

TS4 91.58 70.38 
CH3CN ._._-_._-

TS CH3C=NHCN-
TS3 30_37 13.86 

ketenimine 
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Figu,'e 5,115- The geometries of the tJ'ansition states optimised on the decomposition su,'face of2-azidopl"Opiollih'iJe 
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5.7 3-AZIDOPROPIONITRILE 

5.7.1 EXPERIMENTAL SECTION 

Photoelectron spectroscopy 

Despite the fact that they are isomers, 2- and 3-azidopropionitrile have remarkably different vapour 

pressures: 3-azidopropionitrile (N3CH2CH2CN) is a much less volatile liquid than 2-azidopropionitrilc 

In order to obtain a PE spectrum of 3-azidopropionitrile it was necessary to place thc sample in two 

small glass vials which were held by some glass wool at roughly 2 centimetres above the heating 

region: this meant that the sample was in an intermediate temperature zone, therefore helping thc 

vaporization process, but the result of using a small amount of sample was reflected in a reduced timc 

available for the acquisition of spectra. The time available for a pyrolysis run was therefore reduced 

with respect to that for 2-azidopropionitrile; nevertheless, in this way, the PE spectra obtained wcre of 

about the same signal-to-noise ratio as for 2-azidopropionitrile. 

Also in the case of 3-azidopropionitrile the temperature of full decomposition was low enough to allow 

a resistive heating system to be used on the photoelectron spectrometer with a 10 cm-mean radius of 

the hemispheres of the analyzing chamber (see Figure 2.1). 

The procedure for the acquisition and calibration of the photoelectron spectra followed the same pattern 

as described in Chapter 2. Calibration of spectra obtained on pyrolysis of the azide was normally 

achieved using the bands associated with the first vertical ionization energies (VIEs) of N2 (I 5.579 e V), 

H20 (12.616 eV) or ofHCN (13.60 eV) [8]. 

Matrix isolation IR spectroscopy 

The apparatus and the procedure for the acquisition of infrared spectra in nitrogen matrices have been 

described in Chapter 2. Deposition times were of the order of 30 to 60 minutes, and the matrix dilution 

ratios were estimated to be above 1000: 1. 

362 



5.7.2 SAMPLE PREPARATION AND CHARACTERIZATION 

PREPARATION 

Samples of 3-azidopropionitrile (N3CH2CH2CN) were obtained from the reaction of 3-

chloropropionitrile with sodium azide using water as solvent. In this preparation, 3-chloroacetamide 

was added slowly to 3 equivalents of sodium azide (3 equiv). The mixture was stirred for 24 hours in 

an oil bath at 60°C. After cooling, the product was extracted with dichloromethane, and the organic 

phase, in which the azide was dissolved, was dried over anhydrous sodium sulphate, filtered and 

concentrated using a rotary evaporator. The impure azide was purified by distillation in a Kugelrohr 

apparatus under vacuum. 

CHARACTERIZATION 

3-Azidopropionitrile (N3CH2CH2CN) is a colourless liquid. It was characterized in the vapour phase by 

ultraviolet photoelectron spectroscopy and electron impact mass spectrometry and in the liquid phase 

by 1H_ and 13C-nuclear magnetic resonance (Bruker AMX-400), and by infrared spectroscopy (Mattson 

Satellite FT -TR). 

Mass spectrometry: the 70 eV electron impact mass spectrum shows the parent peak at 96 amu, with a 

weaker peak at 97 amu corresponding to the protonated azide. The base peak was found at 28 amu, 

corresponding to N2 + and CH2N+ ions. Strong peaks were found at 53 (CHCH1CN+), 54 (Cl-hCI-hCN'), 

40 (CH2CN+, CCH2N+), 41 (CH3CN+, CHCH2N+), 42 (N3 +), 67 (NCH2CHCN+) and 27 (CI-bCI-I+, 

HCN+) amu. For each of these signals, other peaks were present at 1 and 2 amu lower, indicating a high 

probability of deprotonation of the fragment during the electron impact. 
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IH_ and 13C_NMR spectroscopy: the !H-NMR spectrum in CDCb solution, presented in Figure 5.117, 

displays two triplets due to the methylene groups, one centred at 2.572 ppm relative to TMS, and one 

centred at 3.571 ppm. By comparison with the results obtained for previous azides, they have been 

assigned respectively to the methylene group adjacent to the cyano b'TOUP and to that adjacent to the 

azide chain. The spectrum reported in Figure 5.117 was recorded before distilling the sample: as can be 

clearly seen, there are two additional triplets, centred at 251 and 2.95 ppm, reflecting a not negligible 

amount of impurities. When the spectrum was recorded on the distilled sample, these signals practica1Jy 

disappeared: in this case, the ratio between the integrals of the two triplets of 3-azidopropionilTile was 

exactly 1.0: 1.0. 

The J3 C-NMR spectrum (in CDCh solution, Figure 5.118) shows peaks at 18.2 ppm (relative to TMS) 

assigned to the carbon adjacent to the cyano- group, at 46.6 ppm assigned to the carbon adjacent to the 

azide group, and at 117.7 ppm, assigned to the cyanide carbon. 

Infrared spectroscopy: the IR spectrum of the pure compound in the liquid phase was recorded 

between KBr plates, and is reported in Figure 5.119a. The most intense band was once again that 

associated with the azide stretch: a broad band was observed at 2095 cm'!; in contrast with 2-

azidopropionitrile, here a sharp satellite band is visible at 2251 cm'!: it is not clear if this corresponds to 

an additional stretching mode of the chain or it can be associated to the C=N stretch, because according 

to ab initio calculations (see Section 5.6.3) this band should appear at a lower wavenumber than the N­

N-N stretch. The second most intense band was a broad one at 1268 cm'!, associated with the C-N-N 

stretch, while the bands associated with the C-H stretching modes were found at 2942 and 2886 cm'l. 

The other most important bands were at 1456, 1418, 1351,1332,1054,1011,953,911,833 and 773 
, ! 

cm . 

Figure 5.119b shows the IR spectrum of 3-azidopropionitrile obtained in a nih"ogen matrix. As 

happened for 2-azidopropionitrile, in contrast with the spectrum acquired in the liquid phase, in the 

matrix the bands associated with the N-N-N and C=N stretches are better resolved, and also the bands 

in the 1500-1000 cm'! region display a different intensity pattern: in general however, the differences 

between the spectra acquired with the two techniques are negligible, and smaller than in 2-

azidopropionitrile. 

In Section 5.6.3 the IR spectra of 3-azidopropionitrile in the liquid phase and in a N2 matrix will be 

presented in comparison with the results obtained from ab initio calculations of the vibrational 

frequencies. 
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Figure 5.118- I3C_NMR spectrum of3-azidopropionitrile recorded in CDCh solution 
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Photoelectron spectroscopy: all the spectra were recorded using He( I) radiation (21. 22 e V). 

Photoelectron spectra of the parent azide were calibrated using argon and methyl iodide [18] added to 

the ionization chamber along with the azide vapour samples. The photoelectTOn spectra of the azide 

precursor, 3-chloropropionitrile, were also recorded and calibrated to check for its possible presencc as 

in impurity in the azide spectra, but all the 3-azidopropionitrile samples seemed free li'olll any 

detectable trace of the precursor used in the preparation. The pressure of the azide in the ionization 

region was set at approximately 10-4 tOIT. 

Figure 5.120 shows the PE spectrum of 3-azidopropionitrile at room temperature, along with the 

labelling of the bands. These have been calibrated by averaging the values obtained in seven different 

spectra, and the values are presented in Table 5.80. A more detailed description of the molecular 

orbitals involved in the ionizations associated with the photoelectron bands will be reported in the 

following section. 

Table 5.58- Calibrated vel·tical ionization energies of 3-azidopropionitrile- see FigUl'e 5.93 fOi' band labelling 

Band A B C D E F G H 

VIE (eV) 

±0.02 eV 
10.05 11.55 12.26 12.51 13.12 14.24 14.96 15.40 
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5.7.3 RESULTS OF AB INITIO MOLECULAR ORBITAL CALCULATIONS 

Molecular orbital calculations were carried out at the MP2/6-31 G* * level on the parent azide and on its 

decomposition products to facilitate the spectral interpretation and the assignments of the bands by 

calculating vertical ionisation energies (VIEs) and infrared frequencies and intensities. Also, the 

geometry of the azide and the imines were computed, and relative energy diagrams were constructed in 

order to trace the energy surface for the decomposition reaction. 

Four confonners of 2-azidopropionitrile were optimized, according to the relative orientation of the 

azide chain with respect to the cyano group and the methylene groups. 

The geometries of the four structures are reported in Figure 5.121: one of them is planar (point group 

Cs), while the other three have no symmetry element, and their point group is C I. 

Figu.·e 5.121- The four stmctures of3-azidop.·opionitrile optimized at the MP2I6-31G** level: clockwise from top 
left, they have been labelled trans-trans, trans-cis, cis-cis and cis-trans. 
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The labelling nomenclature has been chosen in a slightly different way from the one followed by the 

other azides: in this case, as can be seen from Figure 5.121, there are conformers in which it is 

ambiguous to state if the relative orientation of the cyano group to the protons of the methylene group 

adjacent to the azide chain is cis or trans. A different labelling method has therefore been used, 

reflecting directly the relative orientation of the azide and cyano groups: when the first nitrogen atom 

of the azide chain forms a 1800 dihedral angle with the cyano group (top row structures in Figure 

5.121), a first trans label is given, while cis is given when this angle is 60 0 (bottom row) The second 

trans or cis label is added to differentiate if the chain is pointing in roughly the opposite direction of the 

cyano group (left column structures of Figure 5.121) or in roughly the same direction (right column) 

The most stable structure is structure trans-cis; however, the four structures are surprisingly very close 

in energy (0.36 kcaVmol), suggesting tbat there should be almost free interconversion between the 

conformers which would therefore all contribute to the experimental spectra. The total and rclative 

energies calculated for the four conformers are reported in Table 5.81. 

Table 5.81- Total and J'elative ene'1~ies ofthe foul' confol'meJ's of3-azidopJ'opionitl"ile at the MP2/6-31G** level 

Structure 
Total energy Relative energy 

(hartrees) (kcal/mol) 

Cis-cis -334.6934514 +0.355 

Cis-trans -334.6935443 +0.297 

Trans-trans -334 .6936499 +0.231 

Trans-cis -334.6940179 0 

Figure 5.122 reports in detail tbe most stable of the four minimum energy structures, labelled trans-cis, 

along with the labelling of the atoms, while Table 5.82 summarizes its most sib'11ificant geometrical 

parameters. 
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Figure 5.122- StructUl'e trans-cis of3-azidopmpionitrile calculated at the MP2I6-31G** level 

Table 5.82- The most significant geometrical parameters fo.· the lowest ene.·gy stnlctllre of 3-azidopmpionih'ile (see 
FigUl'e 5.122 fo.· atom labelling) 

Bond Length (A) Angle Value e) 
Nll-NIO 1.164 Nll-NIO-N9 17238 

NIO-N9 1.249 NlO-N9-C4 11504 

N9-C4 1.474 N9-C4-Cl 11101 

C4-H7 1.087 C4-CI-C2 111.10 

Cl-C4 1.535 CI-C2-N3 177.96 

CI-C2 1.464 NlO-N9-C4-Cl 72.2 

C2-N3 1.182 N9-C4-C I -C2 176.5 

CI-H6 1.092 C4-CI-C2-N3 

Table 5.83 reports the VIEs for the two conformers as calculated by applying Koopmans ' theorem to 

the energies of the molecular orbitals obtained at the MP2/6-31 G * * level. The agreement is good for 

the first four bands, while the following bands show remarkable differences between theory and 

experiment; it is possible that 6-31 G* * is not an accurate enough basis set to describe this azide, or that 

Koopmans' theorem is a too crude approximation of the true VIEs . For this, VIEs using the t-..SCF 

method- calculating the energy of the azide cation at the same geometry of the neutral- were calculated. 

Unfortunately, only one VIE from ionization from the outer molecular orbitals could be calculated, due 

to the fact tl1at on removing an electron from a lower lying orbital convergence occurred to a lower 
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ionic state; this means that for a molecule of C] symmetry, higher VIEs could not be calculated with 

the LlSCF method. 

Table 5.83- Experimental and calculated vertical ionization enel"l~ies (VIEs) of the ftl'St seven bands 01'2-
azidopropionitrile in its trans-cis confol'mel' 

L1SCF 
Experimental KT calculated KT calculated 

Band calculated 
VIE (eV) VIE (eV) VIE *0.92 (eV) 

VIE (eV) 
------------- --- -- ----- - - - - --- -

A 10.05 10.711 9.791 11.584 

12.457 11.461 13.061 

B 11.55 12.468 11.470 12.289 

12.523 11.521 

B 12.26 12.999 11.959 

C 12.51 15.181 13.967 

D 13.12 15.577 14.331 

E 14.24 16.088 14.801 

Figure 5.123 represents the five highest occupied molecular orbitals for structure Irans of 3-

azidopropionitrile obtained at the Hartree-Fock level on the geometry optimized at the MP2/6-31 G** 

level. 

The shape and energy of these orbitals are quite similar to those obtained for 2-azidopropionitrile: this 

explains the similarity of the experimental PE spectra of the two isomeric azides, both in the VI Es and 

the shape of the bands. 

For the most stable conformer (confonner trans-cis), molecular orbital 25 (the HOMO) is mostly 1(­

antibonding in character: assuming the N-CHrCHrCN frame to be almost planar, the HOMO consists 

of Pn orbitals centred on the first and last nitrogen atoms of the azide chain, plus Pn antibonding 

character also seen between the first nitrogen of the azide and the adjacent methylene carbon. The Pn 

electronic density on the first methylene group is orientated so as to form a C)-bond with the adjacent 

methylene carbon atom and the hydrogen atoms. A very small contribution arises also from the lone 

pair on the nitrogen atom ofthe cyano group. 
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FigUl"e 5"123- The six highest occupied molecul3l" OJ"bitals calculated fOJ" stl"Ucture trolls-civ of 3-azidopl"Opionitrile 

MO 24 is a delocalized orbital, with major p,,-bonding contribution from the C=N group, and from a p" 

antibonding character between the first and last nitrogen atoms of the azide chain; one of the lobes of 

this latter p" antibonding density becomes a O'-bonding distribution between the last nitrogen of the 

azide chain and the adjacent methylene carbon atom and its hydrogen. There is also a O'-bond character 

between the two methylene groups. 

MO 23 is much localized orbital, almost totally characterized by a strong n-bonding contTibution on the 

C=N group- this time with a nodal plane corresponding to the N-CH2-CH2-CN plane- and by a 0'­

bonding contribution between the methylene and its hydrogen atoms: these two contributions are also 

p" antibonding between the cyano carbon and the adjacent methylene group. 

MO 22 is very similar to MO 23, with in addition a O'-bond between the second methylene group and 

the first nitrogen atom of the azide chain and a p" antibonding character arising from the lone pairs on 

the first and last nitrogen atoms of the azide group. 

Harmonic vibrational frequencies have been calculated for the four conformers of 3-azidopropionitrile 

via second derivative calculations at the MP2/6-31 G** level, with only partial allowance for electron 

correlation [15] . The calculated frequencies are higher than the experimental ones. The computed IR 

spectra are reported in Figure 5.124, and the frequencies and intensities of the bands are listed in Table 

5.84. 
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Also for 3-azidopropionitrile, the computed distribution of the frequencies is in good agreement with 

the experimental results, if the approximations used in tile calculations are considered. As usual for 

azides, the calculations overestimate tile intensity of the strongest bands relatively to the others . 

Therefore, tile experimental spectrum displays a much higher intensity for tile selies of bands between 

500 and 1200 cm- I
. The bigger discrepancy, as in 2-azidopropionitrile, is the contribution of the C=N 

stretch, which according to calculations should be a weak band roughly 100 cm- I wavenumbers lower 

than the azide stretch: in the experimental spectra, tile weak band satellite of tile N-N-N one is actually 

55 cm- I higher. It is not possible to definitely assign this band to the C=N stretch: in this case, the 

discrepancy between the predicted and the observed band would be remarkable . Moreover, in the 

experiment an inverted intensity ratio between the C-H stretching bands calculated at around 3100 cm-I 

was observed, because the higher frequency band is experimentally also tile strongest in intensity. 

The main difference between the spectra of the four conformers is the shape of tile two bands between 

1300 and 1400 cm- I
: in some cases, they are well separated, in otilers they almost merge, and their 

intensity ratio varies from 1: 1 to 7: 1. The spectrum recorded in the liquid phase shows a better 

agreement with ilie trans-cis structure, which is in fact the lowest in energy. The difference in enerl,'Y is 

however so small (just 0.36 kcal/mol) that at room temperatme the fom structures are probably all 

present and the experimental spectrum probably reproduces an average of the four pure spectra. 

The spectra in the nitrogen matrix are in this case very similar to those obtained in the liquid phase. 

, 
n 
t 
• n • I , 
• 

FigUl'e 5.124-lnfrared spectra for the four conformers of3-azidopropionitl"ile calculated at the MP2/6-31G** level 
(fir'st line conformers cis-cis and trans-cis, second line conformer's ci.~-trans and trans-trails; fr'equencies ar'e in cm -') 
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Table 5.84- Comparison between the expel'imentalliquid phase IR bands and the caIcnlated ones rOI' the minimum 
energy confOl'men; of3-azidopl'opionitdle (absOl'bances l'epoI"ted in pal'entheses in Km/mol; fl'equencies in cm~l) 

Cis-cis Cis-trans Trans-trans Trans-cis Experimental 
frequencies in Normal mode 

frequencies frequencies frequencies frequencies 
liquid phase 

538.1 544.8 537.5 547.1 
(6.96) (4.15) (6.44) (702) ______ •• _M_ 

570.8 572.6 
(4.14) (8.41 ) 

- ~ ---~--~--- t---- ~~ ~ ~ 

662.1 687.5 685.2 700.2 
(10.36) (8.65) (9.74) (11.69) 
852.0 851.4 798.3 
(1.93) (2.54) (l: 98) 

~-

865.9 861.2 949.6 946.8 
(4.77) (8.09) (15.41) (23.07) 
1024.6 998.6 1003.3 976.3 
(7.30) (11.56) (6.57) (I .26) 
1061.0 1043.1 1095.0 10690 
( 4.38) (3.84 ) (1.11 ) (371 ) 

1109.1 1105.2 1104.0 
(7.01) (332) (6.30) 

1246.0 1248.2 
(1.58) (1.21 ) --_._--

1298.0 1291.8 J 326.6 1308.4 
1199.3 

(18.69) (1.87) (10.76) (86.07) 
-~-

1334.3 1334.8 1329.5 1339.7 
1268.0 

(94.33) (141.39) (129.76) (4.35) 
1403.0 1402~7 13605 

133 \.6 C-H bending 
(13.79) (20.79) (61.49) 

------~-~- .. ~ .... -~. ~ ... - ----- --- -- ---- i 

1420.0 1417.9 1436.4 1427.8 
1351.1 C-H3 wagging 

(83.88) (5.49) (71.17) (9.84) 
1514.0 1521.4 1528.3 1525.1 

1418.0 
C-H3 in phase 

(8.94) (868) (4.64 ) (429) sClssonng 
---~ 

1551.6 1545 ~8 1557.2 1550.5 
1456.0 

C-Hl out of phase 
(10.25) (2.24) (8.25) (2.83) sClssonng 

---
2216.0 2214.2 2215.2 2211.8 

2251.3 C=N stretching 
(1.95) (1.75) (1.43 ) (1.03) 
2377.2 2369.0 2373.8 2366.4 

2095.3 
N-N-N 

(311.55) (285.9) (320.62) (302.80) stretching 
~-

3114.7 3131.1 3119.2 3140.0 
2885.8 C-H stretching 

(27.11) (2559) (18.72) (13.88) 
--,,--

3151.5 3139.9 3159.2 3148.6 CoHo symmetTic 
(2.35) (884) (2.45) (6.20) stTetching 
3178.8 3196.4 3180.5 

2941.7 
C-H3 asymmetric 

(18.66) (1.90) (14.44) stretching 
"---

3214.7 3237.7 3221.8 3240.8 C-H3 asymmetTic 
(1. 97) (5.70) (2.52) (5.35) stretching _. -------
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5.7.4 THERMAL DECOMPOSITION RESULTS 

Photoelectron spectroscopy 

Figure 5.125 represents the change in UV -photoelectron spectra when the vapours of 3-

azidopropionitrile are heated at respectively 70, 390, 420 and 450°C. 

The first evidence of pyrolysis, as in every organic azide, is the release of nitrogen (sharp band at 15.58 

e V, [8]): in the case of 2-azidopropionitrile the loss of nitrogen was observed to begin at approximately 

160 DC. HCN is produced at approximately 180°C, as can be seen from the vibrationally structured 

band with VIE at 13.60 eV [8], that appears in a region where no azide bands are present. Apart from 

N2 and HCN, the shape of the PE spectrum remains almost unaltered until 300°C, except f(x the 

constant lowering of the intensity of the azide bands, especially the first one. The first bands associated 

with decomposition products, other than nitrogen and cyanic acid, only appear at approximately 310 

DC, when two sharp bands at 12.21 and 12.45 eV are visible on top of the azide third band. Their shape 

and position correspond to the vibrational components of the first band expected for methyl cyanide 

[8]: its second band overlaps perfectly with the fourth azide bands at 13. 13 e V VIE. No sign of me thy I 

isocyanide (sharp band at 11.27 eV, [8]) is ever witnessed, but at temperatures above 350°C the broad 

first band of ketenimine is clearly visible at around 9.2 eV [35]. Its relative intensity is much higher 

than that observed in 2-azidopropionitrile, therefore indicating a decomposition channel open more 

than in the isomeric azide. The character of ketenimine is nevertheless that of a reaction intermediate, 

because the band, after maximising in intensity around 400°C (when the azide is roughly 80'1'0 

pyrolysed), abruptly disappears when temperatures approach 450 DC. Given the relatively intense 

signal, attempts to study ketenimine first band with slow acquisition time were caITied out in order to 

resolve vibrational structure: the band nevertheless appears practically unstructured even under these 

conditions (see Figure 5.126). It was possible, on the other hand, to observe its second band, which is a 

vibrationally structured band with VIE at 11.94 e V: in the spectra acquired at 390 and 420°C this weak 

band can be seen on top of the azide second band. 

At temperatures beyond 450 DC the azide is totally decomposed into CH3CN and HCN only. 

Figure 5.127 reports the thermal behaviour of the intensities of the main band of each compound: the 

normalization was carried out by simply considering the height of the band, not its inte!:,rral, and setting 

as the 1.0 value the height of the band at the temperature at which its intensity was the maximum 

among all the spectra. 
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Figure 5.125- Decomposition photoelectron spech·a of3-azidopropionitrile vapom·s heated at 70, 390, 420 and 450 °C 
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420°C 

8.4 8.8 9.2 9.6 10.0 eV 

Figure 5,126- A scan of the ti,'st photoelectl'On band ofketenimine: no sign ofvibl'3tional structiu'e is p,'esent 
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FigUl'e 5.127- Thermal behavioUl' of the nOl'malized intensities of the species p,'esent in the 3-azidopropionit";le 
py,'olysis, Downwa,'d blue triangles: 3-azidopl'Opionih'ile; red circles : methyl cyanide; upwa,'d g,'een t";angles : 

HeN; black squa res: nitJ'ogen; OI'ange diamonds : ketenimine 
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Infrared matrix isolation spectroscopy 

Figure 5.128 represents the infrared spectra obtained when vapours of 3-azidopropionitrle were heated 

at increasing temperatures and trapped into a nitrogen matrix. 

The beginning of the pyrolysis was evidenced at 230° C by the appearance of the HCN bands at 3282 

and 797 cm- I [20]. With increasing temperature, the azide bands decrease and all the bands associatcd 

with the products start to increase; the summary of the most significant absorptions for the molecules 

released in the decomposition of 3-azidopropionitrile are listed in Table 5.85. The temperature after 

which all the azide bands had disappeared, and therefore the pyrolysis is complete, was observed to be 

370° C. 

Another set of bands shows an increase in intensity with the increasing of the temperature, marking the 

presence of thermally stable compounds: apart from cyanic acid, this is the case of methyl cyanide 

(CH,CN) whose most prominent peak is observed at 1447 cm- I [36]. AIl the bands attributed to both 

CH,CN and HCN increase constantly in all the spectra up to 580°C. 

Finally, another set of bands shows a typical reaction intermediate behaviour, with intensity decrease 

when the temperature is increased above 450° C. This set of bands (whose most intense band is at 2038 

cm- I
) was attributed to ketenimine, CH2CNH [38]. It is important to note that ketenimine is stilI present 

in high concentration when the azide is already totally pyrolyzed (see spectrum at 370°C). 

The assignments, shown in Table 5.85, reflected the results obtained from the PE spectra. 

Also in the case of 3-azidopropionitrile, HCN is not observed as a monomer, but instead the vibrational 

frequencies suggest [29] its existence in dimeric form (HCN)2, or even polymeric form. 

Table 5.85- Labels and assignment of the most significant IR hands obse.ved in the mat.-ix isolation study of 3-
azidopropionit"ile the"mal decomposition (.'efer to Figm'e 5,128 fo.' the labelling of the bands) 

Lahel 
N2 matrix 

Assignment 
frequency (cm-I) 

M 
2142,2118/211412105, 

N3CH(CN)CH3 136911355,1293,1268,1247 

HCN 3282,3270, 799/795 
Polymeric 
cyanic acid 

----------- -

CH3CN 
2256,1447, 1407, Methyl 
1378,1040,916 cyanide 

CH2CNH 
2038,1125 

Ketenimine 
997,885,697 
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Figut°e 50128- Matl°ix IR spectl°a ofvapou,os of3-azidop.-opionitJ°ile heated at respectively 30, 260, 370 and 580 °c 

380 



5.7.5 AB INITIO RESUL TS ON THE INTERMEDIATES 

The experimental results ITom both PES and matrix IR show that the azide decomposes releasing 

nitrogen, cyanic acid and methyl cyanide as stable molecules; in addition to that, ketenimine is formed 

as a short-lived species, decomposing at temperatures above 450°C. No other reaction intermediates 

were observed in either technique. 

The system displays one less decomposition product with respect to 2-azidopropionitTile, therefore its 

pyrolysis path should be less complex; nevertheless, ab initio studies of the transition states leading to 

the products are needed to rationalize the mechanism. 

A study of the potential energy surface connecting 3-azidopropionitrile with the observed 

decomposition products has been performed by means of ab initio molecular orbital calculations at the 

MP2/6-31 G* * level 

As usual with aliphatic azides, it was supposed that 3-azidopropionitrile initially decomposes releasing 

molecular nitrogen and forming a nitrene, according to the reaction 

As was found for 2-azidopropionitrile, the nitrene is not stable in its singlet state, because during the 

optimization its structure converges to an imine structure; this was expected from the previous results 

on other azides. Nevertheless, the calculations showed that on leaving the calculation to optimize the 

nitrene initial geometry, initially set as the one of the azide but removing the last two nitrogen atoms of 

the N, chain, the optimization does not undergo a 1,2-H shift to produce 3-iminopropionitrile, 

HN=CHCH2C=N, following a Type I mechanism, but the nitrene nitrogen prefers to attack another 

electron deficient sites within the molecule, therefore following a Type 2 mechanism. 

Despite the possibility of different sites on which the nitrogen atom can attack (for example the cyanic 

carbon atom), the calculations showed the methylene group is where this attack takes place. 

In addition to this, the possibility of the formation of 2-iminopropionitrile via a Type 1 mechanism is 

still present, because it is possible that during the release of molecular nitrogen the azide partially 

modifies its geometrical parameters so that the route to 3-iminopropionitrile becomes favoured. 

Ab initio calculations were therefore necessary on all these molecules, both to interpret the 

spectroscopic evidence and to build a reasonable decomposition mechanism for 3-azidopropionitrile 

and a related energy level diagram. 
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As mentioned, in principle three different possible routes for the decomposition of the nitrene arising 

from 3-azidopropionitrile are possible, one following a Type I mechanism and one following a Type 2 

mechanism. These three initial hypotheses have been considered for the ab initio study of the pyrolysis 

reaction. 

Type 1 mechanism: 3-iminopropionitrile 

Following this route, 3-nitrenepropionitrile decomposes via a I ,2-hydrogen shift following the scheme 

Four structures of the imine obtained, 3-iminopropionitrile, were optimized at the MP2/6-3l G* * level 

of calculation, and they are reported in Figure 5.129. Their total and relative energies are reported in 

Table 5.86; the total energy difference between them is 1.89 kcallmol. 

Due to the small difference in energy, the four structures are likely to contribute equally to the 

experimental spectra- if they are formed at all. Nevertheless, the calculated VIEs and vibrational 

frequencies of only the most stable structure (structure cis-cis) will be repOlied in the following 

paragraphs. 

Table 5.87 reports the most significant geometrical parameters for the most stable structure, presented 

in Figure 5.130 and labelled cis-cis, referring to the relative orientation of the hydrogen atom on the 

iminic nitrogen with respect to the one on the adjacent carbon atom, and to the relative orientation of 

this latter hydrogen to the cyano group. The structures with Irans orientation of the cyano group to the 

hydrogen on the methyne are planar structures, (therefore point group C.,), whereas those whose 

disposition is cis are not planar (and therefore have a point group C I)' 

Table 5.86- Total and relative eneq~ies of the four confOl·me.·s of3-iminop"opionitdle at the MP2/6-31G** level 

Structure 
Total energy Relative energy 

(hartrees) (kcallmol) 
Cis-cis -225.5190082 0 

Cis-trans -225.517263 +1.095 

Trans-trans -225.5185632 +0.279 

Trans-cis -225.5160027 +1.886 
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Figure 5.129- The fom· optimized stt·uctm·es of 3-iminop.·opionitl"ile a t theMP2/6-31 G* * level, cis-cis, tmlls-cis (top 
line), cis-tram and tram-tram (bottom line) 

To obtain VIEs, Koopmans ' theorem has been applied to the orbital energies obtained at the MP2/6-

31 G* * level for the cis-cis structure. The results are listed in Table 5.88. 

Considering the results scaled by the 0.92 correcting factor [27, 28], 3-iminopropionitrile is expected to 

display two bands with VIEs at "='11.2 and 11.7 eV, and a third band with VIE at "='14 .0 eV. 
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H4 

FigUl'e 5.130- The optimized stmcture of cis-cis 3-iminopl"Opionitt'ile at the MP2/6-31G** level, with atom labelling 

Table 5.87- Most significant geometrical pammetel"S fot· stmctu"e cis-cis of3-iminop"opionitl"ile- see FigUl'e 5.130 fo,' 
the labelling of the atoms 

Bond Length (A) Angle Value e) 
C2-N3 1.181 N3-C2-Cl 178.81 

CI -C2 1.466 C2-CI-C6 111.48 

CI -H4 1.090 CI-C6-NS 11909 

CI-C6 1.510 H9-NS-C6 109.68 

C6-H7 1.093 N3-C2-CI-C6 

C6-NS 1.281 C2-CI-C6-NS -129.13 

NS-H9 1.022 H7-C6-NS-H9 0.34 

Table 5.88- The calculated ve,·tical ionization ene"gies fo, ' the cis-cis conforme,' of 3-iminopl"Opionitt'ile 

KT calculated KT calculated 

VIE (eV) VIE *0.92 (eV) 

12.077 11.111 

12.216 11.239 

12.652 11.640 

12 .8 18 11.793 

15.194 13.978 
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Harmonic vibrational frequencies at the l\1P2/6-31 G* * level have been calculated with partial 

allowance electron correlation for tlle four conformers: the calculated infrared spectra are reported in 

Figure 5.131. The frequencies and intensities of the bands are listed in Table 5.89 . 

FigUloe 50131- The inf,oared spectra fOio the foUlo confo,omen; of3-iminop,oopionihoile calculated at the MP2/6-31G** 
level (first line conforme,os cis-cis and trans-cis, second line confo,ome,os cis-trans and trims-traIlS; f,oequencies a,oe 

exp,oessed in cmO') 

The different distribution patterns of the band intensities is immediately evident from Figure 5.13]. 

The conformers in which tlle protons on the iminic nitrogen atom and on the adjacent carbon atom are 

in a cis relative orientation (spectra in the left column) show much higher intensity of tlle C-H 

stretching band at around 3150 cmo! with respect to the two conformers in which the same orientation 

is trans (right column): the same happens for the band at around 730 cmo! . In general , the differences in 

the intensities of the bands below 1700 cmo! are very marked between all the four confonners of 3-

iminopropionitrile. 
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Table 5089- Calculated inf,oared bands for the four confo,ome,os of 3-iminop.-opionitrile (abso,obances reported in 
pa,oentheses in Km/mol, f,oequencies a,oe exp,oessed in cm~l) 

cis-cis lrans-cis cis-lrans Iran.~-Irans 

Normal mode 
frequencies frequencies frequencies frequencies 

465 .0 463.2 415.4 
(19.40) (9.04) (194) 
508.1 497.3 663.2 664.3 

(10.04)_ J 1.17) (56.411 (7.74) 
-

728.2 721.3 689.6 695.1 
(40.53) (1037) (22.08) (825) 
971.9 902.4 879.0 
(6.48) (1.66) (3.62) 
982.6 966.5 1009.6 1006.9 

(23.60) (5.95) ( 1239) (453) 
1046.2 1044.9 ]022 .7 ]0]0.6 
(30.61) (10.91) (15.49) ( 1.02) 
1132.2 1159.7 1130.2 1165.6 
(11.72) (55.40) (11 .76) (57.36) 
1221.1 1214.4 1217.1 

N-H bending 
(16.09) (3105) (50.65) 
1297 .9 1296.6 1261.8 1249. ] 

C-H3 wagging 
(2170) (51.98) (1.99) (7523) 
1343 .6 1349.0 1376.4 C-l-b in phase 
(3.23) (19.55) (33.46) scissoring 
1442.4 1444.4 1437 .3 1444.9 C- H3 out of phase 
(16.01) (1786) (2009) (1556) sc issoring 
1504.4 1503.3 1505.3 1504.9 

C=N stretching 
(9.45) (9.41 ) (12.11) ( 17001 
1715.9 1710.3 1722.6 1711.9 

C""N stretching (40.80) (39.74) (32.07) (27.90) 
2220.4 2212.9 C-H3 symmetric 
(1.90) (108) stretching 

3138 .7 3130.9 3144.3 3135.6 C-H3 asymmetric 
(1.19) (2.17) ( 48.47) (1.03) stretching 
3154 .2 32]5.0 3206.4 C-H3 asymmetric 
(29.07) (15.62) (26.50) stretching 

3506.5 
N-H stretching 

(2.23) 
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Type 2 mechanism: 

As was the case for nitrenes originating from the other aliphatic azides, the nitrene originating from 3-

azidopropionitrile by nitrogen release, 3-nitreneacetamide, did not optimize at the MP2/6-31 G* * level 

in its singlet spin state, but it isomerizes to an imine instead. 

The isomerization can be seen as a nucleophilic attack of the electron-deficient nitrogen atom on the 

methylene group adjacent to the cyano group: this leads to CH2=NCH2CN following the mechanism 

.. 

Two isomers have been found for CH2=NCH2CN, according to the relative orientation of the cyano 

group with respect to the terminal methylene group. They have been labelled cis and Irans , and their 

geometries are shown in Figure 5.132. 

N3 

FigUloe 50132- The geometries ofstructmoes cis (left) and trans (right) ofCH2=NCH2CN optimized at the MP2/6-
31G** level 

Structure cis is a planar structure, while structure trans has no sylmnetry element (C I point group) . 

Their energies are respectively -225 .5061078 and -225.5040369 hartrees : this means a lower energy for 

the planar structure cis of about 1.30 kcaUmol , probably because of the stabilizing interaction between 

N8 and C3. It should be noted that only structures in which the dihedral angle C2-CI-N6-C7 (see 

Figure 5.132 for the labelling of the atoms) is either 0° or 120° have been optimized: no minimum 

energy structures with this dihedral angle 60° or 180° were found to be stable; they converged back to 

the two structures presented in Figure 5.132. 
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Table 5.90 reports the most significant geometrical parameters for structure cis, which is the most 

stable one for CH1=NCH1CN. 

Table 5.90- Most significant geometl'ical parameters fOI' stl'Ucture cis ofCH2=NCH2CN- see Figul'e 5.132 for the 
labelling of the atoms 

Bond Length (A) Angle Value (0) 

C2-N3 1.181 N3-C2-Cl 178.81 

CI-C2 1.466 C2-CI-C6 11 1.48 

CI-H4 1.090 CI-C6-NS 119.09 

CI-C6 1.510 H9-NS-C6 109.68 

C6-H7 1.093 N3-C2-CI-C6 

C6-NS 1.281 C2-CI-C6-NS -129.13 

N8-H9 1.022 H7-C6-N8-H9 0.34 

For both structures, VIEs calculated with Koopmans' theorem from the energies of the molecular 

orbitals are listed in Table 5.91. 

Table 5.91- The first five VlEs fOI' the two structul'es of CH2=NCH2CN calculated with Koopmans' theol'em 

CisKT Cis KT calculated Trans KT Tram' KT 
calculated VIE *0.92 (eV) calculated calculated 

f--~~_(eVL. ,. - ---- --
,,1~(eV) VI E *0.9~( eV) 

11.947 10.991 11.875 10.925 

11.978 11.019 12.249 11.269 

12.787 11.764 12.386 11.395 

12.807 11.782 12.791 11.767 

15.299 14.075 15054 13.849 

The predicted pattern for the VIEs is very similar to that of 3-iminopropionitrile, with two close bands, 

one with VIE at around 11.0 e V and one at around 11.8 e V, and one at much higher energy (around 

14.1 e V). These values are so close to those calculated for 3-iminopropionitrile (see previous section) 

that it would be practically impossible to distinguish the two compounds by means of UV­

photoelectron spectroscopy. 
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Harmonic vibrational frequencies at the MP2/6-31 G* * level have been calculated for the four 

conformers by means of second derivative calculations: the whole calculated infrared spectra are 

reported in Figure 5.133. The frequencies and intensities of the bands are listed in Table 5.92 . 

The differences between the two conformers can be mainly found in the C-H stretching region above 

3000 cm-!, where the trans conformer shows a stronger component than the one observed in the cis 

confonner; the band at around 1400 cm-! shows as well a stronger intensity in the trans conformer, and 

the series of bands around 1000 cm-! is characterized by an overall different intensity pattem between 

the two conformers, as can be seen in Figure 5.133. Also some frequencies are calculated to be 

remarkably different among the two conformers; for example, some C-H stretching modes can differ 

by roughly 60 cm-!, and the C=N stretching mode appears with a difference of20 cm-!. 

The calculated IR spectra of CH2=NCH2CN and 3-iminoporpionitrile are remarkably different (see 

Figure 5.133), because CH2=NCH2CN displays two strong bands in the region between 3100 and 3150 

cm-! (a single band in 3-iminopropionitrile), and quite an intense band associated with the C=N stretch 

(around 2200 cm-!) that in 3-iminopropionitrile is almost invisible. 

The two molecules should therefore be distinguishable on the basis of their IR spectrum; nevertheless, 

the experimental results from the pyrolysis of 3-azidopropionitrile do not clearly support any evidence 

of the formation of these imines, because no intense bands associated with one or both of them can be 

traced in the matrix IR spectra, even as short-lived species. From the experiments it can only be 

assumed that the imines- if fonned- have a very short lifetime that prevents their observation . 

1 

~ • n • i 
t 
Y 

FigUl'e 5.133- Calculated m specu-a of CH2=NCH2CN conforme,-s, cis (left) and trans (,-ight), at the MP2I6-31G** 
level. F requencies are e.xpressed in em-I 
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Table 5092- Calculated infra.oed bands fo.o the two conformers ofCH2=NCH2CN 

cis Absorbance trans Absorbance 
frequencies frequencies Normal mode 

(em-I) (km/mol) (em-I) (kmimol) 

427.7 3.97 470.5 4.26 
630.1 3.08 730.5 1.22 
928.9 7.34 967.4 10.71 
983.7 16.51 1017.8 9.43 
1026.4 1.72 1041.2 3.04 

- ... 

1085.7 18.33 1084.3 17.40 
1233.4 8.68 

1245.5 2.91 1287.4 3.13 N-H bending 
1380.2 7.71 1399.5 20.47 C-H, wagging 

1509.6 3.39 1524.0 1.41 
C-H, in phase 

scissorin.& 

1541.3 12.95 1536.2 13.18 
C-H, out of phase 

sCIssonng 
1726.6 11.21 1721.2 1806 C=N stretchiIJR 
2197.9 4.26 2215.6 5.07 C=N stretchilJR 

3149.5 16.72 3081.6 23.49 
C-HJ symmetric 

stretching. 

3153.3 1.51 3126.3 32.54 
C-H, asymmetric 

stretchiIJR 

3203.7 1.17 3181.1 2.95 
C-HJ asymmetric 

stretching 
3285.6 17.11 3281.6 18.97 N-H stretching 

CH=NHCH2CN 

From CH2=NCH2CN, it is possible to produce a different imine by means of a simple 1,2-hydrogen 

shift between the carbon and nitrogen atoms linked by the double bond. This results in producing a 

charged imine following the scheme: 

This imine is expected to be more unstable than CH2=NCH2CN because of the presence of a negatively 

charged carbon atom adjacent to a positively charged nitrogen atom, but its structure makes it a good 

precursor for the formation of ketenimine, which is one of the products arising from the thermal 

decomposition of 3-azidopropionitrile: ah initio calculations have then been performed also on this 

charged imine. 
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Two conformers have been optimized for CH=NHCH2CN, with different relative orientations of the 

iminic protons (cis or trans). It must be emphasized that only structures in which the proton on the 

nitrogen atom is in a trans position with respect to the cyano group have been found as minimum 

energy structures at the MP2/6-3l G* * level: when the two groups are in a cis position, one imaginary 

vibrational frequency was obtained, both in the Cs and in the C I point groups. Of the fOlu- possible 

-different orientations ·of the protons and the ·cyano group, ·only two of them are minimum energy 

structures of the imine: they are presented in Figure 5.134. 

N3 

FigUl-e 50134- The geometJ-ies of stmctUioes trans (left) and cis (right) of CH=NHCH2CN optimized at the MP2/6-
31G** level 

Both are planar structures (point group Cs), and their difference in stability is just 0.137 kcal!mol (the 

total energies are -225.4321818 and -225.4319631 hartrees for the trans and cis structure respectively), 

with structuI'e -trans as the most stable ·of the ·two. As expected the ·difference in energy between the 

most stable conformers of CH2=NCH2CN and of CH=NHCH2CN is large, being calculated in 46.39 

kcallmol. 

The geometrical parameters of trans-CHNH=CH2CN are listed in Table 5.93 (see Figure 5.134 for the 

labelling of the atoms), while Table 5.94 reports the vertical ionization energies (VIEs) for the two 

conformers calculated with Koopmans' theorem at the Hartree-Fock leveL 
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Table 5.93- Most significant geometrical parametel's for structUl'e trans of CH=NHCH,CN- see FigUl'e 5.13.:/ fol' the 
labelling of the atoms 

Bond Length (A) Angle Value (0) 

C2-N3 1.181 N3-C2-Cl 181.31 

Cl-C2 1.462 C2-Cl-N6 111.78 

CI-H4 1.092 CI-N6-CS 132.07 

CI-N6 1.484 H9-CS-N6 106.10 
... ------ --- .... - - -

N6-H7 1.015 N3-C2-Cl-N6 180.0 

N6-CS 1.314 C2-CI-N6-C8 00 

CS-H9 1.104 H7-N6-CS-H9 180.0 

Table 5.94- The first five VIEs fOl' the two confol'mel's of CH=NHCH,CN calculated with Koopmans' theol'em 
.---------- .-----c----------

Cis KT calculated Cis KT calculated Trans KT calculated Tram KT calculated 
VIE (eV) VIE *0.92 (eV) VIE (eV) VIE *0.92 (eV) 

9.77 8.99 9.63 8.86 

12.13 11.16 12.55 11.54 

12.41 11.41 12.98 11.94 

13.27 12.21 13.41 12.34 
--

15.00 1380 15.49 14.25 

From the calculated values, the experimental photoelectron spectrum of CH=NHCI-bCN should be 

characterized by a band with a VIE around 9.0 eV and by a broad series of bands between 11.5 and 

12.0 eV. The two conformers have a similar pattern of the calculated VIEs (with the exception of the 

fifth band whose VIE values differ by 0.5 eV between the two conformers, and the fact that the third 

and fourth VIEs are more separated in confonner cis than in the irans one), but present important 

differences from the pattern expected for 3-iminopropionitrile or for CI-b=NCH2CN, where the first 

two VIEs are expected to be very close to each other at ionization energies above 110 eV. In UV­

photoelectron spectroscopy CH=NHCH2CN should then be clearly distinguishable from the two other 

lmmes. 

Nevertheless, experimentally in the PE spectra no bands assignable to an intermediate or other stable 

products other than N2, HCN, CH}CN or CH2=C=NH are observed on pyrolysing 3-azidopropionitrile. 

Harmonic vibrational frequencies have been calculated for the two confonners at the MP2/6-31 G** 

level, and are reported in Table 5.95; the overall IR spectra are presented in Figure 5.135. 
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FigUJoe 50135- Calculated IR speet.-a ofCH=NHCHzCN eonfolomel"S, trans (left) and cis (Ioight), at the MPZ/6-31G** 
level. F,oequencies aloe ,oepo,oted in em-I 

The two spectra show very marked differences in intensity pattern. Conformer trans has a band for the 

N-H stretch which is almost invisib le in the cis confonner, and a much more intense system of bands in 

the 1000-1400 cm-! region. On the other hand, the cis conformer is characterized by a stronger set of 

bands below 600 cm-!, in particular a band at around 590 cm-!. The two conformers should then be 

distinguished in IR matrix iso lation experiments. 

Table 5095- Calculated infJ"ared bands fOlo the two eonfolome,os ofCH=NHCHzCN 

trans Absorbance cis Absorbance 
frequencies frequencies Normal mode 

(cm -}) (kmlmol) (cm-}) (kmlmol) 

59I.I 5.17 596.9 111.53 
677 .8 7J7 673.8 19.71 

933.4 2.99 
1018.2 16.74 1018.6 17.08 
1021.6 1.63 1041.5 6.07 
1138.0 67 .68 1100.4 4.51 

1277.4 10.15 
1298.2 37.87 1291.4 2.93 N-H bending 
1370.3 5.71 1417.2 31 .90 C-H3 wagging 

1498.7 7.14 1466J 12.83 
C-H3 in phase 

scissoring 

1538.6 4.87 1539.7 2.82 
C-H3 out of phase 

scissoring 
1581.1 6.23 1616.4 10.39 C=N stretching 
2219.5 6.74 2218.4 8.86 C=N stretching 

3051.8 57.72 3051.3 127.05 
C-H3 symmetric 

stretching 

3137.3 6.89 3134.6 9.42 
C-H3 asymmetric 

stretching 

3194.7 2.48 3189.3 4J4 
C-H3 asymmetric 

stretching 
361 0J 19.20 3504.8 1.35 N-H stretching 
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SUMMARY OF THE RESULTS FROM AB INITIO CALCULA nONS 

Three different imines have been considered as possible intermediates in the thermal decomposition of 

3-azidopropionitrile, according to the two possible isomerization mechanisms that can occur for the 

nitrene (Type 1 or 2). 

HN=CHCH1CN (3-iminopropionitrile) 

CH1=NCH1CN 

CH=NHCH2CN 

CHNH=CH1CN was obtained from CH2=NCH2CN by a 1,2-H shift, and it is a imine characterized by 

the presence of opposite electrostatic charges on the carbon and nitrogen atoms forming the iminic 

bond. 

After optimization of all the possible conformers for each of these imines, it was found that the most 

stable of them is 3-iminopropionitrile. By setting its total energy as zero, the relative energies of the 

two remaining imines were calculated as +8.095 kcal/mol for CH2=NCH2CN and as + 54.484 kcallmol 

for CH=NHCH2CN. 

Table 5.96 compares the values of the first five VIEs calculated by Koopmans' theorem for the three 

imines (scaled by the 0.92 factor): it is evident that there is a similar pattern between 3-

iminopropionitrile and CH2=NCH2CN, while CH=NHCH2CN is expected to display a different 

distribution of the PE bands. 

Table 5.96- Comparison of the fil1lt five VIEs for the most stable confOI'mel's of3-iminopropionitJ'i1e, CH2=NCH2CN 
and CH=NHCH2CN, calculated with Koopmans' theOI'em 

----:-,_ ... _- . ._. I ...------ - - -- ---------

I 3-iminopropionitrile I CH2=NCH2CN CH=NHCH2CN 
KT calculated : KT calculated KT calculated 

VIE (eV)*O.92 i VIE *0.92 (eV) VIE *0.92 (eV) 
lUI I 10.99 8.86 

------ ·ilj4-------t- --.. -.-- - - -

11.02 11.54 

11.64 11.76 11.94 
, 

11.79 11.78 12.34 
I 

13.98 , 14.07 14.25 
! 
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The most important vibrational bands calculated for the most stable conformer of each of the three 

imines are reported in Table 5.97. As can be also seen from a visual comparison of the calculated IR 

spectra of Figures 5.131, 5.133 and 5.135, each of them should display a typical series of bands 'which 

allow them to be distinguished from one another in an experiment. 

Table 5.97- Calculated inf.-ared bands for the most stable conforme.·s of3-iminop.·opionit.-ile, CH2=NCHCN and 
CH=NHCH2CN at the MP2/6-3.lG** level (frequenr.ies a.·e expressed in cm· l

) 

3 -im inopropion i Iri Ie (,H] NC'H]CN CHNHCH]CN 

frequencies frequencies frequencies 

982.6 983.7 

1026.4 1018.2/1021.6 

1046.2 1085.7 

1132.2 1138.0 

1221.1 

1297.9 1245.5 1298.2 

1343.6 1380.2 1370.3 
--- ---------_ .. . --.------- - --- --------- ... 

1442.4 

1504.4 1509.6 1498.7 

1541.3 1538.6 

1581.1 

1715.9 1726.6 

2197.9 2219.5 

3138.7 3149.5 3051.8 

3154.2 3153.3 3137.3 

3203.7 3194.7 

3285.6 3610.3 

By comparison with the experimental results both from PES and from IR matrix isolation, it is found 

that none of these intermediates is actually detected in the thennal decomposition of 3-

azidopropionitrile: in fact, no reaction intermediates apart from ketenimine were seen during the 

pyrolysis. The imines considered so far are nevertheless important for the understanding of the 

decomposition mechanism, as will be shown in the next section. 
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5.7.6 PROPOSED THERMAL DECOMPOSITION PATH 

On the basis of the experimental and ah initio results obtained in this work, it is possible to propose a 

decomposition path for 3-azidopropionitrile based on parallel routes, one leading to CH,CN + !-ICN, 

the other to CH1=C=NH + HCN. 

It was found that the two pairs of products appear at roughly the same temperature, and their partial 

pressures in the reaction chambers increase until all the azide is totally consumed. It is only at high 

temperature that ketenimine is consumed, most likely because at high temperature ketenimine is a less 

favoured C1H3N isomer in comparison to methyl cyanide [4, 35]: the interconversion between the two 

forms is therefore assumed to be responsible for the elimination of ketenimine from the reaction 

chamber at high temperatures. In contrast to the pyrolysis of 2-azidopropionitrile, ketenimine is present 

in relatively high amount, while no traces of CH,NC were observed. The route leading to ketenimine 

plays here a more relevant role than what was the case in 2-azidopropionitrile. 

A transition state for the reaction between 3-iminopropionitrile and methyl cyanide was found, 

following the scheme 

H 

HN 
HNC 

+ 
H--+--C N 

H 

but none was found for the ketenimine production, because in 3-iminopropionitrile all the structures 

have a too large distance between the hydrogen atoms of the methyl group and the tenninal nitrogen 

atom on which one of those protons must be transferred in order to form CH1=C=NH. This fact 

highlights the importance of the other two imines produced by Type 2 mechanism, because from 

CH=NHCH1CN a transition state leading to ketenimine was successfully optimized, following the 

scheme 

H 
/ 

- + 
C=N 

jJc)<: 
VI 

N 

HNC 

+ 
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On the other hand, no transition state leading to CH)CN was found: this could initially look quite 

surprising, in view of the geometry of CH=NHCH2CN, but it is explained by the fact that HNC is a 

much better leaving molecule than HCN, therefore a suitable transition state is one forming HNC This 

condition is not easy to be reached from CH=NHCH2CN due to the long distance between the terminal 

proton on the negatively charged carbon atom and the methylene group to which it should bc 

transferred. The necessity of forming HNC as a leaving b'TOUP is also the justification for the fact that 

no transition states were searched starting from CH2=NCH2CN, with the obvious exception of the one 

leading to CH=NHCH2CN 

The importance of the imines obtained with a Type 2 mechanism is also seen from the fact that when 

the nitrene- obtained when molecular nitrogen is removed from 3-azidopropionitrile- is allowed to be 

optimized, then the isomerization takes place following this type of mechanism, that is with a nitrogen 

attack on the methylene group. A Type I mechanism is nevertheless to be fully considered, because 

even a slight change in the nitrene initial geometry makes the optimization follow this mechanism, 

involving a l,2-hydrogen shift between the carbon and the nitrogen atoms. The two mechanisms were 

then assumed as having an equal probability of being followed when the nitrene is formed. The nitrene 

diradical is expected to be a highly unstable molecule with such a shOli lifetime that prevents its 

experimental detection, as proved in previous studies on other azides. Also in this case, 3-

nitrenepropionitrile was not observed in either technique. 

It is remarkable that no transition state for the azide ~ nitrene reaction was found: apart from problems 

in finding a suitable initial estimate for such a transition state, this fact could also indicate that the 3-

azidopropionitrile can decompose to 3-iminopropionitrile also following a concerted path not involving 

the formation of a nitrene, following the scheme 

On the other hand, it is unlikely that the azide directly decomposes to N2, HCN and CH3CN in a single, 

concerted mechanism, because this would involve formation of HCN as a leaving group; for this 

reason, and because of the difficulty in defining a transition state where three bonds are broken at the 

same time, no transition states have been found for the azide ~ N2 + HCN + CH]CN mechanism. 
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Considering the possible formation of 3-iminopropionitrile (HN=CHCH2 CN) from the azide both via a 

concerted path and via a stepwise mechanism via the nitrene, the overall decomposition scheme of 3-

azidopropionitrile can therefore be visualized as reported in Figure 5.136. 

N 

~+ 
N 

\ _ - N2 

N~C N 

N' 

'~C N 

HN~ 

~C N 
- + 

HC=NH 

Lc N 

j 
HCN + HCN + 

... 

Figure 5_136- Repl"esentation of the thel"mal decomposition scheme for 3-azidopropionitdle 

The impossibility of locating some transition states in the above scheme is reflected in the diagram of 

the relative energies of reactants and products at 0 K, which is presented in Figure 5.137. 

The diagram in Figure 5.138 reports the relative free energy levels at 298 K, in order to take into 

accOlmt the contributions of zero point energy, of thennal energy and of entropy: as expected, in this 

scheme all the energies of the products relative to the energy of 3-azidopropionitrile are lowered in 

comparison to the scheme of Figure 5.137 where energies at 0 K were considered. This is particularly 

evident in the case of CH2=C=NH + HCN and of CH3CN + HCN, mostly because of the entropic 

contribution: the result is that when ~G298 is considered, methyl cyanide becomes the 

thermodynamically most stable product, and ketenimine is comparable in energy with 3-

iminopropionitrile and CH2=NCH2CN 
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Even taking into account the entropy contributions, according to the expected relative energy values the 

imines should be observable. Once again, the explanation for the lack of detection of the intermediate 

imines lies in the high temperature at which the azide decomposes: beyond 400°C 3-

iminopropionitrile, for example, will be formed with a large amOlmt of internal energy which is 

impossible to dissipate in the vibrational modes without breaking the molecule For this reason, it is 

more favourable to produce HCN and ketenimine which, despite the lower thermodynamic stability of 

this system, can dissipate the excess energy by breaking the C-N bond in tile imine and distributing it to 

two separate molecules. Furtiler increases of temperatures then favour CH 3CN, and ketenimine is 

totally decomposed. 

Figure 5.139 reports the geometries of the transition states found in tile scheme, and which are reported 

and labelled in Figures 5.137 and 5.138. 

TS3 

Figu"e 5.139- The geometries of the tJ'ansition states optimized at the MP2/6-31G** level fo,' the decomposition 
scheme of 3-azidop,·opionitJ·ile. The labels "eflect the tJ'ansition states indicated in Figm'e 5.138 and 5.139. 
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5.8 INITIAL INTERPRETA TION OF THE SPECTROSOPIC 

RESUL TS ON OTHER ALIPHA TIC AZIDES 

In the course of the project on aliphatic azides, methyl-azidoacetate, 2-methylazidopropionate and 3-

azidopropionate have also been studied. On these compounds, only initial work was started on the 

interpretation of the spectra, both UV-PES and IR matrix isolation spectra, and on ah inilio molecular 

orbital calculations. 

The importance of these azides is due to the fact that they are closely related to other azides previously 

studied, so that the understanding of their thermal behaviour allows an understanding of the 

decomposition scheme of the whole class of aliphatic azides to which they belong. For example, 

methyl-azidoacetate would be compared to the ethyl-azidoacetate previously studied in the 

Southampton PES group, and both these acetates can be compared with the equivalent formates 

discussed in this work. 

At this stage, the experimental results from UV -PES will be briefly presented and -where available- the 

IR matrix isolation results will be presented. The preliminary stage of the ah inilio calculations 

prevents an unambiguous assignment of some of the bands in the spectra and a full understanding of 

the decomposition paths. All the three azides in fact present, upon pyrolysis, bands due either to 

intermediate products or to stable products which are not yet fully identified: initial suggestions on the 

origins of such bands will be reported. 

5.8.1 Methyl-azidoacetate (N3CH2COOCH3) 

Methyl-azidoacetate was prepared following the same method as the other aliphatic azides, that is by 

reacting methyl-chloroacetate with an excess of sodium azide at a temperature of 60 0c. The aliphatic 

azide was then extracted in an organic phase, dried and distilled. It was characterized as usual by 70 e V 

electron impact mass spectrometry, IH_ and J3C-NMR, and by IR spectroscopy in the liquid phase and 

in a nitrogen matrix. The samples used in the experiments proved to be of satisfactory purity. 

Methyl azidoacetate is a colourless, moderately volatile liquid, so it was possible to introduce it into the 

ionization chamber of the photoelectron spectrometer by directly connecting the flask containing the 

sample to the quartz inlet system via a needle valve. 
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Figure 5.140 reports the UV -PE spectrum of methyl-azidoacetate recorded at 30 cC, with the labelli ng 

of the main bands. Calibration was carried out averaging VIEs of six spectra when methyl iodide and 

argon [18] were added to the ionization chamber of the speotrometer: the results of the calibration are 

listed in Table 5.98 and compared with VIE values calculated from ab initio calculations on one of the 

possible conformers of methyl-azidoacetate. 
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FigUl'e 5,140- HeI-photoelectJ'on of methyl-azidoacetate I'ecol'ded at I'oom tempel'atlJl'e 

Table 5.98- Experimental and calculated vel·tical ionization ene'1~ies (VIEs) of the fil'st six bands of methyl 
azidoacetate 

Experimental KT calculated KT calculated 
.Band 

VIE (eV) VIE (eV) VIE *0.92 (eV) 

A 9'.78 10.827 9.961 

12.306 11.322 
B 10,96 

12.335 11.348 

C 11.58 12.629 11.618 

D 13.31 14.378 13.228 

E 14.67 15.240 14,021 

F 16.22 
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When the sample vapours are heated to increasing temperatures, the spectrum of the azide is modified 

according by the presence of products arising from its decomposition: a typical sequence of spectra is 

reported in Figure 5.141. 

The first evidence of pyrolysis, like in all the organic azides, is the release of molecular nitrogen (sharp 

band at 15.58 e V, [8]), which in the case of methyl azidoacetate begins at approximately 190°C. 

Around 200 DC, HCN is also produced (the vibrationally structured band with VIE at 13.60 eV, [8]). 

The decomposition looks largely incomplete up to a temperature of 350°C; apart from the appearancc 

of N2 and HCN bands- whose intensities remain low-, the main evidence of the on-going pyrolysis is 

marked by the slight decrease in intensity of the azide first band. Only at temperatures arollnd 380°C 

this effect is more marked; the fact that the azide second and third bands do not appear to decrease by 

the same amount as the first band shows that these bands are overlapping with the bands of new 

products that are formed. Also, CO is observed, as can be seen from the increase of a band at the 

position of the third vibrational component of the first band of HCN, which overlaps with thc carbon 

monoxide first band, VIE = 14.01 eV [8] It is not clear if CO2 is also formed: the appearance of 

vibrationally resolved bands in the 16-19 e V region supports this assumption, but no major broadening 

of the second vibrational component of HCN (overlapping with carbon monoxide first band, with VIE= 

13.78 eV) is clearly observed. 

In a very narrow temperature range, between 400°C and 430 DC, the amount of azide reduces 

dramatically and at 440°C it is totally decomposed, as estimated by the complete disappearance of the 

band at 9.78 eV VIE. A closer investigation of the product bands in the 10-13 e V region by means of a 

slower acquisition and a retarding voltage applied to the reaction cell shows that (Figure 5.(42) there 

are different contributions to the FE spectrum: bands can be identified centred at 10.36, 10.84, 10.98, 

11.15 and 11.54 eV. 

Considering the structure of methyl azidoacetate, all these bands except that at 10.36 eV, have been 

attributed to methyl formate (first band AlE = 10.85 eV, VIE = 11.02 eV; second band VIE = 11.55 

eV, [18]) or methanol (first band AlE = 10.85 eV, VIE = 10.96 eV; second band VIE = 12.68 eV, [18]) 

Apart from the VIE values, the shapes and the relative band intensities are also consistent with this 

assignment. 
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I E (e V ) 
Figure 5.142- ReI-photoelectron of methyl-azidoacetate recorded at 440°C with a voltage of 1 V applied to the 

"eaction cell 

A mixture of CH30H and HCOOCH3 has been studied to reproduce the results of the pyrolysis: the 

position and shape of the bands recorded for this mixture are in very good agreement with those 

obtained in the pyrolysis spectra, especially for ratios methanol/methyl formate (evaluated just by 

partial pressures in the ionization chamber and assuming equal photoionization cross sections) varying 

between 40/60 and 60/40, i.e. with an approximate 11 ratio. The broad band with VIE = 10.36 eV 

could be due a persisting imine intermediate. Beyond 400°C the only effect is the strong increase ·of 

CO production compared to HCN. Separate pyrolysis experiments on methanol and methyl formate 

have been carried out, showing that methanol begins to release CO at approximately 380°C and methyl 

formate releases CO at approximately 320 0c. Even if the amount of such decomposition in these 

separate experiments is quite low, the conditions in which these two molecules are produced in the 

pyrolysis of methyl azidoacetate (that is, at high temperatures and therefore with a high internal energy) 

are expected to increase their degree of decomposition. ,CO can therefore arise from thermal 

decomposition of the azide as well as from secondary decomposition of HCOOCH3 (earlier) and 

CH30H (later). Beyond 500°C the bands associated with methanol and methyl formate were markedly 

lower in intensity, as was the case for the band at 10.36 e V. The fact that they do not totally disappear 

leads to the conclusion that all the observed bands are due the relatively thermally stable compounds. 
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Assuming that the azide first releases nitrogen by decomposing to methyl nitreneacetamide following 

the reaction 

then the nitrene can undergo decomposition following the two usual decomposition schemes described 

so far as Type 1 or 2. When a Type 1 mechanism is followed, the 1,2-hydrogen shift operates on the 

nitrene producing methyl-iminoacetate (HN=CHCOOCH3) following the scheme 

Methyl-iminoacetate can decompose in two alternative ways, one leading to methyl fonnate and HCN 

HN 0 0 

Ck!< ~ H-\ + HCN 

H 0 0 
/ / 

H3C H3C 

or via a concerted mechanism to HCN, CO and methanol 

HN 0 

~ H···························· 0 

+ HCN + co 

/ 
H3C 

It must be underlined that methanol can also be produced by decomposition of methyl formate, 

according to the reaction HCOOCH3 ~ CO + CH30H. This assumption seems to be confirmed by the 

fact that the relative intensity of the CH30H signal increases relatively to the signal of HCOOCH3 at 

increasing temperatures. 
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When the nitrene follows a Type 2 isomerization mechanism, the nitrogen atom on which the unpaired 

electrons are present attacks a remote site within the molecule: in this case the obvious target is the 

terminal methyl group. The decomposition then leads to a five-membered ring similar to 2-

oxazolidone, encountered in the decomposition of ethyl-azidoformate 

As for 2-oxazolidone, this cyclic compound is expected to be stable: ah initio calculations at the 

MP2/6-31 G** level were performed to calculate its first VIE. Koopmans' theorem obtained this value 

to be 11.28 eV, which when scaled by the 0.92 factor becomes 10.38 eV; the t-.SCF method yelds a 

value of 10.45 e V for the VIE, while the adiabatic IE was calculated as 9.97 e V. These values are quite 

close to the experimental value of 10.36 e V calibrated for the unassigned broad band appearing when 

the azide is almost fully pyrolized: this, and the thermally stable behaviour of the band, allows an initial 

assignment of this band to the cyclic compound. Confirmation of this assumption can be based on the 

IR matrix isolation results and comparison with the vibrational frequencies obtained from the ah il1ltio 

calculations: such a discussion is not presented here, as no IR spectra are available at the moment. 

Finally, the presence of CO2 can be due to decomposition of methyl-iminoacetate 

HN=CHCOOCH3 ~ HCN + CO2 + CH4 

which also produces methane, whose photoelectron spectrum is too broad and umesolved to allow its 

experimental detection. Also to establish the presence of methane, the contribution from IR matrix 

isolation spectra will be decisive. 
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3-methylazidopropionate was prepared using the same method used for the other aliphatic azides: 3-

methylchloropropionate was added to an excess of sodium azide at a temperahlre of 60 DC, the aliphatic 

azide was then extracted in an organic phase, dried and distilled. It was characterized by 70 eV electron 

impact mass spectrometry, 1 H- and 13C-NMR, and by IR spectroscopy in the liquid phase and in a 

nitrogen matrix. The samples used in the experiments proved to be of satisfactory purity. 

3-methylazidopropionate is a colourless liquid with quite low volatility, but has too high vapour 

pressure at room temperature to allow placing the sample in small vials near the pyrolysis region (in 

this configuration, it was pumped away through the ionization chamber in only a few minutes after 

pumping down the spectrometer), so it was preferred to introduce it into the ionization chambcr of the 

photoelectron spectrometer by directly connecting the flask containing the sample to the quartz inlet 

system via a needle valve, despite a low intensity of the PE bands obtained. 

Figure 5.143 reports the UV-PE spectrum of 3-methylazidopropionate recorded at 30 DC, with the main 

bands labelled. Calibration was carried out averaging VIEs obtained from six spectra when methyl 

iodide and argon [18] were added in the ionization chamber of the spectrometer: the results of the 

calibration are listed in Table 5.99 and compared with the VIE values calculated from ah initIO 

calculations on one of the possible conformers of 3-methylazidopropionate. 

When the sample vapour is heated at increasing temperatures, the spectrum of the azide is modified 

according to the products arising from its decomposition: two spectra acquired at high temperatures 

(respectively 370 and 460 DC) are reported in Figure 5.144. 

For 3-methylazidopropionate the release of nitrogen (sharp band at 15.58 e V) begins at approximately 

150 DC, and HCN (the vibrationally structured band with VIE at 13.60 eV) is produced around 260°C 

[8]. Until 360 DC the extent of the pyrolysis is mainly seen by the decrease in intensity of the azide first 

band as well as the presence of N2 and HCN bands. As observed for methyl azidoacetate, the second 

and third azide bands do not decrease by the same amount as the first one, showing that these bands are 

overlapped with the bands of products being formed. Also another new weak, broad band is observed 

with VIE approximately 8.50 e V. At 420 DC the azide is almost totally decomposed, as estimated by the 

complete disappearance of the band at 9.67 eV VIE, and CO begins to be observed (sharp band at 

14.01 eV, [8]). The broad band at 8.50 eV disappears at temperatures above 440 DC, showing typical 

behaviour for a pyrolysis intermediate, while the set of bands in the 10-12 e V IE region rcmain 

constant with temperature. A closer investigation of this region by means of a slower scan shows that 

there are different contributions to the PE spectrum: bands can be identified at 10.46, 10.74 and 11.17 
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eV. Considering the structure of 3-methylazidopropionate, these bands have been attributed to methyl 

acetate (fIrst band AlE = 10.33 eV- almost invisible- VIE = 10.48 eV; second band VIE = 11 .16 eV, 

[39]) and ethanol (fIrst band VIE = 1O.64eV, [18]) . The shapes and relative intensities of these 

components seem to confirm the assignment. There is also evidence of a very weak selies of sharp 

bands in the 9.3-9.7 eV region: they are due to ketene, which displays a first vibrationally resolved 

band with VIE = 9.61 eV [8 , 18]; they are visible only when the azide is fully pyrolyzed and the broad 

intermediate band has disappeared. Beyond 400°C the only effect is tlle strong increase of CO 

production compared to HCN. 

Matrix isolation infrared results confirm tlle presence of methyl acetate and ketene, and moreover 

suggest iliat meilianol is being formed in later stages of ilie decomposition ; tlle infrared spectra must be 

more fully interpreted, because in this case tlle main vibrational mode for CH 2=C=O [40] and CO [21] 

are very close in frequency, so it is difficult to distinguish the contribution of ketene from tllat of 

carbon monoxide at different temperatures . A typical series of IR matrix isolation spectra is reported in 

Figure 5.145. 
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FigUl'e 5.145- m matl"ix isolation spectra of 3-methylazidopropionate heated at 30 °C, 260°C, 330 °C and 605°C 
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From these observations, multiple decomposition paths for 3-methylazidopropionate are shown to be 

open, both involving an intermediate and direct decomposition from the azide to the main products. 

As in the other cases, it was supposed that the azide first decomposes to a nitrene as a consequence of 

nitrogen release; in this case 3-methylnitrenepropionitrile is formed following 

.. 
o 

N:~O/CH3 

The nitrene can decompose following a Type 1 mechanism, producing 3-methyliminopropionate 

following a 1 ,2-hydrogen shift 

.. 

N: 
U 

If a Type 2 mechanism is followed, the most likely attack site from the electron deficient nitrogen atom 

is the terminal methyl group, forming a six-membered ring according to the scheme 

.. 

H 

This cyclic structure is expected to be relatively stable, and therefore it can be associated with the band 

with VIE at 8.50 eV associated with a short lived molecule; from ab initio calculations at the MP2/6-

31 G* * level, it was found that the six-membered ring is expected to have a first PE band with a VI E in 

good agreement with the experimental value (VIE with Koopmans' theorem = 8.24 eV). 

Another alternative for a Type 2 mechanism is that the nitrogen attack causes the migration of the 

methyl group from the oxygen to the nitrogen atom. In this case CH,NHCH=CHCOOH is formed. 
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.. 

For CH3NHCH=CHCOOH the agreement between ah initio calculations at the MP2/6-31 G** level and 

the experimental VIE is even better (VIE with Koopmans' theorem = 8.68 eV, with t,.SCF = 8.36 eV; 

AlE = 7.88 e V). At this stage, no clear preference as to which of these molecules is actually responsible 

for the band at 8.50 eV can be expressed. 

The presence of other molecules produced III the pyrolysis of 3-methylazidopropionate is better 

explained starting from 3-methyliminopropionate. From this molecule, the formation of methyl acetate 

and cyanic acid is justified by the scheme 

.. + HeN 

Ketene and methanol can be formed either from decomposition of CH3COOCH} (and this confirms the 

evidence that the bands associated with these products become stronger with increasing temperature), 

or directly from the imine following the scheme 

+ 

G 
HN 

So far no valid explanation has been found to support the formation of carbon monoxide: if it arises 

from thermal decomposition of methyl acetate, ethanol or diethyl ether should be released too as 

consequence of this process, but none of them has been so far detected in the PE spectra. 
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5.8.3 2-methyJazidopropionate (N3(CH3)CHCOOCH3) 

2-methylazidopropionate was prepared by the same procedure as used for the 3-methylazidopropionate 

isomer and characterized with the same techniques. 

Upon thermal decomposition, bands associated with methyl formate , methanol, methyl cyanide, carbon 

monoxide and carbon dioxide were observed- along with nitrogen- by UV-photoelectron spectroscopy 

[8,18]. 

From IR matrix isolation bands also associated with methane have also been detected. The bands 

associated with methyl fonnate lower in intensity with increasing temperature, while those associated 

with all the other compounds increase steadily, indicating a more stable thennal behaviour. A series of 

spectra acquired at increasing degree ofpyro\ysis is presented in FigLlfe 5.146. 

In the PE studies, two bands due to relatively stable reaction intermediates are still not assigned: a 

careful calibration of these bands, along with a deeper analysis of the [R matrix isolation data and 

supporting ab initio calculations, is necessary to make assignments of these intermediates. 
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From the experimental results obtained so far, it is possible to rationalize the presence of the observed 

decomposition products on the basis of the decomposition of 2-methyliminopropionate obtained when 

nitrogen begins to be formed from the azide following the scheme 

The formation of methyl cyanide and methyl formate can be visualized as 

+ 

while carbon monoxide and methanol are formed following the scheme 

Finally, the scheme for the production of carbon monoxide and methane can be represented as 

+ 

One obvious candidate for the unassigned band could be the five-membered cyclic structure arising 

from a Type 2 isomerization of the nitrene produced when the azide begins to decompose. 
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5.8.4 Azidoacetonitrile (N3CH2CN) 

Azidoacetonitrile thermal decomposition has already been studied [4, 41], and PE spectra of partial and 

full degrees of pyrolysis have been already described in literature. In the present project 

azidoacetonitrile was studied mainly to compare its thermal behaviour with the behaviour displayed by 

2- and 3-azidopropionitrile; also, IR matrix isolation spectra showed that cyanic acid produced as 

consequence of its pyrolysis is actually formed in the matrix as a (HCN)2 dimer. 

The UV -photoelectron spectroscopy spectra for degrees of pyrolysis varying from 0% to 100% are 

reported in Figure 5.147. 

The overall decomposition scheme is then represented as 

2 HeN 

where some cyanic acid is produced as the dimer 

+ 
N N-N 
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5.9 A COMPARISON OF THE UV-PES SPECTRA OF THE ALIPHATIC 

AZIDES STUDIED IN THIS WORK 

The azides considered in this project can be divided into two main groups, according to their structure 

The first group is characterized by the presence of the cyano group: three azides of this group have 

been studied: 

Azidoacetonitrile 

2-azidopropionitrile 

3-azidDpropionitrile 

N,CH2CN 

N,CH(CH,)CN 

N3CH2CH2CN 

The second group consists of azidoformates, azidoacetates and azidoacetamides. Azidoformates are 

characterized by adjacent azide and ester groups: 

Methyl-azidoformate 

Ethyl-azidoformate 

N3COOCH3 

N3COOCH2Cfh 

while in azidoacetates a methylene group is inserted between the azide chain and the ester group: 

Azidoacetic acid 

Methyl-azidoacetate 

Ethyl-azidoacetate 

The azidoacetamides studied are: 

Azidoacetamide 

Dimethyl-azidoacetamide 

N3CH2CONH2 

N3CH2CON(CH3)2 

N3CH2COOH 

N3CH2COOCH3 

N3CH2COOCH2CH, 

(isoelectronic with azidoacetic acid) 

(isolectronic with ethyl-azidoacetate) 

The insertion of a second alkyl b'TOUP between the azide and ester b'TOUPS, producing azidopropionates, 

can be done in two ways, according to the number and position of the alkyl groups between the azide 

and the ester groups. For the methyl-azidopropionates, this leads to 

2-methylazidopropionate 

3-methylazidopropionate 

N3CH(CH3)COOCH3 

N3CH2CH2COOCH] 
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In the case of azido-esters, the general structure of the molecules can be expressed as N,RCOOR', and 

those studied in this project can be summarized in the following table 

N3RCOOR' R'=H R'= CH3 R'= CH2CH3 

R=- N3COOCH) N,COOCH 2CH, 
-

R=CH2 N3CH2COOH N3CH2COOCH3 N3CH1COOCH1Ci--i3 

--
R = (CH2)z or N3CH1CH2COOCH, 

CH(CH3) N,CH(CH3)COOCH, 
----

Azido-amides are isoelectronic with azido-esters, as the -NHR group is isolectronic with the OR 

group. The equivalents of the azido-esters presented in the previous table can be therefore presented as 

N3RCONR'R" R', R"=H R'= H, R"= CH3 R', R"= CH3 R'= H, R"= CH1 Clb 

R =--

R=CH2 N3CH1CONH1 N3CH1CON(CH3)1 
._-----

R = (CH2)2 or 
CH(CH3 ) 

--.~-

Only the azides studied in this project (considering also those from previous investigations 111 

Southampton and Lisbon, such as azidoacetic acid or ethyl azidoacetate) have been reported in the 

schemes: the blank cells represent azides not yet studied. In some cases this was due to synthetic 

problems: for example, it was found particularly difficult to obtain azido-amides with different R" and 

R' groups. Among azido-esters, azidoformates are very reactive, and the synthesis of azidofoflnic acid 

(N3COOH) looks extremely risky. 

For an overview of the differences in UV -photoelectron spectra of these azides, Figure 5.148 reports all 

the spectra of the azides, whose comparison reflects the changes in their structure. The order of the 

spectra is chosen so that every azide is linked to the previous or the following one by the simple 

addition or removal of a methyl group, or by a isoelectronic relation. 

The spectra in Figure 5.148 are: 
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I) dimethylazidoacetamide 

2) azidoacetamide (methyl groups removed from the amidic part) 

3) azidoacetic acid 

4) methyl azidoacetate 

5) ethyl azidoacetate 

6) ethyl azidoformate 

7) methyl azidofonnate 

8) methyl azidoacetate 

(isoelectronic with azidoacetamide) 

(methyl group added to the ester part) 

(methylene group added to the ester part) 

(methylene group removed from the azide part) 

(methylene t,'TOUp removed from the ester part) 

(second time, methylene group added to the azide part) 

9) 3-methylazidopropionate (methylene group added to the azide part) 

10) 2-methylazidopropionate (ditfferent disposition of the alkyl t,'TOUpS in the azide part) 

In all the azides the first band is also the most intense one, or the second most intense one; also, vcry 

often the first band is well separated from the second band. This reproducible behaviour reflects what is 

found in ab initio calculations, that is that often this band is characterized by a marked contribution 

from the azide chain. 

It is clear that when an ethyl group is attached to the ester group, the azide spectrum presents much 

broader bands than when a methyl group is attached to the ester group (cf. Spectra 4-5 and 6-7); the 

change is much less emphasized when a methyl t,'TOUp is substituted by a hydrogen atom (cfr. Spectra 

3-4). Also in azidoacetamides the effect is clearly visible (cf. Spectra 1-2), although here a difference 

of two methyl groups is considered, and therefore it is impossible to state if the difference is due mostly 

to the introduction of the first or the second methyl l:,'TOUp. 

The effect is the opposite when the distribution of the bands is considered: ethyl- and methyl­

azidoesters (or azidoamides) display almost the same pattern of bands with increasing energy (Spectra 

1-2, 4-5 and 6-7), while methyl-azidoacetate clearly shows a different intensity distribution of the PE 

bands with respect to azidoacetic acid (Spectra 3-4). 

The isoelectronic relation (azidoacetamide/azidoacetic acid, Spectra 2-3) does not imply particular 

similarities among the PE spectra. Azidoacetamide shows the first two bands quite close to each other, 

plus a well separated third one: azidoacetic acid shows an isolated first band with the three following 

ones almost overlapping. 

When changes are introduced between the azide and the carbonyl groups, it can be seen that the change 

azidoacetates-azidopropionates introduces very few changes in the spectra (8-9-10), both in the band 

distribution and in their shape. In contrast, the change is dramatic when azidoformates are compared to 
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azidoacetates (Spectra 5-6 and 7-8): for example, the first bands of methyl azidoformate and methyl 

azidoacetate differ in VIE of around 1.0 eV, and a comparison between Spectra 7 and 8 clearly shows 

different band distributions. 

In azidonitriles, the comparIson scheme- reported in Figure 5.149- is much simpler because only 

azidoacetonitrile and the azidopropionitriles have been studied. 

The azides show similar PE spectra, characterized by the two first bands being well isolated (the first in 

the 10.0-11.0 eV region, the second in the 11.5-12.0 region), then by a series of three sharp bands 

followed by broader bands at high energy. The main differences arise from the position of the first 

band, the separation of the series of bands and from the degree of overlap of the three sharp bands in 

the 12.0-13.5 eV region. 
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5.10 CONCLUSIONS 

Different azides have been studied by means of photoelectron spectroscopy and infrared matrix 

isolation spectroscopy, both to characterize the azide and to monitor its thennal decomposition 

behaviour. 

As expected, all of them decompose releasing molecular nitrogen. The temperature of complete 

decomposition does not vary consistently among the classes of azides, being generally between 300 

and 400°C; the most stable were found to be azidoacetamide- which was also the only solid azide 

studied- and the two azidopropionitriles. 

In all cases, it was not possible to detect the formation of nitrene intermediates: however, because or 
their well known instability this was an expected result, and it does not contradict the assumption that 

such radicals are formed in the first step of the azide decomposition. The alternative concerted 

mechanism is in fact less suited to explain all the products observed; the formation of nitrenes provides 

a better interpretation of the decomposition pathways. 

Two main mechanisms have been found with which the nitrene can decompose to the experimentally 

detected products. 

The first mechanism- called Type 1- is the one already proposed by Bock and Dammel [1-4], in which 

a hydrogen atom or a methyl group is transferred to the electron-deficient nitTOgen atom of the nitrene 

from an adjacent carbon atom. This produces an imine, which in some cases (azidoacetamides) can be 

experimentally observed before it decomposes to smaller molecules. In other cases the imine is not 

detected and the nitrene directly eliminates the small molecules. 

The second mechanism- called Type 2- involves an attack of the electron-deficient nitrogen atom of the 

nitrene radical at another remote site within the nitrene itself. This can lead to production of cyclic 

products- sometimes experimentally detected, such as 2-oxazolidone produced from ethyl 

azidoformate- or to major rearrangements in the molecule and subsequent elimination of smaller 

molecules, as in the azidopropionitriles. 

The two mechanisms can be open at the same time, and which one dominates varies from azide to 

azide. Among the classes fully studied in this work, azidoacetamides clearly prefer a Typc I 

mechanism, azidoformates decompose uniquely by a Type 2 mechanism, while in aZidopropionitriles 

the two mechanisms seem to occur roughly to the same extent. 

The nature of the decomposition products depends on the specific characteristic of the single azide: for 

example, both the azidoacetamides decompose producing iminoacetamides, but these Immes are 
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subsequently decomposed in different ways because of their structural difference. The same happens in 

the azidopropionitriles, where a different disposition of the alkyl groups leads to different 

decomposition products. 

The most urgent development of the work is the full interpretation of the pyrolysis spectra for the 

remaining azides, in order to describe their decomposition behaviour and confirm the thesis of the two 

alternative pathways. 

For this, additional examples of different classes of azides should be studied, such as aromatic azides. 

Another decisive factor for the determination of the decomposition mechanism- especially if monitored 

by IR matrix isolation- would be the possibility of studying azides selectively deuterated. This work 

has just been started, and the most crucial aspect is related to the difficulty of synthesis of partially 

deuterated samples. 
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CHAPTER 6 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

The present thesis was centred on two main topics, the study of the thermal decomposition of aliphatic 

azides and the study of the reaction between DMS and molecular chlorine. Both studies were 

conducted by means of photoelectron spectroscopy (PES) and infrared matrix isolation spectroscopy, 

with the support of ab initio calculations. The OMS + Clz reaction was also monitored with FT-IR and 

FT-UV spectroscopic techniques canied out in Rutherford Appleton Laboratory. The necessity of 

supporting the experimental results with ab initio calculations was not only to facilitate the 

spectroscopic assit,'11ments, but also to provide significant insight to the mechanisms of the reactions 

under study. The aim of the work was not only the experimental determination of important parameters 

of the reactions (temperature of initial and total pyrolysis, molar ratios, mixing times) but also the 

mechanism through which they proceed, including the possible formation of reactive intermediates. 

Chapter 4 described the results on the OMS + Ch reaction, which has relevance to atmospheric 

chemistry, as DMS is the most important source of natural sulphur in the tToposphere. The results ii'om 

gas-phase PES indicate that the reaction proceeds initially via the formation of an intermediate, 

(CH3)2SCh formed by direct co-ordination of the ch lorine atoms onto the sulphur atom via the probable 

involvement of a third body 

The intermediate, characterized by a pseudo-octahedral co-ordination around the sulphur atom, is 

geometrically equivalent to the (CH3hSeCh molecule already studied in the past by means of ah lI1itio 

calculations [1]. In the present study, it was not possible to detect the formation of (Cl-hhSCh as a 

product of the co-deposition of DMS and Ch in a matrix, because its most intense vibrational band is 

expected at a wavenumber too low for the detection window used in this work. However, the calculated 

frequency of this most intense band is in very good agreement with the frequency reported in literature­

and left unassigned- for an analogous matrix co-deposition studied with a suitable detection window [2]. 

When DMS and Clz are allowed to mix for a longer time, or when higher Ch: DMS pressure ratios are 

used, the dominant species become chlorinated OMS molecules, with the chlorine atom(s) attached to 

the carbon atom. The number of chlorine substitutions is dependent on the Ch: DMS ratio. For an 
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approximate I: I ratio- which is indicated to correctly reproduce the natural environment above the 

oceans at night-time [3]- the dominant species is CH3SCH2CI (MOMS). Its formation can be 

interpreted with a stepwise mechanism proceeding via (CH3hSCI2, 

because the activation bmTier predicted for this mechanism is 10 kcallmol lower than the barrier for the 

route which by-passes the intermediate. However, the calculated activation energy (4.5 kcallmol at the 

MP2/aug-cc-pVOZ level) is still slightly too high to be compatible with a rate constant of 34·1O·1~ 

cm3·molecule·1·s·1 [3]. This suggests that a more detailed investigation of the potential energy surl~lec 

should be carried out with multi-reference methods and larger basis sets. 

At higher Clz: DMS pressure ratios, it appears that the dominant species is not dichloro-OMS, but 

trichloro-OMS (TDMS). This means that the reaction 

is faster than the stepwise reactions 

MOMS + Clz ~ TOMS + H2 

MOMS + Ch ~ OOMS + HCl 

OOMS + Ch ~ TOMS + HCl 

The chlorination proceeds by replacing the protons of the same methyl group before the second methyl 

group is attacked: a chlorine atom is introduced on the second methyl b'TOllP only after all three protons 

are replaced by chlorine on the first methyl group (therefore after TOMS is formed). TetTachloro-OMS 

was observed in the matrix only at a very high C\z: OMS ratio. 

Chapter 5 presented the results on the thermal decomposition of aliphatic azides: six azides havc been 

studied in detail experimentally and computationally, while four more need further ah initio 

investigations on their decomposition mechanisms. 

Two main mechanisms have been proposed to explain the experimental evidence and they can also 

successfully interpret results obtained in the past on other simpler aliphatic azides [4-10]. 

With PES and IR matrix isolation it is not possible to detect the formation of nitrene intermediates as a 

consequence of the liberation of molecular nitrogen once the azide is heated: however, the mechanisms 

have general validity, with or without nitrene formation. 
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The first one- called here Type 1- is the azide-7imine-7products mechanism already observed in (he 

pyrolysis of alkyl azides [4-7). It involves a 1,2-H shift on the nitrogen atom attached to the leaving N: 

group from an adjacent carbon atom. 

It can be represented as: 

R'R"CH-N, -7 R'R"C=NH + N2 -7 fragmentation 

The imine is not always detected, as it is formed with high internal energy and fragmentation can occur 

as soon as is formed. The nature of the fragmentation depends on the specific azides and the small 

molecules that can be formed. 

The second general mechanism- called Type 2- IS characterized by the attack of the nitrogen a(ol11 

attached to the leaving N2 group towards another site of the molecule. This can lead to a sudden 

fragmentation of the molecule, as happens in methyl azidoformate 

N3COOCH, -7 N2 + CO2 + CH2NH 

N]COOCH3 -7 N2 + HNCO + HCHO 

or to the formation of a cyclic molecule, which can be very stable as shown by 2-oxazolidone produced 

in the decomposition of ethyl azidoformate 

In the case of the azides studied, the ah initio calculations indicate that the reactions proceed through 

very high activation energy barriers: the first step- the liberation of nitrogen- involves transition states 

that have been calculated to be of the order of 35-45 kcallmol at the MP2/6-3l G** level above the 

reactants. Such energy would require much higher decomposition temperatures than those observed in 

the experiments (the usual temperature of full pyrolysis is around 500°C, and at 500 °C kilT is ca. 0.90 

kcallmol). Even by assuming that these eneq",), barriers would be slightly lowered if a l110re accurate 

calculation method is used, the decomposition reaction cannot be viewed as a pure gas-phase reaction, 

and surface decompositions need to be invoked to explain the observation of decomposition at the 

temperatures used. 

The importance of surface effects has already been highlighted by Bock and Dammel [5). The 

involvement of surfaces is also clear in the work of Dianxun et at., when they detected the nitrene 

arising from pyrolysis of methyl azide when the heated inlet system of the PE spectrometer was filled 

with molecular sieve and the flowing sample was allowed to flow through the sieve [II]. 
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As well as decomposition of aliphatic azides, the reaction between DMS and Ch could also be studied 

on surfaces. For this, a possible method would be Reflection Absorption Infra Red SpectTOscopy 

(RAIRS), where a molecule adsorbed on a surface is ilTadiated with IR radiation and the rdlected 

radiation detected: only vibrations perpendicular to the surface can be observed, and this would give 

important insights on the method of adsorption of the molecule and therefore on the mechanism of the 

reaction of Ch with DMS on the surface As an alternative to RAIRS, high resolution High Resolution 

Electron Energy Loss Spectroscopy (HREELS) can also give information on the vibrations of 

molecules anchored to a surface. 

An infrared characterization of the (CH,)2SCh molecule is essential: experiments involving co­

deposition of DMS and Ch in a matrix should be performed with a matrix infrared spectroscopic 

apparatus with a window that allows detection of its most intense band at around 350 cm- l and the 

measurement of the intensity of this band relative to the other IR bands of the molecule at higher 

wavenumbers (see Figure 4.43). 

The fact that the reaction between DMS and Cb produces MDMS means that from the atmospheric 

point of view it is necessary to study the reactivity of MDMS, in particular all the oxidation reactions 

that lead in the atmosphere to the production of S02. Photolysis is the first candidate among these 

reactions, but also reactions with OH and NO, radicals, 0, and H20 2 should be investigated. 

Also regarding atmospheric chemistry, the reactivity of DMS with molecular iodine is of interest, as 12 

is present in marine environments [12]: once a stable now of 12 vapours has been obtained, the same 

kind of characterization techniques adopted for the DMS + Cb reaction could be conducted. In 

particular the formation of a (CH3hSI2 reactive species should be investigated and the reaction products 

established. 

The (CH3)2SeCh molecule has been studied by means of an X-ray diffraction study on single crystals 

and by means of ab initio calculations [I]: it would be useful to obtain its PE spectrum and make a 

comparison with that of (CH,hSCb. 

The necessity of taking into account surface effects for the azide thennal decompositions providcs a 

first indication for future work: it would be of interest to study azides adsorbed on a surfacc, for 

example a metallic surface, and then their thermal decomposition. RAIRS or HREELS could be used in 

this case, as it would give information on the mechanism of easier release of N2 from the azides. 

For a more detailed mechanism of the surface effects on azide decomposition, it would be necessary to 

perform higher level ab initio calculations on the first steps of the reaction, both in the presence and 

absence of the surface, in order to have an accurate value for the activation energy in each case: apart 
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from the choice of different basis sets, single point calculations at the CCSD(T) level could be the first 

step to make, even if the size of the azides will require a significant computational etfort. It is also 

necessary to include the metallic surface in the calculations and investigate its effect on the reaction 

barriers. In the literature it was found that CAS-SCF calculations on methyl azide [13] were ablc to 

underline the fact that the reaction proceeds via the formation of the nitrene: even if CAS-SCI" 

calculations on the azides studied in this work would probably be very time consuming, it would be 

very valuable to have a combination of ab mitio information of this type with a PE study with a similar 

experimental set-up as described by Dianxun et al. [II] in order to confirm the prcsence (or otherwise) 

of nitrene intermediate for the very larger azides studied in this work. 

All the ab initio characterization of the azides presented in Section 5.8 must be performed: this includes 

geometry optimization of reactants, products and intermediates, and the study of the energy surfacc 

linking them. This is paIiicularly important in those cases where still unassigned PE bands of 

intermediates are visible. 

The scheme reported in Section 5.9 must be completed by studying the azides that are isoelectronic to 

those studied in the Southampton PES group: this would give completeness to the overview of the 

different characteristics of each azide, and would indicate more clearly the similarities and differences 

in decomposition mechanisms between the classes of azides under study. In this case, the crucial point 

would be to investigate the feasibility of their synthesis 

Also associated to synthetic problems is the possibility of studying selectively deuterated azides: in IR 

studies of the parent and decomposition products this would give an important contribution to the study 

of the decomposition mechanism. 

Other azides could be studied, -for example aromatic or allyl azides: the presence of an aromatic ring 

adjacent or in the vicinity of the azide group could involve new decomposition mechanisms as well as 

the two found in this work. 

The study of the decomposition of the azides described in this work could be combined with a 

technique like flash photolysis: this has already been applied to other types of azides, g1VlIlg 

information about the possibility offorming nitrenes or other reactive intermediates [14]. 

Finally, a more detailed study of the azides and their decomposition products could be achieved by 

performing flash vacuum pyrolysis: this technique allows more resolved PE spectra to be recorded and 

it has been developed for studies of reactive intermediates [15, 16]. It can be combined with Laser 

Induced Fluoresence (LIF) [17] or Zero Kinetic Energy (ZEKE) photoelectron spectroscopy r 18], so 

that additional information on the electronic structure and thermochemistry of the reactive 

intermediates can be obtained. 
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The fact that nitrene intennediates have been observed also as consequence ofthe photodissociation of 

simple alkyl azides [19] indicates that photodissociation could be conducted on the larger azides 

presented in this work: the combination of results from thennal decomposition and photodissociation 

could lead to a full understanding of the dissociation mechanisms. 
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