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ABSTRACT

The interpretation of mass spectra has made great progress over the past decade, as
experimental methods have been developed for assigning structures to organic ions in the
gas phase. This thesis describes the important experiments in gas phase ion chemistry
whose correct interpretation can lead to the assignment of structures, and the elucidation

of fragmentation mechanisms of organic positive ions.

THE LOW ENERGY FRAGMENTATIONS OF FIVE ISOMERIC [H;,C,N,0,]"

IONS

The low energy fragmentation characteristics of the [H,;,C,N,O,]" isomers,
H,CNO,", 1, H,C=N(O)OH", 2, H,CONO", 3, HC(O)NHOH", 4, and HC(OH)=NOH ",
5, were studied in detail by metastable ion mass spectrometry. Appearance energy
measurements established the potential energy surface of the isomers 1, 2 and 3 showing
the intricate interrelation between them. For isomers 4 and §, it was concluded that they
do not intercommunicate with ions 1, 2 and 3 prior to fragmentation. Neutralization-
reionization mass spectrometry indicated that the enol form of formohydroxamic acid

structures as well as the keto analogue are stable in the gas phase.
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THE NEUTRAL COUNTERPARTS OF THE C,H,0" ISOMERS

The neutral counterparts of the C,H,0" isomers, CH;O0"(H)CH,, CH,CH,OH," and
C,H,*ssH-OH," have been studied by means of neutralization-reionization mass
spectrometry. It was observed that the internal energy of protonated dimethyl ether ions
is directly related to the stability of the neutrals generated by electron transfer, and on their
dissociation. With regard to CH,CH,OH," and C,H,***H-OH,", it was concluded that the

former ion can be obtained as a neutral species in the gas phase, whereas the latter isomer

could not be produced as a neutral species.

CLASSICAL AND NON-CLASSICAL FORMS OF THE ETHYL CATION AND

THEIR PARTICIPATION IN THE IONS RO*(C,H)R’

Oxonium ions formed via ion/molecule reactions between several oxygen centered
molecules and the ethyl cation were studied. Significant H/D mixing in these oxonium ions
was observed only when a labeled ethyl cation was reacted with a non-labeled ROR’
molecule. The degree of H/D mixing depends only on the size of R and R’, being
independent of the observational timeframe from 1-30 pus. When non-labeled ethyl cations
were reacted with labeled ROR' molecules, H/D mixing was not observed. The results

were interpreted as arising from the classical and non-classical forms of the ethyl cation

having different reactivities with ethers of different sizes.

vi
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HOMOLOGOUS HYDROGEN-BRIDGED INTERMEDIATES R;R;,0¢s*He«C(O)R,

FROM IONIZED B-HYDROXYETHERS

The unimolecular dissociations of several B-hydroxyethers and some of their
isotopomers were studied by metastable ion and collision induced dissociation mass
spectrometry. It was found that molecular ions of the form R;OCH(R,)CH(OH)R; yield

protonated ethers, R,O'(H)R,, via intermediates of the type R,R,OsesHee«C(O)R;"™".
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CHAPTER 1

INTRODUCTION

1.1 What is Mass Spectrometry?

Mass Spectrometry (MS) is a powerful analytical technique that is used to identify
unknown compounds, and to elucidate the structural and fragmentation mechanism of

molecules.

The basis of mass spectrometry is the production of positive and negative ions from
neutral compounds in the gas phase and the examination of the subsequent decomposition
of these ions. As its name implies, a mass spectrometer measures mass (or strictly mass-to-
charge ratio) and gives no direct information on ion structures. In mass spectrometric
terms, structure is defined as the arrangement of atoms only, i.e. how they are bonded
together in the ion or neutral, and not to the bond lengths and angles between atoms.
Without further analysis of mass selected ions, little more than their elemental composition
is available. For ions containing more than a very few atoms the number of possible
corresponding isomeric structures makes their sure structure assignment less than

straightforward, and further analysis is required.

However, on the basis of a variety of mass spectrometric observations, combined

with ab initio molecular orbital theory calculations and thermochemical data, one can often



]

confidently assign structures to ions and neutral species in the gas phase.

1.2 What is a Mass Spectrometer?

The instrument ranges in size from a small box about the size of a home microwave

oven to large research instruments that fill an entire laboratory. The different functions of

a mass spectrometer are represented in the following

block diagram.

lonization Sorting of ions Detection of ions
Analyser Ion
Source | | —P y — Detector ,
T t
TN |
Data Data !
Inlet Handling System | |
e
Sample
Introduction L
Data H
Output i | L llh Lo

Figure 1.1 The components of a mass spectromeler.

19

Mass Spectrum
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The gaseous sample, which may initially be a solid, liquid or vapor, is introduced
into a vacuum chamber through an inlet and ionized (by means of an electron beam) in the
ion source. The ions, which are in the gas phase, are sorted in the mass analyser according
to their mass-to-charge (m/z) ratios, and then they are collected by a detector. In the
detector, the ions generate an electrical signal that is proportional to the number of ions.
The data system records these electrical signals and then converts them into a mass
spectrum. Some mass spectrometers are much more complex than that described above but

generally speaking, the processes that occur in a mass spectrometer are: 1) ionization, 2)

mass sorting and 3) detection.

1.3 What this Thesis is All About!

This thesis focuses on two major fundamental aspects of gas phase ion chemistry.
The first is the production and characterization of novel ion and neutral species using the
wide variety of dissociative mass spectrometric techniques now available. The second deals
with the elucidation of fragmentation mechanisms of ionic species via mass spectrometric
techniques, in concert with thermochemical data and isotopic labeling experiments. The
experimental Chapters 5, 6, 7 and 8 are preceded by three chapters which describe the
instruments used to perform the different mass spectrometric experiments. The theory and

basic aspects governing these experiments are also discussed.
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Chapter 2 gives a description of the mass spectrometers used in this work, the VG
ZAB-2F and the Kratos AEI MS-902S. Also described is the electron energy selector mass

spectrometer, with which a number of appearance energies have been measured.

In Chapter 3 a list of the types of ions formed in a mass spectrometer is drawn up.

The basics of ion fragmentation are also discussed.

The purpose of Chapter 4 is to describe the important experiments in gas phase ion
chemistry whose correct interpretation can lead to the assigment of structures to organic
positive ions. The methodology may be divided into two main categories, (i) the
determination of ion enthalpies and transition state energies for their fragmentation and (ii)
the detailed examination of the unimolecular and collision induced dissociation of ions.
Hence, Chapter 4 introduces the concepts and principles of appearance (AE) and ionization
(IE) energy measurements, as well as those of dissociative techniques such as metastable
ion (MI), collision induced dissociation (CID), collision induced dissociative ionization

(CIDI), and neutralization-reionization (NR) mass spectrometry.

Chapter 5 describes the low-energy fragmentations of five isomeric H;.C.N.O,”
isomers which were studied in detail, chiefly by metastable ion mass spectrometry.
Appearance cnergy measurements established the potential encrgy surface for these isomers
and neutralization-reionization mass spectrometry indicated that the enol form of

formohydroxamic acid structures as well as the keto analogue are stable in the gas phase.
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Chapter 6 deals with the generation of hypervalent radicals formed upon
neutralization of protonated ethanol and protonated dimethyl ether. The dissociative ion
chemistry of these two species is also discussed and especially that of protonated ethanol,

for which two isomeric forms are now known to coexist in the gas phase.

Chapter 7 concerns the study of oxonium ions formed via ion-molecule reactions
between several oxygen centered molecules and the ethyl cation. The participation of the
classical and non-classical forms of the ethyl cation in the formation of these oxonium ions
is discussed in detail. We propose that when the oxygen centered molecules are relatively
small, they react preferentially with the more stable isomer of the ethyl cation, namely the
non-classical form. When the reacting oxygen centered molecules are increased in size

they react to a greater extent with the classical form of the ethyl cation.

In Chapter 8 a study of the unimolecular dissociations of several B-hydroxyethers

and some of their isotopomers are presented. It is proposed that the latter dissociate via

homologous hydrogen bridged intermediates.
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CHAPTER 2

INSTRUMENTATION: THE MASS SPECTROMETERS

2.1 Introduction

To accomplish the work performed in this thesis three mass spectrometers were
used: 1) the VG (Vacuum Generators) Analytical ZAB-2F, 2) the Kratos AEI MS-902S and
3) the electron energy selector mass spectrometer. A brief description of all three is given
in this chapter but the emphasis will be on the VG ZAB-2F since the latter was used to
generate the great majority of the results described in the forthcoming chapters. Note
however that the function of the various parts of a mass spectrometer has been described

in great detail [1-6], and thus only the more important features of these components will

be accounted for below.

2.2 The VG ZAB-2F

Figure 2.1 shows a schematic diagram of the original VG ZAB-2F mass
spectrometer [2]. The VG ZAB-2F is a tandem mass spectrometer [4, 7] which is said to
be of reversed geometry, because opposite to an instrument of forward geometry, the
magnetic analyser, B, is placed before the electrostatic analyser, E. The advantage of the
BE instruments over the EB geometries is the ability for the former to mass-select any

given ion prior to performing an experiment on it in the post magnet region (see Chapter

e,
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4). The BE geometry was first described by Beynon ct al [8] and instruments of such
geometry were mainly designed to study and elucidate reaction mechanisms and ion
structures via observation of metastable and collision induced dissociations occuring in the

second field free region (2FFR) of the instrument.

GAS CELL
BEAM DEFINING \
SLlTNl
hlld ELECTROSIATIC
‘ ANALYSER

MAGNETIC

ANALYSER
\‘,G-SLIT COLLECTOR SUT~—

(VARIABLE)

SOURCE SLIT (VARIABLE)

EL-CI ION SOURCE

ELECTRON
MULTIPLIER

Figure 2.1  The VG Analytical ZAB-2F double focussing mass spectrometer of reversed

geometry

2.2.1 The Ion Source

The ion source (Figure 2.2) is the device in which the sample is ionized. Samples

can be introduced via four different inlets:

1) Liquid samples may be introduced through a septum-injection inlet which allows

vapours to diffuse slowly from the heated reservoir into the source through a

v TR



capillary tube.

ii) For solid compounds, a direct probe inlet is used. This can be heated to obtain the

necessary sample pressure.
ii1) Gases may be introduced directly via gas lines.

iv) When studying volatile compounds (gases, liquids or solids) a variable leak inlet and

capillary glass line may be used to introduce the sample into the ion source.

After entering the ion source, the sample is ionized by means of electrons emitted
from a tungsten filament. The electron beam is interacting with the outer shell electrons

of the sample molecule giving rise to the formation of a radical cation:

M+ e > M" + 2 2.1

Because such an ionization process is very fast (< 107'® s [9]) compared to vibrational
periods (> 10" s), electron impact (EI) ionization is normally considered to be a vertical
process. Although the energy of the electrons is variable, it is usually set at ~70 eV since

near this value an electron energy invariant ion flux is obtained [10].

Since the electron beam has an energy of 70 eV, a value much larger than the
ionization energy of organic molecules (typically 10 eV [11]), the molecular ions can be

generated with a large amount of excess internal energy. Therefore this can give rise to

st ]
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the fragmentation of the molecular ions in the ion source:

M" > A+ B (2.2)

The repeller (a plate to which a positive voltage is applied) causes the newly formed
positive ions to leave the source through the exit slit. The ions then experience a large
potential gradient and are accelerated (the standard accelerating voltage (V) for the ZAB-
2F is 8 kV) towards the first field free region (1FFR). This will result in source generated
ions of mass, m, and charge, z, having a translational kinetic energy equal to zV,.

12 mv? = zV

ace (2.3)

Where v is the velocity of the ions. Therefore, ions having the same charge will have

equal translational energies regardless of their masses.

substance

repeller

collector

filament

@

®
Vl ®  acceleration region

analyser

Figure 2.2 Schematic diagram of an electron impact ionization source.
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2.2.2 The Magnetic Analyser

After exiting the source and being accelerated, the ions travel through the first field
free region and arrive at the magnetic analyser. In the magnetic analyser the ions traverse
a magnetic field, B (produced by an electromagnet), which is perpendicular to their motion.

Therein the ions will follow a circular path of radius r given by

Bzv = mv’/r or r = mv/Bz (2.4)

Combining equations (2.3) and (2.4) one obtains:

m/z = B¥/2V, (2.5)

Thus, by varying the strength of the magnetic field, one can "mass" select source ions of
desired mass-to-charge (m/z) ratios since V. and r are constants. By scanning the magnet
and detecting the ions right after they exit the magnetic field, one can obtain the single
focussing mass spectrum of the source generated ions.

The magnetic sector focusses the ion beam along the r radius in a direction
perpendicular to the magnetic field. In Figure 2.3, it is shown that if the ion enters and
exits the magnetic field perpendicularly to the field boundaries, the point of origin of the
ions, the apex of the field and the point of focus of the ions are colinear (long dashed

lines).

10
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Figure 2.3 The focussing of ions by the magnetic field.

2.2.3 Field Free Regions

There are drift regions before and after the magnetic sector called the first and
second field free regions respectively. Both of these regions can be exploited for
experimental purposes but since the second field free region is the one used in almost all

of the experiments, emphasis will be put on the latter.

The second field free region (2FFR) of the ZAB-2F at the University of Ottawa
(which originally contained only one collision gas cell, see Fig. 2.1) was subject to several
modifications. Figure 2.3 is a schematic diagram of the 2FFR as it stands today. The first
modifications [12] were to install a second collision gas cell (cell 1) and to insert a beam
deflector electrode between the two cells. Collision gases may be leaked independently

into both cell 1 and cell 2, cach having its own pressure gauge and diffusion pump nearby.



The purpose of the electrode is to deflect all ions from the flight path (by applying a
voltage of ca. +500 V to it) so that only fast neutrals, which have been generated in the
second field free region prior to the electrode. can enter the second collision cell. Note that
the electrode is placed inside a grounded metal cage, in order to prevent field penetration

to other regions of the instrument.

A few years later a metal vapor cell was designed and installed in the second field
free region [13]). The latter was designed in order to perform neutralization-reionization

mass spectrometry experiments using metal vapours.

The variety of experiments carried out using the accessories contained in the second

field free region are discussed in Chapter 4.

metal vapour cell

Tdeflector Ipump |-

2. cell #2 pump electrode

Figure 2.4  The modified second field free region of the VG ZAB-2F mass spectrometer

used at the University of Ottawa.
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2.2.4 The Electrostatic Analyser (ESA)

After the second field free region comes the electrostatic analyser, consisting of two
parallel curved metal plates of radius R. A potential is applied to the plates creating an
electric field, E, which influences the trajectory of the entering ions. For the ions to reach

the detector, their centrifugal force has to be equal to the electric force exerted on them:

mv>/R = zE (2.6)

Thus with the ESA, ions may be seperated according to their kinetic energy. Since all
source generated ions have the same translational energy, zV,, = 1/2 mv?, equation (2.6)

becomes:

E=2V,_ /R 2.7

Therefore by setting E to match the voltage given by equation (2.7) it is possible to detect
all mass selected ions generated in the source, and by scanning the magnet and setting E
to match V . the double focussing mass spectrum is obtained. The spectrum is called
double focussing because the ions are brought to focus at the p-slit by the ESA (see Fig.
2.5). This supplementary focussing device allows for a much greater mass resolution than

that obtained in the single focussing mode (by using the magnet only).

13
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Electric sector /

B- slit

Figure 2.5  Ion beam focussed at the (-slit by the electric sector.

2.2.5 The Detector

The detector is an off-axis electron multiplier. The ion beam is deflected onto a
negatively charged conversion dynode which emits electrons, which in turn are accelerated
and amplified by series of dynodes. The resulting signal is amplified, allowing an initial

ion current as low as 10'® A to be detected.

2.3 The Kratos AEI MS-902S Mass Spectrometer

The MS-902S mass spectrometer (Figure 2.5) is a two sector instrument of forward

geometry (the ESA precedes the magnetic analyser). Similarly to the ZAB-2F, compounds

14



may be introduced into the ion source via a variable molecular leak or through a probe.
However, as opposed to the ZAB-2F, there is no septum inlet. An important accessory of
this instrument is a Daly detector located after the magnetic sector. The advantage of this
detector is that metastable ion signals may be enhanced, relative to source generated
species. The great utility of the MS-902S is that appearance energy (AE) measurements
of metastably generated ions may be performed. A complete description of the method
used to measure AE values can be found in reference 14, and a brief description is given

in Chapter 4.

l | magnetic
,'..-_-. s2¥isss0n000000000ccncccncceccsannnt (T123 233 XTI an ser

.........

slectrostatic
analyser

A .
......
------

Daly metastable ——
o detector with
~1__ ionization photomuttiplier m
chamber

Figure 2.6 The Kratos AEI MS-902S mass spectrometer.

2.4 The Electron Energy Selector Mass Spectrometer
The electrostatic energy selector mass spectrometer was designed and built by F.P.
Lossing and co-workers and a complete description of this instrument is given in reference

15. In brief, it consists of an electrostatic energy selector and a quadrupole mass analyser.

15



This apparatus allows for the accurate (+ 0.05 eV) measurements of adiabatic jonization

and appearance energy (IE, AE) values.
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CHAPTER 3

BASIC CONCEPTS OF ION FRAGMENTATION

3.1 Introduction

In this Chapter brief definitions of some types of ions formed in a mass

spectrometer are given. Also discussed is the behaviour of these ions and the factors which

govern their fragmentation in the mass spectrometer.

3.2 Types of Ions Formed in a Mass Spectrometer

The formation of many different kinds of ions can occur in a mass spectrometer {1}

and those of interest for this thesis are listed below.

3.2.1 Molecular Ions

The term molecular ion designates a positively charged, odd-electron ion, M"™, which

may be formed upon ionization of a molecule, M, by ejection of an electron:

M+ e > M + 2 (3.1)

The ionization process has been described in section 2.2.1.
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3.2.2 Stable Ions

A stable ion is one that is formed within the ionization chamber and contains
insufficient internal energy to decompose before reaching the detector. The peaks observed

in a normal mass spectrum (obtained from the ZAB-2F) are due to stable ions.

3.2.3 Unstable Ions

Unstable ions are those which are formed (in the ion source) with so much internal
energy that they decompose before leaving the ionization source. Decomposition will

continue until the products contain little excess energy and are stable or metastable (see

below).

3.2.4 Metastable Ions

A metastable ion is one that is stable enough to leave the ion source but which
decomposes en route to the collector. These types of ions and the experiments performed

to study them will be discussed in great detail in Chapter 4.




3.2.5 Fragment Ions

When molecular ions are generated with a large amount of excess internal energy,

specific bonds will cleave leading to the formation of fragment ions and neutral fragments.

The process can be written as:

M" - F* + N . (3.2)

when the fragment is an odd-electron species or by

M" - F' + N’ (3.3)

when the ion is an even-electron species.

These fragment ions, F'* and F", are designated as primary ions because they were

generated in a single step from the molecular ion. Primary ions may in turn react further

and give rise to secondary ions e.g.

FO-. - F-,F + NZ- (3.4)

Obviously, such processes can continue and give further products.




3.3 lon Reactivity

Electron impact ionization gives rise to the formation of ions having wide ranges

" of internal energies, and depending on their internal energy ions can be classified as stable,

unstable or metastable as described above. Figure 3.1 shows the distribution of energy

following electron impact ionization.

T unstable
| metastable
products
stable
increasing
internal energy

+.

M 1

Figure 3.1  Internal energy distribution indicating the formation of stable, metastable and

unstable ions.

Let us now examine how the ion abundance is affected by the internal energy and
the corresponding decomposition rate constant, k. From Figure 3.2 it can be seen that

when k increases, the abundance of stable ions is diminishing whereas that of fragment ions




l;:‘ e

is increasing. Also note that the observation of metastable peaks results from a rather

narrow range of ion internal energies and rate constants.

log K &
[,
-7
/
*
( g -5 /
-3
)]
-1
«¢ o
Abundance t——+—+— Internal

S m*

energy
Figure 3.2  Interrelationship between internal energy, reaction rate and the abundance

of stable (S), metastable (m’), and fragment (F) ions.

Although the observation of stable, metastable and fragment ions depends on
experimental conditions, it is generally accepted [2] that stable ions are those for which k
< 10*s’, unstable ions have a rate constant k > 10° s and metastable ions are those having
10* s' < k < 10° s'. The detailed timeframe of events occuring in the VG ZAB-2F mass

spectrometer [3] is illustrated by Figure 3.3.
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‘ Figure 3.3  Timeframe of events occuring in the VG ZAB-2F mass spectrometer for a

typical ion of m/z 100 at an accelerating voltage of 8 kV.

3.3.1 Rearrangement Process

Mass spectrometric studies have shown that a number of compounds yield fragment
ions that cannot be formed on the assumption of simple cleavage of bonds in the molecular
ion. These ions are formed by rearrangements of atoms (or possibly groups of atoms)
during or before breaking bonds in the molecular ion or fragment ions. The stable structure

from which a molecular ion finally fragments is called the reacting configuration [4, 5].
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The extent to which an ion A" will rearrange into isomer B* depends on the stability
of the product ions and product neutral fragments, together with the relative energy barriers
for isomerization as compared with that of the competing normal fragmentation processes.

Three general cases illustrating the latter statement may be considered (see Figure 3.4).

(i) The energy barrier for isomerization, E;, is much larger than that for dissociation, E,.
Therefore, decomposition of A" and B" will take place much more readily than

isomerization.

(i) The isomerization energy barrier is smaller than either dissociation barrier leading to
the products. Thus, the two isomeric structures, A" and B, will interconvert giving rise

to mixture of products from both A" and B".

(iii) The energy barrier for the rearrangement lies between the two dissociation energy
barriers. In such a case, ion B" will fragment with no rearrangement, whereas A" will

isomerize into B prior to fragmenting.

i

i
i




(i)
products products
B+
A+
(ii)
products products
5
At
(i)
products
products
B+
At

Figure 3.4  Three potential energy diagrams illustrating the relative energy barriers for

isomerization and decomposition processes for two isomeric ions, A" and B'.




3.3.2 Ion/Molecule Reactions

While most ions in a mass spectrometer are formed in unimolecular reactions,
ion/molecule reactions are bimolecular processes which can be studied in the ion source of
the mass spectrometer at high pressures (relative to the usual operation mass spectrometer

ionization chamber i.e. sample pressure ~ 10 mbar).

In ordinary mass spectrometry practice, the only kind of ion/molecule reaction that

is significant is the transfer of a proton (protonation process) as shown below:

M + RH" - MH'" + R 3.5)

MH" is known as the protonated molecular ion, or (M + 1) ion.

However, in modern tandem mass spectrometry [6] a common approach is to react
isomeric ions with a common neutral molecule and compare the dissociation characteristics
of the ions formed via these ion/molecule reactions. It is presumed that if two ions have
different reactivities with a common reagent molecule, their structures are different. This

approach has been used for the study carried out in Chapter 7.
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3.4 General Remarks Concerning Unconventional Ion Structures

Unconventional ion structures are divided into several classes such as distonic ions,

ylid ions, proton-bridged complexes, ion-radical and ion-neutral complexes and destabilized

carbenium ions.

Distonic (e.g. CH,C'(OH)O’CH, [7]) and ylid ions (e.g. ‘CH,C'(OH)OCH, [8]) are
those radical cations which have the formal charge and radical sites on different atoms on
the molecule. For ylid ions, the charge and radical are located on adjacent atoms whereas
in a distonic ion the charge and radical are further apart [9]. Ion-radical (A'+eeB") and ion-
neutral complexes (A"***B) may be regarded as ions made of two entities (ion and free
radical or ion and neutral molecule) joined together by means of electrostatic bonding [10].
Destabilized carbenium ions (R-C(O)-C'R,) are carbocations with an electron withdrawing
substituent (e.g. -CF;, -CN, -COR) attached to the positive center [11]. Finally, proton-
bridged complexes are molecule-radical or molecule-molecule pairs held together by an H
ion forming a bridge between the two entities. Because proton-bridged complexes are the

basis of the study achieved in Chapter 8, they will be discussed in some detail below.

3.4.1 Proton-Bridged Complexes

Proton-bridged (or H-bridged) ions are unconventional ions which are now generally

accepted as playing an important role in some fragmentation mechanisms [9], and they have
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been the subject of many recent investigations [9, 12, 13].

Even-electron proton-bound molecule pairs [M;se*H"***M,] may be produced via
ion/molecule reactions and represent a well studied class of ions. On the other hand, much
less is known about odd-electron proton-bound molecule-radical pairs [MeeeH seeR"],
because they are much more difficult to generate via ion/molecule reactions and their
production from unimolecular disociation of precursor ions, is certainly less than

straightforward, necessarily involving complex rearrangements.

[t is sometimes difficult to assign a unique structure to H-bridged complexes based
only on dissociation characteristics, because isomeric forms are usually involved.
Therefore, ab-initio molecular orbital theory calculations, used in concert with experimental
data have become a valuable tool in the study of H-bridged species [12]. Unfortunately,

as the size of the ion increases, so does the cost (i.e. computer time) of such calculations.

However, Larson and McMahon [14] have shown that the value of the H-bond
strengths, D(AH'-B), in a proton bound pair (for which the hetero-atom is oxygen i.e. the
proton lies between two O), is related to the proton affinities, PA, of the partners. A and

B, according to the following equation:

D(AH'-B) = 0.46 [PA(B) - PA(A)] + (30.8 * 2 keal/mol) (3.6
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The heat of formation of the H-bridged ion, AH(I"), is therefore:

AH(I') = AH{AH") + AH(B) -D(AH"-B) (3.7

Based on the same idea, Mautner [15] has derived an equation which can be applied

to proton-bond pairs involving nitogen and sulfur atoms:

D[AH"-B] = 0.26 [PA(B) - PA(A)] + (30 % 2 kcal/mol) (3.8)

Note that Equations (3.6) and (3.7) were derived for molecular species A and B, but
extension to molecule-radical pairs i.e. A'H'B appears to be possible [16]. For example
[16], CH;C Oess*H"+¢*OCH, to which the following values are associated: PA(CH,C’O) =
158 kcal mol', PA(OCH,) = 171.7 kcal mol’', AH{CH,COH") = 203 kcal mol" and
AH{CH,0) = -26 kcal mol”'. Using the above Equations where A = CH,C'O and B =

CH,0, one obtains AH{I"") = 140 kcal mol"' which compares very well with the theoretical

ab initio calculation value of 138 kcal mol™.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES AND MEASUREMENTS

4.1 Introduction

Tandem mass spectrometry is one of the most useful and versatile techniques to gain
information on gas phase ion structure. The purpose of this Chapter is to give a general
overview of the different experimental methods which are used to aid in the assignment of
gas phase ion structures and fragmentation mechanisms. The experimental methods
currently available fall into two main categories, (i) ion thermochemistry and (ii) ion

dissociation characteristics. It is generally argued that neither of the above methods alone

can suffice for ion structure assignment, but used in combination and often in concert with

isotopic labeling experiments, these two methods represent a powerful tool for assigning

structures to ions in the gas phase.

4.2 Ion Thermochemistry

The heats of formation , AH,, of ions are especially important to establish the
structure of gas phase ions, because obtaining identical AH, values for two ions generally
implies that they have the same structure.

Heats of formation may be obtained from either ionization energy (IE) or appearance

energy (AE) measurements and the data so obtained can be used to firmly establish (by
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comparison with literature values) the structure of ionic species. This is particularly useful
when a whole system of isomeric species is being studied. Note however, that AH; values
are rarely solely used to identify ionic species, but rather they are used in conjunction with

ionic dissociation characteristics.

4.2.1 lonization Energy

The minimum energy required to remove an electron from the highest occupied
orbital of a molecule is known as the first ionization energy (IE) [1]. Two types of
ionization energy are commonly described, the vertical (IE,) and adiabatic (IE,) ionization
energies. The latter is obtained when a transition from the ground state of the molecule to
the ground state of the ion is being measured (Figure 4.1). The IE, refers to the energy
difference between the ground state of the molecule and that of the ion having the same

geometry.

The equation which relates the heat of formation of an ion M,"" and the IE value is

shown below.

AHM, ") = IE(M) + AH{(M) (4.1)

Therefore the determination of AH(M, ") requires knowledge of the standard enthalpy of

formation of the neutral molecule, M. This latter may be found in the literature [2, 3] or
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may be estimated using the additivity scheme of Benson 4].

Figure 4.1  Vertical, IE, and adiabatic, IE,, ionization energies.

4.2.2 Appearance Energy

The appearance energy (AE) is the minimum energy required to cause the

appearance of a fragment ion, M,"".
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M* > M," + M, (4.2)

The heat of formation of the fragment ion, M,", is given by

AH(M,"™) = AE(M,") - AH(M;) + AH(M,) 4.3)

Hence, provided that AH(M;) and AH(M,) are known, AH{M,") can be calculated, or

alternatively if AH(M,™) and AH(M,) are available then AH{(M;) may also be determined

from AE measurements.

The ion enthalpy derived from Equation (4.3) will be reliable provided that (i) the
fragmentation of M," has no significant kinetic shift (see below) and that (ii) there is no

reverse energy barrier (see below) for the reaction

M, + M," » M™ 4.4

Note that simple bond cleavage reactions [S, 6] as well as rearrangement reactions [7] may

display either complication.

(i) Kinetic shift
The kinetic shift, €7, is the energy above the transition state (see Figure 4.2) which

is necessary for the observation of M," on the time scale of the experiment. Thus the
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kinetic shift is dependent on the internal energy and the rate constant for fragmentation (see

Figure 4.3)

Figure 4.2  Effect of a kinetic shifi, ¢*, and an energy barrier on the measured

appearance energy of M,"".

A fragmentation reaction will have a significant kinetic shift when its rate constant
rises only slowly with increase in internal energy and in such a case, the measured AE

values will lead to an upper limit of AH{M,"). When the rate constant rises sharply with
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the increase of internal energy, the kinetic shift is less important and the AE values may
be used with more confidence {7]. The absence of a metastable peak for the reaction of

interest is an indication of such behaviour.

(ii) Energy barrier

From Figure 4.2, one may also see that a too high value of AH{M,™) will be
obtained if there is a reverse activation energy, €,. For the majority of reactions involving
a simple bond cleavage, ¢, will be small or equal to zero since ion-radical recombination
reactions (i.e. the reverse of an ion fragmentation) proceed with little or no energy barrier
[7, 8]. However, rearrangement reactions may often occur with a significant reverse energy

5, 91. Log K

A

fast reaction

slow reaction

— ey
small 1 €
kinetic shift kine?ii:geshift

Figure 4.3  lllustration of the dependence of the kinetic shift upon the internal energy

and rate constant for fragmentation.




4.2.3 Compctitive Reactions

The measurecment of an AL value can be complicated if there are two or more
competing {ragmentation channels. Figure 4.4 represents a classical case of the competition
between a rearrangement process (R) and a simple bond cleavage (C). In the present case,
the activation energy for R is lower than that of C, but the rate constant for the simple bond
cleavage rises more sharply than that of the rearrangement process. Therefore process R
is dominant at lower internal energies whereas process C takes over at higher energies. In
other words, near the threshold for C, the rate of reaction R is much greater. Thus,
observation of reaction C will not occur until some energy above its threshold where the
rates for both reactions are comparable. As a consequence the observed AE of the simple
bond cleavage will be too high.

Log K

A

€ € €

Figure 4.4  Rate constants as a function of internal energy Sfor two competing reactions

R uand C.



4.2.4 Measurements of IE and AE Values

In this thesis, ionization energies of molecules M, and appearance energies of
fragment ions M,” were determined by recording the intensity of the ion signal as a
function of the energy of the ionizing electrons. Note that the electron energy scale is first

calibrated by a suitable calibrant, e.g. water [10], iodobenzene or diethyl ether [11].

With the energy selector mass spectrometer [10], the IE value for H,O is usually
used as the calibrant and the obtained data are stored in a computer data processing system.
The ionization or appearance energy values for molecules or ions of interest are then
obtained by taking the electron energy value at the onset of the ion current versus ionizing
electron energy curve (Figure 4.5). The uncertainty in AH, values derived from such IE

and AE measurements (Egs. 4.1 and 4.3) is estimated to be not greater than + 1 kcal mol™,
4

Ion intensity

AE or IE

[
>

Electron energy (eV)
Figure 4.5  Hlustration of an ion abundance vs ionization energy curve. IE and AE

values are obtained from the onset of the curve.
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The method used to determine the AE of a metastable peak using the MS-902S mass
spectrometer is fully described in reference 11. Briefly it consists in measuring the
abundance (peak height) of the metastable peak of interest and one from a calibrant (usually
CH,CH,0"CH, generated from metastable diethyl ether molecular ions) versus electron
energy under identical instrumental conditions. The comparison of their threshold energy
values will determine the unknown AE value. The uncertainty in AH, values obtained from
such AE measurements (Eq. 4.3) is estimated to be not greater than + 3 kcal mol'. An
example of the utility of AE values to investigate metastable fragmentation pathways of a

series of isomers is shown in the next chapter.

4.2.5 Estimation of the Heats of Formation of Ions

Once the AH; value of an ion has been obtained by means of IE or AE

measurements, it may be compared with literature or estimated values.

One may estimate heats of formation of ions by studying correlations within
homologous series. The equation, AH{ion) = A - Bn + C/n, where A, B and C are

constants and n is the number of atoms in the molecule can give fairly acceptable values

[12].

Many factors have to be considered when estimating AH(ions): location of the

charge on the ion [13], nature of substituent [14], multiple substitution effects [15] and the
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relationship between stabilization energy and ion size [16]. However, although the AH;
value of an ion is an excellent criterion for its structure assignment, it should not be solely
used because isomers may have similar AH; values. A good example of such a possibility
is that of the C,H,Cl" isomers, for which the AH{CH,CH,CI"") was found to be 227.1 kcal
mol”' vs 227.3 kcal mol™ for its ylid counterpart CH,CHCIH™ [17]. Another problem may
arise if the structure of the neutral is not known. An example is found in the fragmentation
of ionized aniline [18] which produces C;H," and [H,C,N] with an AE value 0.8 eV above
the calculated threshold for CsH™ + HCN. It was proposed that the neutral is HNC for
which AH; is 0.6 eV higher than HCN. This proposition was confirmed by performing a
collision induced dissociative ionization (CIDI) experiment (see section 4.3.4) on the

neutral product to establish its structure {16].

4.3 Ion Dissociation Characteristics

[on dissociation characteristics are primordial in the identification of ion and neutral
species in the gas phase. These may be separated into spontaneous and collision induced
dissociation (CID). The important difference between these techniques is that ions having
different internal energies are being sampled.  Therefore ions which may be
indistinguishable from their metastable ion (MI) dissociative characteristics may be clearly

identifiable from CID experiments (see section 4.3.2).

The reactions concerning the topics presented in this thesis include metastable ion
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(MI) dissociations and dissociations resulting from the collision of fast moving ionic or
neutral species with a stationary target gas. Experiments falling in the latter category
include, collision induced dissociation (CID), collision induced dissociative ionization
(CIDI) and neutralization-reionization (NR) mass spectrometry. In the following sections,

each of the above mentioned techniques will be discussed individually.

4.3.1 Metastable Ion (MI) Mass Spectrometry

As defined in section 3.2.4, a metastable ion is one which has enough energy to exit
the ionization chamber but decomposes before reaching the detector [8]. Such ions have
a small excess energy above the minimum for fragmentation and a lifetime of ca 1-10 ps.
Metastable ion dissociations have been observed in early mass spectrometry studies and the

first scientists to use the term "metastable ions" were Hipple and Condon [20] in 1945.

The detection of metastable ion dissociation products is possible only if the
appropriate fragmentation took place in the field free regions of the apparatus (i.e. between
the ion source and magnet, 1FFR, or between the magnetic and electrostatic sectors, 2FFR).
Suppose that an ion, M,"", metastably decomposes in the first field free region of the VG
ZAB-2F yielding a daughter ion, M,", and a neutral fragment, M;. Assuming that the
velocity of both fragments is virtually unchanged, and that the law of conservation of
momentum has to be obeyed, the kinetic energy of the products will be a fraction of the

kinetic energy of the precursor ion.
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1/2 myv,” = my/m; x zV, (4.5)

1/2 myvy? = my/m, X zZV, (4.6)

In other words the initial kinetic energy, 1/2 m,v,?, will be equal to the total kinetic energy

of the fragments and it can be seen that this kinetic energy is shared between the fragments

in the ratio of their masses.

172 mv? = 1/2 myv,” + 1/2 myvy’ 4.7

From equation (2.3) and keeping in mind conservation of momentum, M,” will have a

kinetic energy of

zV’

we = 12 myv)? 4.8)

where V’acc = (mz/ml) V:\cc

Combined with equation (2.4) one obtains

(mym))/z = B /2V, 4.9)

and therefore metastably generated M,"* will have an apparent mass, m’, given by
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m" = m,’/m, (4.10)

Therefore metastably generated ions M," will be transmitted through the magnetic analyser
with such an apparent mass, but because they have a fraction m,/m, of the kinetic energy
of the precursor ion, M,", they will be detected only if the ESA is set at the appropriate

voltage, corresponding to m,/m; x V..

For metastable ions dissociating in the second field free region (those of major
interest for this thesis), they are mass-selected by the magnetic analyser whereafter they
enter the 2FFR and the masses of the fragmentation products are determined by scanning
the electric sector. Along with metastable fragmentation products determination, metastable
peak shapes and kinetic energy release (KER) measurements, recorded under good
resolution conditions, can give further and valuable information on the ion of interest.

These two criteria will be discussed in some detail below.

4.3.1.1 Resolution

For the VG ZAB-2F one may speak in terms of mass or energy resolution. Mass
resolution is a measure of the ability to separate two ions, M," and M,', of any defined
mass difference, AM = m, - m,. The peaks are resolved when h/H < 0.1 (Figure 4.6) and

the resolution, R, is given by
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R=m,/ Am (4.11)

The resolution power of the VG ZAB-2F is approximately 1000 when all the
variable slits (Y, - Y) are fully open. Narrowing the slits permits one to achieve greater

resolution at the expense of signal intensity.

The energy resolution is measured by the energy recorded at half height of the peak
(Figure 4.6). The "real" voltage scanned by the electrostatic analyser is 0-483 Volts, but
since an accelerating voltage of 8000 V is given to the ions, the sector voltage is scaled to
8000 V. Therefore at 483 V, the ions are considered to have 8000 V. An energy

resolution of 5 Volts is considered acceptable.

+
M,
Half
Height
E
Mass Resolution Energy Resolution

Figure 4.6  Diagram showing the difference between mass and energy resolution.
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4.3.1.2 Metastable Peak Shapes and Kinetic Energy Release (KER)

It was mentioned in section 4.2.2 that for an ion to dissociate, an excess of internal
energy is required. When metastable ions fragment, this excess of internal energy may be
released as kinetic energy given to the fragments, and as a result, the metastable peaks are
broadened relative to a beam of non dissociating ions. The magnitude of this peak
broadening is dependent upon the reverse activation energy (g,) as well as on the kinetic
shift (¢). If there is a large €, and/or € then there will usually (but not always) be a large
kinetic energy release (large T, value, see below) and a dish-shaped metastable peak. On
the other hand, if the reaction takes place near threshold then there will always be a small
KER and a narrow Gaussian metastable peak. It should be mentioned that the fundamental
difficulty associated with the evaluation of the way in which the internal energy of a
fragmenting ion is partitioned among the translational degrees of freedom of the products,
is that no simple method exists for the simultaneous and accurate measurement of internal
energy content and the Kinetic energy release {21]. In essence this means that a measured
T, s value has no special significance. Nevertheless, T, values are still of great importance

because fragmenting ions having the same reacting configuration should show similar T

values [22].

Experimentally, kinetic energy release values are measured under high energy
resolution conditions. The ion of interest is mass-selected through the magnet and then the

electric sector is scanned slowly over a small voltage range close to that of the ion
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fragment’s energy. For a given metastable fragmentation process, M,"" = M," + My’, the
T,s valuc associated with the metastable peak M," is then calculated by the following i

equation [8].
Tos = (AE - AE?) x m* / 16 x my x m3 X Vi, (4.12)

Where AE, and AE, are the peak widths at half height of the metastable peak, M,’, and the
metastable precursor ion, M, ", respectively. V. is the accelerating voltage. Note that the
p T, values are usually given in meV, because peak widths at half heights are normally

measured in volts. T,s values are obtained with an uncertainty of +5 meV.

Another important criterion of metastable ion studies is the shape of a metastable
peak. Metastable peak shapes are generally classified as Gaussian, flat-topped and dished,

or composite (see Figure 4.7).

dished

_ () (c)

(a)

Figure 4.7  Metastable peak shapes: (a) Gaussian, (b) flat-topped and dished, (c)

composite.
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Gaussian-type metastable peaks are the most commonly observed and are usually
associated with small kinetic energy releases; typically T, values of up to 80 meV. Flat-
topped and dished metastable peaks are associated with larger KER due to reactions having
significant reverse activation energy. The dish observed in such peaks is not of
physicochemical origin but is produced by z-axial discrimination against the ion beam. The
fragment ions which contain large amount of kinetic energy in the plane of the long axis

of the energy resolving slit are not fully transmitted because the slit is of finite length.

Composite metastable peaks may consist of the combination of a Gaussian peak atop
a dished peak or a pair of superimposed dished peaks [23]. They can arise (i) from two
isomeric ions which lose a common neutral fragment to yield one or two daughter ion
structures (ii) from a single precursor ion structure which fragments to yield a pair of
isomeric daughter ions and (iii) from a pair of isomeric precursor ions fragmenting to yield

a common daughter ion via different reacting configurations.

4.3.1.3 Metastable Peak Intensities

The possibility that there is a relationship between relative metastable peak
intensities and the structure of a fragmenting ion was proposed by Shannon and McLafferty
[24] following a related study of Rosenstock et al. [25]. It is based on the premise that
when two (or more) competing fragmentations from the same ion give reasonably intense

metastable peaks, then the ratio of their abundances may be used as a criterion for ion
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structure. Therefore, if dissociating ions of a given m/z ratio and having the same
molecular formula, obtained from a variety of different precursor species, all display very
closely similar metastable peak abundance ratios, it provides good circumstantial evidence,
but not proof, that ions having the same reacting configurations are being observed.
However, care must be taken such that all fragmenting ions are observed under identical
experimental conditions of e.g. ionizing electron energy, ion lifetime (reacting region) and
energy resolution. If such care is taken, metastable peak abundance ratios are reproducible

and may be obtained with an uncertainty of + 1 relative units.

4.3.2 Collision Induced Dissociation (CID) Mass Spectrometry

The collision induced dissociation of ions was first described by Jennings [26] and
Hadden and McLafferty [27]. In their paper, Hadden and McLafferty [27] suggested that
the structure of an ion can be characterized by its CID mass spectrum and that the
technique would provide an additional characteristic of broad applicability. Indeed some
twenty years later, CID experiments are widely used and have proven to be of prime
importance in the study of gas phase ion structure and fragmentation mechanisms [7, 28].
For example the use of CID in the investigation of C;HyO" ions has shown the existence
of two new isomers of 1-propanol ions CH,CH,CH,OH"" of structures CH,CH,CH,0H,"

and CH,CHCH,OH," [29].

With the VG ZAB-2F, the second collision gas cell situated in the second field free
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region (see Figure 4.8) is used to perform CID experiments. lons of interest, M,", are
mass-selected with the magnet, travel through the 2FFR and enter gas cell 2 in which they
collide with a target gas, T (usually He or O,). The fragment ions are then analysed by
scanning the ESA and detected. The mass-selected ions which suffer collision induced
dissociation, are ions originating from the ion source which have insufficient energy to
fragment on the ps (metastable ion) time-scale. When these ions collide with a neutral
target, some of their translational energy may be converted into iqtemal energy inducing

unimolecular fragmentation of the ions.
M» + T > M™ > M + M/ @n)
The ions which undergo collision induced dissociation possess a broad range of

internal energies, from the IE (AE) of the ion up to and including energies appropriate to

metastable fragmentations in the 2FFR. If the precursor ion (M,"™) retains its initial

structure (no rearrangement) over this whole range of internal energies then the CID mass

spectrum can be taken as structure specific for M," and should resemble the normal mass
spectrum of the molecule M,. Therefore in cases where at energies appropriate to
metastable fragmentation, isomers freely interconvert and the isomers cannot be
distinguished based on their MI mass spectrum, one may be able to distinguish the isomers
based on their CID characteristics since ions of lower internal energy are being sampled

(see Figure 3.4(ii)).
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Figure 4.8  Collision induced dissociation experiment performed in the second field free

region of the VG ZAB-2F.
4.3.2.1 Nature and Pressure of the Collision Gas

These are the factors which most affect a CID mass spectrum. The most widely
used target gases for CID experiments are He and O,, although N,, H,, Xe and other gases
have also been used. Target gases mainly fall into two categories [30], soft targets (O,
NO,, Cl,) which provide less fragmentation and hard targets (He, CH,, SF,) which provide
more, whereas N, is considered an intermediate strength target. The choice of gas will

therefore depend on the type of information needed [31].

Normally, the actual pressure of gas within the collision cell is not measured and
so it is monitored at some nearby station in the mass spectrometer. Thus a more

convenient way of reporting experimental pressure conditions, is to report the percentage
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reduction of the ion main beam, e.g. gas pressure causing a 10% reduction of the mass-
selected ion beam is normally used to record CID mass spectra. As the main ion beam
becomes more and more reduced, multiple collisions become more important and the yield
of fragmenté resulting from high dissociation energy pathways increases. For example
Figure 4.9 shows that at a 10% reduction of the incident ion beam, >95% of the collisions
are single encounters whereas at 60% beam reduction, double and triple encounters now

make up 20% and 5% of the collision events respectively.
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Figure 4.9  Total collision probability and the fractions of single and multiple collision

processes as a function of collision gas pressure.
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Thus it is obvious that in order to obtain reproducible results care must be taken in
the choice of the collision gas and in the pressure at which the experiments are performed.
Note that for this thesis, He and O, were used as target gases at pressures corresponding

to a 10% beam reduction to obtain essentially single collision conditions.

4.3.2.2 Metastable Peak or Collision Induced Dissociation Peak?

As for MI peaks, those originating from CID processes will have a width related to
the KER for their fragmentation. In general the CID peak will be wider since there is a
larger range of internal energies involved and a larger time scale for the CID relative to

metastable ion decomposition.

The cross section for CID may be very high and so peaks which appear to be
metastable instead may be due to CID. One way to determine whether a peak is due to a
CID process and not to a metastable process, is to measure the width of the peak (under
energy resolution conditions) in the absence of and in the presence of increasing amounts
of collision gas. If the width of the peak is independent of collision gas pressure then the

peak is very likely to originate from a CID process.

Another method to discriminate MI from CID peaks is to put a positive or negative
voltage (typically + 1000 V) on the collision gas cell. Consider the dissociation process,

M, = M, + M, and assume that a negative voltage, -V, is applied to the collision cell.
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Two possibilities may occur. M, fragments within the collision cell (CID process) or it
‘ also fragments outside the collision cell (MI fragmentation). For a voltage -V applied to
the cell, the ions M, entering the cell with an energy V. will acquire +V translational
energy i.e. their kinetic energy will be raised to V. + V. The fragments M," produced
from M," in the cell will then have a fraction of the energy. [m,/m, x z(V, + V)-V], as
they exit the cell. The fragments produced before and after the cell will have an energy
of m,/m, x zV, and are not affected by the voltage applied to the cell. Thus MI and CID

peaks are separated from onc another (see Figure 4.10).

-V on cell
M, M, (CID)
(ML + CID) no voltage
on cell
M, (M])
My X ZVec m, xz(V,,,+V) -V m, X 2V,
m, m, m,

Figure 4.10  The usefulness of applying a voltage -V on the collision cell to separate Ml

and CID peaks.
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4.3.3 Charge Stripping (CS) Mass Spectrometry

This process was first described by Cooks at al. in 1972 [32]. As for CID
processes, charge stripping reactions arise from collisions between high energy ions and a

target gas, but now to produce doubly charged ions.

M +T > M +T+e , (4.14)

They are characterized by very sharp peaks in the CID mass spectrum which appear
at half the ESA voltage required to transmit the precursor ion. Due to the large energy
required to generate them, CS peaks are much less intense than CID signals and may
sometimes be very difficult to observe. Since this technique was not used in the present
thesis, it will not be discussed in further detail. However valuable examples of the utility

of the technique in the determination of structure of ions may be found in reference 33.

4.3.4 Collision Induced Dissociative Ionization (CIDI) Mass Spectrometry

The dissociation of metastable ions gives rise to the formation of ion and neutral
fragments. The CIDI technique allows one to study the neutral fragments generated from

metastable ion dissociations.

The method consists in mass-selecting an ion M,"" which traverses the 2FFR of the
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VG ZAB-2F where it dissociates unimolecularly prior to the deflector electrode. Consider
such an ion which undergoes only one metastable dissociation ie. M," = M, + M;. A
positive charge is placed on the electrode such that all the ions are deflected away and only
the fast neutrals, produced during the metastable dissociation, continue on to collision cell
2. The high velocity neutral species M; then collide with the target gas (typically He or
0,) and if sufficient translational energy is converted into internal energy, ionization and/or

fragmentation take place (see Figure 4.11).

M, + T > M;" > M, + My (4.15)

The resulting CIDI mass spectrum is obtained by analysis of the new ions using the

electrostatic sector.

Note that for such experiments to produce unequivocal results, the unimolecular
fragmentation of the mass-selected ion must generate a sufficiently intense metastable peak.
Moreover the collision gas pressure should be restricted to concentrations which lead to
essentially only single collision events within the cell. The latter restriction is of great
importance since it has been proposed that an increase in collision gas pressure could
convey energy to the neutrals allowing them to isomerize and/or decompose before
collision induced ionization [34]. Nevertheless the CIDI technique has proven to be of
great use in the assignment of the structure of many neutral fragments [34, 35], sometimes

with unexpected results [19, 36].
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Figure 4.11  Collision induced dissociative ionization of a neutral fragment, M;, produced

from the melastable fragmentation of a mass-selected ion, M,"".

4.3.5 Neutralization-Reionization Mass Spectrometry (NRMS)

Reactions involving neutral species also include the NRMS technique which is used

to study and characterize the neutral counterpart of new and unconventional ions.

The term NRMS appeared in 1983 when Danis et al. [37] showed that this
experimental method could provide valuable information on the structure and chemistry of
neutrals, ions and molecules. Since then, due to the pioneering work of J.L. Holmes, F.W.
McLafferty, R.F. Porter, H. Schwarz and J.K. Terlouw, much progress has been made and

the technique is well established [38-41].

The technique is simple. First the desired ion is mass-selected using the magnetic
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sector. The ion beam is then neutralized by charge exchange with a target gas, N (usually
monoatomic), in the first collision cell. Then, as in CIDI experiments, all remaining ions
are deflected from the flight path by applying a positive voltage to the deflector electrode.
The neutrals enter cell 2 where they are ionized by collision with a second target gas, R,
and finally the reionized neutrals and their fragment ions are separated (based on their

kinetic energy) by scanning the ESA.

Therefore in the following discussion, the term NRMS will apply to the mass
spectra resulting from the collisional reionization of neutrals generated from mass-selected

positive ions by electron transfer from a target gas, equations (4.16) and (4.17).

M"+N > M + N' (4.16)

M+R > M +R +e (4.17)

4.3.5.1 Neutralization

The first neutralization-reionization experiments were performed using metal vapours
(Hg, Na, K, Zn) [37, 39]. However in 1985 Holmes, Terlouw and coworkers have shown

that Xenon and other permanent gases can also conveniently be used for neutralization [42].

As stated above neutralization will occur via charge exchange (Equation 4.16).

Because interaction between cations and a monoatomic target will involve a time of only
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approximately 10" s, the electron transfer will be considered as a vertical Franck-Condon
process [41]. Hence if the geometries of the ion and corresponding neutral are closely

similar, stable neutrals will be generated upon neutralization of the ion. However if the

‘geometries are markedly different, their transitions to an unstable part of the potential

energy surface of the neutral may take place; resulting in the decomposition of the transient

neutral (see Figure 4.12).

(b)

Figure 4.12  Vertical neutralization of an ion M" giving rise to the formation of (a) a

stable neutral and (b) a dissociative neutral species.

The efficiency of electron transfer and its consequences depend upon the energy

balance, Qy. of reaction (4.10).
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Qy = [E(N) - NE,(M") (4.18)

Where IE(N) is the ionization energy of the electron transfer target and NE (M) is the
vertical neutralization energy of the selected ion M. There are three situations to consider,
(i) resonant electron transfer, (ii) endothermic electron transfer and (iii) exothermic electron

transfer. (i)

(i) Resonant electron transfer (Qy ~ 0)

For monoatomic and diatomic species, near resonant electron transfer has been
shown to be very efficient. However for polyatomic molecules, where there is a significant
geometry change, use of M as the neutralization target will not be resonant since IE, = NE..
Acetone, for which endothermic neutralization is more efficient, is a ngd example of the

latter situation [43].

(i) Endothermic electron transfer (Qy > 0)

In these situations the energy deficit (extra energy required for electron transfer) is
provided by the translational energy of the projectile ions M'. Thus Hg (IE = 10.4 eV) and
Xe (IE = 12.1 eV), commonly used as neutralization agents, have proved to be excellent
electron transfer targets for organic cations corresponding to neutral species with 1E values

as low as 6 eV.
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(iii) Exothermic electron transfer (Qy < 0)

If the charge exchange process is exothermic, excited neutral species are generated
which might have enough energy for decomposition and/or rearrangement. These
conditions may be achieved by the use of alkali metal vapours as the target atoms for the

neutralization of M*. This is due to the low IE of such atoms (e.g. IE(Na) = 5.1 eV, IE(K)

=43 eV).

4.3.5.2 Collision Induced Reionization

Similarly to CIDI, this process (Equation 4.15) occurs in the second collision cell.
Reionization is usually with O, or He. The extent of fragmentation immediately after

reionization depends on the internal energy of the ion generated vertically from the neutral.

4.3.5.3 General Remarks on NRMS

For the experiment to be considered a possible success, a reionized species having
the correct m/z ratio (recovery signal M") must be observed indicating that neutral species

M have been generated as stable species on the time scale of the experiment, Typically 1-

10 ps.

Often, the NR mass spectra of molecular ions are similar to their EI and CID mass

spectra. This indicates that the species do not undergo major rearrangement during the
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neutralization and/or reionization processes. When no recovery signal is recorded it
indicates either that neutralization has led to the formation of an unstable neutral species
or that a dissociative ion was formed upon reionization. Alternatively, if a recovery signal
is recorded but the NR mass spectrum differs significantly from the CID mass spectrum,
it may indicate that the stable neutral has undergone rapid isomerization into a more stable

neutral form.

Whenever possible, CIDI experiments should be performed in parallel with NRMS.
This is because for a CIDI experiment the neutral will mostly be in its ground state whereas
in NRMS the neutral will often be formed with an excess of energy. Dissimilarities
between an ion’s NR and CIDI mass spectra must then be reconciled with the properties
of the ion and the neutral, and this may well give some insight into the neutralization

process itself.

4.4 Isotopic Labeling

Isotopic labeling experiments are used as a tool to probe and clarify fragmentation
mechanisms of positive ions examined by mass spectrometry. The most commonly used
labels are D, ®C and '*O. The goal of most isotopic labeling experiments is to discover
which atoms are involved in a given dissociation. It also gives insight as to the nature of
the transition state involved in the fragmentation pathways. A review concerning the use

of labeling studies as an aid to investigate the fragmentation of ions has been published
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[44] and the utility of such experiments is provided by the studies carried out in Chapters

7 and 8.
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CHAPTER 5
THE LOW ENERGY FRAGMENTATIONS
OF FIVE ISOMERIC [H,CN,O,[" IONS

Org. Mass Spectrom. 23, 167 (1990)

5.1 Overview

The low energy fragmentation characteristics of the [H;,C,N;0,] ™" isomers H;CNO, ",
1, H,C=N(O)OH", 2, H,CONO™", 3, HC(O)NHOH", 4, and HC(OH)=NOH", 5, were
studied in detail by metastable ion mass spectrometry. In agreement with most earlier
observations, appearance energy measurements established the potential energy surface of
the isomers 1, 2 and 3, showing the intricate interrelations between them. It was concluded
that 1 isomerizes into 2 prior to fragmentation by loss of "OH and H,O and into 3 before
loss of “H and CH,O". Moreover the reverse reactions do not take place on the metastable
time-frame. The dominant metastable process for isomers 4 and 5 (obtained via HCN loss
from glyoxime) was generation of H,NOH". For isomer 5 this process was proposed to
involve a rate determining isomerization into 4. It was concluded that isomers 4 and S do
not intercommunicate with ions 1, 2 and 3 prior to fragmentation. Neutralization-
reionization mass spectrometry established that the enol form of formohydroxamic acid is

stable in the gas phase.
5.2 Introduction

The low energy dissociations of molecular ions in the gas phase often only occur
from isomeric ions generated via extensive rearrangement processes. This is especially true
for (but by no means limited to) those ions which have lifetimes of 2 10° s, i.e. the
metastable ions which decompose in the drift regions of a mass spectrometer. This is well

illustrated by the metastable fragmentation characteristics of the isomeric nitromethane, 1.
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caras,

[1-7], aci-nitromethane, 2, [5,7], and methylnitrite, 3, [3-5, 7-15] radical cations.

H,C-NO," H,C=N(O)OH" H,C-ONO"
1 2 3

Egsgaard et al. [5] have studied the metastable and the collision induced
dissociations of the isomers 1, 2 and 3 to investigate the concurrent rearrangements of the
nitromethane radical cation into its isomers. For isomer 1, they reported five metastable
processes: generation of m/z 60 (H,CNO,"), m/z 46 (NO,") (although Lifshitz et al. [6] have
shown that this ion is generated solely by collision), m/z 44 (H,CNO"), m/z 43 (HCNO™)
and m/z 30 (NO"). It was proposed that the signal observed at m/z 44 isduetoal — 2
rearrangement en route to dissociation and the m/z 30 signal was ascribed to O-N bond
cleavage in H,CONO" after a 1 - 3 rearrangement. Isomer 2, obtained via C,H, loss
from nitropropane ions, only displayed metastable loss of “OH and H,O (generation of m/z
44 and 43), which indicates that a 2 - 1 isomerization does not take place. With regard
to isomer 3, it displayed only one major fragmentation in the metastable time frame,
namely the generation of H,COH* + NO' [8-10,15]. In the metastable ion mass spectrum
presented by Egsgaard et al. [5] signals at m/z 30 (NO"), and 29 (HCO"), were also present,

but these were later ascribed to collision induced fragmentations [12].

In addition to the above three species, more [H;,C,N,0,]" isomers are known.
Formohydroxamic acid was first synthesized by Nef [16] and Schroeter [17]. Two
structures were proposed: the keto and enol tautomers. Based on its infrared spectrum, the
keto structure has been assigned to formohydroxamic acid [18]. Although
formohydroxamic acid has been the source of much biochemical interest, its molecular ion,
4, has not been investigated mass spectrometrically. The molecular ion of the enol
tautomer, 5, and its neutral counterpart have not yet been identified. Recently, carbamic
acid radical cations, 6, were identified as stable species in the gas phase [19].

[HC(O)-NHOH]" [HC(OH)=NOH]" [H,N-C(O)OH]"
4 5 6
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In this study the metastable fragmentation characteristics of the isomers 1, 2 and 3
have been reinvestigated in order to establish an unambiguous potential energy surface
showing their possible isomerizations (see Figure 5.1). Isomers 4 and § have been
identified as stable species in the gas phase and their possible interconversion will be
discussed. Lastly, using the relatively new neutralization-reionization technique [20-22] the

first experimental evidence for the stability of the enol form of formohydroxamic acid will

be presented.
5.3 Experimental

All experiments were performed using the VG Analytical ZAB-2F double focussing
mass spectrometer of reversed geometry modified for neutralization-reionization (NR) mass
spectrometry as described in Chapter 2. Metastable ion (MI), collision induced dissociation
(CID) and neutralization-reionization (NR) mass spectra were recorded as previously
described (see Chapter 4). Helium was used as target gas in the CID experiments. In the
NR experiments the mass-selected ions were neutralized by charge exchange with Xe (cell
1). After separating the neutrals from the ions by means of a charged electrode, the former

were reionized by collision with O,.

In the above experiments all slits were fully open to obtain maximum signal strength
and to minimise energy resolving effects. The kinetic energy releases (T, ) for the various
metastable processes were obtained from the peak widths at half-height measured under
high energy resolution conditions [23]. The appearance energies (AE) of metastable
processes were measured with the Kratos AEI MS 902S mass spectrometer (see Chapter
2) using a comparative method and with iodobenzene and diethylether as standards [24].
Daughter ion appearance energies were obtained with an apparatus comprising an
electrostatic electron monochromator with a quadrupole mass analyser and a minicomputer

data system [25].

Methylnitrite was obtained by mixing CH,OH, NaNO, and dilute H,SO,. The
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gaseous methylnitrite was introduced into the mass spectrometer without further
purification. Formohydroxamic acid was synthesized as described by Fishbein et al. [26].

All other compounds were commercially available.

5.4 Results and Discussion
5.4.1 Metastable Ion and Collision Induced Dissociation Experiments

The metastable ion mass spectra of H;CNO,", the H,C=N(O)OH™ daughter ions
from ionized nitropropane [5, 27], H,CONO", HC(O)NHOH" and the [H,,C,N,0,]"

daughter ions from glyoxime are presented in Table 5.1.

Although the m/z 61 signal in the mass spectrum of glyoxime was only 0.1 % of

m/z 44 (the most intense signal), it was a single peak under high resolution conditions and
an exact mass measurement showed that it indeed corresponded with [H,,C,N,0,]"; its
generation and observation were reproducible. The production of [H;,C,N,0,]" from
glyoxime molecular ions can be considered an OH shift accompanied by loss of [H,C,N],
most likely HCN (Equation (5.1)).

H H

\C-Cl - [H;,CN,0,]" + [H,C\N] (5.1

HOI{{ I\lll()H

The MI mass spectra of 1, 2 and 3 were in good agreement with those reported in

ref. [5], except for the complete absence of m/z 46 and m/z 15 in the MI mass spectrum

of nitromethane ions (as has been reported by Lifshitz et al. [6] ) and m/z 30 and m/z 29
in that of methylnitrite ions. These differences can be explained by lower background
pressures in the present experiments resulting in minimal contributions from collision

induced dissociation processes.

CID mass spectra were also recorded; those of 1, 2 and 3 were close to those
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published earlier [5,7] and those of HC(O)NHOH" and the [H,,C,N,O,]" ions from ionized

glyoxime are shown in Figure 5.2.

Table 5.1. Metastable ion mass spectra of the isomeric ions H;CNO,”, 1,
H,C=N(O)OH*, 2, H,CONO™"", 3, HC(O)NHOH"", 4 and the [H, C,N,O,]" from ionized
glyoxime, 5.

Isomers m/z

30 31 33 43 44 60

1 21 1 2 44 32
2 13 86 1
3 87 13
4 100

5 79 2 19

(a) Obtained via a 1,5-hydrogen shift in the molecular ion of 1-nitropropane as shown in

reference 27.

5.4.2 Potential Energy Surface of H,CNO,", H,C=N(O)OH™" and H,CONO™

The appearance energies and the kinetic energy releases of the metastable
decompositions of the isomers 1, 2 and 3 are reported in Table 5.2. The potential energy
surface of the three isomers, derived from the above data, is shown in Figure 5.1 and will

be discussed in detail below.
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Table 5.2. Appearance energies and kinetic energy releases, T,s of the metastable

processes of the nitromethane, aci-nitromethane and methylnitrite radical cations®.

Metastable Process Equation No. Appearance Energy T,s value
(eV) (meV)
H,CNO,” - NO" + H;CO’ (5.2) 120 £ 0.1° 47 (589
(11.75 £ 0.05)°
H,CNO,” — H,CNO" + 'OH (5.3) 12.0 £ 0.1° 25 (30, 24

(11.75 % 0.05)°

H,CNO,” — HCNO" + H,0 (5.4) ~12.4% 34

H,CNO,” — H,CONO' + H  (5.5) 12.1 £ 0.1° 324 (320°)
(11.8 + 0.1)¢

H,CNO,H" — H,CNO' + 'OH (5.6) 12.9 + 0.1° 14 (15%

H,CNO,H” -» HCNO" + H,0 (5.7) (Too weak) 33

H,CNO,H" — H,CONO' + H' (5.8) (Too weak) 37 (3209

H,CONO" - H,COH' + NO' (5.9) 11.0 £ 0.2 79 (93,° 54%
(10.69 + 0.03)"

H,CONO" + H,CONO' + H' (5.10) 11.5+ 0.1° 39 (389

(11.20 £ 0.05)"

(a) Appearance energies of source generated fragment ions and T, values obtained from

previous studies are given in parentheses.
(b) See Experimental

(¢) From Ref. 6.

(d) From Ref. 5.

(e) From Ref. 9.

(f) From Ref. 8.
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Figure 5.1 Potential energy surface of nitromethane, aci-nitromethane and methyl nitriie
radical cations and their metastable fragmentation routes. All AH, values are from
References 28, except AH{HCNO™) and AH(H,CNO"), which are from References 34 and
30 respectively, and AH(H,C=NO,H") and AHJ(H.,CONO+ ) which have been determined
in this work. The energies for the transition states are calculated from the data in Table
5.2: underlined in bold are the transition states for metastable reactions and dots indicate

those determined from daughter ion appearance energies.

First we shall consider the H' loss process. In agreement with Lifshitz et al. [6], we
find that the CID mass spectra of the m/z 60 ions from these three precursors are identical
within experimental error and assign them the structure H,CONO'. This structure has also
been assigned to this ion on the basis of ab initio molecular orbital theory calculations [28],
which lead to an energy of 232 kcal mol" for the sum of AH{(H,CONOQO") + AH(H"). This
energy is below that measured from H;CONO using energy selected electrons, 242 kcal
mol" (see Figure 5.1), but the latter should be regarded as an upper limit in view of the

kinetic energy release.
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Generation of H,CONO" from metastable nitromethane radical cations and its aci
form must involve complex rearrangements; these processes will be discussed below. Note,
however, that in contrast with an earlier report [6], the kinetic energy releases are markedly

different, 324 and 37 meV respectively indicating that different processes are involved.

Generation of NO", process (5.2), for ionized nitromethane takes place viaal —
3 rearrangement [5]. A priori this is unexpected because m/z 31, H,COH’, is the dominant
process for metastable methylnitrite ions and generation of m/z 30 does not take place on
the metastable time-scale. To explain this behaviour we propose that isomerization of 1
into 3 yields highly excited ions (~36 kcal mol™' of internal energy, see Figure. 5.1), which
will favour a fragmentation reaction with a high frequency factor (see section 4.2.3), i.e.
O-N bond cleavage, instead of a complex rearrangement. This is in good agreement with
the breakdown graph, derived from the photoelectron spectrum of methylnitrite, which

shows that at high energy the generation of m/z 30 is favoured over m/z 31 [3,8].

The occurrence of the 1 — 3 rearrangement also explains the metastable H' loss,
because H,CONO™ loses H' metastably. In addition, the measured transition state energy
for H' loss is, within experimental error, equal to that for the 1 — 3 rearrangement (see

Figure 5.1). This barrier gives rise to the large kinetic energy release for H' loss.

To explain the generation of H,CNO" (Equation (5.3)) by nitromethane molecular
ions, a1 —> 2 rearrangement was proposed [5]. The AE of metastably generated H,CNO'
was measured to be 12.0 eV, resulting in a transition state energy of the rate determining

step of 259 kcal mol™! (AH(H;CNO,) = -18 kcal mol™ [29)).

No details were given by Egsgaard et al. [5] for the third and fourth metastable
processes, generation of HCNO™ (Equation (5.4)), and H,CONO' (Equation (5.5)). The
AE of metastably generated m/z 43 from nitromethane, 12.4 eV, yields a transition state
energy of 268 kcal mol”'. However, m/z 43 is only a minor peak in the MI mass spectrum

of nitromethane ions (see Table 5.1) and so a competitive shift can be expected, making
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the measured AE too high. Moreover, C-N bond cleavage, which has the same apparent
(calculated) energy requirement (AH{NO,") + AH{ CH,) = 268 kcal mol™ [29]) is not an
observed metastable process for nitromethane ions. Note that the above AE’s are those of
metastable processes, i.e. ions fragmenting after ~10° s. The AE’s of some of the daughter
ions have also been measured by photoionization [6] at extended lifetimes and so those AE

values are consistently lower than the present results (see Table 5.2).

The aci form of nitromethane was obtained via a 1,5-hydrogen shift in the molecular
ion of l-nitropropane [27]. The AE of the H,C=N(O)OH" daughter ion, measured using
energy selected electrons, 11.75 eV, gave AH{2) = 229 kcal mol” (AH{(C,H,NO,) = -30
kcal mol”' and AH{C,H,) = 12 kcal mol" [29]), assuming that there is no excess energy
involved in the reaction. Thus, 2 is more stable than 1 (AH{1) = 236 kcal mol™ [29]) by
7 kcal mol, which is considerably less than the difference obtained by Egsgaard et al. [5],

19 kcal mol™, also based on an AE measurement.

With regard to its metastable processes, aci-nitromethane ions yield H,CNO* +
‘OH (Equation (5.6)), HCNO"” + H,0 (Equation (5.7)) and H,CONO" + H' (Equation
(5.8)). Note that the metastable peaks for these three reactions arise from an ion of low
abundance in the normal mass spectrum of nitropropane (only ~1.5% of the base peak).
Only the metastable peak for reaction (5.6) was sufficiently intense for a reasonably
accurate AE determination. The transition state for the reaction H,C=N(O)OH" —
HCNO™ + H,O (Equation (5.7)) could only be roughly estimated as lower than ~268 kcal
mol™ and certainly no less than that for reaction (5.6). The H' loss metastable peak was
the weakest. The AE of metastable reaction (5.6), 12.9 eV, gave a transition state energy
of 256 kcal mol™' for ‘OH loss from 2. The latter is lower than the transition state energy
for "OH loss from 1 via 2 (Equation (5.3)), 259 kcal mol' (see above). Thus, the rate
determining step for dissociation of H,CNO," into H,CNO" + "OH is the isomerization into
the aci form, H,C=N(O)OH "’; this is supported by the T, value for reaction (5.3) being
larger than the T, value for reaction (5.6), 25 versus 14 meV (see Table 5.2).
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It now remains to explain the metastable generation of HCNO™ from isomers 1 and
2. Since the T, values of both metastable peaks are the same (see Table 5.2), we propose
that for nitromethane ions a 1 — 2 isomerization takes place prior to dissociation of
H,C=N(O)OH" into HCNO™ + H,0, with the latter step being rate determining. Note that
the inverse process, 2 — 1, does not take place because m/z 30 is not produced
metastably by the aci form. Since the transition state energy for the2 —» 1 — NO" +
H,CO" process is only 259 kcal mol' (see Fig. 5.1), the barrier for H,O loss from
H,C=N(O)OH", a metastable process, is most likely considerably lower than the value
given in Figure 5.1, 268 kcal mol™'. Additionally, H,O loss could be kinetically favoured
over the2 — 1 = NO"+ H,;CO’ process because it involves a less complex mechanism,

i.e. one instead of two rearrangement reactions.

The highest energy fragmentation for the metastable fragmentation H,CN(O)OH™
ions is H' loss. The reaction sequence 2 — 1 — 3 can be ruled out because the aci form
does not isomerize to nitromethane (see above). Although the kinetic energy releases for
H' loss from H,CN(O)OH" and H;CONO™ are similar, the MI mass spectra (Table 5.1) do

not provide support for a direct 2 — 3 isomerization.

Finally, for the methylnitrite radical cation, thermodynamically the most stable of
the three isomers (AH{3) = 223 kcal mol™ [29]), the absence of m/z 44 and 43 in its MI
and CID mass spectra indicates that it does not communicate with isomers 1 and 2. The
potential energy surface, Figure 5.1, shows that dissociations into H,COH' + NO" and NO"
+ H,CO" are thermochemically much more favourable than the 3 — 1 isomerization. The
metastable generation of H,COH" has been the subject of numerous investigations [8-15}

and will not be discussed further.
5.4.3 Characterization of HC(O)NHOH" and its Tautomer HC(OH)=NOH"

The MI mass spectra of HC(O)NHOH" and the [H,;,C,N,O,]" daughter ions from

glyoxime are both dominated by m/z 33, but the latter spectrum also contains peaks at m/z
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44 and 43 (see Table 5.1). In addition the T, values of the m/z 33 signals are different,
21 and 113 meV respectively (the T, value for m/z 44 in the MI mass spectrum of the m/z
61 daughter ions from glyoxime is 49 meV). This shows that we are dealing with two
different [H;,C,N,0,]" isomers, and this is confirmed by their having different CID mass
spectra, see Figure 5.2. The ions m/z 32 and 29 are relatively more intense in the CID
mass spectrum of HC(O)NHOH". In contrast, the CID mass spectrum of the m/z 61 ions

from ionized glyoxime has relatively more intense signals at m/z 44, 43 and 30.

61

@ 33 61 @ "33

29 .
(29

s Ml JX. L 6 )N\r ..; ;

mlz mse

Figure 5.2 CID mass spectra of (a) HC(O)NHOH*" and (b) the [H,C,N,O,]"" daughter

ions of ionized glyoxime.

The CID mass spectrum of the [H;N,0]™ ions generated metastably in the first
field-free region from ionized formohydroxamic acid is identical with that of the source
generated [H;)N,0]" daughter ions and that of ionized hydroxylamine (ionized
hydroxylamine was obtained via thermolysis of hydroxylamine hydrochloride). The high
mass regions of these spectra are dominated by m/z 32, 30 and 31 and the low mass
regions by m/z 16 and 17, in decreasing order of intensity. Thus the [H;,N,O]" ions
generated metastably from ionized formohydroxamic acid have the H,NOH" structure. It
is worth noting that the NR mass spectrum of H,NOH" has m/z 33 as base peak and
closely resembles the CID mass spectrum, which is in keeping with the stability of H,NOH

[30].
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Generation of H,NOH" via a 1,2-hydrogen shift in HC(O)NHOH"" can be ruled out,
because the ion thus obtained, OCNH,OH", would be expected to dissociate into H,NCO"
+ "OH, the bond cleavage of lower energy requirement (ZAH(H,NCO" + "OH) = 170 kcal
mol" [29, 31] and TH(H,NOH" + CO) = 185 kcal mol" [29]). By analogy with the
mechanism proposed for the generation of CH,OH," from ionized ethylene glycol [32], odd
electron, hydrogen bridged species are suggested intermediates:

H
\ 2" 4+

H—N==0 ----H .I..oz—_c
\

Two mechanisms can be proposed for the generation of m/z 61 from glyoxime: an
OH shift to the carbon atom yielding HC(OH)=NOH", 5, (Equation (5.12a)) or an OH shift
to the nitrogen atom yielding HCN(OH),", 7 (Equation (5.12b)). Ab initio molecular
orbital theory calculations [10] predicted the heat of formation of 5 to be 28 kcal mol’
lower than that of 1, i.e. AH{HC(OH)=NOH™) = 208 kcal mol™?. No experimental or

theoretical results were available for ion 7.

\
o
a4+
H 0—H
/
H >=N + HoN
N—O o\ (S.IZa.)
H
H
\
o] . +
N/\ | o—H'
>__.._< — C——N +
H \N—o u/ \o - <S‘1b)
/
H H
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Considering structures 5 and 7, the metastably generated m/z 44 and 43 ions are
most likely HCNOH* and HCNO™ and the calculated difference between the sum of the
heats of formation of the fragmentation products (AH(HCNOH") + AH{('OH) = 239 kcal
mol™ [29, 31] and AH{HCNO") + AH(H,0) = 246 kcal mol" [29, 33]) is in keeping with
the ratio of the two signals in the MI mass spectrum, ~8 : 1. Generation of [H;,N,O0]" is
the most intense metastable process and consequently the energy of the transition state for
this process is expected to be somewhat lower than 239 kcal mol™. The T, value for m/z
33, 113 meV, indicates that this is not a threshold process, a considerable barrier for the
reverse reaction is expected. Note that generation of [H;N,0] involves a complex
rearrangement. Assuming that the [H,,C,N,0,]" daughter ions from ionized glyoxime have
structure 5, two hydrogen atoms have to be transferred. If the m/z 61 ions have structure
7, an OH transfer has to take place as well as the transfer of two hydrogen atoms. At this

point, the former argument seems more feasible than the latter.

To aid structure assignment of the m/z 61 daughter ions of ionized glyoxime, the
NR mass spectrum of these ions was recorded, see Figure 5.3b. The spectrum is clearly
different from that of ionized formohydroxamic acid, see Figure 5.3a. Since the
contributions from metastable fragmentation of ions are reduced in NR mass spectra
compared to those in CID mass spectra [34], it can be safely stated that the NR and CID
mass spectra of the m/z 61 daughter ions of ionized glyoxime are in good agreement. Note
that the signal at m/z 28 is due to ionization of metastably generated CO. An important
feature of the NR mass spectrum is the presence of a recovery signal at m/z 61, indicating
that the neutral counterpart of the mass-selected m/z 61 ions is a stable species in the gas
phase. Unfortunately, the NR mass spectrum of the [H;,C,N,O,] ** species, is not of great
help for an unambiguous structure assignment, because in essence, both structures 5 and
7 could explain the NR mass spectrum. However, as stated above, a § — 4 rearrangement

prior to the production of H,NOH™ is more straightforward than a 7 — 4 isomerization .

Thus, we propose that the [H;,C,N,0,]"" ions from ionized glyoxime have structure

5, the enol form of formohydroxamic acid. The m/z 33 peak in the MI mass spectrum is
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then explained by a rate determining isomerization of the enol form into the keto form (a
1,3-hydrogen shift) followed by the mechanism depicted in equation (5.11). The rate
determining character of the 5 — 4 isomerization explains the T, value of m/z 33 for

isomer 5 being larger than that for isomer 4, 113 meV versus 21 meV.

@ @ 28

33

43

29

43

N

AL l

mlz
Figure 5.3 NR mass spectra of (@) HC(O)NHOH™ and (b) [H, CN,O,]" daughter ions of

ionized glyoxime.

5.5 Conclusions

The low energy fragmentations of nitromethane, 1, aci-nitromethane, 2,
methylnitrite, 3, formohydroxamic acid, 4 and the enol form of formohydroxamic acid, 5,
ions were studied in detail by metastable ion mass spectrometry. For ionized nitromethane
1, it was concluded that the generation of NO" (m/z 30), takes place viaal — 3
isomerization and a 1 — 2 rearrangement was introduced to explain the production of
H,CNO" and HCNO™ (m/z 44 and 43). It is noteworthy that the reverse reactions do not
take place on the metastable time-scale. By means of appearance energy measurement the
potential energy surface of these three isomers was constructed, showing their

interrclationships.
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Based on metastable ion and neutralization-reionization mass spectra, structure S5,
the enol form of formohydroxamic acid, was assigned to the [H;,C,N,0,]" daughter ions
from ionized glyoxime. The metastable ion mass spectra of isomers 4 and § were
dominated by m/z 33, H,NOH". Generation of H,NOH" by ionized formohydroxamic acid
could not be explained by a conventional 1,2-hydrogen shift. Therefore,
HNQeeeHe+«OCH", a hydrogen bridged ion, was proposed as intermediate. A 1,5-hydrogen
shift in the latter ion yields H,NOH". For isomer 5 we proposed that metastable generation
of H,NOH" takes place via a 5 — 4 isomerization and that the latter process is rate

determining, which explains the T, value of m/z 33 being larger for this isomer.

The relatively new neutralization-reionization technique was used to establish the

stability of the enol form of formohydroxamic acid in the gas phase.
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CHAPTER 6

THE NEUTRAL COUNTERPARTS OF THE C,H,0" ISOMERS

Org. Mass Spectrom. 25, 481 (1990)

Org. Mass Spectrom. Submitted

6.1 Overview

The neutral counterparts of the C,H,O" isomers, CH;0"(H)CH;, CH,CH,OH," and
C,H,*+*H-OH," have been studied by means of neutralization-reionization (NR) mass
spectrometry. Protonated dimethyl ether as well as its O-(D) analogue were produced by
protonation (deuteronation) of dimethyl ether and also generated as daughter jons from
(labeled) CH,OCH,CH(OH)CH," by loss of CH;CO". It was observed that the internal
energy of protonated (deuteronated) dimethyl ether ions is directly related to the stability

of the neutrals generated by electron transfer, and on their dissociations.

With regard to CH,CH,OH," (a), it was produced as a daughter ion from
CH,CH(OH)CH(OH)CH,"* by loss of CH;CO'". The last isomer studied, C,H,**sH-OH," (b).
was obtained by reacting C,H;' ions (from C,HBr") with water in the ion source. The
reversibility of the isomerization of (a) into (b) prior to the metastable generation of H;0’
and C,H, will be discussed. Finally, it will be shown that isomer (a) can be obtained as

a neutral species in the gas phase whereas neutral isomer (b) could not be produced.
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6.2 Introduction

In the mid-1980’s Neutralization-Reionization mass spectrometry was introduced as
a new and successful technique for the generation and characterization of novel neutral
molecules and free radicals [1]. Use of this method together with other techniques such
as collision induced dissociation (CID) mass spectrometry has proved to be a valuable tool
in structural characterization of positive and negative ions and in the determination of
fragmentation mechanisms [2]. This aspect of the field was very well reviewed by F.W

McLafferty at the last International Mass Spectrometry Conference in Amsterdam [3].

In this study, a beam of fast neutrals is produced via charge exchange neutralization
of a beam of positively charged, mass selected ions, M", (having 8 keV translational
energy) with a target gas, N (Equation (6.1)), in a collision cell located in the second field

free region.

M" + N - M + N” 6.1)
Surviving ions exiting the first collision cell are electrostatically repelled trom the ion-beam
path, and by ionizing the neutral downstream in a second collision cell containing a target

gas, R (Equation (6.2)), and scanning the electrostatic analyser, a neutralization-reionization

(NR) mass spectrum of the mass selected ions is obtained.

87



r

M+R > M"+N +e (6.2)

NR mass spectrometry has proved to be particularly useful in the preparation and
characterization of unusual neutral species such as hypervalent radicals. However, the
investigation of the latter has provided ample controversy. For example, stable high
Rydberg methonium radicals have only been produced by neutralization of CH;" and CD;’
with zinc vapor [4], a result which seems unique to the element. H;" has been studied in
remarkable detail [5] and ND," (not NH,") is a well authenticated radical [6]. Stable neutral
H,0", D,O" and isotopically ladeled CH;OH," have proved elusive to some and detectable
by others; for a full discussion see reference 1(d) and the original work. More recently,
we have shown [7] that stable CH,O(H)CH;" can be obtained by neutralization of
vibrationally highly excited protonated dimethyl ether. Also Wesdemiotis et al. [8] have

reported the observation of stable CH,CH,OH," from excited protonated ethanol.

In the present Chapter the generation of stable hypervalent CH;O(H)CH," is
discussed in detail. We have used NR mass spectrometry together with other techniques
(MI and CID) in order to investigate the possible isomerization process between the
classical, CH,CH,OH,", and non-classical, C,H,***H-OH,’, forms of protonated ethanol, a
process which has also been the subject of two theoretical studies [9, 10]. The involvment

of a Rydberg state in the observation of stable C,H,0" will also be discussed.
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6.3 Experimental

All experiments were performed using the VG Analytical ZAB-2F mass
spectrometer of reversed geometry [11] modified for neutralization-reionization (NR) mass
spectrometry as described earlier [12, Chapter 2]. Metastable ion (MI) and collision
induced dissociation (CID) mass spectra were recorded by standard procedures [13,
Chapter 4]. Oxygen was used as target gas in the CID experiments. In the NR
experiments, the mass selected ions were neutralized by charge exchange with xenon. After
separating the neutrals from the ions by means of a charged electrode, the former were
reionized by collision with O,. Isotopic contributions from ions of lower mass were

negligible, unless stated otherwise.

The appearance energies (AE) of metastable processes were measured with a Kratos
AEI MS 902S mass spectrometer using a comparative method with diethyl ether as
standard [14]. Daughter ion appearance energies were obtained with an apparatus
consisting of an electrostatic electron monochromator with a quadrupole mass analyser and

a minicomputer data system [15].

CH,OCH,CD(OH)CH, was synthesized by reducing methoxyacetone with LiAID,
[16] in anhydrous ether. All other chemicals were commercially available and used without

further purification.
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6.4 Results and Discussion

6.4.1 Protonated Dimethyl Ether and Isotopomers

Protonated dimethyl ether and its O-D analogue have been produced from two
different reactions: (i) by protonation (deuteronation) of dimethyl ether using H,0" (D;0%)
as reagent and (ii) as a fragment ion produced from ionized 1-methoxy 2-propanol as

shown by the following reactions:

CH,0CH,CH(OH)CH," — CH,0" + CH;O (6.3)

CH,0CH,CD(OH)CH," — CHDO" + CH0’ 64)

The structure of the C,H,O" fragment ion (from reaction (6.3)) was confirmed to be
protonated dimethyl ether by two types of experiments. First the dissociation of the
metastable C,H,0" ions showed a broad dished peak at m/z 31, CH,OH’, having a shape
identical with that from the MI mass spectrum of protonated dimethyl ether [17]. The
identity of the neutral C,H,O" fragment was determined from its collision induced
dissociative ionization (CIDI) mass spectrum (see Chapter 4) and was found to be identical
with that of the radical produced in the metastable dissociation of ionized biacetyl, showing

it to have the acetyl structure CH;CO’ [18].

The second experiment was to measure the appearance energy (AE) of m/z 47, 9.54
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+ 0.05 eV, using energy selected electrons. With AH{CH,OCH,CH(OH)CH,) = -97 kcal
mol" [19] and AH{CH,CO’) = -6 kcal mol™" [20], AH(C,H,0") = 129 kcal mol”, in
excellent agreement with the literature value of 130 kcal mol" derived from the proton

affinity of dimethyl ether [20].

The m/z 48 (C,H,DO") ion produced from ionized CH,OCH,CD(OH)CHj (reaction
(6.4)) very largely loses CH, in its MI mass spectrum (see Table 6.1), the ratio m/z 32 :
m/z 31 being ~ 13 : 1. Therefore, the deuterium atom in the C,H,DO" species must be
bonded to oxygen, because only CH, is lost metastably (not CH;D) in the MI mass
spectrum of CH,0'(D)CH, (produced by direct deuteronation of CH,0CH,) whereas for
CH,DO*(H)CH, (produced by protonation of CH,DOCH, with H,0") m/z 31 (loss of

CH,D) and m/z 32 (loss of CH,) were found to be in a ratio of 1.6 : 1 (see Table 6.1).

Table 6.1. Metastable ion (MI) mass spectra of protonated dimethyl ethers.

Ion Fragment ion abundance
m/z 31 32
CH,0'(H)CH, (m/z 47) 1.0 -
CH,0'(D)CH, (m/z 48) - 1.0
CH,0'(H)CH,D (m/z 48) 1.6 1.0
m/z 48 from CH,OCH,CD(OH)CH, 1.0 13
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Figure 6.1 was obtained by measuring the appearance energy (seec Chapter 4) of the

m/z 31 ion arising from the metastable process

CH,0"(H)CH, — CH,OH' + CH, 65)
200
188
__ 180F
'-':—
o
£
I=]
£ 1601
o
v CHa + CHoOH"
Ll
Z
W 140
CH3O(H) CHy
120}

Figure 6.1. Energy diagram for the metastable fragmentation of protonated dimethyl ether.
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AE = 12.1 £ 0.1 eV and using the established thermochemical data for the reactant and
product enthalpies, AH{CH,CO") = -6 kcal mol’', AH(CH,0H") = 168 kcal mol" and
AH{CH,) = -16 kcal mol’, all data from reference 20. Note the large reverse energy
barrier, 36 kcal mol™', which is in keeping with the broad dished m/z 31 metastable peak
shape and the large associated kinetic energy release (T,s = 420 meV). Also note that the
CH,O"(H)CH, ions occupy a deep potential well of 58 kcal mol”', which can explain the
pressure effect (described below) observed for the metastable fragmentation of protonated

(deuteronated) dimethyl ether produced from direct protonation (deuteronation) of dimethyl

ether in the ion source.
With H,O" as protonating agent, the reaction
(CH,),0 + H,;0° - CH,;O'(H)CH; + H,0 (6.6)

is 24.8 kcal mol”' exothermic (AH{H,0") = 141 kcal mol"'; AH(CH,0CH,) = -44 kcal mol’
"' AH{CH,O"(H)CH,) = 130 kcal mol" and AH{(H,0) = -57.8 kcal mol' (all data from Ref.
20). When CH,O'(H)CH, and its O-D analogue were produced by direct protonation
(deuteronation) of dimethy! ether, observations of the metastable fragmentation of these
ions showed that increasing the pressure of H,0O (D,O) in the ion source reduced the
fraction of energy rich species (see Figure 6.2a). By varying the measured source pressure
by an order of magnitude, from 10° to 10" mbar, the relative abundance of the metastable

peak for m/z 47 — m/z 31 + CH, to the m/z 47 ion beam, m';, / L.B.,;, changed from
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Figure 6.2. (a) Effect of pressure on the internal energy of protonated (o) and deuteronated
(+) dimethyl ether as measured by the relative abundance of the metastable peak to the ion

beam. (b) Effect of pressure on the intensity of the recovered m/z 47 as measured by the

ratio R = intensity of recovered m/z 47 over the intensity of fragment ion m/z 46 in the

Xe/O, NR mass spectra of protonated dimethyl cther.
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Since the activation energy for the metastable fragmentation of CH,0"(H)CH; is 58
kcal mol™ (see Figure 6.1) it is not surprising that ions of lower energy (high ion source
pressure conditions) hardly dissociate metastably. At low ion source pressures, ions having
greater internal energy are being formed and can therefore dissociate more easily. Figure
6.2b shows that the lower the ion source pressure, the greater the intensity of the recovery

signal m/z 47 (reionized CH,O(H)CH,) in the NR mass spectrum of protonated dimethyl

ether.

The behaviour of ionized deuteronated dimethyl ether was the same and the greatest
yield of hypervalent radicals (see Figure 6.3a) was obtained from CH,0"(D)CH, under CI
conditions which produced energy rich ions (low ion source pressure). F igure 6.3b
represents the NR mass sepctrum of CH;0"(D)CH, produced from CH,0CH,CD(OH)CH;'
(see reaction (6.4)) and it can be seen that the yield of stable hypervalent radicals is much
less than that obtained from excited deuteronated dimethyl ether. The latter observation is
due to the m/z 48 ions produced from reaction (4) being much "colder". This is shown by
the ratio of m’;/I.B.gbeing 0.28 x 10* vs 2.1 x 10* for that of highly excited
CH,O"(D)CH, produced by deuteronation of dimethyl ether. Note that neutralization with
Xe, Hg and Cd generally produced similar neutralization-reionization phenomena, but with
Na, dissociation of the hypervalent species was dominant. A result which is not surprising

since the energy balances, Qy (see Chapter 4), given by

Qy = [E(N) - NEy(M) (6.7)
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where IE(N) is the ionization energy of the electron transfer target and NE,(M") is the
vertical neutralization energy of the selected ion M", were estimated to be 6.8, 5.1, 3.7 and
-0.2 eV for Xe (IE = 12.1 eV), Hg (IE = 10.4 ¢V), Cd (IE = 9.0 e¢V) and Na (IE = 5.1 €V,
all IE values from Ref. 20) respectively. Note that the value NE(CH,;O"(H)CH,) was
estimated as follows: first AH{CH,O’(H)CH,) was calculated from the sum AH{CH,0CH;)
+ AH{H") = -44 kcal mol” + 52 kcal mol” = 8 kcal mol” [20] = AH{CH,O'(H)CHj,), this
assumes no binding energy between the hydrogen atom and the ether molecule. Any
binding energy would necessarily lower this value. Then NE(CH,O'(H)CH,) =
AH{CH,0*(H)CH,) - AH(CH;O'(H)CH;) > 122 kcal mol" or NE(CH,0"(H)CH;) > 5.3
eV. Now introducing the latter value in equation (6.7), we obtained the energy balances,

Qy, mentioned above.

We conclude that the vertical neutralization process which gives hypervalent
radicals, stable on the time scale of the present experiment (~1-2 ps) arises only from
vibrationally highly excited protonated (deuteronated) dimethyl ether. To our knowledge,
kinetic studies [21, 22] have never provided any evidence for the existence of stable
CH,O'(H)CH,. For example, Meagher and co-workers [21] have shown that the mechanism
of the reaction of H and D atoms with CH,OCHj, resulted in a bimolecular abstraction of
the type

H’ (or D) + CH,0OCH, — H, (or HD) + "CH,0CH, (6.8)
for which the activated complexes are HeeeHeesCH,-OCH; and Dee*Hee=CH,-OCH;.

Therefore we propose that a Rydberg state wherein the ion core is stable may be
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responsible for the observation of stable CH,O(H)CH; and its O-D analogue. Note that
such a Rydberg state would make the Qy values mentioned above more endothermic, since

it would lie at an energy somewhere between 8 and 122 keal mol™.

32 48

©

29

15

32

29

48 |

Figure 6.3. Neutralization (Xe) - reionization (0,) mass spectra of CH;0"(D)CH; obtained

(a) from CH,OCH, + D,;O" and (b) as a daughter ion from CH,OCH,CD(OH)CH;""
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6.4.2 Protonated Ethanol and its Non-Classical Form

Wesdemiotis et al. [8] concluded from ethanol autoprotonation, that the classical ion,
[CH,CH,0H,]" (a), and its non-classical structure, [C,H,*¢*He*+OH,)" (b), can coexist and
that the stable hypervalent radicals observed in their NR Hg/O, mass spectra arise from
excited ions having the classical structure. The isomerization process was proposed [8] to
explain the extensive H/D scrambling observed in the CID mass spectra of a series of
labeled protonated ethanols. Such scrambling was also observed by Harrison [23] and
Jarrold et al. [17] and was explained by the interconversion of [C,H,essHs++OH,]" and
[C,H,*+*OH,]", en route to the elimination of either H,O or C,H,. Recently the calculations
of Swanton et al. [10] (which are in good agreement with those of Bouchoux and
Hoppilliard [9]) showed that a species which resembles a complex of ethene plus oxonium
ion, [C,H,*=sH-OH,]" (c), lies some 13 kcal mol! higher than (a) (see Figure 6.4) and thus
can explain the extensive H/D mixing discussed above. Also it was calculated that the (a)
— (c) isomerization requires an activation energy of 23 kcal mol™ and that the elimination

of C,H, and H,O from (c) can occur at threshold.

In order to investigate the (a) — (c) isomerization process, we have generated them
(as well as some of their isotopomers) seperately from different precursors. The ion
[CH,CH,0OH,]’, was produced from ionized 2,3-butanediol by loss of CH,CO’. The
structure of the C,H,O" ion was assigned by measuring the AE of the m/z 47 ion, 10.00

+0.05 eV. Using AH{CH,CH(OH)CH(OH)CH, ) = -115 keal mol"' [24] and AH(CH,CO")
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= -6 kcal mol”' [20] we obtained AH{(C,H,0") = 122 keal mol’', in excellent agreement
with the literature value of 121 kcal mol™" [20] obtained from the proton affinity of ethanol.
With regard to isomer (c), since H,O is a small molecule, reacting it with C,H," is more
likely to give rise to the formation of the non-classical structure, (c), because we have
shown [25, Chapter 7] that when a ROR' molecule is small, it reacts in great extent with

the more stable form of the ethyl cation i.e. the non-classical one [26].

174

CHs + HO

C.H, + H30" .
CH,OH + CH,

C,H, eee H-OH,
Energy
(kcal/mol)

CH,CH,OH,

Figure 6.4  Schematic potential energy profile describing unimolecular [fragmentation
reactions of protonated ethanol. All thermochemical values are from Ref 20, except for

AH(C,H #+*H-OH,') and the transition states, which are from Ref. 10.
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First note that both ions (a) and (c) displayed the same single metastable peak, m/z
19 (H,0"). The kinetic energy release at half height (Tos value) was measured to be 2 meV
in both cases, indicating that there is no significant barrier to the reverse association, a
finding which is in good agreement with theoretical calculations [10].
F;gure 6.5 shows the CID mass spectra of m/z 47 generated from
CH,CH(OH)CH(OH)CH," and from C,Hs" + H)0, and m/z 52 obtained from
CD,CD(OH)CD(OH)CD;" and from C,Ds" + H,0. Also shown are the CID mass spectra
of the metastably generated ions 47 and 52 from the corresponding diols. From Figures
6.5a and 6.5b it can be noticed that the source and metastably generated ions have the same
structure or mixture of structures. The peak at m/z 33 in Figure 6.5a was found to be an
artifact signal which is confirmed by the latter being absent in Figure 6.5b. When
comparing Figures 6.5a and 6.5b with Figure 6.5c, one can see that H,0" (m/z 19) is
produced in greater abundance from the m/z 47 jon when the latter is produced by the
reaction C,H;* + H,O rather than from ionized 2,3-butanediol, whereas C,Hs" (m/z 29),
CH,OH' (m/z 31) and CH,OH," (m/z 32) are relatively less intense. This observation is
interpreted as showing that when the C,H,0" ions are produced from C,H," + H,0O, the
former have the non-classical structure (c) and they can either lose C,H, and H,0 (in small
extent) or isomerize to (a) and then lose H,O (in greater extent than from (c)), CH, and
CH,". On the other hand, when ions of mass 47 are generated from ionized 2,3-butanediol,
a greater yield of protonated ethanol is being initially produced and therefore the peaks at

m/z 29, 31 and 32 are more intense. Nevertheless, note that upon collision , the
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rearrangement (a) — (c) also occurs since a peak at m/z 19 is also observed when excited
ions (a) are formed. The latter statement is supported by the extensive H/D scrambling
observed in the CID mass spectra of the labeled species (see Figure 6.5d). Such mixing
has also ‘been observed by others [8, 17 and 23]. Therefore we propose the following

scheme in order to explain the results discussed above.

[C,H,*+*H-OH,]" - H,0" + GH, (6.9)
- CH;" + H,O (minor) (6.10)
[CH,CH,OH,]" - CH;" + H,0 (major) (6.11)
- CH,0H" + CH, (6.12)
- CH,0OH,” + CHjy (6.13)

The sum of the heats of formation AH{(H,0") + AH(C,H,) = 153 kcal mol” vs 158 kcal
mol™ for that of C,H,' + H,0, all data from ref. 20. Since it has been calculated [10] that
both processes occur at threshold when produced from isomer (c). m/z 29 should never be
more intense than m/z 19 (since the latter process is less energy demanding). unless most
of the C,H,' is produced from (a), a process which necessitates only a simple C-O bond
cleavage. The thermodynamically favoured process. CH,OH' + CH, (AH{CH,OH") +
AH(CH,) = 150 kcal mol"' [20]) was calculated [10] to occur with a large energy barrier.
53 keal mol” vs 23 kcal mol™ for that of the isomerization process (a) — (¢) (see Figure

6.4) and therefore the peak at m/z 31 is relatively less intense than those at m/z 19 and 29.

101



. T

201

faaoadsas OFH + 5@°D pup .F AIHO)ADHO)AD AD woy pauwiqo suol LOH @D fo p.aoads

ssow (71D (3) puv (p)  SYHO)HD (HOIHDHD woyf LO*H®D paivioua3d A1quispjow Jo wn.yoads ssou 1D (9) ‘Ajaanoadsa

“H 9) pup (p) TG 24n31]
O'H + .‘HD puv *HO(HOHDIHO)HIHD wof paonpoud suol ,O-H'D fo p4oads ssou (1) (2) puv (v)

U g [ 4\222\ 5

ve oz

141

123

v T 0 W N

1414

62




In order to aid distinguishing between isomers (a) and (c), the Xe/O, NR mass
spectra of the above species were recorded, see Figure 6.6. Note that the NR mass spectra
of the C,H,0" isomers and their isotopomers are identical (see Figures 6.6a, b, ¢ and d)
suggesting that only one of the two isomers has survived to the neutralization step. For the
unlabeled isomers (m/z 47), very small recovery signals were observed, but the formation
of peaks at m/z 31 (CH,OH,") and m/z 18 (H,0) are more likely to have occured from the
dissociation of reionized CH;CH,OH, (see discussion above). For the labeled species
C,H,D,0" (m/z 52), much more intense recovery signals were observed (see Figures 6.6c
and 6.6d), showing that a stable hypervalent radical was formed upon neutralization with
xenon. Also note the presence of fragment ions at m/z 33 (CHDOHD") and m/z 18 (H,0").
These results lead us to propose (in agreement with Wesdemiotis et al. [8]) that the
hypervalent radicals are produced by neutralization of the classical ion (a). Similarly to
protonated dimethyl ether, a Rydberg state of the most stable isomer, CH,CH,OH," can

explain the observation of a recovery signal in the present NR mass spectra.
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Figure 6.6. (a) and (b) Xe/O, NR mass spectra of C,H-O" produced from

CH,CH(OH)CH(OH)CH;"* and C,H;" + H,O respectively. (c) and (d) Xe/O, NR mass
spectra of C,D;H,O' generated from CD,CD(OH)CD(OH)CD ;" and C.Ds" + H,0

respectively.
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6.5 Conclusions

It was shown that stable hypervalent radicals, CH,O(H)CH," and CH,0(D)CH,’, are
produced via the vertical neutralization of vibrationally highly excited protonated

(deuteronated) dimethyl ether.

For protonated ethanol, stable hypervalent radicals are proposed to arise by

neutralization of the classical ion, CH;CH,OH,".

For both C,H,O" isomers, we suggest that a Rydberg state in which the ion core is

stable may explain the observation of recovery signals in the NR mass spectra.
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CHAPTER 7
CLASSICAL AND NON-CLASSICAL FORMS OF THE ETHYL CATION

AND THEIR PARTICIPATION IN THE IONS RO*(C.H)R'

J. Am. Chem. Soc. Submitted

7.1 Overview

Ion-molecule reactions of the type C,H;" + ROR’ — RO'(C,H)R’ (where R and/or
R’ = H, CH,, C,H, and CH(CH,),) were performed to probe the participation of the low
energy (non-classical) and higher energy (classical) forms of the ethyl cation in these
ethylated ROR’ species, all of which are metastable with respect to C,H, loss. Significant
H/D mixing was observed only when a labeled ethyl cation was reacted with a non-labeled
ROR’ molecule, and the degree of H/D mixing depends only on the size of R and R’, being
independent of the observational timeframe from 1-30 us. When non-labeled ethyl cations
were reacted with labeled ROR' molecules, H/D mixing was not observed. The results
were interpreted as arising from the classical and non-classical forms of the ethyl cation

having different reactivities with ethers of different sizes.
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7.2 Introduction

Since the early 1970's there has been considerable interest in the structure of the
ethyl cation among both experimentalists [1-3] and theoreticians [4-8], but agreement
between the various results has been disappointing. For example, from the ion cyclotron
resonance mass spectral study of a series of dialkyl-N-nitrosamines, Jaffé and Billets [1]
observed that the C,H;" ion produced from ionized diethyl-N-nitrosamine transfers a proton
to the neutral molecule. The CD,CH," ion was found, in a double resonance experiment,
to transfer only D*. They proposed that the C,D;H," ion exists either as a localized ion
(classical form) CD,CH,", or it exists as a bridged ion (non-classical form) in which the
bridge atom is only deuterium. In neither structure was H/D scrambling permitted to occur,
even though this seemed to them highly improbable. On the other hand, based on the H
(D) transfer reaction C,D;H," (C,D,H;") + RH (RD) —» C,D,H; + R’, Ausloos et al.
[2] concluded that their results could only be explained by invoking statistical scrambling
of the hydrogen (deuterium) atoms in the ethyl cation, regardless of its structure. This
result was in agreement with the later observations of Vorachek et al. [3] who used high
pressure mass spectrometry with CD,CH,I as the source of the ethyl cations as well as the
proton acceptor. They considered the excess energy in the ethyl ion produced by photolysis
or electron impact to be sufficient to overcome the barrier between the classical and H-
bridged forms of CH,CH,', then believed [5] (on the basis of ab initio molecular orbital
theory calculations) to be at least 1 kcal mol'. To avoid this potential problem, they

generated ethyl cations with two vibrational energies by reacting CD,CH,F in SbF; in SO,
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solution at -78 °C. The CD,CH,"SbF, complexes were found to react with hydride donors
to produce mixtures of ethane whose mass spectra were only compatible with there having

been complete randomization of H/D among the (CD,CH,) moieties prior to reaction.

In the early 1970's ab initio molecular orbital theory calculations favored the
classical form of C,H" as the lower energy species, whereas semiempirical calculations
favored a non-classical protonated ethene structure. More recent and higher level
calculations [9] have shown that there is no energy barrier between the classical and non-
classical forms and that the non-classical form is the more stable by 6-7 kcal mol™. This
result could explain the observed statistical H/D scrambling within the ethyl cation
observed by Ausloos et al. [2] and Vorachek et al. [3], if only energy rich (> 6 kcal mol™)

ethyl cations were involved in the reactions studied by them.

In order to probe the possible participation of the classical and non-classical forms
of the ethyl cation in ethylated ROR’ species (where R and/or R’ = H, CH; ,C,H, and

CH(CH,),) we have performed ion-molecule reactions of the type

CH, + ROR' — RO'(CH,R' (7.1)

in the ion source of a reversed geometry double focusing mass spectrometer (see section
7.3).

When R = R’ = C,H;, reaction (7.1) leads to the formation of the triethyloxonium
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ion. This species possibly could have a structure H,0(C,H,), if non-classical forms of the
ethyl cation only are involved. It is noteworthy that electrostatic interactions between the
hydroxonium ion, H,O", and simple polar organic compounds, X, have been shown to lead
to stable cluster ions of general formula H;0"X,,, .5 The complexes for X = CH,;CN have
been described by both theory and experiment [10-12] and the results were best described
by treating the ion H,O'(CH,CN),, as a symmetrical species with an H;O" core to which
the acetonitrile molecules are electrostatically attached through linear O-H-N bridges. The
dissociation behaviour of these ions, induced by high (kV) and low (V) energy collisions
with an inert target gas, is to lose CH;CN. Similar structures, were also proposed for the
H,O"(acetone), [13] and H;O"(methanol), [14] complexes. Also related to the present
work, theoretical [15] and experimental [16-18] investigations have both shown that
protonated ethanol rearranges reversibly to [H,0-H'ee«C,H,], at energies below the two

dissociation channels of the C,H,O" ion which yield H;0" and C,H,".

7.3 Experimental

All experiments were performed on the extended VG Analytical ZAB-2F (geometry
B,E,B,) mass spectrometer [19]. Metastable ion (MI) and collision induced dissociation
(CID) mass spectra (using helium as the target gas) were recorded by standard procedures
[20] (also see Chapter 4). Ethene loss ratios were also determined by MS/MS/MS
experiments and metastably generated (in the first field-free region) daughter ion intensities

were measured, allowing for the observation of metastable ion fragmentations occuring in
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different timeframes. lon-molecule reactions were performed in the ion source by first
introducing the ROR' species to a pressure of 10° mbar. The C,H;X compound was then
admitted to the ion source until a total pressure of 10* mbar was reached. Note that results

were independent of yet higher or lower ion source pressure.

CD,CH,0CH,CH;, CH,CD,0CH,CH, and CD,CD,0CH,CH; were prepared by
reacting CH,CD,I, CD,CH,Br or CD,CD,Br respectively, with CH,CH,ONa in excess
ethanol [21]. CD,CH,NO, was prepared by reacting AgNO, with CD,CH,Br [22]. All

other compounds were commercially available and were used without further purification.

7.4 Results and Discussion

7.4.1 Triethyloxonium Ion and Isotopomers

Triethyloxonium ions, m/z 103, were produced by reacting an ethyl cation (from
CH,CH,Br, CH,CH,! or CH,CH,NO,) with a diethylether molecule under chemical
jonization conditions in the ion source. The only dissociation channel observed for the
metastable m/z 103 ion corresponds to the loss of ethene, C,H, (see Table 7.1), for which
the kinetic energy release calculated from the peak width at half height, T, ;, was measured
to be 45 meV. The reactions leading to C,H, loss involve a B-H transfer to oxygen,
RR'O'CH,CH, — RR'O'H + C,H,. The He collision induced dissociation (CID) mass

spectrum of the m/z 103 ions, irrespective of the origin of the C,Hy' ions, showed major

peaks at m/z 75 (-C,H,),
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Table 7.1. Metastable ion (M) and partial collision induced dissociation (CID) mass
spectra of triethyloxonium ions and isotopomers.

Reaction Ion peak abundance m/z

75 76 717 78 80

(C,Hy),0 + CH;" —» [C, H,s, O] MI 100
m/z 103 CID 100
(C,H,),0 self-ethylation — [Cg,H,5,0]" Ml 100
m/z 103 CID 100
(C,H),0 + CD," — [Cq H,y, Ds, O MI 19 81
m/z 108
C,H,0C,D; + C,Hy" — [C,, Hy, D, O] MI 19 81
m/z 108
STATISTICAL RATIO 33 66
(C,Hy),0 + CH,CD,” — [CgH,;,D,,0]" ML 22 7 71
m/z 105 CID 26 6 68
CH,CD,0CH,CH; + CH," - [C.,H,;,D,,0]' Ml 29 - 71
m/z 105 CID 30 - 70
STATISTICAL RATIO 60 40
(C,H,),0 + CD,CH,” — [C¢.H,,,D5,07" Ml 10 14 76
m/z 106 CID 10 15 75
CD,CH,OCH,CH, + CH," - [CoH;»D,,0' Ml <1 21 79
m/z 106 CID <l 22 78
STATISTICAL RATIO 40 60
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m/z 47 (-2C,H,) and minor signals at m/z 59, 29 and 19 (-3C,H,). As shown in Table 7.1,
triethyloxonium ions could also be produced by auto-ethylation of the diethylether cation
and their dissociation characteristics were the same as those of the other m/z 103 ions

referred to above.

The unimolecular dissociations of the deuterium labeled isotopomer [Cq, H,o, Ds,
O]’, m/z 108, obtained by reacting C,D," with C,H;OC,H; or by self-ethylation of
C,D;0C,H; were found to be identical, producing only m/z 80 ions (loss of C,H,) and m/z
76 ions (loss of C,D,) in a ratio of 81:19. This shows that H/D exchange between the
ethyl groups does not occur but that there is an isotope effect acting against C,D, loss i.e.
H* transfer preferred over D* transfer. The metastable m/z 80 ions, [C,,H¢,Ds,O0]" also lost
C,H, and C,D,, producing protonated ethanol, but in a ratio of 76 : 24 indicating a larger

isotope effect.

Two other isotopomers of the triethyloxonium ion were studied, [C¢,H,;,D,,0]", m/z
105 and [C,H,,,D,,0]", m/z 106. Note that (see Table 7.1) for these isotopomers, H/D
mixing prior to ethene loss from metastable ions was observed only when the deuterium

atoms were present in the reacting ethy! cation,

e.g. (C,H,),0 + CH,CD," or CD,CH," — [Ce.H,3,H,,0]" or [CHp,,D5,0]"  (7.2)

When labeled diethylether was reacted with a non-labeled ethyl cation
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e.g. CH,CD,0C,H; or CD;CH,0C,H; + C,H," — [C,H,3,D,,0]" or [C4.H,,,D;,0]" (7.3)
no (or very little) positional mixing of H and D atoms was observed. For the metastable
[Cq, Hjs, Dy, O] ions from reaction (7.2) the H/D scrambling was found to be nearly
statistical for the loss of C,D;H and C,D,H, i.e. m/z 75 and m/z 76 were in a ratio of 42
: 58; the statistical ratio for 3 deuterium and 2 hydrogen atoms is 40 : 60. Note that this
ratio became exactly 40 : 60 in the CID mass spectrum. For [C¢H,;,D,,0]" from reaction
(3) the H/D mixing was not statistical, possibly due to a small isotope effect. Nevertheless
significant H/D scrambling was observed only when a labeled triethyloxonium ion was
formed from the reaction between a non-labeled diethylether molecule and a labeled ethyl

cation. Possible explanations for these results will be discussed below. However since

H/D mixing was not observed between the ethyl groups (see above), the mixing has to arise

within the reactant, label-containing ethyl group.

7.4.2 Protonated Diethylether and Isotopomers

The collision induced dissociation (CID) mass spectrum of unlabeled protonated
diethylether, obtained by using H;O" as the protonating agent, has been reported earlier
[23]. Metastable protonated diethylether ions lose only C,H,. with T;s = 25 meV, and
isotopomers were prepared via different routes (see Table 7.2). It was again found that
considerable H/D mixing occured only when [C,H,,D,,0]" or [C,HD;.0]" ions were
obtained via ethene loss from labeled triethyloxonium ions, which had been produced by

reacting a non-labeled diethylether molecule with a labeled ethyl cation. When labeled
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protonated diethylether was produced via any other route, only a very small amount of H/D

mixing was observed, even in the CID mass spectra. Note therefore, that for the reactions

CH,CH,0H + CH,CD," or CD,CH," - [C,,H,,D,,0]" or [C,,H,,D;,0]", very little H/D

scrambling preceded ethene loss, even though a labeled ethyl cation had been reacted with

a non-labeled ethanol.

Table 7.2. Metastable ion (MI) and partial collision induced dissociation (CID) mass

spectra of protonated diethyl ether and isolopomers.

Reaction

Ion peak abundance, m/z

47 48 49 50

CH,CH,O0"(H)CH,CH; From self-protonation MI 100
m/z 75 CID 100
CH,CH,OCH,CH; + D,0" — CH,CH,0"(D)CH,CH,  MI 100
m/z 76 CID 100
(C,H;),0 + CH,CD," — [C¢,H,3.D,,0]"
‘L 'C2H4
[C., Hy, D,, O] Ml 27 13 60
m/z 77 CID 24 21 55
CH,CD,0OCH,CH; + C,Hy" = [C¢,H,3,D,,0]
l’ 'C2H4
[C,.H,,D,.0] MI <1 58
m/z 77 CID 43 3 54
CH,CD,0O'(H)CH,CH, from self-protonation ML 42 <l 57
m/z 77 CID 41 6 53
CH,CD,0OH + C,H;" » CH,CD,0"'(H)CH,CH, ML 42 <1 57
m/z 77 CID 41 3 56
CH,CH,OH + CH,CD,' - CH,CD,0'(H)CH,CH, Ml 44 2 54
m/z 77 CID 44 6 50

STATISTICAL RATIO
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Table 7.2. cont'd

(C,H,),0 + CD,CH," — [C4,H},,D;,0]

‘L "C2H4

[C,,H¢,D,,01" MI 18 17 65
m/z 78 CID 19 20 61

CD,CH,0OCH,CH; + C,H," = [C,H,,,D3,0]"

¢ ‘C2H4
[C,.H,,D,,0" Ml <1 29 71
m/z 78 CID 4 39 57
CD,CH,0°(H)CH,CH; From self-protonation Ml <1 30 70
m/z 78 CID 3 36 61
CH,CH,0OH + CD,CH," - CH,CH,0"(H)CH,CD, Ml 4 29 67
m/z 78 CID 6 42 52
STATISTICAL RATIO 40 60

7.4.3 Protonated Ethanol and Isotopomers

Labeled protonated ethanol, the lowest member of the series, was also produced by
several reactions and the results were in good agreement with earlier reports [16-18] (see
also Chapter 6). However, no matter how the protonated ethanol cations had been formed,
see Table 7.3, identical results (within experimental error) were observed, all showing
extensive H/D scrambling prior to either loss of C,H, or H,0 among metastable ions. This
behavior has already been rationalized in terms of a facile isomerization between the non-
classical [C,H,--H-OH,]", and the classical form, [CH;CH,OH,]", of protonated ethanol,

and need not be discussed further; for more details see references 16-18 (see also Chapter

6).
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Table 7.3.
spectra of protonated ethanol and isotopomers.

Metastable ion (MI) and partial collision induced dissociation (CID) mass

Reaction Ion peak abundance m/z
' 19 20 21 22
(C,H;),0 + CH,CD," — [C¢,H,3,D,,0]
1 -2C,H,
[C,.H,,D,,0]" MI 54 37 9
m/z 49 CID 33 53 14
CH,CD,0CH,CH, + CH;CH," — [C,H,;,D,,0]"
{ -2C,H,
[C,,H,,D,,0]" MI 53 37 10
m/z 49 CID 33 53 14
D,0 + CH,CH,"” - [C,,H,,D,,0] MI 53 38
m/z 49 CID 32 53 15
CH,CD,0O"(H)CH,CH; From self-protonation
i ‘C2H4
[C,,H,,D,,0]" MI 50 40 10
m/z 49 CID 33 52 15
STATISTICAL RATIO 29 57 14
(C,Hy),0 + CD;CH," — [C¢,H,5,D5,0]"
! -2CH,
[C,,H,,D,,0]" MI 36 43 18 3
m/z 50 CID 15 50 31 4
CD,CH,0CH,CH; + C,H;" — [C¢,H,,,D;.0]"
{ -2C.H,
[C,,H,,D,,01" MI 28 46 21 4
m/z 50 CID 14 50 31 4
CD,CH," + H,0 —» [C,,H,,D,,0]" Ml 27 46 23 4
m/z 50 CID 13 50 34 3
STATISTICAL RATIO 11 51 34 3
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In summary, labeled triethyloxonium ions, M;", produced by reaction (7.2) display
extensive H/D mixing only within the reactant ethyl group. This mixing is reproduced in
the dissociation behavior of the [M; - C,H,]" and [M,; - (C,H,),]" fragment ions. The last
ion, a labeled [C,H,OH,]" species, when produced by protonation of ethanol or by the
reaction of ethyl ions with H,O also showed complete H/D mixing prior to metastable
dissociation. In marked contrast, if the ion corresponding to [M; -C,H,]" was produced by
direct reactions of labeled ethyl cations with ethanol or by protonation of labeled
diethylether, then ethene loss from such metastable ions shows only a small amount of H/D

mixing. Four possibilities that could explain the above results will now be discussed.

7.4.4 H/D Mixing Within the Reactant Ethyl Cation

The CID mass spectra of CD,CH," obtained from two different precursors,
CD,CH,Br and CD,CH,NO,, were identical, with m/z 17, CD,H", and m/z 18, CD;", in a
ratio of 4 : 1 (the statistical ratio being 6 : 1) showing a certain degree of mixing, which
in principle could have taken place both prior to and after the collisional excitation.
Nevertheless, if the mixing in the ethyl cation took place before reaction with ROR'. the
same degree of mixing should be observed for all the products irrespective of the ROR'
species. However (see Tables 7.1 and 7.2) this is not the case. In order to investigate this
further, labeled ethyl cations were reacted with more ROR' species, see Table 7.4, and it
was found that the product ions are mixed in small and to different extents. For example
metastable CH,O'(H)CH,CD; loses CH,CD, and CHDCD, in a ratio of 90 : 10 and

CH,0'(CH;)CH,CD, loses the same two molecules in a ratio of 86 : 14, the statistical ratios
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being 60 : 40. It should be noted moreover, that the ethene loss ratios were independent
of the observation time for the metastable ion fragmentations, from 1 to 30 ps (see section
7.3)). These observations lead us to suggest that either the H/D mixing observed in the
CID mass spectrum of the CD,CH," cation is mostly post-collision, or (see below) that the

reactants in the present ethyl cationization study have been misidentified.

According to the theoretical calculations [9] the energy required to scramble the H/D
atoms in the labeled non-classical ethyl cation is 6-7 kcal/mol and so a considerable
fraction of the non-classical ethyl cations will not have enough internal energy to
interconvert with the classical form and so mix the H/D atoms, except when excess energy
is provided by collisional activation. Rapid dissociation after collision would result in

incomplete statistical mixing.

7.4.5 Misidentification of the Reactants

Although it was assumed that reaction (7.1) produced the ethylated cations, two

other reactions, (7.4) and (7.5), must be considered.

ROR’' + Et* — RO'(EHR’ (7.1)
ROR’' + EtX" — RO'(EHR' + X (7.4
ROR'" + EtX — RO'(EHR' + X (7.5)
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spectra of various labeled RO (Et)R' ions.

Table 7.4. Metastable ion (MI) and partial collision induced dissociation (CID) mass

Reaction

Ion peak abundance

m/z 33 34
CH,0H + CH,CD," - CH,CD,0"(H)CH, MI 98 2
m/z 63 CID. 95 5
m/z 33 34
;, CH,0H + CD,CH," — CD,CH,0"(H)CH, MI 10 90
m/z 64 CID 14 86
' miz 47 48
CH,0CH, + CH,CD," - CH,0"(CH,)CD,CH, MI 9 4
m/z 77 CID 89 11
miz 47 48
CH,0OCH, + CD,CH," - CH,0"(CH;)CH,CD, MI 14 86
m/z 78 CID 15 85
mz 61 62 63
CH,CH,0CH, + CH,CD," - CH,CH,0"(CD,CH,)CH, MI 45 4 51
m/z 91 CID 50 46
m/z 61 62 64
CH,CH,0CH, + CD,CH," = CH,CH,0"(CH,CD;)CH, MI 31 63
m/z 92 CID 4 38 58
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Because identical results were found when X = NO, or 1, reaction (7.4) can be ruled out
because the molecular ion of CH,CH,NO,", m/z 75, is not present in its EI mass spectrum.
In order to determine which of reactions (7.1) or (7.5) is thermodynamically favored, the
difference AH, - AH, for the reactions was calculated. AHs - AH, = AE (Et" from EtX) -
IE (ROR’). The appearance energy (AE) of Et" can be calculated from C,H;X — C,H,"
+ X' and using the values AH{C,H;I) = -2.2 kcal mol”', AH{(C,H;NO,) = -24.4 kcal mol”,
AH{C,H,") = 216 kcal mol”, AH(I') = 25.5 kcal mol" and AH{NO,") = 8 kcal mol" (all
values from ref. 24), then AE = 244 kcal mol™ for X = I and 248 kcal mol' when X =
NO,. It can be seen from Table 7.5 that reaction (7.1) is always energetically favored

except for ROR'= CH,OH.

Table 7.5. Appearance energy (AE) of the ethyl cation (from CH;CH.X) and lonization
energy (IE) of the ROR' species. All values from ref. 24.

Species AE" kcal mol” IE kcal mol! AH, - AH*
C,H,;" From CH,CH,I 244
C,H," From CH,CH,NO, 248
CH,CH,0CH,CH, 219 25%, 29
CH,CH,OH 241 37
CH,0H 249 5P, -1¢
CH,OCH, 231 13%, 17¢

a. See text for calculation.
b. When AE = 244 kcal mol™
c. When AE = 248 kcal mol”




7.4.6 Formation of a Complex of a Special Kind

With the non-classical form of the ethyl cation being the lower energy species [9],
it is possible that the ROR’ species would preferentially react with it. Diethylether reacting
with a non-classical ethyl cation could form a triethyloxonium ion possessing a non-
classical moiety which then could undergo an isomerization process (see below) which

could give rise to the observed localized H/D mixing.

-+
CH;—CH, l CH;— CH,
. AN

~CHy

CH;— CH, CH, CH;—/ CH,

However this possibility must be excluded. Labeled triethyloxonium ions show extensive
H/D scrambling only when they are produced via reaction (7.2), not by reaction (7.3). If
the above reaction took place, the latter result would have to be explained by non-ergodic
behavior, a rare observation, and unlikely in the present system because the metastable ion
and CID mass spectra of the m/z 108, [CD,CD,0(C,H;),]" ions are identical, irrespective

of the reaction used for their production, see Table 7.1.
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Note also that all the other ROR' species that were reacted with a labeled ethyl
cation showed only a small degree of H/D mixing, which indicates that an isomerization

process within the newly attached ethyl group cannot have occurred.

7.4.7 Reactivity Competition Between the High Energy (Classical) and Low Energy

(Non-Classical) Forms of the Ethyl Cation

Table 7.4 shows that the observed degree of H/D mixing is small, but increases with
increase of the size of R and R’. The exception, as described above, is for R =R’ =H. For
example, when CH,OH was reacted with CD,CH," to form CD,CH,0"(H)CH;, the observed
m/z 33 to m/z 34 ratio (losses of C,D,H and C,H,D, respectively) in the MI mass spectrum
of the latter was found to be 10 : 90. When the same reaction was performed with
CH,CH,OH, ionized labeled protonated diethylether was obtained, and the corresponding
ethene losses giving m/z 47 and m/z 48 were in the ratio 12 : 88. When CH,CH,OCH; is
the ROR’ species (R and R’ # H) a ratio of 16 : 84 was observed for the metastable peaks
at m/z 61 and 62, C,D;H and C,D,H, losses, respectively. Thus as the size of R and R’ is
increased, the observed H/D mixing becomes greater. We propose that this result is best
explained by different reactivities of the classical and non-classical forms of the ethyl
cation. If R and R’ are relatively large, it becomes less easy for the non-classical form to
react with the ROR’ species. Note that the observations did not change at the highest ion
source pressures and so the inverse statement of the preceding sentence cannot apply i.e.

collisional stabilization of a classical ethyl cation adduct should have been dependent on

I
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total ion source pressure. Classical ethyl cations (which by virtue of their internal energy
content will have randomized H/D positions before reaction with the ‘substrate) can react
with ROR’ with less size constraint. The low energy (non-classical) C,H," ions react most
readily with small ROR’ giving rise to the observed marked reduction in H/D positional

mixing in the ethene lost from metastable adduct ions. This trend is clearly illustrated in

Figure 7.1.
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Figure 7.1. Mixing of H/D atoms in the ethene lost from labeled metastable RR'O"C,H;
ions. The percentage mixing is expressed as the relative abundance of the C,H;D loss
(when CH,CD," is the reactant) or the C,D;H loss (when CD;CH," is the reactant) over

the corresponding statistical relative abundance i.e. 40.
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Also note from Tables 7.1, 7.2 and 7.4 that for a given ROR’ species, a greater
degree of H/D mixing is always observed when the latter was reacted with CD,CH," rather
than with CH,CD,". This may be explained by the non-classical form of CH,CD," having
a hydrogen ion in the bridge whereas for CD;CH," a deuterium ion serves as the bridging
species. If the non-classical form of CH,CD," reacts more readily than that of CD,CH,"
then relatively less H/D mixing will be observed for the former because a greater

proportion of non-classical ethyl cations will have reacted with ROR'.

When R = R’ = C,H; it was found that H/D mixing was nearly statistical in labeled
triethyloxonium ions, see Table 7.1. It was therefore predicted that when R and R’ > C,H;,
extensive H/D mixing should always be observed. When CH,CH,OCH(CH,), was reacted
with labeled ethyl cations, see Table 7.6, the resulting metastable m/z 119 and 120 ions
first lose C,H,, producing ionized labeled protonated ethanol (m/z 77 and 78 respectively),
for which the MI and CID mass spectra showed the expected extensive H/D mixing in the
ethene loss (see Table 7.6), thus confirming the above prediction. However note that (see
Table 7.6) in the metastable ion mass spectrum of CH;CH,O"(H)CH,CD, m/z 47 (loss of
C,D,H) and m/z 48 (loss of C,D,H,) were in a ratio of 53 : 47 (the statistical ratio is
40:60), showing a rather large isotope effect in favor of H' transfer. As expected this
isotope effect became less important in the CID mass spectrum of the m/z 78 ions (see
Table 7.6). This last argument also applies for the m/z 78 daughter ion obtained by ethene

loss from labeled tricthyloxonium ions which had been produced by the reaction between

diethylether and CD,CH," (see Table 7.2).
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Table 7.6. Metastable ion (MI) and partial collision induced dissociation (CID) mass

spectra of labeled protonated diethylether ions produced from ethylated ethyl J

iso-propylether.

Reaction

Ion peak abundance m/z

m/z 47 48 49
C,H,OCH(CH,), + CH,CD," — C,H,0"(CD,CH,)CH(CH,),
m/z 119
! -C,H, Ml 30 10 60
CH,CH,O*(H)CD,CH, CID 33 11 56
m/z 77
STATISTICAL RATIO 60 40
m/z 47 48 50
C,H,OCH(CH,), + CD,CH," - C,H;0"(CH,CD,)CH(CH,),
m/z 120
V -C,H, Ml 18 16 66
CH,CH,O'(H)CH,CD; CID 19 20 61
m/z 78
STATISTICAL RATIO 40 60
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CHAPTER 8
HOMOLOGOUS HYDROGEN BRIDGED INTERMEDIATES

R,R,0%+He++*C(O)R;" FROM IONIZED (-HYDROXYETHERS

J. Am. Chem. Soc. 114, 2017, (1992)

J. Am. Chem. Soc. Submitted

8.1 Overview

This Chapter concerns the experimental investigation of the rearrangement of B-
hydroxy alkyl ethers into potentially stable hydrogen bridged complexes. It was found that
molecular ions of the form R,OCH(R,)CH(OH)R, yield protonated ethers R;O"(H)R, via
intermediates of the type R,R,Oe¢s*He*«C(O)R;". The metastable molecular ion of 1-
methoxy-2-propanol provides a typical example, dissociating to produce protonated
dimethyl ether and the acetyl radical, with a small kinetic energy release (Tos = 6.5 meV).
By varying the alkyl groups (R;, R, and R;) it was shown that this rearrangement process

is general.

8.2 Introduction

The interpretation of mass spectra [1] has made great progress over the past decade,

as experimental methods have been developed for assigning structures to organic ions in
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the gas phase [2]. In parallel, and often in concert [3], developments in ab initio molecular
orbital theory calculations have progressed from the accurate determination of relative
ground state energies for ions [4] to a complete description of the potential surface for a
small ion and its fragments (e.g. CH;OH" [5]). Moreover, the use of ab initio calculations
has revealed that ions of unconventional structure can exist as stable, isolated species in the
gas phase. This Chapter addresses the fragmentation behavior of some ions which can be
well described by the introduction of hydrogen bridged ions as intermediate species, in
which a molecule and a free radical are formally bound by a proton lying between
electronegative centres. That such hydrogen bridged ions may play an important role in
the dissociation behavior of organic ions was clearly formulated by Morton [6] in 1982.
In order to explain the production of protonated dimethyl ether from metastable ionized 2-

methoxyethanol, the following mechanism was proposed:

o ook, e 0F "dtmy | 0" den
CH, CH, CH,CH, CH, CH,
pron, | Sesion
. JH o+ CH;
o+ cnponen, g 90
CH, *CH;

A key feature of the mechanism is the idea that the hydrogen bond in the neutral
molecule plays a key role in the fragmentation of its molecular ion. Although this

mechanism must now be substantially revised in light of recent observations [7] the results
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of which are also considered in this Chapter, the original concept has been widely adopted.

It is appropriate briefly to review recent work in which H bridged odd electron ions
have been proposed. In particular, emphasis will be given to cases where such a complex
was a required feature of the analysis of experimental results and/or where it was only

introduced as a result of theoretical calculations in order to provide an alternative

mechanistic possibility.

In general, mechanisms for the rearrangement of molecular ions into hydrogen
bridged intermediates prior to dissociation, can be described by two types of energy
surfaces. (1) In which the energy barrier for the rearrangement of the molecular ion into

the H-bridged complex is lower than the threshold energy level of products and (2) where

the energy barrier giving rise to to the formation of the H-bridged species is that of the

rate-determining transition state.

For (1), the evidence for the existence of the energetically stable hydrogen bridged

intermediate could be obtained from mass spectrometry based experiments and energetic

measurements.

For (2), the involvement of stable H-bridged intermediates is much more difficult
to determine unambigously by experiments and so the ab initio theoretical calculations can

provide particularly valuable information. For example, a theoretical investigation of the
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metastable fragmentation of ionized methyl acetate [8] were required to show that the
§ complex CH,C=Q¢+*He+«OCH," may be the key intermediate in the formation of CH,CO"

and '‘CH,OH. A study [9] of the metastable dissociations of methyl carbamate radical

cations, H,NCOOCH;", using the information obtained from mass spectrometry
experiments in concert with ab initio molecular orbital theory calculations, showed that the
hydrogen bridged radical cation H,NC=Q¢s+H++«O=CH ,"" was a stable species and was the
intermediate in the spontaneous unimolecular dissociations of methyl carbamate ions. From
; a combination of mass spectrometry based experiments and high level molecular orbital
theory calculations, Burgers et al. [10] have proposed that the metastable generation of
CH,OH," from ionized 1,2-ethanediol proceeds via a series of O¢esHe+¢O hydrogen bridged

radical cations.

Due to the difficulty of providing direct evidence for the existence of stable H-
bridged intermediates, their speculative introduction into fragmentation mechanisms must
be treated with caution. Nevertheless, in this Chapter the experimental evidence for the
existence of stable QeseeHeeeC complexes as important intermediates in the metastable

dissociations of a series of B-hydroxyethers is reported.

8.3 Experimental

Metastable ion (MI), collision induced dissociation (CID) and collision induced

dissociative ionization (CIDI) mass spectra were recorded using the VG Analytical ZAB-2F
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mass spectrometer, modified as described elsewhere [11] (see also Chapter 2). For CID
and CIDI experiments, helium was used as target gas. Appearance energy (AE) values
were measured with energy-selected electrons using an apparatus comprising an electostatic

electron monochromator and minicomputer data system [12].

1-Methoxy-2-butanol, 1-methoxy-2-pentanol, 2-methoxy-3-butanol, 1-ethoxy-2-
propanol and labeled compounds were synthesized by standard procedures. The OD

labeled species were prepared in the inlet system and ion source of the mass spectrometer

by exchange with excess D,0.

8.4 Results and Discussion

Metastable dissociation of the molecular ions of B-hydroxyethers, of general formula
[R,OCH(R,)CH(OH)R;]" where R, = CH,, C,H,, R, = H, CH;, R, = H, CH,, C,H,, C,H,,
as well as some of their deuterium labeled isotopomers, have been studied through their
mass spectra and energetic measurements. The above metastable species all fragmented to
produce protonated ethers with small kinetic energy releases, results that can be rationalized
by introducing hydrogen bridged intermediates of the type [R,R,O¢ssHeesC(O)R;]"". The
experimental evidence supporting the existence of the latter complexes will now be

discussed in detail.
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8.4.1 1-Methoxy-2-Propanol

The metastable ion (MI) mass spectrum of ionized CH,0CH,CH(OH)CH;, 1,
contains an intense peak at m/z 47, C,H,0", and two weak signals at m/z 71 and 72 (see
Table 8.1). The kinetic energy release, calculated from the half height width of the major
metastable peak, was small, Ty; = 6.5 meV. The intensity of the molecular ion of 1, m/z
90, is only 0.8% of the base peak, m/z 45, but the metastable. ion peak is relatively quite
unusually intense, having an abundance 7% of m/z 90. The intensity of this metastable
peak increases significantly when collision gas is admitted and m/z 45 becomes the only
significant collision generated fragment ion. That the C,H,O" fragment ion is protonated
dimethyl ether was confirmed by two types of experiment. First, the metastable ion mass
spectrum of the C,H,0" ion showed a broad dished peak at m/z 31, CH,OH", having a
shape identical with that from the MI mass spectrum of protonated dimethyl ether [13].
The identity of the accompanying neutral C,H;O" fragment was determined from its
collision induced dissociative ionization (CIDI) mass spectrum (see Chapter 4) and was
identical with that of the radical produced in the dissociation of ionized biacetyl. showing

it to have the structure, CH,CO". [14]

The second experiment was to measure the appearance energy (AE) of the m/z 47
ion, 9.54 + 0.05 eV, using energy selected electrons (see section 8.3), with
AH{(CH,0CH,CH(OH)CH,) =-97 kcal mol" [15] and AH{CH,CO") = -6 kcal mol" [16},

the value for AH(C,H,0') = 129 kcal mol", was thus in excellent agreement with the



literature value of 130 kcal mol’', derived from the proton affinity of dimethyl ether [16].

A possible mechanism for this reaction leading to protonated dimethy! ether,

involving hydrogen bridged intermediates is shown below.

+e CH (@) OH
CHi0_ /OITI oo
CH, CH . . CH3HC
\ \
CH; CH,
¢)) fi
H,C H, CH CH,
/ 1,5 H-shift \ /
Ouw Huw C o QO we HC
N\ - \Q
H,C o) HyC /
(1b) H

CH,OH)CH, + CHCO

Scheme 8.1

The first step involves the formation of a complex between the CH,CHOH" ion and
a methoxymethyl radical which (by analogy with the proposed behavior of ionized
neopentyl methyl ether [17, 18]), can form a more strongly bound intermediate involving
the more electronegative O atom. A reversible 1,5-H shift in la leads to a hydrogen

bridged complex 1b which can readily fragment to the products.
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To test the appropriatness of the above mechanism, some deuterium labeled
compounds were examined. lonized CH,OCH,CH(OD)CH,, le, showed only m/z 48 in its
MI mass spectrum and this fragment ion in turn displayed m/z 31 (CH;D loss) and m/z 32
(CH, loss), in a ratio of 63 : 37 in its MI mass spectrum. For these ions then, the label
atom is on carbon, not attached to oxygen, because metastable CH;0"(D)CH, ions only lose
CH, (see Table 8.4). In marked contrast, the m/z 48 ion derived from ionized
CH,0CH,CD(OH)CH;, 1d, very largely loses CH, in its MI mass spectrum, the ratio m/z
32 : m/z 31 being ca. 93 : 7. Thus for this m/z 48 ion, the label atom must be on oxygen.
In terms of the above mechanism then, the labeled intermediate ions for the C deuterated

compound 1d would be

HaC CH H,C CHs
N s N ;
O "“""Da and O [T p I C ‘
. \ / QA ,_
Hzc OH H3C O i

i.e. with the label atom in the bridging position.

In addition to the above, ionized CD,OCH,CHOHCHj, le, showed in its MI mass
spectrum, an intense peak at m/z 50 corresponding to CD,0"(H)CH; which in turn
displayed broad metastable peaks at m/z 31 and 33 in its Ml mass spectrum, in a ratio of
42 : 58. Similarly to the above, we propose that the hydrogen bridged intermediates

leading to the generation of CD,0"(H)CH, from le are:



D,C CH D,C CH,
/O “““'HC\ and /O wee H e C\
> \
H,C OH H,C o)

‘The evidence for the reversibility of the 1,5-H shift in the H-bridged complex 1a
(see Scheme 8.1) was obtained from the CID mass spectra of ions 1, 1¢ and le. The CID
mass spectrum of ionized 1, contains an intense peak at m/z 47, CH,0"(H)CH,, together
with a small m/z 45, CH,CHOH", in a ratio of ca. 80 : 20. ‘Note that the MI contribution
of m/z 47 was subtracted and therefore the above ratio is a real indication that m/z 47 is
four times more intense than m/z 45 in the CID mass spectrum of ionized 1. In the CID
mass spectra of ionized le and le, the peak at m/z 45 (which arises from the fragmentation
of 1a) was divided into m/z 45 and 46 signals of equal intensity. This observation clearly
indicates that the 1,5-H shift in 1a leading to 1b is reversible. It also shows that the
molecular ions have rearranged to either 1a or 1b prior to fragmentation. Note however,
that because m/z 47 is relatively more intense than m/z 45, the H-bridged complex 1b is

likely to be more stable than 1a.

In order for these intermediates to have validity in this mechanism, their energies
must lie below the dissociation limit to the products. Moreover, at least one of them must
have an energy appreciably below that of the molecular ion in order that the species may
have a sufficient density of states for the fragmentation reaction to take place in the
metastable ion (us) time frame. The AH,of ionized 1, 118 kcal mol™', was determined from

the ionization energy (IE), 9.32 + 0.05 e¢V. There is no thoroughly reliable empirical
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method for the estimation of ion-dipole complex energies but the relationship of McMahon
and Larson [19] (see also section 3.4.1) can be used to estimate a fair AH; value for a
hydrogen bridged ion [20]. Using the following data [16], AH{CH,CHO") = 196 kcal mol
', AH{H") = 366 kcal mol" and AH{CH,CO") = -6 kcal mol" one obtains PA(CH,CO") =
164 kcal mol'. Using the latter value with PA(CH,OCH,;) = 191 kcal mol",
AH{CH,O"(H)CH,) = 130 kcal mol" and AH{CH,CO") = -6 kcal mol", the value for 1b
(see above) is 104 + 2 kcal mol "' using the equation of McMahon and Larson. Thus, see
Figure 8.1, the proposed lowest energy species, 1b, is attained after the initial ion-radical
complex has undergone an internal rotation after which the specific 1,5-H transfer from

oxygen to methylene takes place. Dissociation of the complex 1b, requires 19 kcal mol’

(see Figure 8.1).

The conclusions that have been described above for this compound do not represent
an isolated example of ion fragmentation behavior, but can be taken as a general
mechanism for B-hydroxyethers. Table 8.1 shows the MI mass spectra for a series of six
other such ionized compounds in which the same type of fragmentation occurs also with

small kinetic energy releases, to produce protonated ethers.
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8.4.2 2-Methoxyethanol

For 2-methoxyethanol, the Morton mechanism (see section 8.2) predicts that the
hydroxyl hydrogen becomes the proton in the product ion and that the second methyl group
contains a hydrogen atom from the 1-methylene group and indeed, an indication that this
mechanism may be incorrect was the report [21] that CH;0"(D)CH, was generated from
CH,0CH,CD,0H". However a mechanism explaining this marked difference was not

specifically addressed.

Compound 2, CH,;OCH,CH,OH, is the simplest B-hydroxyether and shows two
intense peaks in its MI mass spectrum, corresponding to losses of HCO" and H,0O. The
kinetic energy releases were 16.5 and 18.7 meV respectively. It is necessary to describe
the latter dissociation channel in some detail because it has a significant bearing on the

discussion concerning the HCO' loss which follows.

8.4.2.1 Loss of H,O

The fragment ion m/z 58, C;H,O™, produced by loss of H,0O, was shown to be a
mixture of ionized oxetane (AH; = 204 kcal mol” [16]) and methyloxirane (AH;= 213 kcal

mol”! [16]), as described below.

The appearance energy (AE) values for the three dissociations of lowest energy
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requirement, m/z 58, C;H,O"" (H,0 loss), m/z 47, CH,0"(H)CH, (HCO" loss) and m/z 45,
CH,OCH," (CH,OH’ loss) were measured using energy selected electrons [12]. The AE
values were 10.00, 9.96 and 10.42, all £ 0.05 eV, respectively. The respective calculated
threshold AE values using established thermochemical data [22], were 10.10 eV (assuming
ionized oxetane as the product ion), 9.90 and 10.30 eV, all very close to the observed
thresholds. Thus the three reactions take place close to their minimum required energies.
The kinetic energy releases, Ty, for the first two (metastable) reactions, calculated from
the half height width of the Gaussian type metastable peaks were 18.7 amd 16.5 meV

respectively, in keeping with the reactions proceeding without a reverse energy barrier.

The m/z 58, C;H,O" ion displayed an MI mass spectrum with a broad, flat-topped
peak at m/z 43 (T,s = 710 meV) together with a Gaussian type peak at m/z 30 and an
intense H' loss peak. The broad peak is characteristic [23] only of either ionized

1
methylvinyl ether (AH, = 182 kcal mol™ [16]) or methyloxirane, CH,CHCH,O.

The CID mass spectrum of the C,H(O" daughter ions generated from 2-
methoxyethanol are given in Table 8.2 together with those of reference ions from
appropriate compounds. The metastably generated product ions from 2-methoxyethanol
have a CID mass spectrum compatible with a mixture of ionized oxetane and

methyloxirane, noting that oxetane is four times more collision sensitive than

methyloxirane.
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The proof that the second C,H,O™ ion is methyloxirane comes from examination
of deuterium labeled methoxyethanols. First, ionized metastable CH;OCH,CD,OH loses
only H,O showing that the 1-methylene hydrogens are not involved. Next the losses of
H,0, HDO and D,0 were examined for ionized metastable CD,OCH,CH,OH, 2a,
CH,0CD,CD,0H, 2b, and CH;0CD,CD,0D, 2¢. For the first isotopomer, the ratio 32 :
100 : 35 (for m/z 61, 60 and 59) is close to the ratio for randomisation of the three D and
three H atoms, 33 : 100 : 33. However, complete atom scrambling is not taking place; the
H,0 : HDO : D,0 losses for CH;0CD,CD,0H and CH,0CD,CD,0OD, 100 : 82 : 10 and
47 100 : 26 respectively, are significantly different from the appropriate random loss

ratios, 100 : 33 : 16 and 33 : 100 : 33, respectively.

For the 2a and 2b isotopomers, the MI and CID mass spectra of the three water loss
peaks were examined. For 2a, the MI and CID mass spectra of the [M - H,O]" ion, (ion
source or metastably generated) were identical with those reported for CD3CHCH22) by
Turecek and McLafferty [24] and the same result was obtained for [M - HDO]"™ ion from
2b, which was identical with CH,CDCD,0. The HDO loss ion, m/z 60, from 2a showed
no broad peak in its MI mass spectrum, whereas its CID mass spectra for ion source or
metastably generated ions, displayed major peaks at m/z 30 and 32 which are compatible
with ionized oxetane of the structure éDZCHZCHZEB. If the H,O loss involved

randomization of the 6 H atoms, the m/z 60 ions would have been a mixture of

éDZCHZCsz and (‘ZHD-CHZ-CH&. The D,0 loss peak, m/z 59, from 2a could not be

examined due to interference from artifact signals.
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Generation of CH3(|3H—CH;?)*' must take place via specific loss of water involving
the OH group and a 2-methylene hydrogen atom but more significantly, the above results
show that for this reaction channel, the CH,;OCH,CH,OH" do not undergo any significant
loss of positional identity of H atoms prior to that fragmentation. Rather the apparent loss
of positional identity of H atoms is due to two competing H,O loss reactions of comparable

importance.
8.4.2.2 Loss of HCO’

That the m/z 47 fragment ion from CH;OCH,CH,OH" is protonated dimethyl ether
is shown (i) by the AE of the ion and the small accompan.ying kinetic energy release (see
above) and (ii) by its dissociation characteristics, namely the broad flat-topped metastable
peak at m/z 31 (CH, loss), T,s = 830 meV (800 meV [25]) and the CID mass spectrum

(Table 8.3).

Various metastable isotopomeric ions were studied and they all show specific losses:
CD,0CH,CH,0H" and CH,OCH,CH,OD", loses HCO", whereas CH;OCD,CD,OH",
CH,0CD,CD,0D"" and CH,0CH,CD,0OH", eliminate DCO’. Thus for ions generated near
threshold, complete mixing of all H and D atoms does not precede molecular ions’

fragmentation and one H (or D) from the l1-methylene carbon is always lost.
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Table 8.3 Low mass (m/z 14-18) region of the Collision Induced Dissociation mass
spectra of isotopomeric CH;0"(H)CH; ions.

m/z

Ion 14 15 16 17 18
CH,O"(H)CH, 8 90 2
CH,0"(D)CH, 7 91 2
m/z 48 from CH,0OCH,CD,0OH 10 85 5
CH,0"(H)CD, 6 20 12 9 44
m/z 50 from CD;OCH,CH,OH 3 10 39 40 8.5
m/z 50 from CH,0CD,CD,0D 3 8 39 41 8.5
m/z 50 from CH;0CD,CD,0OH 25 21 53 22 1
CH,O'(H)CH,D 8 43 46 3
m/z 48 from CH,0OCH,CH,0D 8 43 47 3

The MI mass spectra of the protonated dimethyl ethers produced from labeled 2-
methoxyethanols are shown in Table 8.4 from which it can be readily seen that the
hydroxyl hydrogen atom in 2 becomes a methyl hydrogen in the CH;O"(H)CH, while the
1-methylene hydrogen is attached to oxygen in the product. It should also be noted that
there is no loss of positional identity of H atoms prior to the loss of formyl radical e.g. the
[M - HCO]' ion from CD;CH,CH,OH" is exclusively CD;O'(H)CH; and not a mixture of

CD,HO*(H)CH,D and CD,0'(H)CH,.
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The CID mass spectra of the metastably formed product ions from the above
isotopomers are given in Table 8.3. Only the m/z 14-18 regions are presented; the more
intense peaks at m/z 28-34 contain overlapping contributions from adjacent masses and so
are much less informative than the low mass region, which in the unlabeled ion consists
almost wholly of CH,". It can immediatly be inferred from the first entry in Table 8.4 that
CH,OCH,CD,0H" produces CH,0"(D)CH, and not CH,O"(H)CH,D. This is opposite to

the original prediction of Morton, but it is in agreement with the earlier report [21].

Considering the results from the MI mass spectra of the ion source generated [M -
HCO]J" ions, one would expect the CID mass spectrum of the metastably generated
CD,O*(H)CH, ion to be the same as that of the reference ion prepared by protonation of
CD,OCH,, but instead it is a mixture of CD,O’(H)CH; and CD,HO'(H)CH,D. This
observation indicates that the CH, hydrogen, the 2-methylene hydrogens and the O-H
hydrogen lose positional identity (in the metastable 2-methoxyethanol ions only) prior to
fragmentation (this is in keeping with a reversible H-shift in the scheme proposed below),
unlike the H,O loss channel. Hence the H,O loss and HCO" processes do not involve a
common intermediate and any proposed mechanism for HCO" from metastable ionized 2-
methoxyethanol must take into account the following:
(i) the hydroxyl hydrogen atom becomes attached to the C-2 carbon atom;
(ii) one of the C-1 hydrogen atoms appears at the CH;-O oxygen atom;
(iii) the CH,-O, the 2-methylene and O-H hydrogen atoms become virtually positionally

indistinguishable, but the l-methylene hydrogens are not involved in the scrambling
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processes.

Table 8.4. Metastable ion (MI) mass spectra of protonated dimethyl ethers.

Ion m/z

31 32 33 34
CH,0"(H)CH;, 100
CH,0"(D)CH, - 100
m/z 48 from CH,CH,CD,OH - 100
m/z 48 from CH,OCH,CD(OH)CH, 7 93
CH,DO*(H)CH, 62 38
m/z 48 from CH,0CH,CH,0D* ~55 ~45
m/z 48 from CH,;OCH,CH(OD)CH, 63 37
m/z 48 from CH,;OCH,CH(OD)C,H; 40 60
CD,0"(H)CH, 2 - S8
m/z 50 from CD,OCH,CH,0OH 43 - 57
CD,0'(D)CH;, - 42 - 58
m/z 51 from CH,0CD,CD,0D - 43 - 57

(a) Peak intensities uncertain due to artefact signals.
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Therefore, considering these three points and because ionized 2-methoxyethanol
displays parallel behavior to that of 1-methoxy-2-propanol (production of protonated
dimethyl ether), we propose that the following Scheme (similarly to Scheme 1) is plausible,
in orderA to explain the formation of the protonated dimethyl ether ions from ionized 2-

methoxyethanol and its isotopomers.

H te CH3O H
CHsO / 3 N/
CH,- CH —_— CH3--HC
\OH % OH
H3C H CH3 H
+ o/ 1,5 H-shift N\ +
O 4. H e C < O Ilmu-HC
/ % — 0
@) 2

HyC T~ H/

|

CHZO®)CH; + HCO
Scheme 8.2'

8.4.3 1-Methoxy-2-Butanol

The MI mass spectrum of ionized CH,OCH,CH(OH)CH,CH,, 3, showed three
important metastable peaks (see Table 8.1) at m/z 47 (loss of C,H;CO"), m/z 58 (loss of
CH,OCH,) and m/z 76 (loss of C,H,), with corresponding kinetic energy releases, Tos =
4.1,9.2 and 14.8 meV. The intensity of the molecular ion of 3, m/z 104, is only 1% of the

base peak, m/z 59, but again the metastable proceeses are quite unusually intense e.g m/z
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47 has an abundance 3% of m/z 104. The structure of the m/z 47 ion, CH,O"(H)CH, was
again confirmed by its AE value, 9.78 + 0.05 eV leading to AH{C,H,0") = 133 kcal mol™',
which was calculated using AH{3) = -102 kcal mol™ [15] and AH{CH,CH,CO") = -10 kcal
mol”' [16]. The MI mass spectrum of the m/z 47 ion also showed the broad, dish-topped
peak at m/z 31 characteristic of protonated dimethyl ether. Metastable
CH,0CH,CH(OD)CH,CH,", 3a, lost C,H,CO" to produce an ion of m/z 48 which in turn
metastably dissociates to give two peaks at m/z 31 and 32 in.a ratio of 40 : 60, showing
it to be CH,DO"(H)CH, (see Table 8.4). Once again, the general mechanism proposed

above can be used to account for the production of protonated dimethyl ether (see Scheme

8.3).

The CID mass spectrum of the fragment ion m/z 58, C;H,O"", produced by the loss
of CH,0CH, from ion 3, was found to be in excellent agreement with that of ionized
CH,CH=CHOH" (see Table 8.5), an ion which can be obtained via a 1,5-H shift in and
loss of propene from the molecular ion of 2-methylpentanal. However, the metastable
C,;H,O" ions produced from ionized 1-methoxy-2-butanol also displayed a weak (2% of the
base peak m/z 57) broad peak at m/z 43, a signal which is absent in the MI mass spectrum
of pure CH,CH=CHOH"ions. It is therefore possible that, a small fraction of the C;H,0™
ions produced from 3 have the structure CH;OCH=CH,'" because the latter displayed an

intense broad signal at m/z 43 in its MI mass spectrum [23].
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Scheme 8.3

Although the appearance energy measured for the process leading to the formation
of CH,CH=CHOH" was measured to be 9.78 + 0.05 eV (identical with that measured for
the formation of CH,O*(H)CH,), it is very unlikely that CH;CH=CHOH"" was produced via
the general mechanism discussed in this study (see Schemes above), since metastable ions
3b displayed m/z 58 (C;H,O™) and m/z 59 (C,;H;DO") in a ratio of 64 : 36 whereas no
peak at m/z 47 (C,H,0") was observed, showing that H/D mixing has occured only for the

process giving rise to the formation of m/z 58, CH,CH=CHOH™".

8.4.4 1-Methoxy-2-Pentanol
Metastable CH,OCH,CH(OH)C; H,", 4, showed major peaks at m/z 100, 90 and 47
and minor ones at m/z 72, 75 and 86. The generation of protonated dimethyl ether is

proposed to have taken place via the general hydrogen bridged complex shown above.
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8.4.5 2-Methoxy-3-Butanol and 1-Ethoxy-2-Propanol

For both CH,OCH(CH,)CH(OH)CH,, 5, and CH,CH,0CH,CH(OH)CH,, 6, two
metastable channels were observed, the major giving rise to the formation of m/z 61 and
the minor one yielding m/z 58 (see Table 8.1). The kinetic energy releases, T, values,
accompanying the formation of the m/z 61 ions were measured to be 9.6 and 8.8 meV from
ionized 5 and 6 respectively. By virtue of their MI and CID mass spectra, the m/z 61 ions
produced from ionized 5 and 6 were found to be identical and were identified as protonated

ethyl methyl ether. Metastable CH,0"(H)C,H; ions, produced by direct protonation of ethyl

Table 8.6. Metastable ion (MI) mass spectra of protonated ethyl methyl ethers.

Ion m/z
33 34
CH,O'(H)CH,CH, 100 -
CH,0"(D)CH,CH, - 100
CH,DO"(H)CH,CH, - 100
m/z 62 from CH,CH,OCH,CH(OD)CH, - 100
m/z 62 from CH;OCH(CH,)CH(OD)CH, 24 76
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Table 8.7. Partial collision induced dissociation (CID) mass spectra of protonated ethyl

methyl ethers.

fon nm/z
33 34
m/z 62 from CH,OCH(CH,)CH(OD)CH,;, ion source . 42 58
m/z 62 from CH,CH,0CH,CH(OD)CH,;, ion source 8 92
m/z 62 from CH,OCH(CH,)CH(OD)CH,, metastable 55 45
m/z 62 from CH,CH,0CH,CH(OD)CH,, metastable 54 46

methyl ether with CH,', lose C,H, to produce CH;OH," with Ty; = 17 meV whereas the
m/z 61 ions obtained from ionized 5 and 6 lose C,H, with T, = 21 and 18 meV

respectively, also indicating that the m/z 61 ions have the CH,;0"(H)CH,CH  structure.

With regard to metastable CH;OCH(CH;)CH(OD)CH,,” Sa, and
CH,CH,0CH,CH(OD)CH,,” 6a ions, they both displayed a major peak at m/z 62 and
minor signals at m/z 58 and 59 (see Table 8.1). However, metastable m/z 62 ions,
CH,DO'(H)C,H;, generated from 6a (see Scheme 8.4) showed a single peak at m/z 34 (see
Table 8.6), showing that no H/D mixing between the methyl and ethyl groups has occured,
whereas metastable m/z 62 ions obtained from 5a, produced m/z 33 and 34 in a ratio of 24

: 76 (see Table 8.6), showing it to be a mixture of CH,0'(H)CHDCH; and
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CH,O*(H)CH,CH,D. Note however, that the CID mass spectra of the metastably generated
m/z 62 ions were nearly identical and both showed peaks at m/z 33 and 34 (see Table 8.7).
This observation indicates that the methyl hydrogen atoms and the ethyl hydrogen atoms
together lose their positional identity (within the OsesHessC complexes giving rise to the

formation of m/z 62) prior to fragmentation.

8.4.6 1,2 Dimethoxypropane

1,2 Dimethoxypropane, 7, is not a B-hydroxyether but can be viewed as an analogue
of 1-methoxy-2-propanol, 1, in which the hydroxyl hydrogen has been replaced by a methy!
group, and so possesses the same chemical skeleton as the 3-hydroxyethers discussed in the
present study. It was readily observed that metastable CH,OCH,CH(OCH,)CH," ions lose
CH,OCH, (whose structure was identified by its CIDI mass spectrum) to produce an ion
at m/z 58. The AE of the latter was measured to be 9.94 + 0,05 eV, which leads to an
apparent heat of formation of 181 kcal mol’', when using AH(7) = -92.3 kcal mol" [15]
and AH(CH,OCH,) = -44 kcal mol" [16], showing that this C;H,O™ has the methyl

vinylether structure (AH{CH,OCH=CH,") = 182 kcal mol™ [16]).

As shown below (see Scheme 8.5) the general mechanism proposed in this paper
can also be applied to ionized 1,2 dimethoxy propanol but instead of a 1.5 hydrogen shitt
of a hydroxyl hydrogen to the radical site, we propose a 1.5-H shift of a CH, hydrogen to

the "CH, group.
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The D, isotopomer CD;OCH,CH(OCD;)CH;, 7a, was also studied. Its MI mass
spectrum was recorded and it contained three peaks corresponding to m/z 61, 62 and 63,
in a ratio of 54 : 41 : 5 (for statistical mixing of 5H and 3D atoms a ratio of 36 : 54 : 11
would be expected). The latter observation can be explained on the basis of a reversible
1.5-H shift as shown in Scheme 8.6. After the 1,5 H-shift has taken place to produce the
intermediate 7b, the six hydrogen (deuterium) atoms of the dimethyl ether moiety become
equivalent and H/D mixing can occur, but with an isotope eftect favoring H" transter. Note
that the m/z 61, 62, 63 ratio becomes 37 : 46 : 17 in the CID mass spectrum of ionized 7a.

a ratio which is now closer to statistical.
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8.5 Conclusions

We propose that metastable ionized P-hydroxyethers produce protonated ethers
R,0"(H)R, via stable hydrogen bridged intermediates of the type R,R,0¢esHee«C(O)R;".
For the metastable molecular ion of 1-methoxy-2-propanol, deuterium labeling experiments
have shown that the proton in m/z 47 is the methine H and that the hydroxyl H goes to

form the second methyl group. Therefore we propose that the intermediate ions are

H,C CH; H;C CH;
\ / \ + o/
O uuunDé and O e Do C
/ N\ / A\

H,C OH HyC o)
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Note that species 1b was estimated to have an energy appreciably below that of the

molecular ion and that the above mechanism can be taken as a general mechanism for B-

hydroxyethers.

Further support for the H-bridged structure was obtained from the MI mass spectrum
of ionized 1,2-dimethoxypropane, which produced m/z 58, CH,=CH-OCH," and CH,OCH,.
Deuterium labeling experiments in this molecule showed that the H-bridged species,
(CH,;),O¢e*He*+C(OCH;)=CH,, can perform reversible 1,5 H-shifts between the methyl

groups of the dimethyl ether part and the =CH, group.
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GENERAL CONCLUSION

This thesis reports the results obtained in a series of experiments aimed at probing
jonic structures and fragmentation mechanisms in four systems, [H;C,N,0,]" ions,
[C,H,0]" ions and neutral counterparts, adducts of [C,H;]" ions with oxygen containing
compounds and the intermediates involved in the fragmentation of
[R,OCH(R,)CH(OH)R,]" ions. A variety of mass spectrometric techniques have been used
to reach the goals established for each experimental projects. The major part of the work
concerns the study of newly found gaseous ions and neutrals and certainly makes a

significant contribution to our knowledge of gas phase ion chemistry.
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