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Abs tract

Structural isomerism in mas phase  ions has received steadily increasing
attention «daring the past ten years, and the gas phase chemistry of a number of
stable jons of both familiar and unexpected structures has heen studied.  The
two chiet expertmental methods currently available for structure investigations
are (1) thermochemistry and (ij) dissociation characteristics. Advances in the
latter field have considerably increased its applicability, investigation of the

strocture and stability of peutritls as well as ions is now possible.

The [C,H302]"  system has been thoroughly investigated via experiment and it
is believed that five distinct isomeric species have been identified; the

O+
hydroxy-substituted oxirany! (2) and acetyl (4) cations, C.H/z—-—\C—OH and

HO—CH‘._—+=O . the methoxycarbonyl cation (8). CHSO—E=O , protonated

+ -0 .

irlyoxal (100, HO—CH—C{H , and the ion proposed to be gencrated by
-

dissociative CHy- loss from ethyl formate (11), ‘H:C—O—C’(: . For four of

thes.c isomeric species, experimental heats of formation have also been cbtained;
ANC°[2]=590 kJ mol™!, AHf°[4]=594 kJ mol™!, AHf°([8)=527 kJ mol™! and
Mife[11)s602 kJ mol~!.  These values have been compared to those obtained from

hiph level ab initio molecular orbital theory calculations.

A thorough mass spectrometric investigation of the [(szsx] system is also
presented., The unconventional isomers of the ethyl halide molecular ions,
members of a class of ions in which.thq formal charge bearing site is separated
from the t.'adical site, have been found to be stable. The characteristic
dissociations of these ions; CH.-&CH;»- (for X=Cl.Br). Cﬂsél{:{fll {for X=Cl,Br) and
'Cllch;\:H (for X=F.Cl.Br), have been discussed in terms of their proposed
structures.. The latter species is presented for the first time.

An investigation of the neutral counterparts of these unconventicnal isomers has
been carried out via the recently introduced dissociation technique of
Neutralization-Reionization mass spectrometry. The ‘neutral. CH&EH:. is
proposed to be unstable. Contrary to expectations, the experimental results
indicate that the unconventiohal’l cationic isomers CH;&H..{'H and 'Cﬂch;ﬁ'Il. have
neutral counterparts of ‘significant stability.
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Chapter 1

INTRODUCTION AND FOCUS

1.1 Introduction

The basis of mass spectroscopy is the productjon of ions from neutral
compounds und the examination of the subseguent decomposition of these
tons. The techniques now available in this field however, have greatly
cxpunded upon this basic function. Perhaps more than those of some
disciplines, the roots of gas phase ion chemistry are found in technique
development., It is only three decades since the usefulness of the mass
spectrometer for the structural elucidation of organic compounds was
fully recognised. The steadily increasing number of mass spectrometers
available for research and their constant modifications have led to a
rapid expansion of this relatively new‘discipline. Not only can the
structure and thermochemistry of fast, isolated ions and their isomeric
counterparts be probed, but recent advances have also enahbled the

generation and structural elucidation of certain novel neutral specles.

As its name implies, a mass spectrometer measures mass (or strictly
speaking 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, how they are bound 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 thah a very few atoms
the number of possible corresponding isomeric structures makes positive
structure assignment less than straight forward, and further analysis is
required.

Structures are“based on the indirect evidence of thefmochemical argu-~
ments, decomposition producté. and isotopic labelling. The experimental-
ly obtained heats of formation and barriers to dissociation can reflect
the stability, and charaéteristic~pathways to dissociation of the idn.
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These wvalues may be compared with experimental values from similar
systems or with those calculated theoretically. With the increasing
precision of ab initio molecular orbital theory calculations, the latter
comparisons have been given steadily increasing welipht. The observed
decomposition products, structure characteristic fragments of the
precursor, may be considered on their own merits, or by comparlson with
the fragmentation pattern of other, reference, precursors. In elther
case, the analysis of isotopically labelled derivatives can also serve to

underline the proposed structure.

Such interpretations for the structural assignment of gas-phase species
may be considered little more than an exercise in curiosity. llowever,
concrete structure assignment is necessary to properly assign heats of
formation and to devise reaction mechanisms for gas-phase jons. In the
early days of ion chemistry. structures and reaction mechanisms were
proposed using analogies from condensed phase organic chemistry. Such
analogies have been found to be unjustified; whole classes of ions,
having no neutral counterpart, have been found to be stable species in
the gas phase and thermodynamic properties of organic ions do not follow
the same trends as For neutral organic molecules. The generation of a
sdlid reference base, including the structure and thermochemistry of
common and not éo common gas-phase ions and neutrals, is essential for
the continued expansion of the field of gas-phase ion chemjstry.‘

1.2 The Focus
O

The Ffocus of this thesis has been on the generation and structure
elucidation of gas-phase isomeric species, via the wide and varled
dissociative mass spectrometric techniques now available.‘ Proposed
structures, both conventlonal‘and unconventional, have been assigned
based on the thermochemistry available, both experimental and theoreti-
cal, and the dissociative processes observed, for the ilons and their
labelled counterparts. The éxperimental chapters, 5 aﬁd 6, are preceded
by three chapters which involve a basid history and introduction to mass
spectrometry, an explanation of the thermochemical and dissoclative

’
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techniques utilized, and the applicability of these technigues to the

question of structnre.

Chapter 2 gives a brief outline of some of the major turning points in
the history of mass spectrometry, and its advancement alongside that of
the accompanying tLechpology. The mass spectrometers used in this work,
the VG ZAB-2F and the GEC-AEI MS-902S, have been described. Also
described is the electron energy selector mass spectrometer, with which a
number of jonization and appearance energies have been measured.
Finally, sume concepts which are basic to the understanding of nmass

spectra, have heen introduced.

Chapter 3 introduces the thermochemical and dissociative techniques and
the relevant underlying theory and assumptions. Over the last few years
the latter has grown in scope to include, collision induced dissociative
fonization, CIDI, and neutralization-rejonization mass spectrometry,
NRMS, along with the more established techniques of metastable fon, MI,
colliston induced dissociation, CID, and charge stripping, CS, mass
spectra. These newer techniques have enabled the analysis of neutrals as

well as jonic species via mass spectrometry.

The applicability of these techniques to the structural elucidatlon of

Isomeric gas-phase ioniu species is discussed in chapter 4. Appended to
P

chapter 4 is a brief summary of the dissociative mass'“Spectrometric

_techniques;. which may be quickly referred to when necessary.

Chapter 5 deals with the investigation of the [C2H30:2]% isomeric systém.
Five unique isomeric species are proposed to have been generated.
Assipgnment of their structures has been made on the basis of their
metastable and colljsionaily inauced dissociation mass spectra, and very
recently published high level ‘ab initio molecular orbital calculations.
Comparlison of the experimentally obtained heats of formation of these
lons and the theoretically calculated threshold energies while not in

very close agreement, are nevertheless, consistent.

In chapter 6 a thorough investigation of the isomeric radical cations of
the ethylhalides is presented. The characteristic dissociations of these
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ionic isomers are discussed in terms of their proposed structures. and
their respective thermochemistry. These stable isomers are of unconven-

tional structure, members of a class of ions in which the formal charge

bearing site is separated from the radical site. Investigation of thelr

neutral counterparts, via neutralization-reionization mass spectromctry

has led to surprising results. Contrary to expectations, the experimen-

tal results indicate that not all the unconventional cationlc isomers

have unstable neutral counterparts.



Chaptexr 2

THE MASS SPECTROMETER

2.1 History

The advances in chemistry-may be considered to be directly linked with
the invention and technological improvements of instrumentation. A
potent example of this is in the area of mass spectrometry. The

knowledge gained from this analytical/research technique, based on
concepts introduced around the turn of this century, has been paced by
the parallel improvements in sich areas as vacuum and electronics

technology as well as the now indispensible computer.

The point by point history will not be dealt with here (a good overview
may be found in (1)), but a few of the major turning points in the

development of mass spectrometry will be presented.

The discovery of positively charged gaseous entities wes made by E.
Goldstein {(2) in 1886. By 1802, W. Wien had shown that these rays.of
positive electrical charge could be deflected in a magnetic field (3).
Upon the introduction of polyatomic molecules into the discharge tube of
what was termed a parabola mass spectrograph, which incorporated a
magnetic field, Thomson noted the formation of many parabolas, revealing
the formation of a variety.of positively charged fragments. These
parabolas were recorded on a phbtographjc plate. but due teo differing
-sensitivities for the various ions, quantitative meaéuréments were not
possible, ‘Therefore Thomson replaced his plate with a Wilson tilted
electroscope and Faraday cylinder. By changing the magnetic field, he
was then able to obtain a plot of the ion current as a function of the
mass-to-charge (m/z} ratio. Thus it is Thomson who must be credited with
the invention of the mass spectrometer although it was not until 1920
that F.W. Aston first introduced the term "mass spectrum".
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By 1920 the early instruments were capable (although not simultaneously)
of three types of measurements; precise mass determinations, measurement
of relative ion abundances. and electron impact studies. The latter two
are of most interest here. C.T. Knipp, in 1911, and later A.J. Dempster
{4), in 1918, reported the construction of an electron bombardment ton
source mass spectrometer, suitable, not for precise mass measurements,
but for measuring the relative abundances of the ionic species and for
studying electron impact processes in gases. Dempster based his con-
struction (4) on the idea that a magnetic field alone would be sufficient
to carry out a mass analysis if all the ions formed in the lon source
possessed the same kinetic energy. He obtained such ions by causing them
to be accelerated through a large, specific potential difference. The
first apparatus constructed by Dempster (fig 2.1), had a magnetic field
of about 3000 gauss which was held constant. The mass spectrum was swept
out by varying the accelerating potential (500-1800 electron volts)}, and
the mass spectrum was therefore a plot of ion current versus accelerating
potential. The relationship between the accelerating potential, V

acc. '
and the mass, m, was given by;

m/z = B?rzfavacc. . eq.(2.1)

where B refers to the magnetic field strength.land r to the radius of
. curvature of the charged particle's path.

il

B

uh

P Platinum stnpy  for sample
F  Filament -

S1-3 Adwstable sifts
T Magnehe Aha.lq?er

E Quadcant Electrometer deteclor

Figure 2.1 Dempster's fIrst mass sﬁectrometer
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With the electronic developments of the 1920's and 1930's, more sophistij-
cated equipment could be constructed. The parallel improvement in vacuum
aml electronics technology led eventually te an increasing interest in
the field of mass spectrometry, with a fuller realization of its poten-

tialities.

The first purely chemical application of mass spectrometry appears to
have been made by Conrad in 1930 (5). By 1930 it was apparent that
transitions hetween one electronic state and another, effected by
clectron impact, followed what has today become known as the Franck-
Condon principle (6,7). Yet it was not until! 1942 that the first
commercial instrument, a 180° Dempster geometry unit, was built by
Consolidated Engineering Corporation. The subsequent developments and
discoveries that Jaid the ground work for mass spectrometry as a tool for
the study of the structures and gas-phase ionic reaction mechanisms of
organic compounds, took place chiefly in the laboratories of the
petroleum’ industry. It was during this early period that the mass
spectrometer was rightly characterized as a 'machine that almost doesn't
quite work' (8). The manual for this instrument advised leaving a dime
for the gremlin who was prone to short the high voltage.

The technological advances. since then' have not only allowed. the general
use of much higher ion accelerationl&oltages (typically 8-10 keV}, but
the electromagnets now available allow mass spectra to be generated by
very quickly and successively sweeping the magnetic field. Also, with
the most recent modifications, the incorpofation of collision cells and
ion beam deflectors, still wider applications have become available. The
nomenclature has also advanced, for example in the eighth CEC users
meeting in 1950 the terms 'pushers' and 'catchers' were formally replaced
by 'repeller' and 'anode’.

Advances in mass spectrometry have also been closely linked to those of
the computer, now an indispensable part of an analytical mass spectro-
meter, The first computer specifically designed for use in a mass
spectrometer followed quiekly'on the heels of the first commercial
analytical mass spectrometer. An analogue computer which solved a set of

12 simultaneous linear equations and reduced the clerical time per sample
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by half (to 25 minutes) was installed in 1947 at the Whiting refinery in
Indiana. Some seven years later the installation of the 1BM Card-
Programmed Calculator further reduced the calculating time to about three
minutes. At present the capabilities of analytical mass spectromelers
are, more often than not, given in terms of the power of the accompanying

computer system.

Thus improved instrumentation has advanced the application of the mass
spectrometer tc a wide range of analytical and rescarch problems,
applications which Thomson had anticipated or recognised sv many years

before, when he suggested its use for the determination of atomic and
molecular weights.

2.2 Instrument Description

For this thesis, three types of mass spectrometers have been used and a
brief account of all three will be given. However, in the simplest
terms, all mass spectrometers perform thé same three essential functions:
the formation and acceleration of ionic species, the separation of these
ions with respect to mass and/or kinetic energy, and then their subsc-
quent detection. Emphasis will be placed on the Vacuum Generators ZAR-
2F, a reversed géométry. double focussing instrument, with which the
majority of the experimental work was performed.

2.2.1 VG ZAB-2F

" Figure 2.2 is a schematic diagrém showing the salient features of the
Vacuum Generators ZAB-2F. The geometry 1is said to be reversed because
the magnetic sector is placed bhefore the electric sector. Forward
geometry instruments are good for exact mass measurements, whereas those
of reversed geometry are better suited for the investigation of ion
dissociation mechanisms. The entire instrument is kept at a high vacuum
of < 1078 torr, and where sample or collision gases are introduced to
higher pressures, maximum differential pumping is utilized. Such reduced
pressures are essential for back-ground interferences to be kept to a

k)
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minimum, apd for the jons produced Lo have a sufficiently Iarge mean free
path to be considered lone entitjes (which thus avoid unwanted col-
lisional relaxation or excitation). The sample is iIntroduced into the
fon sonree directly or indirectly by the appropriste inlet system. The
septum-injection inlet allows volatite liquids to diffuse slowly from a
heated reservoir into the source, it is however not recommended for

experiments requiring constant pressures,

electron
M ' nd multiplier T .
agnefic < Teidfre |55 E lectric
Sector reqion < I Sector
collision cell':j‘ >
I1
4 N
1™ Field
re;;imme. Rump P“""P
\Var‘mble source. sli
Ton Source. ’ﬁla@n’t g electron 4]

multiplier T

2

o

Figure 2.2 Schematic diagram of the unmodified Vacuum Generators
ZAB-2F mass spectrometer; inset, the Ifon source block.

Constant sample pressures are better maintained by the inlet system
involving a variable leak and capillary induced pressure gradient,
whereby gases, liquids and volatile solids may be introduced. For non-
volatile compounds, introduction into the source may be done directly by
placing the sample in a gla_ss ampule fixed to a probe tip which is
inserted into the source housing. Finally, gaseous samples méy.-'be

introduced direct],yl into the ion source via gas lines attached to the ion
source block. - )

53
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fonization of the sample molecules is achieved by passing a beam of
electrons, emitted by a wire filament, across the ion source to the anode
or trap. The energy (velocity) of the electron beam can be adjusted, but
is usuvally ~70eV. The term -low electron energy- refers to a minimal
electron energy with respect to an acceptable signal to noise ratio, and
Is necessarily arbitrary due to the relatively wide spread of electron

energies emitted by the hot filament. A repeller plate having a small

positive/negative potential pushes the cations/anions formed towards the

source exit. As they leave, all ions will experlence a large potentia:

gradient, the accelerating voltage, Vacc' which is_ typically 8 keV. Thus

all source generated ions with mass m and charge z will leave carrying

the same kinetic energy of Z'Vacc' regardless of their mass. Thus,

¥mv2 = z2+Vooe eq. (2.2)

where z=ne, or for singly charged ions z=e, and v is the velocity of the

ion. For simplicity, unless otherwise stated, n :s assumed to be one.

With this acquired kinetic energy, the ions travel through the flirst
field free region towards the magnetic sector and are collimated by a
series of paired focussing plates near the source exit. An electromagnet
produces a magnetic field, B, and the ions experlencing'this will follow

a circular path, with radius r, through the maghet, given by eq.(2.3).
mva/r = BzV or B = mv/zr eq. (2.3)

Thus the magnet is a momentum analyzer, although it is most often
referred to as a mass dnalyier. For those ions generated in the source,
eq.(2.2) may be substituted into eq.{2.3} to obtéin; '

n/z = (Bzrz)/avacc eq.{2.4)

Thus by varying B (via the current through the magnet coils). and
maintaigﬁng a constant accélerating voltage, ions can be selected
according to their mass to charge ratioc. m/z. For an analysis of the
source generated ions, a single focussing mass spectrum of the sample may
be made by scanning the magnet current and detecting the relative

intensities with respect to the mass-to-charge ratios with the first
electron multiplier (fig. 2.2).
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The rea between the magnetic and electric scctors is referred to as the
second field free repion, and in the case of the VG ZAB-2F referred to
here, It contains not nonly the standard original collisien cell as
suppliced by the manulacturer, but also a second collision cell and an jon
beam deflector electrode placed as depicted in Ffigure 2.3. The newly

Installed eollision cell is referred to as cell 1 since it is the first

cell that the ion beam cncounters.
% Y5
Cdli Cell 2.

Ton Deam

. .OSWW ¥

Beam
_ Dd’ledor
Pimp Shteld _ Pump

Figure 2.3 Schematic detail of the second field-free region of the
wodified VG ZAB-2F mass spectrometer.

Likewise the original cell is labelled cell 2. The collision gas cell 1
is ~10mm long, and was installed without moving the original cell (some
20mm long). The two cells were spaced ~10cm apart, center-to-center (9}.
Collision gas can be independently introduced to both cells. Pressures
for the two cells are measured by the .two jonization gauges mounted above
the two diffusion pumps which are symmetrically located just upstream and
downstream of the two cells. These pumps ensure a constant gas pressure
within the cells and a good pressure gradient without. Both cells are
electricaliy Isolated and so may be floated at positive or negative
potentials. The application of such voltages to cell 1 and cell 2 allow
the separation of those processes occurring within and'outside each cell
and is illustrated in detail in the following chapter, in ‘Ennu;?3.a
The deflector electrode was installed midway between the two cells.
Originally a simple, chargeable plate some 5mm from the center of the ion
beam, the deflector plate is now enclosed in a grounded metal box. When
_charged, thé. electrode will deflect all jons out of the beam path,
- allowing only neutral species to enter cell 2. These modifications have
radically increased the versatility of the instrument, allowing such
experiments as Collision Induced Dissociative Ionization, CIDI, and

2N
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Neutralization-Reionization Mass Spectrometry, NRMS (which will be

introduced and discussed at length in the next chapter), to be carried

ocut. For a detailed description of these additions refer to (9).

The second sector, the electrostatic analyzer or ESA, consists of two
curved plates (of radius R), between which an electric field, E, can be
generated by applying a potential to then. Transmission of an Jon

through the ESA will occur when the centrifugal force on that ion equals
the electric force;

mv2/R = zE eq.(2.5)

The electric sector, therefore, analyses with respect to the kinetic

energy of an lon, and substituting in eq.(2.2), leads to eq.(2.6).

E = (2V, oo 2)/R eq. (2.6)

Thus for source genlerated ions, setting the electric fleld to match the
acceleraiing potential ensures that all the iohs mass selected by the
magnet will be transmitted through the ESA. Detection of the jons after
the electric sector, set to transmit lons at z-V,... while scanning the
maghetic field, will result in the double focussing mass spectrum of the
sample introduced inte the source. The advantage of a double focussing
mass spectrometer is the added mass'resolutioﬂ acquired from the ESA,
which focusses the small spread in kinetic energies of the lons. Further
increases in mass and energy resolution are obtainable by narrowing the Y

focussing slits, as discussed in chapter 3, however this also reduces the
transmitted flux of lons. '

The detectors, located before and after the ESA, are off-axis electron
multipliers. The incoming ion beam 1is deflected onto a negatively
charged conversion dynode, which liberates electrons. These in turn are
acceierated across to the electron multiplier, The sipgnal 1s then

amplified via a series of electron emitting plates. For a review of the
unmodified instrument refer to (10).

2.2.I1 GEC-AEI MS5-902S
The MS-902S8 is a forward-geometry mass spectrometer, that is, the

electric sector precedes the magnet (fig. 2.4). The modes of sample
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imtroduction, lonization, and selection may be considered to be equiv-
alent to Lhose of the ZAB-2F. The (fferent ion source construction
however results in a slightly shorter source residence time. Analysis of
4 system over varying time ranges, such as the times applicable to the
ZAB-2F and the MS-902S, may yield valuable kinetic information (11). As
wiell, this forward geometry instrument is able to measure the appearance
cnergy (AE) of metastably generated ions produced in the first field free

region.  Jons are detected by a Daly fluorescence detector.

Elecirostatic
Sector

Magnetic
Sector

Adjusfable monfter shit

o elit

Acl_‘!usfable source slit

fonnyatien chamber Adyustable collector sl

—j Daly metastable detector
SOu ree Pudtomultiplier
Collector
Asse mbly
ions

|_ s Resclving Shit
e +—  Eartn Shit
Retarded ions —\?‘\7,\\\ T = Enhancer
n

S lect w ~— AMymmum Coated Scm‘hllﬂ'lnr'
econdan{ electrons s \indow

B l :J ~—— Pho‘iomuﬁlpl ier

\-..-r

Figure 2.4 Schematic diagram upper, representing the Kratos-AEI

Ms -9028 mass spectrometer, equipped with a Daly fluorescence
metastable ion detector, lower.
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The advantage of this detector (fig. 2.4), is that metastable lon signals

may be enhanced, relative to source generated specles.

2.2.1I1 Electron Energy Selector Mass Spectrometer

The electrostatic cnergy selector quadrupole mass spectrometer, desipgned
and built by F.P. Lossing and co-workers (12), has allowed the accurate
measurement of adiabatic ionization and appearance energies (1E and AE).
Simply, it contains an electron gun, a two stage hemispherical elecctron
energy selector, a collimator, and a reaction chamber with an electron
trap and ion collector (fig 2.5), and final mass analysis is performed by
a quadrupole mass analyzer.

Ground Plate o
Quadrupcte filter

— === Focus Plate
/ fireld Adiustor

\\ —_— ===‘//,IbnEMdebr Decelleration
‘Ei - < Electron Gun
- - \ N
N Collimator
N 3
| . Enerqy Conirdier B U
Sample. Ioav,a‘hon Chamber filament
2 Pawrs of l
------------------ Hemispherica
b . :ﬁm eleﬁh’odes

(loﬂunaﬁor

Figure 2.5 Schematic of a) the reaction chamber, and b) the two

stage electron energy selector of the electron energy selector mass
spectrometer. :

The electron gun produces an essentially monoenerketic beam of electrons
which is focussed through double hemispherical electron énergy selector.
The auxiliary electrode after the collimating lens is used to vary the
energylof the electron  -beam from 5 to 30eV, at constant electric sector

conditions. The lifetime of ions having reached the mass spectroneter’'s
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detector is considerable, ~200us. A calibration procedure utilizing H,0
as a reference compound corrects for the contact voltages within the
system, and the adiabatic AE and IE values may be obtained with an

accuracy of :0.05eV.

2.3 Some Basic Concepts

lTonization of molecules achieved by Impact with ~70eV electrons produces
moiecular ions having a wide range of internal energies. The majority of
the ions formed will have excess internal energies of roughly 0-10eV,
while only a small fraction of molecular jons will be formed with
internal erergies in excess of 10eV. This accounts for the fact that
Electron Impact (EI) spectra change little as the electron energies are
raised above 20eV. In section II only source generated molecular ions,
which proceeded without dissociation through the ertire spectrometer to
the detector, were discussed. Such ions are called 'stable' in mass
spectrométric terms, because they contain insufficient excess internal
cnergy to undergo dissociation in the time required to traverse the
instrument, typically 20 us. 'Unstable' would be the term applied to
those molecular ions which are generated with sufficient excess internal

energies to undergo dissociation inside the source (figure 2.6).

? -\\ Unstable
\

Tnereasing Metastable
Trternal
Enert:)\} F+ . N
Stable
M+ |

Figure 2.6 The stability of a molecular ion, M'-, as a function of
its Internal energy.
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The excess energy may be sufficiently great te cause the newly formed
molecular ions to dissociate into (ragments which themselves may have
enough energy to fragment further etc. Thus within the source, a complex
mixture of ionic fragments will be Tformed through the competitive and
consecutive reactions Induced by the high internal energies gliven to the
sample molecules. The fragments collectively make up the electron
impact, (EI}, mass spectrum of the molecule Introduced Inte the source.
{The specfrum is representative, but not always obviously characteristfce
of that molecule's neutral structure, for al these higher internal
energies, complex rearrangements as well as dissociation may take place.)
Source generated ions which undergo decomposition in flight between the
source exit and the final detector are termed ‘'metastable'. These lons
possess the narrow range of internal cenergies which correspond to
dissociation rate constants specific for the time of flight between
source exit and detector. This is simply represented in a K(E) versus E

curve, (fig. 2.7), illustrating the rate of dissociation as a function of
excess internal energy.

Fiﬁ
pGO Ft

kE)]

ka E

\\\j
Figure 2.7 Schematic k(E} versus E curve, (lower part), and
internal energy distribution, (upper part), where M*: are 'stable’

species, F, fragments from metastable M" jons, and F', fragments
generated from 'unstable’ M ions.
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2.3.1 k(E) versus E curves

Newr threshold, the rate constant, k, of a given decomposition process
rises rapidly with increasing internal energy and levels off at higher
cnergies, finally reaching a constant value at highest energies. This is
to be expected because the shortest decomposition time of an excited ion
should be of the order of one vibrational period, ~10713-10714 g,
Metastable lons decompose predominantly but not exclusively with rate
constants between 5x105 and 5x10% s, stable jons at lower rates, and
nonstable, fragment producing ions at higher rates. Thus the ternms
'stable’, 'tmstable', or 'metastable', are defined by the time scale of a
iriven instrument, wherein a range of rate constants are involved In
fragmentations, The time-scale of events applicable to the VG ZAB-2F
mass spectrometer for a typical species of m/z=100 at 8keV accelerating
voltage, is fully outlined in figure 2.8 below. |

SPECIES N ION SOURCE —— - loNS // |

CHEMISTRY SOURCE
BEGINS ()
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EXCITATION  ynpaTION el INTERNAL REARRANGEMENTS),.., /
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CLEAVAGES). ..cucumenne PR W >
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Figure 2.8 Time-scale of events for the mass spectrometer, based on
an ion having a mass-to-charge ratio of 100, and acceleration
voltage of SkeV. Reproduced from reference (13)



18

2.3.11 Understanding Mass Spectra

Application of both kinetic and mechanistic theories have been considered
in the interpretation of the relative abundances of molecular and
fragment jons in the mass spectrum of a given molecule. The ultimate
goal of any kinetic theory is to calculate the rate of reaction., Howewver
the Quasi-Equilibrium Theory., (QET) develeoped by Rosenstock et al. (14)
in 1952, also offered a theoretical concept for understanding the
fragmentation of gaseous ions, and enabling such phenomena as kinetic
shifts (defined in chapter 3}, and the dependence of the fragment
intensities on energies of activation and on lifetime to be predicted and
explained. The QET is based on the following assumplions (15-18).

(i} Jons generated represent isolated systems; thus the rate
of a process is a function of the excitation energy only.

(ii) The time required for ijonization by electron impact is
~8hort with respect to that for dissociation; the removal of an
electron occurs within ~1072€¢ s while the maximum rate of

decompasition corresponds to one vibrational period and is of
the order of ~10714 g,

(iil) The rate of dissociation is slow relative to the
redistribution of the excitation energy over all degrees of
freedom of the molecular ion's ground state; thus the rate of
dissociation will be independent of the mode of ionization.
The mechanistic approach invelves the rationalization of mass spectral
" behaviour by’_dging generalizations about reaction mechanisms from
physical organic chemistry. _ Accordingly the relative fragment lon
abundances are determined by the following.
(i) The stability of the reaction products; those jons

corresponding to dissociation processes which generate products
of lowest total energy, ZAHf°. will preferentially be produced.

(ii)  The strength of the bond cleaved.

The validity of this concepf has been discussed in detail by R.W.A.
Johnstone (19), however it is not always possible to extrapolate conven-
tional views of bonding in neutral organic molecules to ions in the gas
‘phase, where the existence of nonclassical structures, such as CHs*, are
well known, and moreover an increasing number of other nonconventional
species, such as ylid and distonie ions, which are fully described in

chapter 6, are being discovered.
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2.3.111 Isomerization
Envrpised mulecualar and [ragment jons are not Jimited to decomposition
alone. A wide range of excess interna]l energies is transferred on
jfonization and so it is also possible for the molecular and fragment ions
Lo rearranpge to various isomeric structures, of classical or non-classi-
cal faorm. These isomerization reactions can greatly complicate the
interpretation of mass spectra and thus some understanding of the
parameters involved s necessary. The relative energy barriers for
decomposition, (E4), and Isomerization, (EI). are the parameters which
principnlly determine whether and to what extent an ion A" rearranges to

an Isomeric jon BT at a piven internal energy E. This is illustrated in
Fipure 2.9.

——

XN A

C.

q—#—A‘*‘-ﬂ—-B‘i'__—.ig...Nb

Fipure 2.9 Schematic potential energy diagrams illustrating the
possibility of Isomerization between ions A and BY, versus their
dissociation to X, + N, and X}, + Ny respectively.

In the case (a) where E; >> E4.. for all dissociations x. no isomeriz-
ation is possible below the threshold enerpy for is_omerization_, and in
gerieral, even above this threshold, decompositions will be much faster
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than isomerization ({(due to the greater density of states in the cor-

responding activated complexes). In (b) where Ej < de. at internal

energies above Ei' there will be a mixture of rapidly interconverting
structures AT and B'. At increased internal cnergics decomposition
becomes possible, however having been preceded by a number of jntercon-
versions, the original placement of the atoms with respect to once another
may have been altered several times resulting in partial or full

randomization of the initial structure. Thus for (a), isomerization will

not hinder the structural elucidation of A* and B*, whereas for (b) the
investigation of the decompositions of these ions will give no informa-
tion unique to one or the other structure. Situations between thesc
limiting cases are also possible, such as {c) where A* must isomerize to

B* prior to fragmenting and thus both A" and B' will generate similar
mass spectral results.



Chaptexr 3

EXPERIMENTAL ANALYSIS
THERMOCHEMICAL AND DISSOCIATIVE TECHNIQUES

3. 1 Introduction

Mass spectrometry has evolved into a powerful analytical technique since
the carly pioncer days, when ion structure assignments were predicted
with one eye on the electron impact mass spectrum and the other on the
corresponding system in solution. Not only do the present instruments
possess a much greater degree of resolution, stability, and sensitivity,
-~ but their versatlility has also improved dramatically. The accuracy of
thermochemical! measurements are now such that corresponding heats of
formation, essential to firmly establish structural identity, may be
confidently calculated. The increased versatility is reflected by the
number of accepted experimental techniques now available to probe a
system, over and above that of the initial dissociative technique, a 170
eV electron impact (El) mass spectrum. - These methods, applicablebto the
modified VG ZADB-2F, are all based on an examination of the decomposition,
unimolecular or induced by collision, of the species of interest. In
this chapter the experimental thermochemical and dissociative techniques
‘will be described and discussed in terms of the relevant underlying
theory and assumptions. The applicability of these techniques to the
structural elucidatlon of isomeric gas phase ionic species will be

. Y
enlarped wpon in ckﬁpter q.

. 3.2 Thermochemistrv
Sound Kknowledge of gas phase ion thermochemlstry; particularly heats of
formation of isomeric organic ions, is essential to firmly establish the
structures of ionic (and neutral) species. This is especially true when

a whole systqy of iscmeric species is involved. Heats of formation,
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AHf°. may be considered ion specific; identical heats of formation can be
taken to imply the presence of a single structure {bharring any fortuitous
agreement) and vice versa. Thus ion structures may be inferred from
heat of formation data by comparison with the heats of formation of lons
of known structure, or in many simple systems, with those heats of
formation predicted from high level ab initio molecular orbital theory

calculations.

Measurements of ionization and appearance energies are the experimental
basis of ion thermochemistry. Through these values and the appropriate
thermochemical data of the neutral species Involved. the hcats of

formation for molecular and fragment ions may be calculated.

3.2.1 Ionization Energy
The minimum energy required to remove an electron from the highest
occupied orbital of a molecule is termed the first ionization energy.

(IE). The heat of formation of a molecular ion, M*. is then given by:
AHpo ([M]*+) = IE(M¥-) + aHp®(M) eq. (3.1)

Thus, ideaily. knowing the AHg® of the neutral molecule, M, the IE value
will allow the calculation of the AH.° of the molecular ion (refer to .
Figure 3.1}, If the heat .of formation of the neutral species is not
contained in the general reference literature (20), it may be predicted
via the additivity scheme of Benson ~(21). or via the use of new or
provisional additivity terms (22,23). The accuracy of the ion's heat of
formation depends directly on that of its neutral, as wcll' as the
experimentally determined ionization energy. IE values with a precislon

of 20.05eV (i.e. * 4 KJ mol'l) can be achieved with specinlised appar-
atus.

3.2.11 Appearance Energy ‘
The appearance energy, AE, of a fragment ion represents the minimum
energy necessary to form this ion from a given neutral precursor. The

heat of formation of a.fragment ion, AY., formed in the reaction,
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M~ A" + B+ e

is griven by;

AHp({A) ) = AE(AT+) - AHp°(B) + AHg® (M) eq.(3.2)
Alternatively, if AHr°[A]+- is known, AHg°{B) may be calculated. In some
cases the structural jdentity of the neutral fragment, B cannot be
disputed, for example H,0, CHa+, or CH;, however, where the possibility
of the generation of isomeric neutral fragments exists (for instance
CH40- versus CHR0Ms), care must be taken to eisure that the appropriate
AHF® value is.emp]uyud when assessing AHr°[A]+-. This will be discussed

in more detail In the folluwing chapter.
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Figure 3.1 Schematic potential energy diagram illustrating the
determination of heats of formation of gaseous organic ions.

3.2.II1 Experimental Considerations; Electron Impact Studies
IE vdlues, of the molecular ion, M*., and AE values of the appropriate:
fragment ion AY. aré obtained by recording the intensity of the ion
signal as a function of the ioﬁizing electrons' energy. The electron
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energy corresponding to the onset or first observance of the jon of
interest is then extrapolated from the curve. TE and AE values can only
be measured with good accuracy, *0.05 eV, with the ald of speclalized
apparatus such as photeionization mass spectrometers (24) or mass
analyzers equipped with an energy-selected electron impact fon source,
such as the instrument by Lossing, described carlier, in 2.2.11, (12).
Acceptable IE values. $0.1-0.2eV may be obtained using commercially
available analytical mass spectrometers. Sufficient accuracy cannot be
achieved on the VG ZAB-2F due to the appreciable spread in the energy of
electrons emitted by the wire [ilament and because of poor design
features in the electronics. The measurement of the AE of a metastably
generated ion does not require highly specific elcctron energy control.
Using the MS-902$ mass spectrometer, reasonably accurate measurcements of
the threshold onset for the first field-free region generated daughter
ion of interest is made together with that of a calibrant reaction whose
metastable éppearance energy is accurately known (25}. Comparison of
these thresholds in terms of measured electron encergies allows the
evaluation of the unknown AE.

The experimental difficulties associaoted with these measurements are due
mainly to the problems of detecting small ion currents, of malntaining a
minimal energy spread‘ in the electron beam, and of calibrating the
voltage scale. There ﬁre hoﬁever more fundamental aspects to be con-
sidered when relating experimentally generated IE and AE values to ionlic
heats of formation.

3.2.IV Adiabatic versus Vertical Excitation Enérgy
Ionization energy measurements are usually reported as being adiabatic or
vertical in nature. An adiabatic transition is a transition from the
non-vibrationally excited electronic ground state of the molecule to thc"
vibrational and electronic grdund state of the molecular ion. This
transition will give a minimum walue for the ionization energy, and is
therefore important in AHf° calculations. Such adiabatic measurements
are possible with the double hemispherical electron energy selecting mass
spectrometer described in section 2.2.1I1I. A vertical transition on the

other hand will involve some amounf of vibrationallenergy. { figure 3.1),
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since i1 is defined as the energy required to remove an electron while
holding the nuclei fixed In their equilibrium position. The time for the
transfer of energy from an electron beam to a molecule is of the order of
"% 5. several orders of magnitude faster than typical vibrational
freguencjes, 10733 - 10712 g, The most probable electron impact
jonizatijon process is that accomplished without changes in inter-nuclear
separations and is labelled & vertical, or Franck-Condon type of process.
flow widely the vertical will vary from the adiabatic ionization energy
for o piven system, will depend on the differences in inter-nuclear
positions in the melecule and in its corresponding ion. Thus the larger
the nuclear separation between the two states, the larger will be the
difference between the vertical and adiabatic ionization energies. The
difference in IE between these two transitions is often insignificant,
"but ean, in extreme cases, lead to errors in jonization energies of the
order of 0.1-0.7eV (10-70 kJ mol-]). A good example is the case of ethyl
{luoride. which will be discussed in chapter 6. Thus, wherever possible,
the adiabutie value of the ionization energy should be employed. The
most complete collections of IE and AE observations are the two compila-
tions from the National Bureau of Standards, (26,27). The earlier volume
{27}, includes calculated AHp° values for a small number of ions for
which the data are deemed re]iab}e. The second makes ho attempt to
distinguish good from unsatisfactory values. Note alsoc that vertical, as
well as the thermodynamically more useful adiabatic IE values are

reported in these volumes.

3.2.V  Kinetic Shift
The difference between the experimentally obtained appearance and
lonization energies cannot necessarily be equated with the activation
energy, E,. This difference, AE-IE, will be too large by the amount of
‘the klnetié‘shift. the excess energy necessary to ensure that the rate of
fragmentation in the ion source is such that a sufficient number of
daughter lons are formed during the source residence time, {(on the order
of 1078 g.,). The mggnitude of the kinetic shift is not only affected by
the residence time of the ions in the source {(a fﬁnction of the instru-

ment), it also depends upon the shape of the k(E} versus E curve for the

]
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reaction. A unimolecular fragmentation reaction will have a significant
kinetic shift when its rate constant, Kk(E), rises only slowly with
increase in internal energy, E¥, and thus the measured appearance cnerpy
will lead only to an upper limit for AHf°[jun]. The absence of a
metastable peak for a reaction indicates a rate constant which rises
rapidly with increasing ion internal energy and thus has an appearance
energy which may be used with some confidence. The error introduced into
appearance energy measurements by the kinetic shift can be reduced by
measuring the appearance energy of lons generated in the metastable time
frame. Being of longer life time, metastable ions must necessarlly have
lower excess energy than those generated in the ion source. Thus the
AHg® value calculated from the AE of a metastably generated species must
be less than or equal to the value calculated from that of a source
generated species. Also, AE values of metastable species pive AHf°
values specific to the product of a given reaction channel. To transmit
a metastably generated daughter ion through electric and magnetic sectors
the mass of its parent jon must be known. Therefore, the AE of a species
c*, generated metastably from A* and the AE of C' from a fragment BY .
thiereof, may be differentiated. .

At Yot e x ' eq. (3.3)
At - Bt e v ictg : eq. (3.4)
Using AE measurements of metastable species does however have its
drawbacks, not only are the number of reactants limited but the Jlow
intensity of some metastable peaks can give rise to sensitivity problems.
Interfering collision induced reactions can also cause complications if

the pressure in the field—free regions is not sufficiently low.

3.2.VI Reverse Activation Energy
The absence of a corresponding netastable peak does not in itsejf.
guarantee that a true heat of formation of the fragment jon is calcu-
lated. The accuracy of AHg°[A]"- also depends upon the magnitude of the
reverse activation energy (figure 3.1) for the reaction. There is con-
siderable evidence that most simple bond cleavages have only small or no-
reverse -éctjvation energies, as the ijon-free radical recombinations
normally proceed without activatlion energy. Rearrangement rpactions.
however, may proceed with substantial reverse activation energy, (28).
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3.2.VI1I Competitive Shift
The: measurement of appearance energies may be further complicated if two
(or more) reactions have k(E) versus E curves which intersect, such as
compel [nyg rearrangement {r}) and direct cleavage (d) reactions giving
fragments A° and B® respectively as illustrated in figure 3.2 As a
result of the competing reactions near threshold, the rise in the number
of frapgment ions B™+ with energy may be very slow such that the observed

appearance energies will be erroneously high.

10"‘ 'B""-r N
10% AtaN
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Figure 3.2 Kk(E) versus E curves for competing reactions involving
rearrangement, (r), and direct bond cleavage, (d).

With all the problems described above, the IE and AE measurements will
yield greater than the threshold value, resulting in calculated values of

AHf°[ion] which are too large. ‘ ’ i

.

3.2.VIII Isomeric Species

" JTonization energy and appearance energy measurements are concerned with a
peak ohset with resﬁgct to electnon:or photon energies, thus it is of
great importance to be sure that only a single reactant species will be
monitored. The possibility of a mixture of isomeric product fragments at
a given m/z wvalue must also be considered. In this situation the AE
threshold will correspond to the thermodynamically most stable isomer in
ﬁhe mixture. Considerations involved in thermochemical analyses -of
isdméric systems will be dfséussed at greater length in chapter 4.



B.3 Metastable Ions

Metastable ions are those which disseociate unimolecularly within the time
taken to travel from the source exit to the detector; they have lifetinmes
in the range of 1078 to 10° 5 s. The resultant ionic fragments produce
what are termed 'metastable’ peaks. The origin of these metastable peaks
was Tirst correctly interpreted by Hipple and Condan (29) in 1945,
although the parabolic experiments by Thomson some decades before had
shown evidence of dissociations in tlight (1}.

The detection of stable ions, and fragments generated in the ion source,
has been outlined in section 2.2.1. Detection of metastably generated
fragment ions depends {(intensity problems aside) upon where, within the
instrument, the fragmentation occurs. Fragment ions generated within the
magnetic or electric sector cannot be detected, the equations of motion,
eq. (2.4) and egq.(2.6), do not apply to mid-sector changes in mass.
Fragmentations occurring after the electric sector will also go un-
detected, since no further energy or momcntum analysis is made before
detection. Only those fragments due to dissociations in the first or
second field free-region, between the source and magnet and the magnet
and ESA respectively, can be independently detected.

Consider the unimolecular reaction in eq.(3.5), {(note that, as in
egs. (3.3} and (3.4), an asterix (*), is used to symbolixze such metastable
dissociation processes}.

Myte 3 AT+ N eq.(3.5)
The fragmentation results in a distribution of the kinetic energy of Myt
between its products. The law of conservation of momentum has to be
obeyed; thus the kinetic energy of the products generated between the

sectors is given by,

1}

mav,? m,/my + 2V,eo eq. (3.6)
&ﬂnvnz = mn/m; * 2V,ee eq. (3.7)

Since the velocity of the particles is virtually the same, the klnetic
-energy of the products is a mass weighted fraction.of the kinetic energy

of the parent ion M,¥. Thus the fragment A*., produced via fragmentation
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in the second field-free region, will be transmitted through the electric
soclor at an E ovalue corresponding to ma/m;l . ?‘Vacc' Thus the mass of a
product jon may be calculated from its kinetic energy. This is not only
applicable to fragments of metastable lons, but for all fragments
produced (unimulecularly or by collision) in the second field-free region

from mass sclected precursors.

Frapments A’ produced before the magnet, in the F£irst field-free region,
will not he transmitted at a magnetic field B corresponding to an ion of

mass m, and kinetic energy of z\’acc, because they have only a fraction of

that kinetic enerpgy as seen in egq.(3.6). These fragments will be
transmitted by the magnet as a species possessing a full kinetic energy

of zv:mc

throuph the ESA at an E corresponding Lo ma/m; . zvacc‘ If these ions of

and an ‘apparent' mass of m;"’l/m1. and will then be transmitted

apparent mass m2/m; were to fragment beioit the electric sector, their
fragments (mg) will be transmitted by the ESA at a sector voltage equal

Lo r"'f/"‘a . ma/m1 LAY or more simply, [mf/m; . z\facc] as il-

acel”
lustrated In figure 3.3. Thus the production of unimolecularly generat-
od ions in the first and second field-free region, and their possible

decompositions between the sectors, may be independently detected.

ELeCTRIC SECTOR

MAGNETIC SECTOR
set at

set at |
y Y Y Meson. o @\
M3/, * Nace ! | /my ace
@ @O~
od b RN ® Ya
2™ Field free : Y.
Region 5
1% Fleld Free

* o detector

etec

Ton Source

Figure 3.3 The metastable generation of A* from M,” in the first

field-free region which Is then selected by the magnet via its

'apparent’ mass. A%, and the ionic fragments of those which
dissociate In the second field-free region, are then detected.
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Metastable lons allow precursor and daughter ions to be linked topether
and thus are extremely useful for the deduction ol decomposition pathways
of a given ion, Metastable ions recorded by scanning V... link all
precursor lons to a given daughter ion, while scanning of the clectric
sector, after mass selection by the magnet, links all daughter ions to 2
given precursor. Thus a flowchart of the Jow energy. competitive and

consecutive fragmentations of a given system may be produced.

The general shape of a metastably generated peak may be very informatjive.
For such peak shapes (beam intensity with respect te eneryy in volts) it
is essential that they be recorded under conditions of good energy

resolution (as well as stable instrumental conditions).

3.3.1 RESOLUTION

The resolving power of a mass spectrometer may be considered in
terms of energy as well as mass. However it is generally measured
by the instrument's ability to separate two masses, M;" and M>*, of
any defined mass difference, am, and may be calculated by egq. (3.8),
where H is the height of the peaks and h, the height of the uan-
resolved valley between them, as seen in figure 3.4.

1
+
F—-am——- M

B (p-p)” Bxe (BME)

Mass ResoLutioN ERERGY TRESOLUTION

Figure 3.4 Measurements hecessany for computing the mass and energy
resolution achieved,

thus: R = M:%/Am when (h/H)-100 € 10 eq. (3.8)

Resolution in the ZAB-2F may be increased (at the cost of jon
transmission) from its minimal value of ca 1000 by narrowing one or
more of the wvariable focussing slits. In all there are five Y
resglution slits, as observed in figure 3.3; one in the first field-
free region, two between the sectors and another two between the
electric sector and the detector. High mass resolution, obtained by
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narrowing YJ. Y5, and sometimes Ya. is particularly useful for
nbserving constitutionally different ions having the same unit mass.
For example, [C2H30,]" and [CaH20]", having mass-to-charge ratios of
59.013302 and 59.049689 respectively, may be separated by a resolu-
tion of R=16,000. High encrgy resolution is obtained in a similar
fashion, again using Y] and Ye. It is measured in terms of the
recorded energy spread, AE. at half the helght of the mass selected
lon heam ( figure 2.4). Values of AE>d4 volts are usually acceptable,

Upon decomposition, part of the excess internal energy in the transition
stiate of an ion, is relecased as kinetic energy, in what may be viewed as
a sgpherically symmetrical distribution, from its centre of mass. The
amounl of Kinetic energy rceleased upon metastable decomposition dictates
the shape of the metastable peak and can be readily detected as peak
broadening since the ions' high translational energy causes substantial
amplification of this translational energy spread. (This energy spread
is not amplificd for source generated fragment ions and thus is not
detected as peak broadening.) The magnitude of the spread depends upeon
the reverse activation energy (Er) as well as the kinetic shift (E%)
involved in the decomposition, as illustrated in figure 3.5.

s Lo

E*MM T*

Potential Energy —=

Reaction Coordinate ~——w

Figure 3.5 T° and T, represent some fraction of the nonfixed
kinetic energy shift, E , and the reverse activation energy, E,.
These contribute to the total Kinetic energy release, T.
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However because of an insufficient understanding of the process of enerpgy
partitioning, the total excess energy of the metastable ion (ET) cannol
be estimated from the measured Kinetic energy releases, and no simple
method exists for the simultanecus accurate evaluation of that kinetic
energy distribution and the internal energy content. Thus T values (sec
below), wuseful for the comparison of one peak with another, lack any

fundamental significance.

Under conditions of high cnerpgy resolution, the magnet iIs fixed to
transmit the precursor, M;', and the electric sector is scanned slowly
through an energy range close to [(ma/mm)-zvaccl. The Kkinetic energy
release, T is calculated from the measured width, AE,, of the metastable
peak, at a given ffaction {usually 0.5) of the peak heipht. For the
metastable process M;~ b AT + B, the To.s associated with the metastable
formation of .A* is given by the following relationship, (30) and {s
generally reported in units of meV.

To.s = (AEp)2 - (My)2 eq. (3.9}

Vacc + A-B-16

Where AEA is small and the spread in energies of the main Leam, AE(M;) is
significant with respect to that of the metastable peak a2 correctlon to

AEA must first be made, using equation 3.10 (31).

AEp(corr.) = J[AE,)? - [AE(M;)]2 eq. (3.10)

Metgstable peak shapes, which should also be recorded under conditions of
good energy resolution, as seen in Ffigure 3.6, fall into one of three
catepories. Gaussian type peaks may be represented as being roughly
triangular in form, They are geﬁerally associated with small kinetic
energy releases, Tg.5 typically no more than ~80meV. Dished and flat-
topped peaks are associated with larger kinetic energy releases due to
reverse activation energies, E., although the inverse statement jis not
necessarily true. The observed dish is produced by z~axlial discrimipa—
tion against the ion beam and will be instrument dependant. © Composlite
peaks are the result of a combination ofltwo or more metastable peaks,
giving a more complex outline. A composite metastable peak indicates the
involvement of more than one transition state and/or the production of

more than one isomeric fragment ion.
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Figure 3.6 Common metastable peak shapes, and the dependance of
these shapes on the energy resolution under which they are obtained.

3. 4 Collision Induced Dissociation

Fragmentation of ions resulting from collision was first acknowledged by
Smyth in 1925.(32). liowever the process was considered little more than .
a hindrance until 1968, when interest in collision induced dissociations
was revived by Jennings (33), and by Haddon and McLafferty (34). Today,
collisjon indﬁced dissociation has become a very powerful technique for
the elucidation of . ion structures, and is the basis for several other

methods for investigating beams of fast charged or neutral speciés.

When ions having a high translational energy (of the order of ~102 eV),
collide with neutral atomic or molecular targets, a small fraction of the
translntfunal energy of the ion may be converted intd internal excitation
energy. This excitation may be considered essentially Franck-Condon in
nature, provided no significant change in the internuclear distance of

the ion can cccur during the time of collision, and little deflection of

the centre of mass . of the ions results, For ions with translational
energies 2103 eV the time of collisional interaction is sufficiently
short, that ‘'collisional excitation' can takg place vqrtically. The

internal energy of the ion acquired by collisional excitation may be
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sufficient to cause the ion to fragment,

+

+ ¥ +-
My® + T = M, - A + N eg. (3.11)

a process known as collision Iinduced dissociation, or CID. The collec-
tion of collision-induced fragments of a given precursor ion has been

termed the collision induced dissociation or ClD mass spectrum.

collision

B .?ell.

ke AN\

0> Produds

Figure 3.7 Schematic diagram for the peneration of a CID mass
spectrum of mass selected Ions, M'.

Collision-induced dissociation experiments on mass selected ions are now
routinely carried out in a large range of mass spectrometers. Unlike the
metastable ion or MI mass spectra, CID mass spectra'primarily sample non-
decomposing, lower energy species. The VG ZAB~2F allows a variety of CID
expériments to be conducted. Collision gas may be introduced into the
first fleld-free region as well as either of the collision gas cells in

the second field-free region. For the most part however, the second
| collision gas cell is used. The preéursor molecular or fragmcnt fon of
interest, M;f‘ is generated by impact with 70eV elcctrons In the source.
The magnet is set to transmit the species with a mass-to-charge ratlo
m/z=mi., and thus only M;*- enters the second ficld-free region. The
collision gas cell in figure 3.7 is pressurized with an inert target gas,
typically helium or oxygen.

3.4.1 Gas Pressure

Differential pumping by the diffusion pumps attached to the flight
tube before and directly after the cell allows for a good pressure
gradient, ensuring that the great majority of the collisional
processes occur within the cell. The ionization gauge situated
above the down-stream diffusion ‘pump can give only relative pres-
sures. Target gas pressures are therefore considered .in terms of
the ion beam's reduction in intensity, refer to figure 3.8.
Although beam reduction involves the sum of scattering,:fragmenta-
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tion and other processes, it is a good indication of the relative
importance of multiple collisions. At a beam reduction of 10%, some
95% of the lons undergoing collisinns have but a single encounter,
whereas at a 60% reduction, multiple collisions make up ~25% of the
total, Although maximum yields of fragment ions are obtaiped at
pressures corresponding to 40-80% beam reduction (35), collision gas
pressures in this work were maintained at a 10% reduction, favoring
single collisions and aveoiding problems of interpretation which
arise when multi-collision conditions are used.
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‘Figure 3.8 Total collision probability, (FPn}), beam reduction,
(In/Io), and the fraction of single and multiple collisional
© processes as a function of collision gas pressure, (P). Reproduced
from reference (13).

3.4.1I1 Collision Gas

The most frequently used collision gases are helium and oxygen,
however nitrogen, hydrogen, Xenon and others may also be utilized.
Small targets are considered to deposit, on average, more energy

into an ion than larger targets. Target gases fall mainly into two '

classes; "soft" agents (including 0,, NO, Cl,, NO:), providing a
smaller degree of fragmentation and "hard" agents (including He,
CHs, SFg, Xe), .providing more, while N, is intermediate. It is also
believed that in general, "soft" targets are capable of accepting an
electron in an ionization process, a process that should have a
lower energy requirement and produce an ionized species of lower
average internal energy, (36). The choice of target gas, therefore,
depends upon the information sought (37).
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Upon collision with the target gas of choice, those fions which have
gained sufficient internal excitation will rapidly dissociate. The
percentage of these fragmentations which occur within the cell ftself may
be monitored via the technique described below, which is also a semi-
quantitative means of separating collisional-induced and unimolecularly’

generated fragments of a given mass selected precursor ion.

©3.4.IIT Cell Voltage

The percentage of fragmentations occurring within the cell Iitselfl
may be monitored, because the cell, flanked by two grounded plates,
is electrically isolated and may be raised to a preset voltage of up
to *5keV. For a voltage, -V, on the cell, the precursor ions, M;+.,
at v . will have a translational energy of (Vacc+v) after entering
the cell. Collision-induced dissociation of M;+« to give A+ within
the cell will produce A+ fragments detected at a translational
energy of [{A/M)-(Va c+V)—V]. while those A+ produced before and
after the cell will be detected at [(A/M)'Vacc] in translational
energy, and are therefore unaffected by the cell voltage. An
illustration is given in figure 3.9 below. Separation ol processes
cccurring within and without the cell can be linked to colllsion-
induced and unimclecular processes respectively. Thus under CID
conditions, where a peak is known to contain unimolecular contribu-
tions, that portion of the peak resulting from collision may be
isvlated. Despite the fact that the gas cell occuples <2% of the
second field-free region, and that a good pressure gradient is
maintained about the cell, such separations, although very informa-
tive, can only be considered semi-guantitative.

Detection of c¢ollision generated fragments from the second ftleld-free
region is performed by scanning the electric sector voltage. Ibc
resultant CID mass spectrum of the precursor, like that of its EI maés
spectrum, will contain many peaks corresponding to consecutive and
competitive dissociations, inVolving_simple cleavage and/or rearrangement
reactions. 1f the molecular ion of a compound does not undergo any
complex time-dependent rearfangements. then the CID mass spectrﬁm will be
similar to the normal EI mass spectrum.
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Figure 3.9 Separation of collisionally induced A® fragments from

those A* generated prior to the cell, metastable M". Separation Is

achieved by floating the electrically isolated cell at some voltage, .
-ev’, '

3.5 Charge Stripping

Collisional excitation of rast, mass selected precursors M;™., may be
sufficient to cause the loss of an electron, resulting in a doubly

charged spécies. M 2%,
Mi¥ 4T - M2 T T eq. (3.12)

This charge stripping, CS, process was first reported in 1972 by Beynon
and co-workers (38) ' The signals. resulting from CS may be easily dif-
ferentiated from .those of CID. They are greatly reduced in width, and
appear at one half the electric sector voltage for fransmission of their

singly charged counterparts. Amplification of the CID mass spectrum is
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usually necessary te detect charge stripping peaks because their inten-
sity is in general far less than those from CID. The use of "sof't"
target gases, particularly 0. resulting in less energized products, will
increase the relative intensities of the €S peaks. As well, these target
gases will yvield more non-decomposing doubly charged parcent ions relatjve

to doubly charged fragments.(37)

3. 6 Collision Induced Dissociative
Tonization

Until very recently, mass spectrometric studies involved jonic species
only, litile or no attention being paic to the structure of the neutral
products of ion fragmentation. In the majority of cases the neutral can
exist in only one stable structural form, e.g. consider H,0, Cl;, Cliz-,
however this may not be said of all cases, consider CH;CO+ versus Cii;CHO-
(39), or HCN versus HNC (40}.
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Figure 3.10 Schematic diagram for the generation of a CIDI mass
. spectrum of mass selected My ions.

. Consider the process;
M.t x AY + N ' qu.(3.]3)"

When a mass selectéd precursor fragments unimolecularly in the second
field-free region, the recorded CID mass spectrum will consist of~ the

fonic dissociation products of A+ and N as well as those of ‘M;*, although
the

e

intensity of‘fragment ions from the latter will be 2-4 orders of

magnitude greater. However, elimination of the Jjon flux prior to the
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collision ceell will resuit in the collision-induced dissociative ioniza-
tion, or I mass spectrom of the metastably generated necutral species
ilone:

N+ T » N{* .:f. xf+ ; yr eq.(31'1)

3.6.1 Neutral Beam Isolation

In the [irst experiments (39,40}, the neutral flux was isolated by
floating the collision cell at a voltage, +Vc. such that VC > vacc'
and the Jon beam is repelled. However this restricted the accelera-
tion voltage (to voltages which could safely be imposed on the
collision cell, ¢ S5keV), and thus limited the sensitivity and
resolution of the resulting mass spectrum. At present the charged
and neutral species are separated by use of a beam deflector
electrode, a description of which has been given in chapter 2.2.
Its installation into the flight tube of the VG ZAB-2F was the first
ol two modifications (41) to this linstrument. As seen in the
schematic djagram in figure 3.10, the deflector is situated before
the Jonizing collision cell. A potential of #500eV on the plate
deflects lons sufficlently from the beam path to ensure that no
fonic species, (M;+ or A+) enter the collision cell, while the
kinetic energy and direction of the neutral species is unaltered.
The use of the deflector electrode allows CIDI spectra of neutrals
generated unimolecularly from negative as well as positive precur-
sors to be recorded (40.42).‘ Also, maximum values of Vace May be
used, and the resolution is much improved.

Thus to rccord a CIDI mass spectrum of N, generated via eq.(3.13), mass
splected Mt must generate a single, sufficiently intense metastable
peak In the second fleld-free region corresponding to mass at. The
deflector is charged and target gas, 6}*br ﬁe. is introduced into the
cell to a pressure corresponding to 10% main beam reduction (seéksec;ion
3.3.11). Scanning tlie electric sector mass analyses the lonic dis-
sociation products; Xg, which are transmitted at an acceleration poten-
tial of [(xf/M1) . zvacc]. and thus a ma#s spectrum of a neutral species

may be penerated.

3.7 Neutralization—Reionization

The most recently introduced collisional technique combines neutraliza-
tion and reionization in a tandem mass spectrometer .for the geﬁeration
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{(as well as dissocliative rejonization} of novel neutral species. The
early literature was concerned with ionization of atomic beams., and in
1967 Devienne (43) used the method for the reifonization of neutrals
formea by charge exchange {(CE) of Ha' with 'residual gases',  Similarly,
translational energy analyses of ar' ions resulting from nentralization-
reionization double collisions in a single focussing instrument were
reported in 1977 (44). The term ANeutralization-Refonization Mass
Spectrometry or ARMS was introduced by Danis et al. (45) in 1983, with
its application to the generation of fast polyatomic neutrals from thelr
cationic counterparts (416).

3.7.1 The Second Collision Cell

To generate NR mass spectra two collision cells separated by a
deflector electrode are required in the second ficld-free region.
The second modification of the VG ZAB-2F was the installation of a
second, electrically isolated collision cell (9) (as described in
2.2), within the second field-free region, directly before the
deflector electrode, as illustrated in Cfigure 2.3 The newly .
installed collision cell is the flrst cell encountered by the ion
beam and is therefore referred to as cell 1. In a similar fashion
to the original cell, gas may be admitted and a relative cell
pressure reading obtained from a second ionization gauge.

‘Ideally. an ionic beam undergoes collisional charge exchange with a
‘target gas in cell 1 to generate the specific neutral of interest.

Myt e T My + T eq. (3.15)
Then, as in CIDI experiments, the remaining ionic species are electros-.
tatically deflected out of the beam path.

cell ¥1, . cell*2

> AV ﬁi —F
@ IR, .
deFle;or‘ ‘_f_' S \‘}od uds i J

eledrode. -

Figure 3.11 Schematic diagram for the generation of a NR mass
spectrum of mass selected M' ions.
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The neuatral species alone enter the second collision cell to be colli-
sionally rejonized. In practice however, the neutrals reaching cell 2

miy be of mixed origin.

3.7.11 Origin of Neutrals

The corresponding neutral of the mass selected, multikilovolt ien
[ABC+], will be generated by charge exchange, but neutral fragments
will also be formed by metastable [ABC]** dissociations, Jts col-
lisionally induced dissociation, and/or dissociation of the neutrals
resulting from these processcs.

ABC+ + T -+ ABC + T+ eq. (3.16)
* AB + C+ '
ABC+ + T - AB + C+ + T eqg.(3.17)
L A+ B+
3x*
ABC+ - AB + C+ eq.(3.18)
LA+ B+

The relative contribution of the neutrals generated unimolecularly
bufore the first collision cell, eq.(3.18}), is dependant upon the
number and intensity of the unimolecular processes of the precursor
and may be isolated (semi-quantitatively) by floating the .cell at a
voltage similarly to the technique described in section 3.3.III.
The relative importance of neutralization, egq.(3.16), versus
fragmentation, eq.(3.17}), depends markedly on the target (and its
pressure) used in cell 1, thus although contributions from these
latter two processos are not separable, the choice oif. target may,
favour one over the other.

3.7.1I1 RNeutralization & Reionization Targets

Resonant charge exchange was initially considered to be a necessary
criterion for efficient neutralization. Such experiments made the
use of alkali metal vapors, allowing a° wide range of ionization
energies to be sampled, attractive in the neutralization process
(15.47). Resonant exchange between target and ion species is
however, not necessary, the optimum efficiency for CE being observed
for processes which are endothermic by a few volts (13). The very
high ionization enerpgy, IE, of He (24.6eV) {(28) makes it a very
inefficient neutralization agent (47), whercas Xe (12.1eV), (2%) has
been found to yield good neutral fluxes, without appreciable
contributions from collisionally generated neutral fragments (48),
and so has become the neutralization gas of choice.

The pressure of the neutralization gas should be maintained in the
single collision regime, to minimize subsequent fragmentations:
Such pressures will not give the maximum flux of neutrals (a
condition advised by McLafferty (47)), but however, will ensure that
those neutrals formed are not themselves subjected to collision

o
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induced fragmentation. Such complications can make structure
elucidation difficult.

Reionization target species giving a high vield of charge exchange
and fragmentation processes are also necessary. Helium and oxygen
have become the gases of choice, both giving good (luxes of reionis-
ed species and their dissociation products. The superiorlity of Q;
as a rejonization target for fast neutrals has been linked to lts
capability for effecting inverse neutralization:

My + T - M;  + T eq. (3.19)
producing 0, and 07 (36).

Thus the following steps must be taken to achieve a NR mass spectrum of
M:*. M." ions are generated in the source by electron Impact and mass
selected via the magnet into the second field-free region. The lons
travel through the first collision cell containing a pressure of Xe gas
corresponding to 290% transmission of the M,+ bean. The deflector
electrode, at a voltage of +1700eV (49) allows only the fast neutrals
(generated by charge exchange, and as well unimolecular and/qr collision
induced dissociations) to enter cell 2. Collision with a similar
pressure of 0: imparts sufficient energy for reionization as well as
subsequent dissociation te occur. The resultant ion;c fragments are

analyzed by the electric sector and detected by the multiplier to produce
~a NRMS of M,*. , )

Optimising the sensitivity in a NR mass spectrum is of extreme impor-
tance, since the double process of neutralization and subéequent refoniz-
ation reduces the flux of detected resultant ionic fragments, often by
orders of magnitude with respect to-CID mass spectra. Reduction may be
due to scattering, as well as incomplete neutralizatjon. In this work,
signal averaging was In most cases unnecessary; however for species whose
ion source generated flux was weak, where charge stripping peaks were of
‘interest, or for high resolution NRMS experiments, signal averaging was
utilized (50) with satisfactory results. -



Chapter 4

STRUCTURAL ELUCIDATION
APPLICATION OF THE TECHNIQUES

4.1 Introduction

The coxact mass and thus the atomic composition of an ion, obtained via
high resviution EI mass spectrometry, may in a few cases he sufficient to
deduce its structure.  However the increasing number of isomeric strue-
tures (classical and nonclassical) which are possible for quite small
ionjc species (say up to 6-7 atoms), together with their possible
interconversions, can greatly complicate the structural elucidation of
pascous organic species. Thus to ensure successful structure assignment
the thermochemical properties and dissociative characteristics are
analyzed as completely as possible. In most of the techniques presently
enployed for ion structure determination, described in the preceding
chapter, the unknown ifon's structure is established by comparison. 1f an
unknown lon fragment, A%., yields thermochemical and dissociation
characteristics very closely similar to those of a known fon, B*., then
the structure of A*. is concluded to be identical with that of B™-.,
However reference ions‘nf known structure are not always available. To
this end comparisons are made employing as wide a range of analytical
techuiques as possible. The correct structure of the ion is then
Inferred from all the available information. It must be Kept in mind
that ions of different lifetime and internal energy ére being sampled by
the various techniques. Thus whether all the techniques will give
information on the same ionic structure will depend on the jons relative
thresholds for isomerization and decomposition. Appended to this chapter
is o summary of cach mode of analysis considered here, a brief descrip-

tion of the experiment and to what it may be abplié;%‘
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4. 2 Thermochemistxy

Tonization and appearance energy measurenetits establish energy levels tor
the molecular and ien fragments as outlined in chapter 3. Caleulated
ionic heats of formation obtained from IE values will be specific for the

ion having at least initially the same structure as the neutral molecule.

The AE of a fragment ion provides an upper limit for the heat of forma-
tion of that ion, the excess energy being dependant on the kKinetic shift
and enerpy of the reverse reaction as seen in figure 3.5, Consider the

fragmentation of Benzonitrile,

[CeHsCN]Y e = [Celis]™+ + HCN eq. (4.1)

Due to the unusually large Kkinetic shift involved in this reaction, the
reduction of the mean fragmentation rate constant, from 10% to 104 71,
caused the measured AE to be reduced by ~0.3eV (51}. Thus where an ion
fragment is produced both In the source and metastable time [rame,
indicating a possibly significant kinetic shift (section 3.2.V}., the AE
of the ion of both origins should be measured. The lower AE, indicating
reduced excess energy of the jon fragment, should then be used. Measure-
ment uof the metastably generated ion alsu serves to deline and isolale
-the specific reaction channel, because lon source species may be a
mixture or have multiple opigins. Consider 'Oxalic acid which penerates
both [C(OH)2]"- and [HCQOH]*: on electron impact in the ifon source,
AHp°[C(OH)2]"+ could only be obtained by measuring the AE of the
metastable ion, since no [HCOOH]™: Is preﬁuced metastably, (52).

[COOH]."+ > [c(OH)a]™+ + CO» eq.(4.2)

Where the species with a mass-to-charge ratio of interest, consists of a
mixture of isomers as in the above example, the AE experiments will yield
the AHf° for the thermodynamically most stable isomer in the mixture.
Thus great care must be taken to euéure purity of sample and ion flux.
since trace contaminants which produce a more stable ion will yleld an

uncharacteristically low AE and thus AHf° for the ifon.

Once the heat of formatidn has been obtained for an ion of known mass and

composition, it is sometimes possible to assign a structure based on the

f¢
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oxtensive fiterature concerning fon enthalpies. The experimentally
derived heat of formation of an jon may also be compared with isomeric
"reference' jons of known structure and heat of formation. They may be
compared with estimited jonic heats of formation based on correlations
involving homologous series (53); the relation between ionization
ecnergies and jon size {(84), the effect of group substitution on a charge
bearing site {55}, and the correlation of the heterolytic bond strength
DIR'-N"} with fon structure and size (56). In the case of relatively
small lonic spercies, the AH[° measured experimentally may be compared

with those obtained by ab initio molecular orbital theory calculations.

However, thermochemical data alone are rarely sufficient for confident
structure assignments, Distinct isomeric species may have AHg® values
which are the same, within experimental error. For example the measured
Allp° [CHCHRC1 ] = AHE°[CHLCHCIN]™« (57). Likewise, jons generated with
similar structure but within a different internal energy range may yield
different 'apparent' heats of formation. The added information derived
from the unimolecular and collisiqn-induced dissociation characteristics
may strengthen the tentative assignment, point to a more logical choice
ol structures, or reveal complications which make more detailed analyses

necessary.

- Consjder the fragmentation of ionized aniline,
[Celtstiliz]*+ ~ [CsHel*- + [H,N,C) | eq. (4.3)

The AE of [CsHe]™+ was found by Baer and Carney (58) and Lifshitz et al.
(59) to lie ca. 0.8eV above the calculated threshold for ionized cyclo-
pentadiene plus HCN.  Lifshitz et al. (59) proposed that -this apparent
excess enhergy could be accounted for if the neutral product were hydrogen
isocyanide, HNC, because AHg®[HNC] is 0.6%0.1 eV greater than AHg® [HCN]
{60). This abgument. based ¢n thé thermochemistry, was substantiated
when the technique of collisjon-induced dissociative ionization, CIDI,
was applied to the neutral product (39), and the results were consistent
with the structure HNC. -

In another example. taken from the present work, the thermochemical

analysis of the [C,HgF]™- fragment ion from methyl fluoroacetate was



46

less helpful. The measured (adiabatic) AE of [C:UsF}"- generated from
FCH,COOCH, resulted in a AHf°[CgH5F]*- of 873 Kkj mol 1. some 63 keals
mol™! below that of the Auf“ of 936 kj mol™1 caleulated from the
(vertical) I8 of ethylfluoride. This discrepancy was initially credited
to the formation of a more stable ylid ion, [CHaFCHz]'-. The dissoeclia-
tion characteristics of this 'new' ifon however corresponded exactly to
those of ionized ethylfluoride. The discrepancy in the appearance
energies was explained when the adiabatic ionization energy of ethyl-
fluoride was measured and found to be some 0.656eV Dbelow that of the

vertical value.

4.3 Metastable Dissociations

Metastable ions, Mi*. restricted by definition to those ions which
decompose within a limited time-scale of 1078-10"5s, possess a narrow
range of relatively high internal energies as illustrated in Ffigure 4.1
Thus, of all source generated M;~ ions, those capable of undergoing
metastable decompositions are the most likuly to undergo rearrangement to
another structure prior to fragmentation., Metastable peaks are thercfore
'often characteristic not of the ground state, ionlzation-threshold
structure of the precursor ion, but rather of the reacting configuration
. {RC) resulting from rearrangement of the original lon. Metastable ion
mass spectra are therefore more useful for comparative analysis than for
structure elucidation, and thus, without additional Informatfon, species
generating closely similar metastable peak intensities, shapes, and
kinetic energy releases are concluded to have the same reacting con-

figurations rather than the same ground state structures.

4.3.1 The Metastable Peak Abundance Ratio
The first semi—quantitative relationship between metastable peak intens-
. jties and the structure of a fragment{ng ion was proposed jn 1966 by
Shannon and McLafferty QGIJ. following a related study by Rosenstock et
al. (62). Tl}e 'metastable peak abundance ratio test' was based on the
premise that when two (or more) competing fragmentations from the same
ion give reasonably intense metastable peaks, then the nratie of the
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abundances (measured under carefully controlled experimental conditions)
miny be used as a ecriterion for jon structure. Simply, dissociation to
pive the same m/z peaks, with closely similar intensity ratios. is goad
circumstantial evidence that the reacting configurations of the two
precursor specices must be the same. These peak abundances may be
measured in terms of peak height or area. Under conditions of low energy
resolution peak heights should be used, while peak areas will result in
moure representative values under high resolution. In either case,

comparisons must be made under equivalent resolution conditions.

The dilftficulty with this test lies in deciding what constitutes a
sipnificant variation in the ratios and thus non-equivalence of the RC
structures. The ratio can be very sensitive to experimental conditions
such as ion lifetimes and ilonizing electron energies as will be discussed
below.  Also, small impurities in the precursor ion flux, as seen in the
case of [CaM302] + (reter to chapter 5), may alter the ratio or introduce

a false metastable peak to the MI mass spectrum.

""“JF"I(;“" T
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TrcREASING INTERNAL ENERGY —™

Figure 4.1 The range of Internal energies of M+ sampled by experi-

ment. 1. MI mass spectrum, sampling metastable M+* ions. 2. CID

mass spectrum of source generated M+. 3. CID mass spectrum of M"

under conditions of lower electron energy &/or translational energy.
4. CID mass spectrum of M+ species generated metastably.
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4.3.11 Metastable Peak Shapes

Comparison may also be made of the metastable peak shapes. Equal shapes,
under conditions of high erergy resolution, point to similar RC species
or mixture of species., while differences may indicate variation in
experimental conditions and/or differences in the structure of the
precursor's RC, or of the resultant fragments. Metastable peak shapes
are classified into three broad catesories, introduced in chapter 3.2,
Gaussian, flat or dished-topped. and composjte. The number of components
in a composite metastable peak. indicates the number of transition states
involved. They most frequently result from the combination of two
separate peaks (37), Gaussian and/or dished or flat-topped. Thus =«
composite peak may indicate two transition states and/or two isomeric or
isobaric daughter ions. The unequivocal classifjcatibn of a composite
metastable peak is‘difficult but isotopic labelling, AE measurements, and
varying the electron energy and ion lifetimes may enable the scparate
processes to be identified. In many cases, however, their origin remains
unexplained.

For example, the intense metastable peak for the loss of Cﬂa-\%from
ionized 1-methyl cyclopentene is composite, composed of twoe Gaussian
peaks. Careful analysis showed that the [CsHs]" daughter ion, the stable
cyclopentenium jfon, was generated by both a low energy process, the
specific loss of the exocyclic methyl group, and a higher energy process,
'involving complete hydrogen scrambling prior to methyl loss (63). A
composite shape may however, also indicate that the metastable peak has
an unusually large cross-section for collisienal activation. Colllslon
gives rise to peaks of Gaussian type which are relatively broad, typical-
ly 50 V at half height. Gaussian type metastable peaks are usually less
‘than 20 volts at ﬁalf height, although the half heipht widths of meta-
stable jons may. range from less than 1 volt to greater than 100 volts.
The possibility of collisional contributions may be tested for in the
following ways.V Careful comparison of the peak helght Increase with
introduction of collision gas into’the collision cell; the CID component
should increase in direct proportion to the pressure while the unimolecu-
larly generated species will not be affected. Applying a voltage to the
cell (réfer to figure 3.9) will cause the peak to be divided into two
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peaks of nonequivalent shapes it collisional activatiocn is taking place
and assumfng that the background pressure is largest in the cell region,

even under MI conditions.

The use of T,.¢ values to characterize the reacting configuration
structure of metastably fragmenting ions was proposed in 1973 by Jones et
al. (64) who suggested that fragmenting lons havfng the same RC should
show similar Tp.s values., It has been concluded that the effect of ion
preparation on the shape and T value of a metastable peak which unequivo-
~cally arises from a single reacting configuration will be small (65).

.Thus differences in the kinetic energy release, under similar
experimental conditions, are indicative of non-equivalent processes, or

mixture of processes.

4.3.IIT TIon Lifetimes
Comparisons may also be made within a system via the effects of changing
fon lifetime, jonization energy, and isotopic labelling. By making
measurements in the first and second field-free region of the VG ZAB-2F
mass spectrometer, metastable ions of lifetimes , 1-2us and 10-15us
respectively are sampled. The abundance ratio may Be affected if the
dissociation rate constants varj quite differently with excess internal
energy, l.e. if the k(E} versus E‘curves for the competing unimolecular
fragmentation hrucesses have markedly different slopes,. Consider the

metastable reactions of [C3H70]" ions derived from diethyl ether.

[C3H,0]" = Ca2Ha + CH,OHY . eq. (4.4)

Ha0 + [CaHs]™ eq. (4.5)

X 2K ]

where the variation of the ratio, m;*/m;*, with reaction time is quite
clear; a value of 3.6 was recorded in the first field-free region of the
MS-902S mass spectrometer, and 16.0 and 16.7 in the second field-free
regions of the MS-902S and VG ZAB-2F mass spectrometers respectively
{65,66). A lower measﬁred kinetic energy release with increased lifetime
may ‘also result if the dissociation process involves a significant
. kinetic shift. On the other hand, the unexpected composite nature of a
metastable peak may be revealed by a marked increase (with increased
lifetimes) in Ty.s5 (51,.67).
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4.3.IV Ionizing Electron Energy

Reduced ionizing electron energies may also result in an abundance ratio
change since the dissociation process of lowest activation epergy will be
increasingly favored. For composite metastable peaks, this may in turn
affect their shape and measured Tgy.s5 value. Such is the case for
[C3Hs0]  ions generated from [CH=CCH:OH]. Al normal clectron energies
the composite metastable peak corresponding to [CaHs0]* % CO + [Call5]" is
relatively narrow (20 V at half height) but skirted, resulting from
dissociation of two isomers, (2} [CH:CHCO] and {b)} [CH=CCHOH] (6B). At
reduced ionizing electron energy, the broader component f{rom fragmenta-
tion of (b) is reduced, changing the shape and reducing the T value of
the metastable peak.

Finally, the time-honuvred method of isotopic labelling of the metastable
precursor may give valuable insight into the (rearrangement/cleavaye)
dissociation mechanism, as well as to what extent the atoms change their

position within the ion, before fragmenting in the metastable time frame.

4. 4 Collision Induced Dissociation

As discussed above, unimolecular dissociations result from precursor ions
with internal energies sufficient to fragment within the 10'3410'5 8
time-scale. These dissociations corresbond necessarily t?. processes
having the lowest barriers to dissociation, and thus only a limited
number of fragment peaks are produced. The relatively high .excess
internal energies that they possess, as seen In figure 4.1, cause these
metastable jons to be the most susceptible to rearréngement prior to
dissociation. Thus MI mass spectra, while often structure specific, are
less often structure characteristic. Causing the lon to collide with a
neutral atom or molecule can add a substantial amount of energy to the
stable source generated ion, energy which may be sufficient to cause. fast
subsequent ion decomposition. The potential of colllsion-induced
fragmentation of precursor ions for iop structure work was first recog-
nised by McLafferty and co-worqus (69,70) In 1973. As can be seen from

figure 4.1, the precursor ions which suffer collisional actjvation are
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those species which have Internal energies ranging from zero up to the
lowest threshold for decomposition. Note that the upper limit includes
the narrow range of internal energies corresponding to metastable
Precursors., Those jons however, with lower internal energies are much
Jess bikely to have undergone rearrangement prior to collision-induced
dissociation. The much greater Internal energy content of those sanme
fons just fter collision will ensure f{ast decomposition over a wide
range of pathways. These induced decompositions will include many bond

cleavages dircetly generating structure characteristic fragments.

4.4.1 Structure Characteristic CID Mass Spectra
Structure aséjgnment may be based on comparison, i.e.. if the CID spectra
of species M;' and Mg+ arc the same, then so are the structures of M1+
and M,'. However CID mass spectra are more versatile, for the initial
structure of the precursor may be elucidated from the large number of
characteristic fragment peaks produced by direct bond cleavages.
Consider for examnple thAe use uf collision-induced dissociation in the
investigation of stable [CoHgO]Y+ isomers (71). Representative bar
graphs of the partial CID spectra of five known Isomers are given in
Uigure 4.2,  The first two [CpHg0]++ species investipated, for which a
stable neutral counterpért exists, were the molecular ions of ethanol and
dimethylether, a) CHaCHoOH' '+ and b) CHsOCH;'*. respectively (72). Their
CID spectra are unique; that of ionized ethanol posseg§ing m/z=14,15 and
31, indicates clearly the presence of CHp, CH,, and CH,OH, while that of
tonized dimethylether, generating little other than m/z=15 and 29, points
to CHll; and CHO from the uhstable CH;0 fragments. 1.3fpropanediol.‘via
CH:0 loss, was concluded (72) to yield a z-bonded gﬁmplex of a water
molecule to an e;hy]ene ien. represented simply as di;g?zCH20H21+-. The
dominance of m/z=14 and 28 as well as the presence of !m/z=18 indicated
the lack of a CHy unit. The major generatioh of,[Caﬂaléfﬁby easy water
loss, and the presence of H,0 were all consistent with thls assignment.
Methoxyacetic acid is believed to generate d) CH;O(H)CH2 '™+ by CO» lpss.
Correction for isobaric ion interferences and 23C contributions must be
made to its CID mass spectra (71}. The lack of m/2z=26 and 27 indicate ﬁo
C-C bond, ~while the presence of n/z=31 shows the likely presence of a

CH.0H group. Lactic acid was concluded (71) to generate the isomer
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CH3CHOH2“*- via loss of COs. Thus the CID spectra indicated not only

that unigue isomers were formed, but also something of their structure.

-|-o -
) CHCH,OH b) CH30CH;'
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fﬁgube 4.2 Partiazl collision induced dissociation mass spectra of Q§i§
Isomeric [CbeO]*' jons-represented as bar graphs. Refer to text, %

CID mass spectra will be specific for each of a given'ser;es of lIsomeric

_ions provided that the following three criteria are met.
' ‘ ~ ;_\. .
(i) The isomeric ions do ndt freely interconvert at cnergles
below that for the lowest energy decomposition.

" When CID (ahd MI) spectra are identical; as in‘the [CoH11])" system, where
the m/z=95 CID spectrum from 2-iodonorbornane, and 2,4-octadiene were
indiétinguishéhle (73), “isomerization to.a common ion or mixture bfljons
has occurféd—prinr tn.dissociétion. The generation of ion specific (non-
equal) spéctra may however, still be possible by lowéring the range of
~internal eﬁergy- possessed by the ilons below that of the barrier to
isomerization. The generation of CID spectra from ions possessing

relatively low intérnal energy is possible, but in all cases the intens-

1
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jtles of the peaks are strongly reduced and at least a minimum signal-to-
noise ratio must be maintained. The simplest way of varying internal
ecnerpy is by lowering the fonizing electrons' energy (74). Lowering the
Leansiat fonal encrgy of a mass-selected ion alse narrows and reduces the
renpe of collisionally derived internal energy (73). The mass-selected
fons penerated metastably in the first field-free region however, possess
interaal enerpies within the lowest achievable range. Thus with a
sufficiently le. nternal epergy range, the interconversion of the ions
mi:y be reduced and the resultant CID spectra will no longer he indis-
linguishablck

(ii) There are sufficient significant, non-isobaric fragmenta-

tions to render the spectrum clearly characteristic.

In most isomeric systems, as for example that of [C.Hs0]". above, the
spretra are clearly characteristic, However for isomeric ionic hydro-
carbons, these characteristic spectral differences are often very minor.
The CID spectﬁa fér the benzyl and tropyl ion are considered to be
structure specific only in the ratio of the peak intensitics of m/z 74:77
(76), very minor peaks in the CID mass spectrum.

{iil) The collisionally activated ions do not undergo very

fast rearrangements prior to dissociating.

The elimination or reduction of such a post collision rearrangement whilé
maintaining CIN conditions is not possible. The high internal energies
qbta]ned on collision however, are expected, in the large majoritj of
cases, to enhance the'klnetically favored bond cleavages, not the

thermodynamically favored rearrangements.

il
—-

4.4.11 éomparing The Spectra
In analyses of isomeric ions, comparison of the CID spectra of the
species in question with those from reference ions of known structure is
necessary. With the exclusion of metastable processes, whose inféns-j
ities are often quite dependant on the'internal energy distribution, the
peak” intensities in a CID spectrum are generally held to be independent
of the injtih] internal energy of the precursor, dué in part to the large
excess of energy obtained in the collision process. This ensures
reproducibility and enables direct comparisons of idns whose different
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mode of formation/ionization may have generated ions of quite different
internal energy distributions. Comparison of the CID and EI mass spectra
is also possible for molecular jons. As in the case ot ethyl fluoride
for example, in figure 4.3, the similarities are yuite obvious., leading
to the conclusion that (i) and (iil) above are upheld. For fragment
ions, comparison of the normal CID and those CID mass spectra generaled
from lower internal energy species is also possible. Similar resultant
spectra indicate the presence of a single ion structure and the absence

of lsomerization, within the energy range sampled.
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F.igureJ 4.3 The EI and CID pmass spec%m of ethyl! [Juoride,
illustrating very similar fragment peak patterns. '

' 4.4.1I1 Isotopic Labelling

Isotopic, labelling can further probe the possibility of atom scrambling

and precursor isomerization prior to dissociation. CID mass spectra of
labelled and unlabelled species may however, only be qualitatively
compared, because of the operation of isotope effects of unknown mag-
nitude. Consider for example the following collisionally Induced
dissociations-of the molecular ion of ethanol.

CH,CH,OH"' "+ = CH,CH." + OH- eq. (4.6)
- CHa+ + “CH,OH eq. {4.7)

Ay
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If the €ID mass spectrum of the labelled species, CH2CH:0D "+, showed
only CH-CH: , m/z:29, and “CH.0D, m/z=32, it could be concluded that
neither rearrangement nor atom scramirling occurred prior to dissociation.
On the other hand formation of both CoH:D”™ and “CH.O0D may have resulted
from scrambling., while formation of only C,H.D™ and "CH,OH would have

indlecated a specific rearrangement of the initial structure.

Thus the technigue of CID mass spectra, via comparison or direct inter-
pretation, is a very powerful method for structural elucidation. It is
limited rto some extent by the potential energy surface of the system
invulved., i.e. how the barriers to isomerization({s) and dissociation(s)

are related as discussed in section 2.3.11IT.

4. 5 Charge Stripping

Chargoe stfippiug. €S, is a technigque which may he used only if the doubly
charged species of the precursor of interest are sufficiently stable to
be observed ander optimal CID conditions, and provided that.they are not
obscured by singly charged fragment ions of the same m/z ratios. CS mass
spectra have been found crucial in the identification of the two isomeric
Cilig*+ ions from propene and cyclopropane, whose CID mass spectra are
very closely similar (77). It was considered that the charge stripping
spectra arose predominantly from ions of lower average internél energy
{and hence structure retaining) as discussed in (78). More recently, in
thoe investjgétion of the norbornyl cation in the [C7H11]+ system, the
cﬁnrge stripping mass spectra alone generated structure specific'charact-
eristics, apart from just one peak jin the CID (75} experiment. 1In the
case of ionized methyl chloride and its ylid isomer, CH.CIMN'*., the CS
mass spectra are very distinctive (78) and have been the basis of
arguments for and against rearrangement (48,80). If the CS mass spectra
are i?entical then the reacting configurations must be the same and vice

L

versa.
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4. 6 Collision Induced Dissociative
Tonization

The technique of collision induced dissociative ionization. CIDI,
isolates and analyses the neulral fragments accompanying unimolecular
decompositions of mass selected precursors. Assuming the neutral species
do not isomerize prior to collision or directly thereafter, their CIDI
mass spectrum will reflect their struecture. These neutrals, as well as
the accompanying metastably genervated fonic fragments, will in peneral,
possess little internal energy, thus, for relatively stable speciles.
rearrangement is very unlikely prier to collision. The highly excited
species produced by collision are capable of Isomerizing at such high
internal energies. MHowever, even if isomerization and dissociation are
both energetically feasible, direct dissociation is often just as fast or
faster than isomerization. The structure characteristic CIDI mass

spectra may be compared with isomeric ionic analogues.

4.6.1 The Neutral Fragment
Although not a direct technique for the structural elucidation of
isomeric ifonic species, a CIDI mass spectrum may nevertheless prove

informative. Consider the metastable dissociatlion,
[M;%] LAY N eq. {4.8)

The heat of formation of A, calculated from the following equation
introduced in chapter 3.2,

AE = AH. = AHE°[AT] + AHg [N} - AHE®[M,] C eq.(4.9)

is dependant on the heat of. formation of the accompanying neutral.
Knowing the correct structurc of N will ensure that the appropriate
AHf°[N] is used. For the metastable dissociation of aniline. assipnment
of the correct neutral structure, (HNC not HCN), lent considerable
strength to the measured appearance energy of the jonic fragment (39,59).
As well the structure of the neutral may reflect the reautjng confipura-
tion of thekprecursor.ion. S PR In the case of methyr/acetate, the
detailed mechanism proposed for its metastable fragmentation {81,82) was

based on [CH;O-] as the structure of the unimolecularly generated
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neutral, CIDI of the nedtral showed that its structure was,

surprisingly, chielfly |-CH,0H] (39).

4.6.1I The Neutral Molecule
Idivect analysis ol molecular fons, M7, is possible by CIDI, if the
proton hound dimer, [(M;):H]7, generated under conditions of high ijon
sounpree pressure, is eapable of unimolecular dissociation in the second

Fieid trree repgion as follows:
[(M:)aH]Y 3 Mgli® « My eq. (4.10)

The subsequent collision jnduced dissociation of the neutrals thus
results In the analysis of M. species of near threshold internal
enerpies. Thus where potentianl isomerizatjon of a molecular ion s
possible, comparison of its CID mass spectrum and the spectrum obtained
from eollision induced dissorciation of the fast neutrals obtained via
e, (4.10) should be made. Non-isomerization may be conecluded where very
similar spectra are obtained. Such similarity has been observed between
the CID mass spectrum of acetic acid, and the CIDI mass spectrum of jts

proton bound dimer (9}.

4.7 Neutralization—Reionization

Neutralization-reionization mass spectrometry is the most recently
Introduced procedure for the structural anélysis of Isomeric systems. It
Is, as well, the most complex technrique, involving the two steps of
collisional neutralization followed by collisional reionization and
dissocliatlon. At present thc mechanisms involved are far from completely

understood.

Charge exchange (CE) between atoms has been studied extensivély (83) and
the occurrence of CE between organic ions and target species is well
known (84), although no reports have conéidered the resuitant internal
energles of the neutrals produced. The stability of the ned%ra]. and

thus the NR mass spectrum of its corresponding ionic species, will depend
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on how this internal energy relates to energy barriers for dissociation
and/or isomerization. The neutralization target is chosen to ensure that
the CE process is slightly endothermic (as discussed in chaprer 3.7} with
the intentinn of producing a good flux of high velocity neutral species
having Jfow internal energies and thus experimentally useful lifetimes,
i.e. »1us. It is. however, difficult to distinguish whether the genrra-
tion of a structure specific NRMS, as‘fnr the benzene molecular ion (9),
results from little excess internal energy being imparted on collisional

neutralization or the relatively high stability of the neutral.

4.7.1 Generation of the Neutral
Interpretation is also complicated by the various origlns of the neutral
species within the undeflected neutral beam. They may be grenerated by
both c¢ollisional and unimolecular dissociation as well as those f[rom
charge exchange (and possible subsequent fragments of these ncutrals will
result "in still others). This is well illustrated in the NRMS of the
acetyl cation (9) which is dominated by CO;. m/z=28, produced via the

following four proccsses,

a) [CHicol®™ X cHs™ + feo] He fcolt.

b) [cHsc0]* X® cH,* + [co] HE [coi*.

c) [CHsco]® ¥® [cHsc0]- > cHa- + [co] M& [coy*.
d)  [cHsco]* %€ [cHacol- B [emscolt * [co)t-

-
Al

The cﬁntribution of neutral fragments frqgj}héjunimulecular dissoclation
of ionic precursors prior to cell 1, pq?cess {a}), may be semi-quantjta-
tively separated from NR spectra by plaékqg a sufficient voltage on cell
1 (similar to the separation of colljsioﬁal and unimolecular processes
using cell 2 as outlined in figure 3.9). ‘\For the shorter ccll 1, Fhu
separation is less specific since ole\\aox of collision I[nduced
processes occur within the gas cell (9).,0 and thus a comparison of
separation for peéks with and without contributions from (a) should be
made. Separation is advisable when comparing NRMS of isomeric species or
the NRMS, CID, or EI mass spectra of a single'specles. since, -as dis-
cussed earlier, metastable processes may be slignificantly dependant on
the internal energy distrjbutions. while the reproducibility of col-

lision-induced processes has proven to be far less affected.



4.7.11 Structure and Stability
Despite difficulties in direct interpretation, the NRMS of a compound
whose molecular ion does not readily undergo extensive isomerization may
be expected Lo be similar to the normal EI mass spectrum thereof.
Exeitation of the neutral via 70¢V electron impact in the source and via
the tarpget pas 0 in the collision cell, are comparable. The vertical
excitation process predominates and a wide range of internal energy is
deposited. The NRMS of M, may also be coumpared with the CIDI mass
speretrun of the mntastah}y generated M;® neutral. This is only possible,
however, where a proton bound dimer; [{M;),H]", formed in the ion source,
Fragments metastably to give the neutral, M;. For fragment precursor
iqns the possibility of isomerization may be probed by comparison of the

NR and the CID mass spectra.

el

A+D

ENERGY —»

Figure 4.4 Vertical neutralization of M,” and He". z‘lf produces an
unstable neutral, M1°. which will isomerize to.M3° &’or dissociate
to A + B. M," produces a stable neutral, M,°.
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In the case of both benzene and acetic acid molecular jons (9), the close
similarities of the EI. €ID, CIDI (in the case of acetic acid where dimer
formation was possibie}, and NR mass spectra, indiecated that the jonic
and neutral species did not underge any major rearranpements.  Thus the
neutral and ionic species are of much the same structure and stable on
the mass spectrometric time scale, Signitficant dissimilarities may
result when vertical uneutralization does not lead to the formation of
stable neutrals as illustrated in figure 4.4. The lack of a recovered
ion, M:", and other high m/z fragments., such as [M-1]". [M-2]1". may
indicate the rapid decomposition of an unstable neutral, as for acetyl in
process {(c¢) above. The resultant NRMS of such neutrals may nonectheless

generate structure specific peaks through the reionization of their

dissociation products. Conversely, dissimilarity of the NRMS and CID, in

o
the presence of 'recovered lons', may well indicate that M; is reactive,

o
rapidly rearranging to some more stable isomeric neutral, M; .|

NRMS may become a particularly useful technique to produce and study
unstable and reactive neutrals whose parent ions are stable. Ideally,
the stable parent Jon is generated uniguely and then neutralized; the
neutral or its products of fragmentation are subsequently excited by
collision cauéing dissociative relonization. Whether a particular
neutral is indeed likely to be analyzed by NRMS will depend on the energy
of the vertically neutralized species with respcct to that of the
transition structure for subsequent rearrangement or fragmentation.
Consider the chloronium ylide, CH2CIH, and jts'isomer. methyl chloride,
CH3Cl. Both the ylid and conventional molecular ions are stable within
the mass spectrometric time scale, however, the neutral ylide was found,
by theoretical calculation, to be located in only a very shallow
‘potential well of ~1 kJ mol~1 {85,86). Thus it was predicted that the
yvlide should not survive the neutralization experiment but dissocliate to
:CH: + HCI and/or CHzCl- + H- The observation of 'recovered jons'
beliéyed initially to be CHzé]H’+- (45). have since been credited with
the interference of source generated CH;CI*”. ions (B?J:

Neutralization of an ion may also provide additional structural informa-

tion in making a given structure characteristic dissociation pathway more
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detinitive, In the pgaseous protonation of alkyl berzenes, the site of
protonation conld not be defined from conventional CID spectra. The
dissociation of the ecorresponding neutral isomers were considered to bhe
more sclective (45).  An extreme example of this Intensified selectivity

hias beeen discovered in the [C.HsX] isomeric system and will be introduced

in chapter 6.

o
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Appendix

Below [s a brief summary of the dissociative mass spectrometric techniques which

have been defined and discussed in terms of isvmeric gas phase fon amalysis in

chapters 3 and 4 prespactively. They will be applied te the analysis of tiwo
Isomeric systems in chapters 5 and 6.

Metastable Ions - MI
The MI mass spectrum records the fragment ijons. produced unimolecularly in r.Qu
first or second ficld-free regions, from source generated metastable jons, M,

S| —— M —> B—+m;i>®®=:>——~A*

The Mi** sampled, fall into a narrow range of internal energies near the encrgy
for M;" dissociation, and have lifetimes of 107%-10"5 s. These species sampled
by MI are the most energetic M;" and thus most likely to have undergone some
rearrangement process prior to dissociation.

Peak shapes and kinetic energy releases, To.s, may be compared under conditions
of high resolution. Where more than one metastable peak is pgencrated, their
relative intensities may also be compared.

Collision Induced Dissociation - CID

Scanning the electric sector records the fragment ions produced by collialoml
excitation and rapid subsequent dissociation of source generated ions, M] . In
the second field-free region. In the majority of cases, CID spectra are more
intense than MI, CS, CIDI, and NR mass spectra. B

0z

|
I=>E— w—~H e — <

The M:* sampled via CID fall within a wide range of internal energies, from the
ionization threshold of M;¥ to the high internal energies possessed by meta-
stable species. Tho average)internal energy content may be reduced by lowering
the electron energy and/or translational energy. Alternatively, first field-
free region metastably generated M;* have the lowest obtainable average internal

‘energy. The lifetimes of these ions are of the order of 1075 s.

Comparison of CID spectra may be made (excluding metastable processes) as well

‘as direct interpretation of the peaks with respect to ion structure.

W,
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Charge Stripping - €S

Cs and CID mass spectra are obtained in a similar fashion, but the characteris-
tically narrow, doubly charged €S peaks will be seen at one half orf the acceler-
ating potential.  "Soft” tarpet species, such as 0;, are recommended for higher
yields. Not all ions however, generate a measurable €S and as well interference
from more Intense sionpiy charged species s possible.

The M;" jons sampled are of similar lifetimes as those undergoing fragmentation
due to ecllision, but their internal energies are in general somewhat lower.
Comparison of the relative intensities of the doubly charged ions may be made
under conditions of equal resolution.

Collision Induced Dissociative Ionization - CIDI

The neutrals generated mimolecutarly, in the second field-free region, from
cource generated M;’ are Iisolated by placing a veoltage on the deflector
electrode.  Collisjonal excitatjon results in rapid dissociation and jonization,
and resultant fragment ions of the neutral are analyzed by the electric sector.

0,

| {
=>[p]— i 2% _E—-»N——-]sfs[ =[x

The neutrals possess little fnternal energy prior to collision, and their
lifetimes are ol the order of a few microseconds.

CIDI mass spectra, characterizing the structure of the neutral, may be compared
with CID spectra of the corresponding ions and/or interpreted directly.
Unimolecular dissociation of a source generated dimer, [(M;):H]*, giving M;° in
the second tield-free region allows the analysis of low internal energy M:° by
CIDI. 2

Neutralization Reionization Mass Spectra — NRMS

NRMS are obtalned by: colliding mass selected, sourge generated ions, M;* with a
target gas such as Nenon, to induce neutralization via charge exchange, then
deflecting all lonic species from the beam path, and finally collisionally
exciting the isolated neutrals producing rapid subsequent dissociation and/or

relonization.
A
=[]~ :l‘_—" e~ @8 :>—\'~
Sl

The M," species are of simf?ar internal energy content and lifetime as those
analyzed by their CID mass spectra. However, unlike CID, NRMS will reflect the
stability and structure of the neutral M; . As well as producing structurc
characteristic ijonic fragments, the NRMS may be compared (excluding metastable
prgcesses) with the CID and EI (in the case of a molecular ion) mass spectra of
M7,



Chapter S

THE C31i53C)—-(34‘==() ION AND ITS ISOMERS

5. 1 Introduction

The subject matter of this chapter forms part of collatbwrative rescarch
involving the Department of Theeretical Chemistry at the University of
Utrecht, and the Mass Spectrometry Laboratories at the Universities ﬁf
Ottawa and Utrecht, and has been published in the Journa! of the American
Chemistry Society, 108, 7589, (1986).

Structural isomerism in gas-phase ions has received steadily increasing
attention during the past 10 years, and the gas-phase chemistry of a
number of stable ions of both familiar., e.g.., CHs;~C*'=0 (88,89) and un-
expected structure has been carefully studied. While conventional ions,
such as CH3;0H' -, may be known to be stable {and as such are confidently
assigned In normal, EI mass spectra), the stability of jons of unconven-
tional form, e.g., CH,0H,"". (90a,b), CH-CH,O0H,®T- (9];92). and Cly=CH-
0--H-+0H;'*+ (93), must offen be predicted by theoretical calculations,
The structure and heat of formation of the simpler ions (say up to 6 or 7
atoms), can now be calculated via high level ab initio molecular orbital
theory calculations with considerable accuracy. These predicted struc-
“tures and energies, coupled with the experimental thermochemical data and
dissociatjon characteristics, obtained via the mass spectrometric
techniques already introduced, have enabled unconventional structures to

be assigned with Increasing %anidence.

The [C:;H30:]" system has been thoroughly investigated via experiment and
it is beljeved that five distinct Isomeric species have been fdentifled.
The structural assignment of these isomers has becn based mainly on their
respective dissociat}qn characteristics. 'For four of these isomerlc -

species, experimental heats of formation have also beeqrobtajned. High
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Teewveed aby initio melecular orbital theory calculations have predicted the
structure and relative stability of eleven isomeric jons of this
[CoH,0,] - system (94). The experimental mass spectrometric investiga-
tion, is outlined herein and where applicable, interpretation in terms of

Lhe theoretical caleulations have been made.

The jons CH:-C=0"" and HO-C=0"" and their isomers have been studied in
considerable detall (75,88,89,95,96), however the closely related CH;0-
C=0"" fon and its [C,Ha0,]" isomers have reccived little attention. Of
the stable Isomeric jons predicted by theory, only two such ifons have
been repurted as characterized., albeit incompletely, by experiment. The
rirst, the methoxycarbonyl cation, CH30-C=0"", is frequently observed in
Lthe mass spectra of oxypen-containing compounds, corresponding to a mass-
to-charge ratio of 59. The collision induced dissociation., CID, mass
spectrum of this species has been reported (97), and m/z=59 is the base
peak in the electron impact, EI, mass spectrum of methyl trifluorcacetate
(98). Based on the assumption that it is CH,0-C=0"" which is generated

by simple cleavage from simple methyl carboxylates via equation (5.1),
RCOUCH; ~ R+ + C(=0)OCH;'* + e- eq.(5.1)

appearance energy, AE, measurements of the m/z=5% ion would then be
expecled to yield a consistent heat of formation, Alle®, for this ion.
Surprisingly, however., such a series of measurements by Briggs and
Shannon (99) for R=CHs;, CH30, NCCHz, CICHz, Cl, yielded All;° valuus
ranging from 556 to 640 kJ mul“l. and thus the heat of formation of this
ion was not firmly establjshed. |

Disscciative iouization of.ICH;COOH bas been proposed to yield a second
[C2l302]" isomer by I[- loss, CHCOOH'*, Its CID has also been reported
(87}, but no further characterization was made. The acyloxy cation, CHa-
Co0™*, has been investigated theoretically and by experiment, but for the
Jatter, only indirectly, since it is not a stable gas-phase species. The
mass spectrum of the [C2H30.)" ions, obtained by collision induced charge
reversal of acetate anions, CH3-CO0" . ___

CH,-co0"~ H8 cH,-coo™* + ze- eq. (5.2)

was interpreted in terms of the formation of transient agyloxy cations,
=
in either a singlet or a triplet state {97). These ions undergo complete
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dissociation in the energy manifold and Uime frame (~0.1ps) associated
with the charge reversal experiment ({(37). Theoretical caleulations
(100,101) have indicated that the ion may isomerize into the energetical -

1y more favorabhle cyclic dioxyvryl form,

'+ A
CHyC-0 == CHLC-O eq. (5.:1)
The decomposition to the fragments CHj' and €0 from either of these
species was nevertheless, calculated to be exothermic. The reactive
acyloxy cation therefore, has not been considercd among the proposod,

stable [CaH30:]" isomers.

High level ab initio molecular orbital theory calculations have been
carried out by P.J.A. Ruttink and R. Postma at the Department of Theor-
etical Chemistry, University of Utrecht, as part of a continuing col-
laborative investipation of the structure and gas phase chemistry of
stable ions. From these calculations eleven isomeric [C2H30,]1% ion
structures (figure 3.1) and their relative energies (Table 5-1) have been
predicted (94}. These include the hydroxy-substituted oxjpnnyl and
acetyl cations 2 and 4, two carbon monoxide hydrogen bridged species, 6
and 7, protonated glyoxal, 10, and the ion 11, which has earlier been

proposed to be'geuerated {102) by direct cleavage of Cll;+ from ethyl-

formate.
0 0 /0,
HO-CEOH  HC—C-OH  HC—CH-OH
1 2 3
+ +
HO-CHo~C=0 H,C=0-+ H--0=C
4 HO~CH0=C © HC=0-+ H-C=0
5 7
CH,0~C=0 HoC -+ H--0=C=0
= 8 9
= - 0 -+ : /0
HO-CH~C ’ H,C-0-¢”

- 10 1

Figure 5.1 Eleven proposed stable isomeric forms of the [C,11,0;]"
lonic system, (94)}.



Briefly, standard LCAO-MO-SCF calculations were performed with the
program GAMESS {103), employing restricted Hartree-Fock (RHF) procedures
{(104.,105). Goeometries were determined with gradient eptimization proc-
cdures., Standard ST0O-3G (106a), 4-31G (106bj, and 6-316*%¥ (106c) basis
sets were used. However, at the SCF Jevel or with small basis sets,
problems arose with respect to the reloationship between small cyclic ions
and their ring-opened counterparts, e.g., for the isomeric jons of
[C.N30]" (89) and [C-H0]"+ (107). 1In the investigation of the [CaH30,1"
system it was found that the SCF local minimum for 1 and 3 disappeared
when electron correlation was included. Thus correlated wave functions
in the geometry optimizoetion were used via the CASSCF procedure (108) as
fmplemented in the propram GAMESS. CASSCF stands for the Complete Active
Space Sell Consistent Field procedure, and in view of the expense of such
citleulations the small STO-3G basis set was used. The procedure used to
combine the effccts of correlation and basis set extension for geometry
optimization and total energy calculations for the jons is detailed in

reference (94).

TABLE 5-1 Calculated Rclative Energies for Stable Isomers in the
[Czll;l)g]+ Potential Energy Surface, and their corresponding enthalpies.

Structure Relative Energy? -Absclute Energy?

1 3

2 86 kJ mol~l 590 kJ mol~!
3 3 :
4 15 kJ mol~1 510 kJ mol~1
5 4 | _

6 3 kJ mol™! 507 kJ mol!
7 4

8 0 kJ mol™1 504 kJ mol”}
9 114 kJ mol~1 618 kJ mol~!
10 47 kJ mol7? _ 552 kJ mol"!
11 39 kJ mol™! 544" kJ mol~

1Calculated as described in ref 94 2Based on the experimental-
ly derived enthalpy of 590 kJ mol™! for 2 3No local minimum at
CASSCF4/ST0-3G level of tneory “Not pursued at higher levels
of theory :
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5. 2 Results and Discussion

5.2.I Ions 1 and 2

oL . 0
g){m " H 1226
UJT\ 1211 u:v.O H 103} .,,_.’_.g-
‘_/ 4510 \9 . /“("l\-/ 1405 \
e/ 108 ke i 18y 18
H \O H 1,261
PN Y 118%°
1 2

Figure 5.2  Geometry optimised structures of fons 1 and 2, as
obtained via CASSCF4/5T0-3GC and corrected for correlation effects,
(94).

The m/z=59 [C;H30:]" ions observed in the mass spectrum of ICH,COOH may
reasonably be proposed to have stracture 1, resulting from the simple
direct I-C bond cleavage,

"1-CH2C{=0)OH ~ 1. + *CH,C{=0)0H eq. (5.4)
or structure 2, o+ o
ICHaCfOH — I« Cﬁ,_:EOH eq. (5.5)

However, of the two proposed structures, ion 1 was not found to corres-
pond to a local minimum on the potential energy surface at the higher
level of calculation. I(Similar observations have been reported for the
[03330]+ system (88,109). All pfecursur molecules R-CH;C(=Q)H. which
. coﬁld, by' direct bond cleavage yield the formylmethyi‘ cation,
CH;C(=0)H“+f ﬁre found instead to generﬁtc the oxiranyl cation,
6ﬁ::§ﬁtb . Ab injtio calculations by Radom et al. {89}, concluded that
the formylmethyl jion was not a minimum oh the [Caust)]+ potential energy
surface, while its isomer, the oxiranyl ion did correspond to a local
minimum.) -

The dissociation processes observed for this ion are in keeping with the<

assigned structure, 2. Only one process is observed in the metastable
time scale, namely the loss of CO. The intense peak at m/z=31, cor-~
responding to CH;OH’* is broad and dished and the Te.s value s measured
to be 1230meV, the magnitude of which pointé to a consliderable reverse

“activation energy associated with the fragmentation. The AE for this

T
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* I3
mirtastable process, m/z-59 - m-z=31, was measured to be 13.2eV. leading
ty o transition state enerpy of 816 kJ mnl‘l. The sum of the heats of
formation of the products on the other hand, (AHf°ICH20HI‘ « [co)

results in 596 kJ mui‘l.

Thus nn cenergy harrier of ~226 kJ mnl_1 exists
for dissvciation of 2 into CH,OH" and €0, while the reverse activation

enerry is some 816-596 = 220 kJ mol !, illustrated in figure 5.3,

Bi6
TS
500 596
HaC’—O‘cou / Croms oy
* 520
HOCH,—G=0

Figure 5.3 Enerpy diagram for the fragmentation of Ion 2, refer to
text.

An carvlljer publication (97) reported the genecration of m/z=15, not m/z=31
as the (only) metastable process (IAHg°[products]=702 kJ mol 1 (26}),

however the present observations recorded both here and in Utrecht, from-

‘sumples of different origins are in excellent agreement and indicate no

such process,

The CID mass spectrum is lllustrated in figure 5.4, and, in keeping with
the proposed structure. shows dominant peaks at m/z=14, 29 and 45,
corresponding to the structurai:;-units Cllé. CHO and C{=0)H respectively.
Also noteworthy is the intensity of m/z;ao. indlcativé of CH,0, specifi-
cally in Keeping with the structure of 2 but not 1. - |

""The AE- of m/z=59, the base ;péizak in the EI of iodoacetic acid, was

measured to be 10.86¢V. Together with AHf_‘.’[ICHzCOOH]=—351 kJ mol~1
(110), and AHg°[1]-=107 kJ mol™) (26), the heat of formation of the
[C2H303)* ion produced is calculated to be 590 kJ mol~ !,

-~
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Figure 5.4 The CID mass spectrum of the mass selected m/z=59 ion,
2, obtained by electron Iimpact Induced loss of [- from jodoacetic
acid.

The loss of 1. is also weakly metastable, and generates a Gaussian type
metastable peak with a kinetic energy release measured from the width at
half-height corresponding to a To.s of only OGmeV. This minor kinetic
energy release assdciated with the process indicates that the dissoclia-
tion does not involve a reverse energy barrier of any significance amnd
that the resulting AHf°[CQH302]+ value therefore, cqrresponds to product
formation at or near its thermochemical threshold.

An estimate of' the heat of formation of ion 2 can also be made by
cousichéring the general stabilizing effect of OH substitution at a
charge—beariﬁg' site, for 2 may be considered as a hydroxy-substituted
oxiranyl cation. The effect of OH substitution can be estimated from
AHE® [CH2CH21*+=1067 kJ mol™! (26) and AHy° [CH.CH-ON]™+=757 kJ mo1™1 (23)
without a size adjustment necessary (55), showing a net stabilization of
1067-757 =310 kJ mol 1. From the oxiranyl cation, whose heat of forma-.
tion is well-established by both theoretical calculation and experiment
(88) to“be 900 kJ mol™, AH;°[2]=900-310=590 kJ mol™!, in excellent
agreement with that obtained by AE measurement.

Based on the above results, it is therefore proposed that the [C2KH40,]"
ion generated from iodoacetic‘acid is ion 2 and thaf it is produced at
its thermochemical threshold. This is important, for @ithout threshold
energies, direct comparisons witﬁ theory become difficdﬁt. The thermo-
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ehemistry of the [C.HL0:] fons, as alluded to in the introduction, has
pot  proven stpaipghtforward to esrablish by experiment, the heats of
formation often being upper limits only. Some reference point is
required to carrelate the theoretically determined relative energies of
the predicted jonic isomers with the m/z=59 ions obtained by experiment.
The 1C.H.02]1" species generated from iodoacetic acid, has become this
reference point.  The measured and estimated value of 590 kJ mol™ ! for
fts heat of formation will be used hereafter as the reference point for
the heats of formation of the remaining fons from their relative energies

given in Table 5.1

5.2.11 lons 4 and 6
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Figure 5.5 Geometry optimised structures of fons 4 and 6, obtained C
at the CASSCE/S8T0-3G level, (94).

The EI :nii}éés spectrum 1,3-dihydroxyacetone shows a m/z=59 peak which
currespoﬁﬁk to some 2% of the base peak, m/z=31, and may have a structure
reprusentud‘by either 4 or 6. 1lon 4 may be generatea by CH20H- loss from
t,3-dihydroxyacctone if the di§sociation reaction involves a direct bond

cleavage from the unrearranged molecular ion.
-HOCH2C(=0)CH,0H -~ llOCl!zC-TO"‘.J' +“CHo0H" - eq.{(5.7)

Also, the CH;CH: loss from this molecular ion may occur after rearrange-
ment, via an internal hydrogen bond shift and C-C bond fission, into the
!wdrogen bridged radical, generatmg either 4 or 6,

e

E—GH,_ e [HOCHQQ:\H +0=CH,] eq. (5.8}
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From the relative energies in Table 5 1. and the experimentally obtained
Alig°[2] of 3590 kJ molfl. the heat of formation of ions 4 and 6 are
calculated to be 519 and 507 kJ mol ! respectively. As tor the hydruxy¥
substituted oxiranyl ion, 2, an estimate of AHr°14I may be made via an OH
substitution in the acetyl cation on the noncharge-bearing C-atom. With
the heat of formation of the acetyl cation set at 653 KJ mol ! {111}, and
the stabilizing effect of OH on a noncharge-bearing site of ca. 151
kJ mol~? (112). AHf°[4] is then = 653-151 = 502 k.J mo]“l. again in

excel lent agreement with the theoretical value.

The dissociation characteristics observed for the [C2"3031+ ion gencrated
by 1,3-dihydroxyacetone are not unreasonable for either isomer 4 or 6.
The MI mass spectrum consists of a single narrow Gaussian peak at m/z:=31,
CH20H", with a To.s=6meV, and thus no significant reverse energy barrier
is involved. This may well be expected since direct bond cleavages, as
in 4 and 6, often proceed at threshold, while rearrangement prior to
fragmentation often leads to an encrgy barrier, as slrikingly observed
for m/z=31 loss from ion 2. '

4

Ve M*
21*
S 41
¥ o
17 ,
&Lﬂ )\M l M

+50

Figure 5.6 The CID mass spectrum of mass selected-m/z=59 lon, 4,
generated from dihydroxy acetone on electron impact excitation.

[

The CID mass spectrqm. illustrated in figure 5.6 is also dominated by
m/z=31; however the minor peaks at m/z=41 and 42 indicate the presence of
a C-C-0 structural unit, compatiblg with the generétion of ions of
structure 4, and inconsistent with that of 6.
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The appearance  enerpgy measured for m/z-59 was 11.24eV, (an average of
severa] measurements). With .’\Iff" (1.3 -dihydroxyacetone]=-515 kJ mol -1 by
additivity, and AHr°fCH;0HJ--26 %J mol !, the heat of formation of the
[CH.0, ] don is calculated to be 394 kJ mol™1, some 85 kJ mo! ! above
the estimated and computationally derived values for either ion 4 or 6.
This measured heat of formation is near that for threshold dissociation
ta m z-31 as observed in fieure 5.2, and ions of such energy may well
expliin the relatively low intensity of m/z=59 and large abundance of
m/z-31 in the ElI of their precursor, as well as the abundance of m/z=31

in the dissociation spectra of mass selected m/z=59.

The MI and CID mass spectra of the ion generated from 1,.3-dihydroxy-
acetons yield inforpation on both the structure and stability of the ion,
The structure of the ion, as indicated by its collisional fragmentation,
is consistent with that associated with the ionic structure 4. It is
stable, even at internal energices corresponding to metastable dissocia-
tions, with respect to isomerization to the hydroxywsubstitﬁted oxiranyl
cation, 2. The reason for the failure to observe the generation of the
fons al the expected threshold energy is. however, not known and there-

fore a firm structure assignment cannot be made at present.

5.2.1I1 Ions 8 and 9

As shown by the optimised geometries of these ions (see figure 5.7
bc{uw}. 9 may be considered as a methylene/CO; hydrogen~bridged ion.
Such unconventional -C-<H--0- ionic species have recently been considered
experimentally (113) and-theoretically (92.114.11§$l theory showing that
at least for the systems studied, [ethylene/H;0], [probene/Hzol. and
{ketene/H,07. the barﬁiers for interconversion bctween the conventional
amdt hydrogen bridged species are low. The conventional ion 8, may be
generated from a variety of methylcarboxylates assuming direct bond
‘cleavage, as - represented by the ‘general equation (5.1). A number of
these potential precufsors. listed in Table 5-2, have been investigated.
All generate m/z=59 species which have been proposed to be of the
conventional struéturg. 8 (97), and whose MI "and CID mass spectra are
Indistinguishable. . |
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Figure 5.7 Geometry optimised structures 8 and 9; 8 at the CASSCF.I-

/STO-3G level with correlation corrections at the SCF.8T0-3G level,

9 as 8, but with additional optimization of angles and distances
associated with the H-bridpe at the SCF/6-31G* level (94).

The MI mass spectra of these [C;Hi0:]" luns contain only one peak, that
at m/z=15, from loss of C0;. Of the eleven stable isomers predicted by
fheory. only the structures 8 and 9 possess a CHy group. The narrow
profile of this metastable peak indicates that its peneration is by
direct cleavage, not rearrangement, thus ruling out the other nine
isomers. The peak is of Gaussian shape with a very small Ta.s value of
0.2meV, indicating that the dissociation has no reverse energy barrvier.
The threshold for this Tfragmentation, the reaction of lowest energy
requirement, corresponds therefore, to the sum of the product energies,
EAHg® [products }=702 kJ mol™l! (26). The CID mass spectrum, illustrated in
figure 5.8, Is in good agreement with that reported earlier (97). except ‘
for the presence of a broad peak at m/z=30 which overlaps m/z=29 in the
preéent work. The fragments corresponding to m/z=15, 28 and 44 mn; be
expected by direct cleavage, while m/z=45 and 29 may be explained by the
interconversion of ion 8 to 9, or a 1,4 hydrogen shift prior to dissocia-

tion. The presence of m/z=56 on the other hand, via loss of three

. hydrogen atoms, cannot result directly from a hydrogen bridged species.

The ébsen'ce of m/z=31 both in the MI and CID, is striking and sets this
isomer apart from either ion 2 or 4. A considerable energy barrier must
exist for the generation of CH20H+. The energy flor the ob‘served" genera-
tion of both m/z=44 and 45 are some 400 kJ mol™1 above the threshold
energy of 596 kJ mol™l for m/z=31 (Alip°[CH.] + [lioc0]* =983 kJ mo1~! and

'AHf"[CHa]- + [C02]™ =1067 kJ mol"l): and yét these frag:ment ions ‘are

present in the CID mass spectrum.
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Fipure 5.8 The CID mass spectrum of the mass selected m/z=59 ion,
8. obtiained from a number of precursors, listed in Table 5-2.

The predicted heats of formation of these [CaHi0.]% isomers., 8, and 9,
from their relative energies In Table 5-1, are 504 and 618 kJ mol™?
respectively. These values are the lowest and highest predicted AHf°
vuluns. for all the stable [c2H302]+ isomers considered. Appearance
energy measurements have been made for the m/z=59 peak derived from a
number of methy! esters, and are‘tabu]ated in Table 5-2. The resulting
heats of formation for the [CzHgoz]+ ion are significantly lower than
those which were reported earlier (99). However, not one value, but a
range of values from 523 to 569 kJ mol—l. is still observed,_a range
which is significantly above that heat of formation theoretically derived
for 8.

- As outlined in chapter 3.2, unusually high appearance energies (and- thus

Alp® values larger than expected) may result from a competitive shift as
well as a- barrler for the reverse reaction. For all the precursor
molecules except methyl chloroformate, there are competing fragmentations
of substantially lowep energy requirement, ranging from 0.5 to 1.2 eV
below the AE for m/z=59. It is therefore possible that the majority of
the AHg® values in Table 5-2 suffer a competitive shift. . Dimethyl
carborate has two such competing fragmentations some O.SeV lower ' in
energy, dissociation to m/z=61 (AE=10.94eV) and m/z=62 (AE=11.06eV). and

yet the measured 8Hp°[m/z=59) is equal to that from methyl chloroformate. .
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TABLE 5-2 Measurcd Appearance Energties and Resultant .\Ilr“ values for the
[C2l1;0-]" lons generated

M - N + [C:H30:]"

AHg® [w} AE([m. z=59] Alg°[N] 2 AHr°[C9H10;i'
(kJ mol 1) feV =0.05) (kJ'mol”) . (k) mol"l +5)

(CH30)2C0 = CH30-(CH20H.) + [C2H30,1"
-569 11.50 18(-26} 523(567)

BrCH2COOCHs -~ -CH2Br + [C2H30:2]"
-372+83 11.16 174 531 + 8

CICH,COOCHs - -CHpCl + [CaH30.]

-414*10* 11.10 118 536 '+ 10
(-133)5 (519)

CICCOCH; ~ -Cl + [CaH30:]1%

-4356 11.24 1227 527
CH3COOCH; -~ CH3+ + [CoHs02]" :

-410 11.32 146 536
cy C3HsCOOCHs + cy CaHs- + [C2H302]"

-303 10,56 167 548
CH4CH2COOCH; - CH3CHa« + [C2H30.]%

-434 11.42 117 552 .
HOCH,COOCH; - -CH,0H + [C2H302]"

-556 11.38 ) -26 569
CHaCOCOOCH3 —~ *CHsz + CO + [CoH30:]% .

-506 . 11.50 (-110)7 569

1From (21) unless otherwise referenced. 2From 1117) unless otherwise
‘referenced. 3Stabilizing effect of Br ~ 38 kJ mol™" from AHp® of acetonc
and bromoacetone, and AHg°[CH3CO00CH;]=-410 kJ mol L AFrom
AH °[ClCHaCOOH] -AH °[CH;.COOH]——2 g9+10 (20). 5From ﬁHf°[CH;COOCH;] and
assuming C- (CI)(H);(CO} =C-(C1)(H)2(C)=-69 kJ mol 1 (21) whereas
C-(H)3(CD)=-42 kJ mol (21)}. ¢Using A}lf°[CII;COC1]=-—243 {2a¢),
AHf"[CHgCUOCH;]—AHf°[IichCH3]=410—218=-192 kJ mo]_l. Whence
AHf"[CHaOCOC1]=—435 kJ mol_l. TFrom {26). %From {[20}.

S

The ququivocal'idenfification. however, of the structure -of the neutral
[C,Hz,0]- accompanying the [C;H;Og]* ion (see Table 5-2) is nut possible.
There is no metastable peak for this process which would allow identific-
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atjon ol the peuateal by eollision induced dissociative lonization, as
deseribed in chapter 1.6, The neutral may therefore, be either CHaue or
SH-0H, o difference ol 44 kJ mol !l between them. Thus the AHg® value
for m/z-59 from dimethyl carbonate cannot he firmly established by

expueriment.,

The formation of [CHa0,]  from methyl chloroformate, althouvgh not
alfected by o competitive shilt, does contain some excess energy related
to it reverse energy barrier.  This is concluded from the intense. broad
metastable peak (To. 5=150meV) generated from the unimelecular loss of
chlorine from the molecular jon. A reliable correction for this barrier

to Lthe heat of formation however, cannot be made (chapter 3.2).

Thus the calculated value of 504 kJ mol™! for ion 8 is consistent with
the apper limit value of ~527 kJ mol ™1 established by experiment. The MI
ami CID spectra are characteristic of the predicted geometry. Assuming
that these spectra are represcitative of the lower energy, unbridged
structure, 8 [t Is unlikely that the CIf) mass spectrum from the bridged
structure, 9, could contain any structurally significant fragment ions
which could differentiate, it from the former. Present techniques have,
thus far, been unable to identify this hydrogen-bridged species which,
aithough some 113 kJ mol™! higher in energy than 8, is predicted to be
stable.

$5.2.1V lons 10 and 11

H
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' \‘ usl / =~

N\ ysm A - 1238
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¢ )
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Y Figure 5.9 Geometry optimised structures of ions 10 and 11 via
CASSCF4/8TO-3G. with correlation corrections of the SCF/6-31G*
level, (94).
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Both isomeric ions of structures 10 and 11, illustrated in figure 5.9,
are proposed to have been generated experimentally by dissociative

jsnization, 10 by the gas-phase pratonation of glyoxal,

00 ). (5.9}
HE~CH e " d“

and 11 by the loss of CH;+ from ionized nthyl formate,

CHa~-CH,0C(=0)H*" « Cls» + CH-C(=0)H’ eq. (5.10)

The MI mass spectrum of mass selected m/z=59 penerated from protonated
glvoxal shows a single. very weak peak at m/z=31 for CO less, with an
associated Tg.s value of 140meV. The intensity of this rearrangement
process indicates that interconversion of ions 10 and 4 via a 1.2~
hydrogen shift is not a facile process, even at the higher internal
energies associated with the metastable, mass selected species. The CID
mass spectrum generated from protonated glyoxal Is characteristic of the
ionic structure 10; note the absence of m/z=44, and the Intensity of Lhe
m/z=29 and 58 peaks, reactions which compete favorably with the Formation
of m/z=31. The ahsence of m/z2=17 and the much greater intensity of
m/2=29 in figure 5.10, easily differcntiate ions 4 from 10, and do not

support their interconversion.

N\
+

f 41
A

.Figure 5.10 The CID mass spectrum of the m/%-sy‘an. 10, generated
in the isn source from glyoxal under condxtfonSJtavoring protona-
tion. ¢
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The theoretiecally derived heat ot formation of ion 4 is 552 kJ mol 1.
This cannnt be compared with an experimentally ebtained value since the

proton afiinity of glyoxal has not been reported.

The m/2 59 peak in the EI mass spectrum of ethylformate js ca. 1% of the
biasee peak Imez 31). Labelling experiments clearly showed that loss of
the CHy- oveurs without prior hfdrugen atom exchange. The M1 mass
spectrum of this [C;Ha0z]” isomer contains a single Gaussian peak at
m/z-31, from the loss of CO. The Ty.5 value is measured to be 18meV, and
fs inconsistent with ions 2, 4, or 10. The CID mass spectrum of this
fone, jllustrated in figure 5.11. is similar to that of 4 (figure 5.10).
however the former produces a peak at m/z=44, indicative of a 0-C-0
structurnl unit, while the latter (its geometry lacks this unit), does
nat..  Morcover, the relative intensity of the m/z=29 peak, indicative of
CHo, is larger in 11 than in 4. which cannot produce m/z=29 by direct

cleavage.

fir

*5

# ”

\_,——p i 1
+ : :

Figure 5.11 The CID mass spectrum of mass selected m/z=59 ion, 11,
generated via electron Impact from ethylformate.

A limitjpg value of <11.8eV has been obtained for the appearance energy
of [C2Ha0:]" frém-ethylformate. limited by the asymptotic approach of the
weak peak's intensity to the energy axis. {A lower value of 11.5eV,
reported“uearly three decades ago (16) could not be reproduced.} This,
together with AHp®[ethylformate]=-391 kJ mol™l (21) and AHg°[CH,].=146
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kJ mol~l {117) gives AHf°[11J<602 kJ mol™ !, This experimentally derived
value is thus some 62 kJ mol™! above the caleulated value indicated in
Table 5-1. Despite this disagreement (which may well be explained on the
basis of a campetitive shift or barrier for the reverse reaction as was
observed for ion 8), the dissociative processes of this jon, at onee
unique and characteristic of the isomeric structure 11, led to the
conclusion that the ion 11 does represent the m/2:=50 gencrated from

ethylformate.

5.3 Summary

it is proposed that five stable isumers of the [CsHi0,]" ion system have

been characterized by experiment. The recorded dissociation characteris-

tics of these species are quite distinct, and are consistent with the

assigned structures. Ion 2 is proposed to be generated on loss of 1

frem iodoacetic acid. This hydroxy-gubstituted oxiranyl structure is

proposed, because structure 1 is not found to correspond to a local

minimum on the potential surface. Its heat of fnrmatiqﬂzgs beljeved to

be well established at 590 kJ mol~!. The metaspgbié- characteristics

indicate a large barrier to €O loss., which must bgkvia rearrangement. -
The CID mass spectrum is compatable with structurec, 2.

Based on the experimentally obtﬁined heat of formation of the m/z=59 lon
generated from iodoacetic acid, the theoretical heats of lormation quoted
for the remaining species have been derived:from their predidted relative
encrgies. These predicted values are neceésarily the threshold values
for the respective jons' formation. The: higher values obtained by
‘experiment are -not Iinconsistent with theory, although good guantitative
agreement betwéen theory and experiment has nqt been achieved. The
theoretically predicted stabilities, hoﬁever. has been used
qualitatively, in order to decidé in favour of one structure over
another., i.e. 2 over -1. , ‘ =

Idn 8, the methoxydarbonyl cation, has’proven to be the thermodynamically
most stable isomer. The experimentally obtained AH.° value of ?’523

P
T
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kJ mol U s in keeping with the predicted value of 504 kJ mol~!.  Both
the MI and CID mass spectra are unique to, and characteristic of this
ion. The dissaciation pracess ol least cnergy requirement, CH3+ + C0;2,
is via direct cleavage, and indicatjve of a CH, structural unit, The CID
mass spectrut, s also dominated by this m/z=15 peak, and lacks m/z=31, a

prak present in the CID spectrn of all the other isomers investigated.

The lon obtained by the protonation of glyoxal is arpgued to correspond to
ion 10. The theoretical hcat of formation, however, could not be
compared with experiment. The metastable peak for m/z=31, is gencrated
with a characteristic Tp.s value of 140meV. The collision induced

Frapgments are also consistent with the ionic structure, 10.

Tentative Identification of the [C,H3;0,]" species gencrated from di-
hydroxyacetone and ethylformate as jons 4 and 11 respectively has also
been made on the basis of their dissociation characteristics. While the
{ragment m/z=17, observed in the CID nmass spectrum of 4 indicates the
presence of a hydroxyl group, the peak at m/z=44 in the CID mass spectrum
of 11 indicates the presence of. a 0-C-0 proup. The calculated and
experimentally obtained heuf of formation of 4 were in very poor agree-
ment while only an upper limit was obtainable for the experimental heat

ol formation for 11.

Eleven potential isomers of the [cau30:1f system, of conventional, i.e.
CH,-0-C=0"", as well as unconventionafﬁs@rggture.li.e. HaC=0+ -ll++0=C"t,
have begpﬁconsidered theoretically. The‘reiative enthalpies of seven of
the§aﬂ’j;omers. which are predicted to exist as local minima on the
[C2Ha02]" potential energy surface, havé been obtained by high.level ab
fnitio molecular orbital calculations and schematic drawings of their
optimised geometries have been included. It is proposéd that of those
seven, five stable [CoH30,]" isomers haws-bgen identified, (although in

some cases tentatively), by experiment.
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Experimental Section

The CID mass spectra and metastable peak observations were recordod on the
Vacuum Generators ZAB-2F described in section 2.2.1, A 100 zA electron beam of
jonizing energy 70eV was used. The ion source temperature was 200°C  and the
accelerating voltage was set at 8 keV. Unless otherwise stated, all energy
resolving slits (YVi-Ys in figure 3.3) were fully open. to optimize sensitivity
and to ensure casily reproducible conditions. The larger EI source slit was
utilized in all experiments except for the generation of protonated glyoxal. To
achieve high yields of the protonated species, the narrower CI slit was used and
the source pressure was increased 100 fold by the addition of H,0. A resulting
intensity ratio of 10:1 was achieved for the protonated and unproteonated
species, and thus little correction for 13C contributions was required.

Metastable peak shapes were recotrded under conditions of high energy resclution,
obtained as described in 3.2.1. Main beam half-height widths of <deV were
generated while maintaining good signal-to-noise ratios.

CID mass spectra were obtained using 0, as collision gas in the second cell, at
an indicated pressure of 1.5x10-7 torr. This reading, as measured by the ion
gauge situated over the down stream diffusion pump, corresponds to a beam
reduction of 10%, and thus within the single collision regime. The asterix, *,
marked on the CID mass spectra of the [cau302]+ ions signifies a peak having
metastable contributions.

Appearance energy measurements were rtecorded by Dr. F.P. Lossing with the
electron energy selecting mass spectrometer described in section 2.2.IIT.

All compounds were obtained commercially and were of rescarch grade purity.

High purity was particularly important because m/z=59 corresponds te [Caliy0]" as

well as [C:H302]%. Such [CaH-0]" ions, present as a sample impurity, or as mass

spectrometer background contamination, give significant m/z=31 and m/z=41 peaks

in their MI and intense m/z=31 and m/%=43 In their CID mass spectra. The

generation of both ions, [C2H302]% and [CaH-0]%, from precursors such as methyl

isobutyrate and methyl valerate was also observed. Under high mass resolution,

achieved with the resolving slits ¥;,Y;, and Ys, the separation of the former, -
at m/z=59.013303 and the latter, at m/2=59.049689 was possible.



Chapter &6

THE C_oHgX SYSTEM
A COMPLETE MASS SPECTROMETRIC ANALYSIS

&. 1 Introduction

In the past few years experimental and theoretical studies have [irmly
.established the_existeﬁce in the gas phase of simple organic lons having
unusual struc-ures, whose neutral counterparts are unknown or extremely
reactive. The interest in the chemistry of these species seems to have
been sparked by « numbex uf reports appearing in 1981-82, one of the
earl;est examples of ‘which involved the isomer of ionized methanol, the
methyleneoxonlum radical cation, CHzO0H2" t.. This rather simple system
w111 serve to introduce some fundamental aspects. Thereafter, a thorough
analy31s of its methyl analogue, the CaoHeX™ " /Ceﬂsx system, where X
represents F, Cl, Br, I, will he presented.

Ab initio molecular orbital theory calculations predicted not only that
CH,OH,**+ represented an additional stable isomer in the {CH40]"

potential energy surface but that it lay some 45 kJ mol™! lower in energy
than the ¢;on of ‘conventional structure, CH30H’+o(118). Experimental
verification for the existence of CH26H2“+- followed immediately.
Electron impact was found to induce Ia rearrangement/fragmentation
reaction in ethylene glycol resulfing in the Fformation of necutral
formaldehyde and an ion of m/z=32. Note that no specific structure 1is
intended where species are enclosed in square brackets and represented in
terms of the number and type of atoms .only. i.e., [CzH50]+- versus
CH3-0-CHa" "+ or CH3CHp-OH'™-.

HOCH2CH»0H = [CH40]7+ + CH,0 . eq.(6.1)
The CID spectrum of the [CH40]+- frapment was clearly not that of
CH30H‘* , but rather showed characteristic peaks which indicated that the

ion 1ndeed had the methyleneoxonium structure (90a,b).

CH20HZ" _- is one of the simplest members of a new and still growlnp'
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“elass™ af structurally novel, stable radical cations being experimental-
ly genepated and characterized as well as, in the more simple systems,
investipated theorctically. A wide variety of terms have been applied
to these species, including 'stable jon-dipole complexes'. ‘ionized
carbene/dipole complexes', 'localized radical cations', and 'non-
classical’ species. *pistonic’, the term now generally accepted. was
defined by L. Radom et al. in 1984 {119} to encompass all radical cations
in which the charge and radical sites are formally separated. as for
example in -CHpCHEBHQ. The term 'yfidjon'. {from ylide neutrals, species
having formal, opposite charges on adjacent atoms) was suggested for the
particular cases where these sites are at adjacent centers. such as
CH;&HBH;. where larger species are encountered it has been proposed that
the proximity of the radicel and charged site be denoted by «, 8, r etc
(120). However for CalisX species. only «- and B-distonic ions are
possibie, and they will be referred to as ylidions and distonic ions
respectively. Distonic ions might well be referred to as 'unconvention-
21’ but they have been found to be both common and stable! Knowledge of
the properties of these species is therefore important for a better

understanding of the behaviour of many simple radical cations.

The heats of formation of distonic fons are not, in general, lower than
that of their conventional isomers, for example in the simplest of
distonic species, CH.XH'*., where' X=OH, NH2, and F the distonic ion is
predicted to be more stable, while for X=SH, PHz, and Cl the conventional
fon has the lower heat of formation (120). There are however a number of
commonalities whjdﬂ'nre observed when comparing distonic and conventional
fons of the -CH;&H/CH3K+- system. There is a relatively high‘barrier for

isomerization between the conventional and distonic ions, thus allowing
these specics to be analyzed separately (120). Stability of the dication
for the distonic isomer is significant, the base peak in thé‘éharge
stripping mass spectrum being [CH3X]2", while for the conventional ion,
it is absent oxfr vanishingly weak (121). And finally, unlike their
conventional isomers, the distonic ions have no corresponding stable
neutral counterpart '(120.122). Distonic radical cations therefore,
unlike their conventional isomers, may not be formed by direct
iﬁuization. and thus .tkeir generation is via (1) Isomerization and

(ii) rearrangement procéssés prior to:fragmentation of a suitable
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precursor ion. Intramolecular hydrogen shift reactions in conventional
cations, have been observed for many molecular jions including alcohols.
as in egquation (6.2), and ethevrs. esters, and amines (8), to yicld

distonic species.
CH3CH;CH-CH,0H "+ - CH,CHRCH,CHZ0H:' " eq. (6.2)

By far the majority of distonic ions studied via mass spectrometry
however, have been formed by rearrangement-cum-fragmentation processes,

e.g.
C1CH2COOH® ¥« = CH:CIN'*+ + CO2 eq. (6.3)

where methyl and halogen as well as hydfogen atom transfer reactlons have
been observed (123).

identification of distonic species, mixed with the molccular ions of
conventional structure, is not straightforward, the commonly used method
of CID being particularly compromised where unresolved mixtures are
involved. The now widespread availability of reverse geomeiry, double
focussing mass spectrometers explains in part the recent surge of
distonic ion studies. These instruments. enable the mass selection and

subsequent analysis of a specific fragment ion, such as the unusual

fragment CH,ClH'*. generated in eq.(6.3). such a procedure requires that

the Formation of the distonic ion of interest be From a suitable precur-
sor via rearrangement/fragmentation, and this mode of formation is indeed
predominant. ‘

The [CH;X]+‘ (X=NH,, OH, SH, PH:, F, Cl, Br, 1) isomeric species and
their neutral counterparts have now been well investligated via experiment
(45,79,90a,b,121,124,125) and high level ab initio calculatlions
(118-120,122,123,126). In the investigation of larger, more complex
systems however, such calculations are increasingly limited. placing the
emphasis for structure assignment largely upon experimental work. This
is indeed true of the system of interest, [CaHsX] ($=F.Cl.Br,I). where
theoretical consideration of distonic radical cations has been limited to
three studies (130-132) which will be discussed later, and no theoretlical
investigations of theinfcofresponding distonic neutrals have been made.
The structural assignment.of the unconventional isomers of ethylhalide

radical' cations and their corresponding neutrals has therefore been
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sulely based on experimentally obtained thermodynamic and dissociative

properties.

same groundwork has already been laid in the investigation of isomeric
radical cations of the ethylhalides. in 1983, via the investigation of
the electron impact induced COz loss from methyl chlore- bromo- and
jodoncetate, Schwarz ot al. (127), characterized the first isomeric pair,
CHACICH,™ " - and CH,BrcH: Y-, Since that time the distonic isomers of the
cthylhalide ions have been the subject of a number of reports
(57.128-130). A brief summary of these jnvestigations will be included
in the following sectious 6.2.11-V. However, unless referenced other-
wise, all spectral and thermochemical data presented have been compiled
in this laboratory. As emphasised in chapter 4, the majority of the mass
spectrometric analytical techniques rely heavily on comparisons, neces-
sitating the use of data obtained .under closely similar experimental
conditions. To this end nearly all previously published spectral data of
the [czusx]*- isomeric system have been re-examined under the standard
set of experimental conditions used in the present investigation. In a
7|1umber ol cases where significant‘ dissimilarities were observed, a
-lw:assessment of the published data is proposed. The following is
believed to contain the most comprehensive collection of experimental

mass spectrometric data of [C2H581+- halogen isomers presently available.

Far less is known of the structure and thermochemistry of the neutral
countcrparts of these unconventional ions. The generation of CH3§EH2.
ylide 1somers of ethylbromide and iodide, were first reported by Olah et
al. In 1975 (133a).' The ‘'methylbalonium methylides' were considered to
have been formed as reactive reaction intermediates in the
hydrogen/deuterium exchange of the corresponding dimethylhalonium ions in
deuterated sulfuric acid. but they could not be isolated. Since that
time littié information on these or other C;HsX distonic neutrals has
been obtainable due to their characteristic high reactivity., The recent
advent of the technique Kknown as Neutralization—Reion&zation Mass
Spectrometry. NRMS, has however, enabled structural information for such
reactive neutrals to be gained via their reionization mass spectra. The
'renctivity of the distonic neutrals coupled with the relative stability
of their radical cationic counterparts make the system idea11§ suited for
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examination by NRMS (45,119). Spelivon 6.3 will deal with the
neutralization-reionization mass spectrometric investigation of the

neutral counterpart of those distonic radical cations characterized in

section 6.2.

&G. 2 The Isomeric Radical Cations

Four isomeric radical cations of the [C2H5X]+- system may be proposed:
the conventional isomer, CHLCH-X""-. two vylid or a-distonic Isomers,
CHsXCH."*+ and CHsCHXH'®-' and the §-distonic specics CH,CH,XH' T+, The
first is produced by direct jonization of the neutral species, however
rearrangement/fragmentation reactions must necessarily be employed in the
generation of the distonic isomers. Establishing the heat of formation
of the ions will be made wherever possible via experimentally determined
appearance energies. The dissociation characteristics of the jon, via
the EI, MI, CIﬁ. and CS mass spectrometric techniques {described in
chapter 4), will also be established or reassessed under standardized
experimental conditions, as outlined in the appendix. All MI, CID, and
CS mass spectra have been corrected, where applicable, for the 13¢
contributions from [M-1]%. As well the metastable lon péak intensities
have been subtracted from the corresponding CID mass spectra., and that of

the corresponding metastable neutrals. From the NRMS, as described in
chapter 4.7.

¥ 6.2.1 CHsCH:X'*. The Conventional Ion

§%§is necessary to firmly establish the heats of formation as well as the
dissociative processes of the conventional Isomers, CH,CH X" -
(X=F,Cl.Br,I} thereby establishiﬁg reference energies with which compari-
sohs may later be made. These radical cations, formed dircctly by

electron impact ionization of their corresﬁonding neutrals, are the
obvious choice for a set of reference compounds; all four neﬁtralg.
CH3CH,F, CH3CH2Cl, CHaCHoBr, and CHsCH,I are stable, recadily avallable in
a pure state, and all directly generate significant quantities of their
molecular ion on electron impact.
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CH3CHoF -
The electron impact mass spectrum of ethylfluoride (scen in figure 6.1,
in pood agreement with that published in the data base collection of the
National Bureau of Standards., shows C:U:F" %+, m/z 47, to be the base
peak, while the molecuiar jon, m/7z=48, is only some 12% of m/z 47. A
vertical ionization energy of 12.13eV for ethyl fluoride was reported in
1073 hy Yamazaki et al. {134), from the PE spectrum. Using this value
and  AHp® [CHACHRF]=  -263 kJ mol 1 (135). the heat of formation of the
ethylfluoride radieal cation is calculated te be 936 kJ mol~ 1. The onset
of the PE spectrim however is significantly lower than 12.43eV, the first
foen] muximum being just below 11.80eV {136). A value of 11.78eV has
heen obtained for the adiabatic lonization energy of ethylfluoride, and
is believed to be ihe first such measurement reported. This yields o

slgnificant]y lower Alg® of 873 KJ mol~1 for the molecular ion.

TABLE ©-1 Heat of Formatlon of [CaHsF]™-

IE AHp° [CHaCH,F] AHf°[C2H5F]+-
IE(v)=12.43¢V -263 kJ mol? 936 kJ mol~!

1E{ad)=11.78eV " 873 kJ mol’!

The unusually larvge deviation of 0.65eV betwcén vertical and adiabatic
[E, indicates that a considerable geometry differénce must exist between
the neutral and ionized species, and that ionization via electron impact,
a mainly vertical process, will produce highly excited ions. This may
well account for the rather low inténsity of the molecular ion, with
respect to the hydrogen loss species, [C2H4F]+. A value of 12.0420,3eV
for the AE of m/2z=47 from ethylfluoride was recorded in 1975 {135), in
the present study a value of 12.14%0.05eV has been obtained. Loss of H-
therefore, from a threshold ion, requires only an additional 0.36eV or 34
kJ mol™l. and for those molecular ions formed vertically. it will occur

spontaneously.

Two peaks are observed in the MI mass spectrum of the ethylfluoride
molecular 1on.'m/z=46 and m/z=47. The metastable process,K for hydrogen
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radical loss gencrates a thin Gaussian peak with a Ta.a~8meV. Thv‘uuurny
barrier for the reaction is calculated to he 912 KJ mol™ !, from the
measured AE for m/z=47 of 12.14eV, an AE involving little or no contribu

tion from reverse activation energy as indicated by the very narrow

profile of the metastable peak.

TABLE 6-2 CHaCH,F™ ~- Metastable Characteristics

m/z Peak Shape To.s
CHJCH,F ~- E [CzH4F]f“ AT Gaussian 8 mevV
~ [CzHsF]™" 46 Dish-topped 310 meV

The metastable formation of [Cz}l3F]+' results in a broad, dished peak
having a To.s=310meV, a large kinetic cnergy relcase indicative of a
significant reverse activation energy. The heat of formation of
[C3H3F]+-, was calculated from, -138.9 kJ mol-l. the heat of formation of
its neutral (137). and 10.37eV, the corresponding IE (26), giving a value
of 862 kJ mol~ 1. That loss of hydrogen radical competes favorably with
formation of [CzMsF]*+, on the metastable time frame, despite a calcu-
lated energy difference of 50 kJ mol~! between the two, is explained by
the sizable reverse activation energy associated with the formation of
[C2HaF]™ ..

1 980 CHEY - CHy

’

"
]

U2 CaHF™ o W
Figure 6.1 Schemiatic energy
diagram for ethyl fluoride, its
molecular ion, and lower energy
Ve Mg+ W dissociation processes.
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An additional peak, the loss of a methyl radical ta generate the
methylenctivoride catjon, m/2z=33, was #lso proposed (129) to have
mmimolecular contributions, However, with L\Ilf"[(liis]——J-'l? kJ mol ! {26)
and Auf”[CH;F]'=838 k.J mol ! {26). the threshold energy for this process
lies at 9an kJ mn]'l, considernhly above that for direct hydrogen atom
luss at ul2 kJ mol I In the MI mass spectrum, m 'z=33 was less than
1/500 the intepsity of m/z=16 and m/z=d7 Coupled with its large cross-
section for collisional formation (CH.F® dominates the CID), this peak is
proposed  to have no unimolecular metastable generated component.
Experimental investigations support this conelusion. Comparison of the
ranimotecular':'collision induced' ratio -strictly speaking, those
processes occurring outside and inside the collision cell respectively-
as separated by a voltage on the collision cell, was made over a range of
collision gas pressures. The ratio, virtually unchanged over a range of
pressures trom conditions of CID to those associated with MI mass spectra

showed that no significant unimolecular contributions are present.

The collision induced dissociation mass spectrum of gthylfluoride is in
rood ugrecm(_;nt with its E! mass spectrum as seen in figure (6.2), the
structure characteristic fragments, dominated by m/z=15, 27, 33 and 47,
corresponding to CHs*+. CaHa%, CH:* and CH3CHF'., being observed in both
spectra. Note the lack of m/2=29. Vertical ionization of CH3CHF will
generate species above the threshold for H- loss,. giving m/z=47 which,
consistent with the presence of m/2=15 and m/z=27 and lack of m/z=28. is
belleved to be Cﬁ;CHF“*-. It is concluded'that no rearrangement of the
mass selected ethylfluoride ion occurs prior to and directly after its
collisipnal excitation, and this in turn indicates thal the CID mass
speetrum may be taken as specifically characteristic of CHsCH,F'™+. The
CID mass spectrum is. however, not in agreement with a previously
published spectrum (129), the experimental parameters for which were not
reported. Despite the use of the target gases He and 0, over a wide
range of pressures from ~10% to 80% beam reduction. the pﬁhlished.
computer averaged, scans could not be reprdduced. The majof
discrepancies involve the Cz-CyHs fragﬁents; no peak intensity for
m/z=26, a single value. uncorrected for 13C contributions from {C,HsF]T -,
for m/2=27/28, and a significant iniehsity for m/z=29 were reported. The

CID mass spectrum does contain 23C contributions, most notably the large
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mz=27 obscrved in the MI and CID of mass selected m o2 A7 which accounts
for more than 70% of the m 228 seen in the CID mass spectrum oft the

ethylfluoride molecular ion.

100 Z ..
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Figure 6.2 The EI and CID mass spectrum of ethyl Fluoride. t
indicates peak corrected for *2C contributions.

A doubly charged molecular ion of ethylfluoride will have an apparent
m/z=24 {(also corresponding to the singly charged C.%). The much weaker
charge stripping mass spectrum could not be obtained free of Inter-

ference. and thus no CS spectrum is reported for ethylfluoride.

CHaCH,C1M ™.
The EI spectrum recorded for ethylchloflde is consistent with the NBS
data base, CHaCH»35C1I'*., m/z=64, Is the base peak, Indicative of a
molecular ion of considerable stability.

The vertical icnization energy of ethylchloride is reported Lo be 11.oiev
(27). The measured adiabatic jonizat'ion energy. 11.04:0.05eV, is close
to this value, unlike the fluoro. derivative.  With Alg°[CH3CH,C1]
reported to be -112 kJ mol” -1 (138), a heat of formation of 950 kJ mol~l
for [CH;CHgCIJ « can be confidently assigned

The molecular jon of ethylchloride undergoes loss of HC1 within the
metastable time frame. A vanishingly weak process for the loss of Cl- is

?
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also observed. The dominance of m/z=28 in the MI mass spactrum of the
cihylehloride molecular ion is expected from the larger enerygy require-
ment for direct © 01 bopd oleavage  to vield m/2=29. The measured
appearance epergy for mez:29 is 11.83:0.06 oV (26). corresponding to a
product energy of 10316 KkJ mot 1, From .SHf°[CgH5]‘=917 kJ mol !«
AHpCl. 122 k) mol V. the energy for this process is calculated to be
1039 kJ mol !o(26), and indicates that Cle loss is indeed a threshold
process.  Similarly, the loss of HCl has a caleuwlated threshold energy of
a3 kJ mol ! (from Allf“[CII;C!!;]‘-:IOT:’: kJ mol ! and Aﬂf"f}ICH: -92
kJ mo! ! (26)). which corresponds well with the value of 981 kJ mol 1
from the rveported AE of 11.3310.05eV (26). The loss of CH:, generating
Cli-C1'. wias alsoe reported to occur on the metastable time frame (119},
but is inconsistent with the present experimental data., as well as being
thermodynamical ty unlikely. With L\llf"CH_-;--l.l.-? KJ mol” ! and the heat of
formation of CH-Cl1" = 950 kJ mol 1 (139), the minimum energy requirement
For this decomposition lies some 53 KkJ mol ™1 higher yvet than for the

(vanishingly) weak metastable loss of €1..

1092 CHLOY + CHy

. WIS CHT L

Figure 6.3  Schematic ehergy

9B3  CaHT +HL diagram for ethyl chloride, its

: molecular .jon, rand lower dis-
sociation processes.

EnEnY

CHACHEL
(v vet*) >

TABLE 6-3 CHsCH.C1'"+ Metastable Characteristics

m/z Peak Shape Tg.=
CH3CH,CY * - 3 [Calle]” 28 ~ ~Gaussian 24 meV
CD3CH.C17 "+ = [CaD2H2])7 - 30 Composite 69 meV
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The metastable peak for loss of HCI has a To.ow~2dmeV, and which is
possibly eomposite in nature, Is illustrated [0 rigure (&.4). The MI
mass spectrum of the labelled species, CNLCHA-C1T e, penerated o similarly
intense. but much more clearly composite metastable peak for m-z 30 as
well as two peaks of less than 17100 the intensity at mez 31 and 32.
This almost exclusive loss of DCI1 indicates that up to the internal
energy associated with the first dissociation thresheld, no intramolecu:
lar hydrogen scrambling occurs. The Tg.s=69meV for DO loss from the

labelled species. contains a large proportion of a hroad component.

Figure 6.4 Metastiable penk
shapes for the loss of HCI and
nci from CH;CH,cM'+ and

24 mal O mi COLCH-CT' - respectively.

me28 m=30
CHsCHoLL T Dy CH I

The composite nature for HC1/DCl loss from CH;CH;CI“'-/CD;CH;CI‘*- can
only be specﬂlated upon at present, the formation of two unique daughter
ions _seems unlikely on a thermodynamic basis. The heat of formation of
CH;CH'+~ is estimated (140}, stabilization of -CH; on charge beardng site
graph with CH.*=334 kcal mol-1} to be 1155 KkJ mol -1 some 80 kJ mol !
above that of its Isomer CHaCH2*+- and more energy demanding thoan the
direct lOSb of Cl-. Also., the formation of highly excited ClaCH" ++
might be expected to generate a broader metaatﬁble peak, in keeping with

' the much larger reverse activation energy.

The CID mass spectrum of ethylchloride, corrected for contributiens from
the unimolecular process for HCl loss, is dominated by the simple loss of
Cl. as illustrated in rigure (6.5). The formation of Cl* and hcl*
compete unfavorably with the formation of [C:Hs)’ and [CH:1" -, but the
relative iptensities, clt>Hclt., are as expected for the cthylchlorlde

structure.
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Thee CID spectram is consistent with that produced by -lectron impact

ionization., and thus will be taken as specific for the struciure
CHACH,CL -
Am
e ) CH(H, CL
m: ‘ e * -
m-
‘m-- CHaCHTEL
4 +
o 1 . l .! - Llll 1 N Y — C‘cHa
10 20 50 0 20
|
R )MA‘
;J‘N\ VAN
N vt
x 10
Fipure 6. The EI and CID mass spectra of ethyl chloride, *

lndJCdth the peaks corrected for metastastable contrihutions.

The charpge stripping mass spectrum is visible under increased gain, the
CS peaks being ~1/100 the intensity of the singly chérged fragments. The
most intense doubly charged peak corresponds to [C2HaC1]2™; ethylchloride.
does not penerate a stable molecular dication (Table 6-5), a charabteris-a
tic of its lower homologue CHaCI'™. (121,122).

CH3CH.Br**

The electron impact mass spectrum of ethy]bromide as published in the NBS
data base is also well reproduced, the CH;CH:"QBf isotope producing
m/z=108, its molecular ion, as the base peak in the spectrum.

The cnergy required for the vertical ionization of ethylbromide is
reported to be 10.28eV {27), a value. he]ieved to correspond closely with
the adiabatic process. Together with the published value of -62 kJ mol~l
(138) for AlHg° [CH;CH2Br], the heat of furmation of the ethylbromide
radical cation is calculated to ‘be 930 kJ mol™ -1 An energy range of

nenrly 100, RJ mol -1 exists between a molecular ion generated at thrgshold
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and the cheapest pathway to dissociation, oq. (6.4},
CHLCH-Br™ "« - [Calig]” + Bre ey, (6.1

calculiated from the sum of 917 kJ mol ™ and 112 kJ mol 1 .-'.\Hf“[l‘.H;CIIﬂ'
and ;Z\Hf"[nr]- respectively (26).

1 1129 CHBrTt « CHy
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Figure 6.6  Schomatic energy

diagram for eothyl bromide, its

molectular fon amd lower enoryy
processes.
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The unimolecular fragmentation for the formation of CHLCH*Y via eq.(6.4)
is observed in the first field free region of the MS-902S and, albelt

very weak, js therefore concluded to be a metastable process. Al longer

" lifetimes. as in the second field -‘free region of the VG ZAB-2F, the

situation is less clear. A large gain factor, 105 increase from full
scale deflection of the main beam, was required to generate fragment
signals (the chloro analogue required a gain factor of ~2x102 to obtain
an observable MI). At such_high gain however, the origin of the fragment
signals may be twofold, a weak metastable process, or alfernativc]y, a
collision induced dissociation generated from the residual gas pressure
i:reseht in the sccond field free region of the instrument. Duc to the
numerous peaks observed in addition to m/z=29 (the process of lowest
energy requirement) the intensity ratios of which mirror those in the -
CID, these peaks are considered to be 'residual CID' and not metastable.

The loss of CHi+ was also proposed to have unimolecular contributions
(127).  From OHg°[CHBr]®, determined to be 987 kJ mol™* (141), and
Mif°[CH3]-=14z “kJ mol'1 (27), the threshold energy for this process
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corresponds ta 1129 kd mul 1, 100 KJ mol-1 above the threshold for the
equiat fon (6.4), which is itself limitingly weak. As in the chloro
amidosue, it Is proposed that the loss of CHa-, reported present under

'MI® conditlions is indeed generated by collision.

The cthyl eation, via direct loss of Br-, is the base peak in the
callision Induced dissociation mass spectrum of ethylbromide. The peaks
correspondiug to Br* and CH,Br" are also characteristic fragments of the
CHACHBE structure. Not inconsistent with the spectrum generated by
electron impact, the CID mass spectrum of the ethylbromide molecular ion,
as illustrated in Figure (6.7}, is considered representative of the ionic

structure CH-CHaBr" e,
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Figure 6.7 The EI and CID mass spectra of ethyl bromide.

The CS mass spectrum of ethylbromide and ethylchloride are of similar
intensity, and pattern, as indicated in Table (6-5). The CS péaks are
~17/100 the intensity of the singly charged peaks, the most intense
corresponds to [C.HsBr]2Y, and no peak corresponding to the doubly
cha'n'ged molecular ion, M2%, is observed. The predicted instability of

CHaBr'2* is witnessed as well in its methyl analogue, CH;CH,Br" 2%,

CH3CHIM - .
Electron impact of ethyliodide, the final member of the series, under-

lines a basic similarity for chloro-, bromo-, and iodoethane under
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conditions of vlectron impact ionizatien. The intensity of the molecular
ioen represents the base peak in the spectram, indicating o rvelative
stability to vertical ionization. lfalogen radical less s favored as
well. and the loss of CHi+ produces the characteristic methviene lodide
cation, CH.I".

Vertical and adiabatic ionization energy measurements for cthyl iodide,
as in the chloro analogue, generate a common value, 49.3440.030V (138).
From the published heat of formation of the neutral, -7.5 kJ mol~? (138),

AHg® of the ethyliodide radical cation, CH;CH21’+». is calculated Lo be
894 kJ mol~l.

The thermodynamically cheapest fragmentation process, at 1024 kdJ mnl'l.
is the generation of CH;CH," via loss of I., the Anf° values for these
fragments are 917 kJ mol”™! and 107 kJ mol”! respectively (26). This Is
not, however, an intensely metastable process. The MI mass spectrum, as
in ethylbromide, resembles no more than a very weak CID mass spectrum
resulting from the residual gas pressure within the inétrument. The
application of a voltage to the collision cell, causing the separation ol
processes inside and outside the collision cell, yiclded similar
'MI':'CID' ratios for all the fragmenl peaks. Thus the ethyliodide
molecular ion, its threshold heat of formation some 130 kJ mol~1 below
that for its cheapest barrier to dissociation, is concluded to be stable

over the time scale associated with the second fField free reginn of the
VG ZAB-2F.
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Figure 6.8  Schematic cnergy
diagram for ethyl iodide, its
molecular ion, and lowest
energy dissociation process.
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The CI mass spectrum, as illustrated in figure (6.9), reflects the

stencture of the molecular jon. The characteristic fragment fo-.3, CHa',

.0, ' and CHpI". present as well in the EI mass spectrum, indicate

that rearrangement of the ion prior to collision induced dissociation

does not ocour,

///
100 I;’,r M.\‘

80 < T £+
&0 ~I*
HO
20-
Ie} I 1 Y | 1

T T T v | ma T ¥ LI T

» 30 50 110 120 150

eHTt
N A J
N /s )

Figure 6.9 The El and CID mass spectra of ethyl lodide.

The charge stripping mass spectrum of ethyl iodide, quite weak in
intensity, is rveproduced in Table (6-5). As in its chloro—- and bromo-
analogues, a molecular dication is not observed in the charge stripping
mass spectrum and it is concluded that the CHsCH:T" "+ radical cation has
no stable dicationic counterpart. The siﬁilarity in intensity of the

CalNaI" 2% and CaHaI" 2" species is however specific to ethyl iodide.

Summary of the Conventional Ions' Properties

The AHf°‘s of the ethyl halide radical cations, as summarized in Table 6-

4, have been calculated from the jonization energies of their neutrals.

n f]ﬁoroethane alqne is a significant difference observed between the

adiabatic and vertical IE values. With a widening energy range separat- -

ing the threshold for ionizatioﬁ and the dissociation process of lowest

energy requirement, an increasing stability with respéct to metastable

dissociations from the fluoro to the iodo analogue is observed.

Vi
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TABLE 6-4 Heat of Formation of CH CH,X" "«

X IE/AE Al p® [M) AHp° [CaCUX] "
F 12.43eV (v) -263 kJ mol™! 936 kJ mol™ 1
11.78eV (ad) " 873 kJ mol !
c1 11.01eV (v) ~112 kJ mod”d 950 kJ mol~1
11.04eV {ad) " 953 kJ mol”
3r 10.28eV (v) -62 kJ mol~? 930 kJ mol ™!
I 9.34eV (v) -7.5 kJ mol”} 894 kJ mol~ !
" (ad) " "

The stability of the doubly charged molecular ion, [CoHeX]2", is insuffl-
cient to enable the detection of the dication. In all cases collision
“ipduced dissociation of the stable, mass selected [CallsX]T: yielded a
spectrum very similar to the EI mass spectrum from jonization of the
neutrals in the ion source. The spectra above are therelore considered
to be uniquely characteristic For the mass selected species [cznsx]*- of
the structure CHaCH.X' -

TABLE 6-5 Charge Stripping Mass Spectra of CHLCH X T

X M2t [M-1]2%  [M-2]2%  [M-3]2° [(M-4]2% A

cl - . 4 100 36. 1/100
Br - 27 100 40 5 1/100
1 - 100 90 50 20 ~171000

A = Approximate intensity of CS peaks with respect to CID peaks

' 6.2.11. CHsXCH'*. An Ylid Isomer
The radical cations CHaXCH:'*+, (X=Cl,Br), ylid isomers of CHLCH X ™ -
were proposed as the species formed from the methy; haloacetates on'the
elimination of carbon dioxide by electron impact in the ion source (127).

XCH.COOCHs =~ COz + CHaXCHz2'":- eq.(6.5).
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Note that in @ similar reaction the jodo specics was not observed. These
species, first reported in 1983, were considered to be the first cases of
haloalkane cationle radicals containing a divailent halogen atom bonded to
two carbons. Analysis by CID mass spectra of the [Cszcl(Br)I+- ions and
[Call-DaC1(Br)] "« generated from {Br)CICH,CO0CH, and (Br)CICH.CO0CD;
respeetively, supported the proposed ylid structure (127}. Further
experimental analyses, involving their ionic heats of formation, their
metastable processes, as well as the stability ‘of the corresponding
dication and neutral however., werc not made. A year later an attempted
generatjon of the fluoroe analogue, CH3FCH, 7+, from FCH;COOCH; was
published (129). The conclusion that only the conventional isomer was
tormed, was based upon comparison of CID mass spectra, and no other

experimental information was reported,

In electron impact ionization of the methyl haloacetates, in the case of
fluorine, chlerine, and bromine, a peak corresponding to [C3H5X}+' is
generated in significant intensity, due to the loss of C0,. No signifi-
cant intensity for the equivalent process in the iodo compound has been
observed in agrcement with the first findings by Schwarz et al. (127),
and thus the following discussion will involve the former three halogen

species only.

CHaCICH.*+ and CH3BrCHz'*.
Adinbatic appearance energy measurements for the chloro and bromo species
produced via the following equations have been made.
C1CH2CO0CHs = CHaGlCH, ¥+ + CO; eq. /6.6a)
BrCH,CO0CH; ~ CH3BrCli* ™+ + €02 eq. (6.6b)
However due to the severe tailing near threshold electron energies,
accurate AE's and thus: precise heat# of formation of the ions were not
obtained. For eq.(6.6a) and eq.(6.6b) appearance energies of 10.7%0.2eV,
and 10.8%0.2¢V were observed. respectively. With the neutral methyl-
chleroacetate and methylbromoacetate héats of formation, calculated by
additivity to be -414 kJ mol~! and -377 kJ mol™l, and AHg®[CO;]1= -398.5
kJ mol~! (26}, the measured AE values lead to a AHf°[CH3CICHg]+- of
1012220 kJ mol~1, and 1058:20 kJ moi™l for AHg°[CH3BrCHe]®:.
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These values are considerably higher, by 62+120 and 128220 KJ mol 1, thun

those corresponding to their conventional ions, obtained ftrom their

measured IE.

TABLE G-6 Heat of Formation of CHsXCH; ™ -

X AE  AHp°[XCHZCOOCH;] AHg® €02 ] Al ® [CHaXCH2 ] ' -
cl 10.7eV  -414 kJ mol™! ~393 kJ mol~!l 1012 kJ moi’!
Br 10.8¢V  -377 kJ mol~} " 1058 kJ mol~!

This is similar to the CHaX"+/-CH:XH" system, where. for X=Cl., Alg® for
the ylidion is calculated to be 46 kJ mol~! above that of its convention-
al isomer (120). Ab initio molecular orbital calculations (127,131),
restricted to [C2H5C]]+'. were in qualitative agreement with experiment,
placing AHfo[CH3CICH3]+‘ 27 kJ mol™! above AHf°[CH30H201]+- at the UMP/G-
31G*//ST0-3G level. In terms of this molecular theory (127,131),
CHaClCH;“+- is considercd 'to be best described as a complex betlween

CH.Cl+ and CH,*, where the electrophile is bonded by the chlorine's lone
pair electrons.

To.s vaiues of 26.9meV and 30.8meV were veported for the metastable peaks
corresponding . to processes {6.6a) and (6.6b), and it was prgﬁbsucl that
the ylid radical catiuns‘were generated in the metastable time Frame
(127) as well as by collision. Such moderate To.s values argue agalnst
the possibility that the AE, and thus Aﬂf° results, were ecxcessively high
due to the energy for the reverse reaction. Significant metastable
generation of the ylids, CHaClCH2* %+ and CH3BrcHz'*+, would have enabled
the measurement of AE's free of possible kinetic shifts. The kinetic
energy release values which were reported are however consistent with
collision induced processes. A careful analysis of these peaks showed
that metastable generation of neither ylidic species occurs in the second
field free region of the VG ZAB-2F.

The metastable ibn mass spectrum ot the [C;H501]+- radical cation
generated from methyl chloroacetate, is unique, producing m/z=29 and
m/z=28 in an intensity ratio’ of ~10:1' (contrary to an carlier report
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(127). no metastable generation of CH.X' is observed). The Tp.s values
for the metastable peaks of this ylidien and its labelled analogue are
griven in Tahle {(G-7), while the reiative intensities and peak shapes are

reproduced in fipe 6.10 below.
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Fipure 6.10 The metastable peak shapes observed for the unlabelled
and labelled ylidions, ClCICH,'*+ and CDaCICH? ™.

TABLE 6-7 CHsCICH.'*- Metastable Characteristics

m/z Peak Shape Top.s
Cllclca e 5 [eala]t 28 Composite -Narrow  ~30 meV
* -Broad ~4350 meV
~ [caHs]t 29 Gaussian s 27 meV
CDaCICH e 3 [CaDeol2]Y- 30 Composite -Narrow ~28 meV
. -Broad ~460 meV
3 [C2DsUTT - 31 Gaussian 30 meV
% [CaD3H2]? 32 Gaussian 28 meV

The peak at m/z=29, a vanishingly weak peak in the MI mass spectrum of
ethylchleride, must correspond to CH3CH.* via loss of Cl.. The meta-
stable loss of HCl generates a composite peak, and the separate To.s
values of the broad, dished component and the‘narrow Gaussian component
have been estimated. Similarly, the Tg.s values for the broad and narrow
components of the composite peak, generated by loss of DCl from
CD5CI1CH," *+. were also obtained.
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The composite nature of m/z=28 is proposed to result from the formation
of two isomeric daughter ions, CHCHp”"- and CHaCH''-.  Thelr heats of
formation, as discussed in section 6.2.1, are gstimated to differ by -80
kJ mol~1l.
CHsCICH, ™

IR 2E]

CH5CH' T+ + HCI (1) AHg°(Prod.)=1063 kJ mot~1
CH:CH" "+ + HCH (ii) AHp°(Prod.)= 983 kI mol !
A(AHC) ~ 80 kJ mol !

Process (i) will, therefore, correspond to the narrow component in the
composite metastable peak, the fragments having been generated near
threshold. The generation of an energy pich ethylene radical cation Qia
a barrier of similar height is proposed to produce the very broad
component of the composite C:la peak (similarly the generation of encrgy
rich CDZCHQ*- from CDgClCH3’+‘}. it is interesting to note that loss of
HCl from the labelled species, observed as a narrow Gaussian peak, should
result in the specific formation of CD,cH*., with seemingly no rearrange-
ment. This process, not isolated in the unlabelled species, accounts for
the larger relative intensity of the narrow component in m/z=28. The
dissimilarity of the peaks for DCl and HC] loss from CD,CICH' '+ suggests
that little or no hydrogen/deuterium scrambling occurs prior to dissocla-
tion. Figure 6.21 is an illustralive comparison of the metastable
precesses of the [Cz“sCl]+' isomers, based on the ahove'proposal._ 1t
will be discussed further in the following section., and is presented in
the summary of the distonic ions, 6.2.V.

TABLE 6-8 CH3BrCH,'*. Metastable Characteristics

m/z Peak Shape . To.s
CHaBrCH, ¥+ % [CoHa)®: 28 " Gaussian ~40 meV
> [Calis]” 29 Gaussian 43 meV

N

The bromine derivative, CH3BrCH, "+, yields a very weak metastable peak
at m/z=28 and one at m/z=29 in an intensity ratio of ~1:40. The increas-
ed intensity of the metastably generated ethyl‘ radical cation from
CH,BrCH,'*+ may be the result of a reduced energy differcnce between the
heat of formation of the radical cation and its subsequent barrier to
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dissuciation. However Alif‘[CH;BrCH;]‘- at 1058 kJ mul']. places the ion
above the ealenlated thresholds for loss of both Bre, at 1029, and HBr,
at 1039 kJ mol b The relatively weak generation of m/z=28 therefore,

indicates a significant barrier for this fragmentation pathway.

The eollision indvced dissociation mass spectra of both the chloro and
bromo analopues of the ylid radical cation CH;XCH{'*- are illustrated in
Figures- (6.11} und  (6.12). Good qualitative agreement is observed with
thuse obtained earlier (127) despite differences in the experimental
conditions. \ ’/,M‘*
CICH;

Figure 6.11 The CID mass ~Cl
spectrum of CHsCICH "+, *
indicates poaks corrected
for metastable contribu-
tions. '

t .
) ¢ /cmH;
’ S —
x 10
. /7
* m:BP / M+
=B
Figure 6.12 The CID mass
speotrum of CHaBreHy e, *
indicates peaks corrected
for metastable contribu-
tions.
*
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M l // }" \ |
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A reduced relative intemsity of the C2 cluster, indicative of a C-C bond,
as well as an increased intensity of the cnzx" fragment is immediately
evident on 'comparison with the CID of the conventional species (figures
6.3 and 6.6). However it is the less intense but structurally signif-



105

icant presence of the CH3iX™ - fragment which characterizes the CHLXCH, "
isomers. The dissociative fragmentation of the liabelled species
CD5ClCH, ‘-, producing CDaCl'+. underlines the characteristic structure
of the vylid; the absence of any significant CICB.H" Indicates little or
no hydrogen‘deuterium scrambling prior to or directly after collislional

excitation.

The charge stripping mass spectra for Cl,CICH:" "+ and CHzBrCH:" -,
represented in Table (6-16), are very weak, ~1/1000 of the intensity of
the singly charged species. With the base peak corrasponding to M3, it
would appear that the CHaKCHz1+° yvlidic ions, unlike their conventional
counterparts, generate corresponding dications, albeit weakly. This 1Is

consistent with the behaviour of the CHyX'"-/CH.XH "+ pair.

Attempted Generation of CHFCH» '~
Methylfluoroacetate is unique among the methylhaloacetates studied in
having metastable loss of CO, for the unimolecular generation of
[C.HsF]*+. The appearance energy for [C2HsF]® at m/z=48 could therefore
be measured from both the source and metastably generated species.  From
the source generated species, using energy selected electrons, an AE of
10.90+0.05eV has been obtainéd. This result Is considered to be free of
any significant reverse activation energy due to the fairly sﬁal] Ta.s
value of 22meV associated with the metastable loss of CO.. The AE for
the metastably generated species, via threshold energy comparisons,
results in -11.06%0.1eV, & value which possesses 1itt1e. kinetic shift

error and which agrees well with the first measurement.

TABLE 6-9 Heat of Formation of [CszF]+- from FCH>COOCH3

AE AHg° {FCH,COOCH; ] AHg° [CO2] AH®[CaHsFI*e
10.90eV? -587 kJ mol™! -393 kJ mol”] 858 kJ mol” !
11.06eV?2 " " 873 kJ mol™?

1 From source generated species onset :
2 From metastably generated species in 1st field free region

With AHf° of the methylfluoroacetate neutral calculated by additivity to

be -587 kJ mol~l. the heat of formation of the ion produced via €Oz loss



104

i raleouliated to be 858 kJ mol ]. using the AE value of 10.90eV, and 873
k) mol . from the value 11.06eV.  While the lormer is within experimen-
tial crror, the latter value is Identical to the AHr°[CH3CH;F]'- calcu-

tated From the measured adiabatic 1E of ethylfluoride.

The {C,0HsF] - ien obtained from methylfluoroncetate metastably generates
m/2 47 and m/z 46 of similar intensity (and no m/z=33, CH,F", of any
sipnificance). The peak corresponding to [C,H3F] + is broad and dished,
with a measured Te.s value of 360meV. That corresponding to [C:H:F)™ is
narrow, a Gaussian shaped peak having . a To.s5=10meV, These values are
very similar to the values of 310 and 8meV, obtalned from ionized ethyl-
fluoride. Under reduced resolution, the metastable peak, m/z=47, appears
significantly broader with a To.s~30meV. High resolution indicates a
hroad interference at the base, favoured at higher magnet settings, which

miay be subtracted Crom the true, narrower metastable peak.

fhe collision induced dissociation of the [C:HsF) ™+ radical cation,
{generated in a 1:31 ratio with [C2H4F1+ in the EI of the ester), requires
little 13C correction, and generates a mass spectrum indistinguishable
frem the 23C corrected CID mass spectrum of CHiCH.F'*. illustrated in
figure (6.2). This spectrum, as discussed previously, is not in agree-
ment with the tabulated results.pubiished earlier (129), but the indis-
tinpuishability of the [CQH5F1+' CID mass spectra from the two precur-
sors, CHJCH.F and FCH.COOCH; is consistent. The CID mass spectrum of the

metastably gencrated [CQH5F1+' showed no inconsistencies.

Ethy]fluoroacetate. via loss of CO,, is thus not observed to generate
CHaFCH "+ over the wide range of internal energies sampled. CID mass
spectra of the source as well as metastably generated [CHsF]T+ are
lndistipguishable with that from CHaCH.F*'.. The experimentally derived

AH.°s and metastable characteristics are also equal.
t , ‘

pased on the trend observed in the hydrogen homologues, anq the wvery
significant generation of both CH3CICH," %+ and CH3BrCH." ™+, the inability
td.observe the fluoro analogue is, however, surprising. From Table 6?10.
AHf°[ylidioh] might well be extrapolated to be near that of its conven-
tional isomer. 7 '

[+

2]



107

TABLE 6-10 Relative Stabilities of CH;CH,NX "+ and CHaNCH. "-

Qﬂf“[CUnVentional Ton] - AM.S[Vlidion! wJ mol !

X [CHaX] - - [CH;NH} - [CHLCH.X] - - [CH3NCH: ™"
F 19 -

Cl ~16 +(2

Br - 128

tFrom theoretical calculations (5} .
2From experimental results reported herein

The generution of the CH3XCH: - ylidion from methyl haloacetate requires
the migration of the methyl group, via a five membered ring., to the
halogen atom. For both X=CI.Br this is observed. The different migrat -
ory behavior of the CH; group in methyl fluoroacetate may be the result
of a different site of protonation in the ester (compare a and b), as a

result of the greater electron affinity of fluorine.

0 +,0
CH—-C? CHy~C”
Vel RN 2
a. P9 fo b. x/ ‘:,0
e CH3 CHy

6.2.1I1 CH;CHXH'- A Second Ylidion .
The ylidions, CH:;CHKH’*-. X=Cl.Br, were first reported by Holmes,
Terlouw, and Schwarz et al. {57) as stablé complexes between CHsCHY + and

HX, génerated by loss of CO; frexm the precursors, CH;CHXCOOH.
- CH,CHXCOOR ~ CH_;,CHXI{“*- + CO2 : eg. (6.7)

The CID mass specira were found to differ significantly from thouse of
CHsCH.X'*+ and CHaXCHp'. -, and intense CS peaks were observed. Analyses
via. the CID mass spectra of CHsCHCIH'*., 3CHaCHCIN'"-. generated from
13 ,CHCI1COOH, and CD;CHCIH'*.. geyerated from CD3CHCICOOH, Indicated
that the methyl group in the precursor and product ion remained Intact,
and thus CHsCHC1H' - rather than CH,CH,C1H" "+ was proposed. A
AHf°[CH30HCIH]+-=951 kJ mol~d was obtained from the measured AE of
10.72eV and the AHf°[CH38HCICOOH]=-477 xJ mol”l {21).. The metastable fon
'specti‘a for ‘x=r:1 was also unique. The labelled specles CH4CHCID Y« and
. CHaCDC1H'*. were reported to lose HCI only, while CDaCHCIH''- f;enerated
HC1 and DC1 in a 1:2.1 ratio. AE measurements for both CoHa'*- and

, Cg}!s'”. 11.4eV and £11.5eV respectively, indicated a common dissocjation

s
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threshold, and thus the concliesjon was  drawn that the ylidic radical
cation rearranpged to an energy rich CHsCH-C1 7+ species prior to meta-
stable dissociatlon. The CID and €S mass spectra ol the unlabellied Bromo

ynialopue were also reported.

The bulk of mass spectral data for the (C3H561]+- and [CszBr]+- radical
cations generated via equation (6.7) have been reproduced. under standard
experimental conditions, and unless otherwise stated are in good exp-
erimental agreement with the earlier results. The metastable processes
for the chlore analogue have also been reanalyzed. The heat of formation
and MI characteristics of the bromo analogue are also reported. Genera-
tion of the Fluoro analogue CH,CHFH® "+, was not pursued, the ion cor-
responding to loss of €O was reported absent in the EI mass spectrum of
2-fluoropropionic acid (129). Neither is the iodo analogue produced,
CHACHICOON penerates CzHa™ %, not CoHsI' '+, in its EI mass spectrum, and

the molecular jon loses muinly I+, unimolecularly and by collision.

CHaCHC1¥'*+ and CHaCHBri®*-
Electron impact ionization of both 2-chloro and 2-bromopropionic acid
génerute [CsHsX] "+ radical cations in sigﬁificant intensity, ~80% and 70%
respectively of their base peaks, mn/z=28. In the case of 2-chloro-
propanoic ac¢id the process also'occurs metastably, with a veranarrow

To.5~3.5meV, suggestive of a threshold reaction.

The AE for [CalsCl}"+ generated from 2-chloropropanoic acid. as ment ioned
above, results In a heat of formation of CH;CHCIH’*-'within experimental
error, equal to that of CH3CH,C1"*., thus ‘thb ylid ion structure,
CHaCHCIH' "+ is 6120 kJ mol~1 more stable than its isomer CHaCIlCH" -

TABLE 6-11 Heat of Formation of CH3CHXH'*.

X AE AHg° [XCHoCHzCOOH]  AHg°[CO:] AHg® [ClIaCHRH]T
cl ' 10.72eV -477 kJ mol”™! =393 kJ mol”! 951 kJ mol~!
Br  10.70eV  -431 kJ mol™? " 995 kJ mol~?

'
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The adiabatic appearance energy for the bromo analopue has been measured,
10.70z0.05eV. With a AHf°[CN3CHBrCOOHJ of -431 kJ mol~ !, the heat of
formation for the ylid ion, CH-CHBrH" '+ is calculated to he 995 KJ mol 1,

also 63+20 kJ mol”! more stable than its ylid isomer CH BrCH Y ' e,

4w

19 oV
‘ %.23 %-29 g s 30
CHaCHCH T _ CHaCHELDT
Figure 6.13 Metastable peak shapes observed lor the unlabelled and
labelled ylid ions, CHsCHCHT™+ and CICHCID" - respectively.
TABLE G6-12 CHaCHC1™*+ Metastable Characteristics
m/z pPeak Shape Tg.:x
CHsCHCIW - S [Calis]™- 28 Composite -Narrow  ~11 meV
* -Broad ~  ~300 meV
S [CaHs]Y 29 Gaussian 14 meV
CHsCHCID'*+ 3 [CoHal': 28 - v.weak
2 [coDHs1*- 29 Composite ~Narrow ~30 meV
" -Broad ~340 meV
= [CaDH4)* 30 ' Gaussian 19 mcV

: !
CH.CHCIH'*- undergoes metastable loss of Cl- and MNCl, as ontlined in

Table 6-12, and illustrated in [rfigure (6.13). These values follow a
similar pattern as the half-height widths of the metastable peaks
associated with CHsCICHz**+. Thus the composite nature of the [C2Halt
metastable peak from the ylid ien CH,CHC1H* "+ "is, as for CHaClCH' "+,
proposed to result from the generation of both CH,CH "+ and CHLCH T ..
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Theretore, as illustrated in figure (6.20) In 6.2.V, the broad component
results from the formation of the ethylene radical cation well above its
thermodynamic threshold, while the nparrow component corresponds to the

near threshold formation of CHaCHY ' ..

It is possible that the {CoH:]"- isomeric ions are formed via a common
transition state, Semi-empirical molecular orbital calculations using
Dewar's MNDO procedure (141), suggested two reasonable transitlions states
Illustratec¢ below, TS, and TS (57)., of which the energetically less

favored species. TSz, is of interest here.

* o '—"ri: X
S H
Cl NH
TS (1088 wmes) TS5 (uz2 kjma)

Fipure 6.14 Possible transition states for the generation of
[Cotts ] from [C2HsCl }*' . and their calculated heats of formation,
(15).

Vvia this latter intermediate, both [Cola]*+ isomers may be produced,
CHCcH**. 4+ HCY near the estimated thermodynanic threshold of ~1063
kJ mol™t., and CHsCH-'*- with a large excess energy. The loss of Cl-,
observed In both ylid isomers, is not expected to proceed via TS2. The
kinetic energy release associated with this loss would be far greater
than the wvalue implied by the measuréd To.s values of 14 and 2Tmev for
CHsCICH." "+ and CHsCHCIH'*+ respectively. Moreover the intensity ratio
for C]-:HQ] loss in the two ylid species is significantly different.
That losslof Cl: and HCl cohpete thermodynamically on the metastable time
{rame, andlthat'tﬁe measured appéarance energies for these processes are
similar (5%). would however suggest that the transition states for these

¢ processes aie not too widely different in energy.

The MI.massﬁspectrum‘of'the labelled species, CHaCHCID *., from
CH;CHCICOOD. is in good agreement with thé earlier investigation (87).
The measured To.s values are given in Table 6-12. Very little loss of

DCY via direct fragmentation, was observed in the MI mass spectrum.
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The metastable processes of the bromo analogue, CH;CHBrH® P+, tnvoeive the
loss of Br- and HBr., in an intensity ratio of ~40:1, as expected from the

higher energy level associated wit't the formation of CH:CH," "+ and UBr.

TABLE 6-13 CHaCHBrH . Metastable Characteristics

m/z Peak_Shape Tg.x

- *
CH;CHBrH™ ¥+ = [CaH:1"- 28 Gaussian 12 mev
-~ [CcpHs] - 29 Gaussian 24 meV

Despite the similar MI intensity ratios for CH3CHBFH“+- and CH3BPCHgﬁ+°,
the Ty.s values are distinctly different. and thus interconversion of
these species, even at the higher internal energies assoclated with
metastable lons. does not occur.

The ceollision induced dissociation mﬁss spectra of the cHcnxit '
species, for both chlorine and bromine are illustrated in figures (6.15)
and (6.16). These species generate several unique features jnc;udlng.
domination of the C; cluster by m/z=28, greater relativelintcnsity of
X"+ with respect to x*. near absence of the CH2X+ fragment, and very
intense charge stripping peaks.

The base peaks in the CS mass spectra for the chloro and bromo analogues,
in Table (6-16), correspond to the undissociated doubly charged specles,
[CoHsX]2*, in both cases. Whereas the absolute intensities of the CS
spectra for the two ylid Iisomers are ﬁidely different, the pe]atjve
intensities of the peaks themselves are quite similar. The very weak CS
peaks observed in the CID of CH3XCHz "+ may well result from the presence
of trace CHgCHXH‘*- species, not unrcalistic in the light of the similar
unimolecular characteristics and proposed common transition state for
metastable formation of m/z=28, the dissociation of lowest energy
requirement.
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6.2.1v CHZQHEXH+- A Distonic Isomer

No positive results for the generation of distonic isomers, CHaCHzX

+
H™.,
have been reported.

The possible generation of CHaCHo2CIH* T+ by loss of
€0, from lonized 2-chloropropanoic acid was ruled out via deuterium and

.13 labelling studies (57). Also, further potential precursors were

“investipgated via the following processes below (57);

i. CICH2CH,CO0H =~ [CaHsC1]%+ + CcO, '
ii. CICHaCH,CH,0H -~ [CaHsC1]'- + CH:0
iii. CICH,CH,OCHO = [C,HsC1]T. + CO:
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but of the above precursors noene were reported to generate a [CoHC1]" -

jon on electron impact excitation. Closer analysis has found otherwise.

small, but reproducibly significant signals, ~1% aof the base prak
(m/z=58, and m/z=31 respectively) corresponding to the [C,\I15X]'~
species, for X=35¢1(37Cl) and 79Br(2iBr), were observed in the EI mass
spectra of ClCH,CH,CH:0H and BrCH-CHLCI,0H, A very weak siynal for the
fluoro analogue is present in the EI mass spectrun of FCH2CH,CH:0H.
Based on the unique MI, CID, and CS mass spectra of these ions, a fourth
stable isomer of the [(:eusx}*- system is believed to have been prenerated,
the distonic radical cation CH,CH XH'™-.

AHg® [CH,CH,XH]" -
Due to their relatively low intensity, appearance energies and thus
experimentally derived heats of formation, were unobtainable for these
[CoHsX} - distonic jons derived from 3-fluoro, 3-chlore amnd 3-bromo-
propanol. Two very recent theoretical analyses of these "protonnted -
halogenoethyl radicals” of fluorine and chlorine have however, becn
reported (130,132).
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Figure 6.17 Geometry optimized strctures of the rluoro and chloro
distonic radical cations, and their bridged counterparts {130,132},
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Geowetry optimisavions with the 6-31G* basis set followed by single point
MP2/6-316G*% energy calceulations predict that the bridged structures of the
fluore and chloro ions. la.b and 2a.b, are clearly bound, relative to the
cthylene radiecal cation and the appropriate hydrogen halide neutral.

The distonic species, lc¢ and 2¢, however are predicted to be 94 and 44
kJ mol ) Jess stable than their assymetrically bridged isomers. as well
as 10 and 15 kJ mol 1 above the threshold energy for C3H¢+- + HX forma-
tlan (130).

Bused on these caleulations (130), the stable, [CaHSX]*- radical cations
penerated from 3-fluoropropanol and 3-chloropropanol may well be of the
nonclassical form depicted in 2 or b, The bridged forms of [C2H5Fj+- are
predicted to be 125 kJ mol~t more stable than the conventloual ethyl-
f1noride ion, while for chlorine, 2a and b show a stability which is
slightly less than that of the ethylchloride ion. Another recent
theoretical Investigation, invelving 3-21G6¥ optimized structures and
MP2/G-31G*% calculated total energies., of a wide collection of distonic
and convenlional radical cations, report the CHa2CH2FHY+, 3, and -
Cliscl,cHft e, 4, distenic lons to be 74 and 15 kJ mol~! more stable than

their conventional counterparts (132).

TABLE 6-14 Heat of Formation of CHaCHXIN*-.

Relative Energies AHg° [CH2CHaXH]Y -
£
[CaHal" + WF o
la -54 kJ mol"1 1 \ 748 kJ mo) ~}
1b -54 kJ mol™?! : Y 748 kJ mol”l
lc 40 kJ mol~l 3 842 kJ mol~!
[Caltg]®e + HCL 0
2a -29 kJ mol~! 1 954 kJ mol™d
2h -22 kJ mol”l 1 961 kJ mol~!
2¢ 15 kJ mol~1 1 998 kJ mol™!
ClisCH,F *» 0
3 -74 kJ mol”l 2 799 kJ mol~!
CHsCH,CIM Y- 0 - -
3 -15 kJ mo1”! 2 935 kJ mol~!
TRef 130 MP2/6-31G*//6-31G¥
2Ref 132 MP2/6-31G*//3-21G*



CH.CH,FH *-
Due to the low intensity of the mass selected beam in the case of the
fluorine analogue, analysis of the metastahle processes cauld not be done
under conditions of high encrgy tesolution. Significantly intense peaks
at both m/z=47 and m/z=16, as observed in the MI of ethylfluoride, are
generated, but a third peak is alse seen. A broad peak, the Tg.s value
set at approximately 600meV, corresponds to loss of HF. Corvection lor
13¢ contribution, from the metastable loss of UF [rom m/ z=d47, Is neces-
sary but accounts for no more than 30% of the observed peak Intensity.
Due to the large cross-section for its generation vian collision, as
indicated by the CID illustrated in figure (6.18), some may also be duoe
to residual collision gas pressures, however the breadth of this peak Is
quite uncharacteristically wide for a c¢collision induced process.
Therefor:. the loss of HF is concluded to occur in the metastable time
frame. This is far from unexpected, energetlically: generation of
ethylene radical cation (AHg®=1075 kJ mol~l {138)} and hydrogenlluoride
(AHp®=-273.3 kJ mo1~1 (138)) is at 802 klJ mot~}, and as depivted in
Figure (6.1), is the luowest calculated threshold for dissociation of the
C.HsF system. On the other hand, no metastable generation of Calla®e is
observed for the molecular ion of ethylflueride, and even by collislon
induced dissociationvthis process is a very minor one. Tt is therefore
quite likely that the loss of HF is not favored kinetically, i.e. Its
k{E} versus E curve rises less steeply than that for loss of H: {a
similar argument has been used for the metastable loss of Cl; versus CHy
from simple ketone molecular lons, {143)). That the process Is meta-
stable, albeit weakly, for the distonic specles may well be explained on
the grounds that unlike ethylfluoride, loss of HF may proceed via direct
bond cleavage. As illustrated in figure 3.2, relatively steeper slopes
for the k(E} wversus E curves are nbseryed for dissocliations via direct

cleavage than those involving rearrangement.

The CID mass spectrum of the distonic fon, CHCHFH'™-, contains features
uﬁlquely. and predictably characteristic of the proposed distonic
structure. The significant peaks corresponding to CH,"* and HF*., and the
intense m/z=28, are at once very uncharacteristic of ethylfluoride and
easily attributed to the distonic form.
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CH2CH,CIN'*+ and CH2CH:Bri**-
The [CallsC1]7+ species generated from 3-chloropropanol produce no intense
metastable peaks; under conditions of maximum gain no more than a
'pesidual CID' is produced. The generation of ethylene radical cation
may be weakly unimolecular but the' low intensity of the main beam does
not allow for a realistic search for this process in the first field free
reglon of elther the VG ZAB-2F or MS-902S. This species is therefore,
yuite separate from its ylidic Isomers in the absence of any significant
metastable loss of Cle. The brome anaiogue on the other hand does
wndergo the metastable loss of halogen, to give a very harrow, Gaussian
shaped peak with a corresponding To.s~TmeV, but no metastable loss of HBr

Is observed.

The chlore and bromn analopues also generate CID mass spectra containing
features predictably characteristic of the proposed distonic structure,
CH.CH.XH' "+, as illustrated in figures (6.19) and (6.20). The lack of
intensity at m/z=15 indicates the absence of the structural unit CHj.
The dominance of m/z=28 and near lack of m/z=29 is indicative of C,H; in
the chlorine compound, while the minor intensity of m/2=29 in the bromine
compound, after correcting for the metastable process, points to an
inability to gencrate the [C.Hs]" species by direct cleavage. As well,
the ﬁk*- fragment is of significantly éreater intensity than that of x*.
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Figure 6.19 The CID mass
spectrum of CHyCHCHT ™+
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The charge stripping mass spectra of the chloro and bromo species, refer

to Table (6-16), are of intermediate intensity, and the base peaks

correspond in both cases to the undissociated,

M*2*: it is unlikely that

these signals result from trace impurities of another lIsomer {consider

the intensity and characteristic pattern of the CS spectra}.
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Based on the dissociation characteristivs of these [C.H5X1 "+ (X=F.Cl,Br)
however, assignment of either the distenie, +CH:CH:-XH, or nonclassical,
bridged stracture is equally valid, For the sake of simplicity alone,
these species have been represented by the distonic structure, and

labolled as such in the figures and tables.

6.2.V Summary of the Ylid and Distonic Species, [CaHsX]T -
Rearrangement-cum-fragmentation processes generate the CHgXCH3*+- and
CH2CHSH® Y- ylid species for X=Cl,Br, and the distonic species,
CH,CH,XH™ "« are proposcd to be generated for X=F.Cl,Br. No iocdo distonic
species have been observed, preferred loss of the relatively weakly
bonded [+ from the moleccular jons of the selected iodo precursors
preclionde their formation. The AHg® values of these unconventional
species, as obtajned by experiment in the case of the ylid species, and
the theoretical values calculated for the distonic ions (for X=F,Cl). are

summarized in Table G6-15.

TABLE 6-15 leat of Formation of the [CpHsX]+ Isomers (kJ mol'l)

X CHaCHoN" " - CHaXCH* Y CHaCHXW'*+© CHaCHaXH'™-
¥ 873 748-8423
cl , 950 1012 951 935-9981
Br 930 1058 995

1Refer to Table G-14

The ylidions are in general higher in energy than their conventional
counterparts, but are\guite stable with respect to isomerization. The
distonic isomers are predicted to be the most stable of the unconven-—

tional species.

Tie metastable processes observed for the isomers of the ethylchloride
and ethylbromide radical ion are illustrated scheﬁatically in figures
(6.21) and (6.22).: The [C2HsX]"+ isomers which have been characterized,
generate, unique and distinguishable MI as well as CID mass spectra. Thus
all are stable with respect to unimolecular rearrangement, with the
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proposed exceptjon uof the two ylid [CZHSCI]*- species, as discusscd

section IV, Unlike their conventional counterparts, the yllid

distonic radical cations, for X=Cl.Br, gencrate [CaHisN]7 " dications which

dominate their respective CS spectra as observed in Table 6 16.

_ u o 1063 CHiCHT™ + Hel
/ \ . 4030 CHyCHAI -CU
ﬁ
1012
CHaCICH,
983 cuacu AH « HEL
244
051 ,
CHaCHLIHT CH3CH2 oot

Figure 6.21 The proposed metastable processes and measured To.g
values for the [CiHsCl J** isomers, note CH. CH;C.H?‘ « has no observ-
able MI mass spectrum.

| 12
1058 Co
CHaBrCH, AN - 1039 CHCHRIY + HEr

f \-~ 1025 CH_._’CHEI* ~ Br*
%U-lﬁrH +' / |

mawaw_fﬁ‘.

-0
CHaCHB rlt-

Figure 6.22 The metastable processes and To.s values observed for
the [ CoHsBr]™" isomers.

and
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The: very low intensity of the CH.XCH," 7+ €S spectra and close similarity
to the surprisingly intense CS mass spectra of CH;CHXH *+ bas led to the
eonclusion that doubly charged CH.XCH,' 27 are not produced, and that
stiable dieastions are observed only whepe the divalent halepen atom is
asymetrieally bonded, f.e. to hydrogen and carbon, in keeping with the

wiell known stability of the CH.XH' 27 species.

TABLE 6-16 Charge Stripping Mass Spectra of the Distanic lons

Ylidion M2t [M-1]2%  [M-2]2% [M-3]27 A
CHACICH,Y - 100 17 2 4 1/1000
ClisBret” . ~100 - - - 1/1000
CHLCHCLI ©- 100 14 1 3 1/1
CH3CHBrH™ "+ 100 13 3 2 171
CH2CHLCI T 100 36 44 2 1/50
CHaClH, B e 100 19 18 2 1/50

A = Approximate intensity of CS peaks with respect to CID peaks
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S. 3 The Neutral viide and Distonic
Species

The range of gas phase investigalions now possible via mass spectrometry
has been enlarged to include analysis of an jon's neutral counterpirt,
via the recently introduced technique of neutralization-reionization mass
spectrometry, as detailed in chapter 4. The neutral counterparts of the
stable ylid and distonic ions described above. unlike their conventional
jgomeric neutrals, are believed to be unstable, and thus particularly
suited for such an examination by NRMS. Examination of Lhe neutral
ethylhalides via NRMS has also been included, to present h complete
picture and allow comparative analyses by establishing reference spectra.
Theoretical calculations to establish the heats of formation of the
unconventional neutrals will no doubt be performed in the necar future,
but at present neither experimental nor theoretical data assoclated with

these species have been reported.

6.3.1 CH3CH:X The Conventional Neutral
Ethylhalide radical cations are produced by electron imﬁact. directly,
unrearranged, from their stable, neutral counterparts. Excitation of
these neutrals via electron impact'is'similnf. as discussed In chapter
4.7, to the excitation of fast neutrals via cnllisibnal excitation with
target gas. Such fast neutrals are formed by collision induced charge
exchange of mass selected 1055. and their subseguent collision induced
dissociative reionization constitutes an NR mass spectrum. Thus, for
neutral species which are stable to fFormation . by collisional charge
exchange, the NR mass spectra of the cations are expected to be similar
to the cprresponding EI mass spectra. Moreover, the close resemblence of
the EI and CID mass spectra of the ethylhalides allows comparison of the
CID and NR mass spectra. Where extensive isomerization does not occur,
the CID and NR mass spectra are expected to be similar. This is indeed
observed for all the ethylhalides, as a comparison of their respective
CID and NRMS illustrate. The NR mass spectra, [figures {6.23-6.26), are

presented alongside the respective CID mass spectra, introduced earlier.
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In the case of ethylfluoride, barring the lack of a recovered M-
species, which will he discussed below, the CID and NR mass spectra are
nearly identical.  In the NRMS of the ethylchloride, bromide and iodide.
there ace some minor discrepancies: Although the spectra clearly point
to i common peometry for iomn and neutral, there are slight but increasing
differences in relative intensities of fragment peaks from the CID to NR
mass spectra. Increased intensity of the halogen ion, x*, and reduced
intensity of the peaks corresponding to m/z=26-29 is observed In the
NRMS., the differences becoming more gignificant from the chloro, to
bhrome, to the lodo analegue. Partial dissociation of the necutral prior

to reivnization, i.c.

CH3CHX [CaHs)e + X- : eq. (6.8a)

[CoHa] + HX eq. (6.8b)

XXX ]

would result in increased fragment intensities of X+, HX*-, [C.Hs]T- and
[C2lis]" upon rcionization. That process (6.8a) is increusingly favored
for the larger halides may well be accounted for by the corresponding
reduction In energy requirement for the homolytic R-X bond cleavage of
the aeutral. Moreover this halogen loss becomes increasingly competitive
with the process for HX loss as X=Cl-Br-+I, and fdr ethyliodide, only

reionized I« is observed.

TABLE 6-17 Homolytic Bond Cleavage versus Loss of HX

pn

‘X . D{R-X}3= E,(HX)?
increasing
_ relative - cl- 330 243
intensity Br ' 272 222

of X I 218 213
in NRMS

r

1 llomolytic bond cleavage for the ethyl halides, kJ mol™* (144)
2 pctivation energy for HX loss from ethyl halides, kJ mol~% (144}

However, as strikingly observed in the NRMS of ethyl iodide, the dissoc-
iation process in eq.(6.8a)} does not result in a similarly intensgtpeak
at m/z=29. The reduced intensity associated with the lower masses is
accounted for by the lower translétional'energies (9).  In the case of
ethyl Jjodide, [Cgﬂsl- has a translational cnergy of only [(29/156)-8eV =
1.5eV] while that of the I- [(127/156):8eV = 6.5ev].
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The relatively intense peak corresponding to the regenerated molecular
radical cation. is a striking feature prescut in all but ethylfluoride.
These survivors are indicative of the stability of the uneutral, C,HsX.
with respect to vertical neutralization of its corresponding radical
cation. They also indicate that the cation, [cgusx]*-. is sulficiently
stable to vertical reionization, i.e. that not all those produced,
dissociate on collision with the reionizing target gas. The neantreal
species generated by vertical neutralization of the cthylchloride,
bromide. and iodide molecular ions, are concluded to be of the cthyl-

halide form and stable with respect to dissociation or rearrangement.

The absence of molecular ions in the NR mass spectrum of ethylfluoride,
after correcting for a significant 33C contribution from m/z=47, is not
unexpected. Collisional charge exchange must generate a significant [lux
of neutrals, as indicated by the intensity of the NR mass spectrum. As
well, these neutrals ﬁust be stable and of the ethylflluoride structure, a
conclusion drawn from the close similarity of the CID and NR mass
spectra. However vertical ionization of neutral ethylfluoride, as scen
in the EI mass spectrum -of CH3CH:F, and indicated by the large discrep-
ancy in vertical and adiabatic IE values, produces excited molechlur
ions. a great majority cf which have sufticient energy to undergoe
fragmentation. Thus it is the instability of the cthylflurride molecular
ion following verticallformation. not that of its neutral counterpart,
" which results in an absence of m/z=48 survivors in the NRMS. Conversely.
the absence of [CaHsF]T+ survivors in the NRMS of ethylfluoride shows
that collisional reionization is a strongly vertical process (compare the

relative intensities of m/z=47 and m/2=48 in the EI and NR mass spectra).

6.3.1I CH.XCH, A Neutral Ylide
Reported or1g1nally to have been formed as intermediateb in solution
chemistry, isolation of the distonic neutral species CH;hCHg (X=Br,J) was
unsuccessful (133). Ab initio molecular orbital theory calculations of
the neutral distonic hydrogen analogues EH;&H. X=F,C1,0H,SH,NH,,PH,, as
well, indicate an instability with respect to rearrangeﬁent and/or
dissociation (120). Thus, neutralization of the stable distonic radical

cations, CH3§5H2 (X=C1,Br), via collisional charge exchange Is expected
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to penerabe unstable neatral counterparts.

ot
Fipure 6,27 The 8¢ mass
specteun of [CHLCICH ]
CICH,’
\ ek
y p. —
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B
Fignre 6.28 The NR mdu.-.
spectrum of CHyBrCHy'
ey vt
A y.

The NR mass spectra of CHJCICH T+ and CHsBrCH* '+, illustrated in
figures (6.27) 'md (6.28), support this propesal explicitly, the spectra
are composed entirely of fragmeunt ions, no [Cal{5}21+- survivors of even
their hydrogen loss species are observed. This absence of survivors,
wnlike the ethylfluoride case, results from the instability of the
neutral. The distonic ion is believed to be sufficiently stable to be
"1*egene1;ated" vertically, the EI mass spectrum of the precursors,
NCH:COOCH,;, sport relatively intense signalsﬁ corresponding to the
CHaNCH:*- radmrl ions, produced under non—threshold energy conditions.
Also. the NR mass spectra indicate that the CHs\CHz neutral, unstable

with respect to dissociation, does not however, undergo, rearrangement
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prior to fragmentation. The fragment ions are characteristic of the
CH;?EH-_: vlid structure, note specifically the absence of any O Urapments
(indicative of a €-C bond), and the very similar intensity of the CH.NT
and CHaX 7+ fragments. The significantly increased intensily of the
CH5N" ™« fragment from the CID to the NR spectrum of ClSCICH," " and
CH3BrCH; ~+ may be explained on the basis of thermochenistry.  The loss
of CHj+ is very energetically lavoured over the loss of CHs in the ionic
species. This wide discrepancy however, favouring CH; loss, Is lost In

the neutral species, as outlined in Table (6-18}.

TABLE 6~18 CHz Versus CHas- Loss

EAHf° of Products

Precursor Products Neutral/Neutal Tan/Neutal
CH,CICHs CH2Cl + CHs 257 kJ mol~1 1092 kJ mol™1
CH,C1 + CH, 311 kJ mol™1 1406_kJ mol~?
A TAHge 54 314
CHsBrCHa CHaBr + CHj 312 kJ moi~? 1129 kJ mo!™?
CHaBr * CH, 357 kJ mot~! 1389 _kJ mol~?
A TAHp® 45 260

MM [CHoCL-J= 12535 kJ mol 1, and Al p°[CHBr-]=1705 kJ mol § (145)

Neutralization-reionization may provide a good alternative means of
structure assignment, as strikingly (llustrated in the case of thesc
distonic radical cations. Thus. when direct analysis of the fon itselfF
proves inconclusive, NRMS, not CcID, may be the analytical technique ol
choice. Positive assignment of the distonic structure, due to the
similarities of the CID spectra for CHsCH.CI™ %+ and CHsCICH,'”-, neces-
sitated labelling studies (127). The NR mass spectra of these isomers
however are conclusive in themselves. '

6.3.1I1 CH.CHKH A Second Neutral Yiide |
The neutral species CH3§H§H, X=C1,Br. have not been Jinvestigated theor-
etically in terms of their relative stability towards rearrangemenF or
dissociation, however in light of the NRMS results reported here, it may
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be of eonsiderable interest to do so. The hydrogen analogue of the
chioro species, EH;FIH. which has been well investigated via theory as
wiell s NEMS. has itself been the subject of some controversy. Must
recent ab Initie caleulations (120) have placed the heat of formation of
this neuatral 429 klJ mol” ! above CH-C1. with a bond energy of just 1
k) mol ! with respeet to CHz(*A;) - HCL. Based on the experimental
observation of sarvivers in the NRMS, a stable species had been proposed
(80]. Most recent experimental investigations however. contend that the
neutral ylide is indeed unstable. The observed survivers in the NRMS of
CH.CIH. alter correcting for *3C contributions have heen shown to result

from a small but significant flux of CH,C1 "+ from the ion source (146G).

*
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Unlike the CH;§6H: ylide. complete decomposition of the PHJFH§H neutrals
is not observed in their neutralization-reionization mass spectra: note
for instance the intensity of the hydrogen loss species, Sipnificant
similarities are observed on comparison of the CID and NR muss spectra in
figures (6.29) and (6.30). Coupled with a lack of increased intensity
for peaks characteristic of other isomeric species. i.e. Calist', CHoX"',
it is concluded that significant rearrangement of the neutral, oncee
formed., does not occur prior tu dissociation. Therefore the neutral
yviide, CH;EH§H. for N=Cl,Br, must not be compietely decomposed on the
mass spectrometric time scale with respect to its f(ormation wvia non-

resonant collision induced charge exchange.

This belief may be underlined by the observation of weak but significant
intensities of [Ca2HsX]"+ survivors in the 3C corrected NRMS. As was
argued for EH;E]H. these survivors may not be of the CHQEH§H structure.
In the case of EHZEIH. the very characteristic charge stripping pcaks
associated with CHaC1¥+ rather than CH:ClH". were observed under condi-
tions of high gain in the NR mass spectrum, pointing to a survivor qf'
conventional structure (48). No such CS spectra are observed in the NRMS
of eifher CH30HCIH1+- or CUsCHBrH'*. under conditions of maximum gain,
due to either the low intensity of the recovered [CEH5X]+- éhecies and/or
the very weak CS$ spectrum associated with CHLCHX''-. However, unlike
its hydrogen analogue, the observed "survivors” cannot be attributed Lo a
small but significant flux of the conventional isomer. The‘very low
intensity observed for the [C2Hs]* and XCHp' fragments argue apainst any
contribution from CH3CH2C1**+ and CHaCHeBr'*: in the NRMS of ClaCHCIIN ™.
and CHiCHBrH'™. respectively.

6.3.IV  CH.CH,XH A Distonic Neutral
'As discussed in section 6.2.1V, the stable cuzcugxu‘*q distonic isomers
of ethylfluoride, chloride and bromide are believed to have bheen
produced, albeit in small intenggty. as shown by their respective,
characteristic CID mass spectra. Only the chloro and the bromo deriva-
tives, generate sufficient flux for observation of their NR mass spectra
under: present conditions, the latter requiring use of the mpltiscan

signal averaging program, ZABCAT ({50). The NR mass spectra of the
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distonic jous CH:CH,CIH'"- and CH,CH.BrH ~- In [figures (6.31) and (6.32).
{1Instrite what appears tu be an unexpected stability of their distonic

neutral countoerpart.
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There is a good similarity bLetween the CID and NRMS of these distonic
species, greater than for either of the yvlid isomers, although some
dissuciation of the neutral must occur as may be concluded from the
larger relative intensity of HxY.. The less intense, slightly asymmetri-
cal peaks which are observed to flank that of HX*. in figures {6.31)‘\and
{6.32), are also present in the CID mass spectra. They do not correspond
to exact mass units, and thus must result from a composite HX*- peak.
Observed previously for the It peék in the CID of CHgI'”'- (147), the
explanation for this pattern was considered to be that formation of the
ion occurs frqm two isolated electronic states.



131
The intensity of recovered [C:HgX] + species is. however, the most
surprising. rivalling the recovery observed in the NRMS of the well
known, stable neutrals, ethylchloride and bromide. This intensity is not
due to :3C contributions. nor can it be explained in terms of a ‘distonic
to conventional ion' rearrangement. Again, the very low intensity of the
[C2Hs]* and CHeN" fragments observed in the NRMS of the distonlc ions
rule out any contribution to M™. from the respective ethylhalides. The
distonic ncutral. CH:CH:XH. for the cascs observed X=Cl,Br, appears to be
of considerable stability to unimolecular rearrangement or dissociation,
Based on the structure of the distonic radiecal cation, for which several
variations have been propesed in the case of {luorine and chlorine.

section 6.2.IV, the actual structure of the neutral counterpart is
speculative.

6.3.V Summary of the neutral Ylide and Distonic Speclies
Neutral counterparts of distonic ions are helieved to be unstable. This
has been underiined by the reaction of the stable ylidion, CHaXCli" * -,
to neutralization. However, the neutral countarparts of the ylid and
distonic ions, CHs;CHXH''. and CH,CH.XH'*+ respectively, bchaved contrary

to expectations.

The ethylhalide molecular ions generate NRMS which are very similar to
their EI and CID mass spectra, and with the exception of X=F, contaln an
intense, recovered molecular ion. All indicate stability of the neutral
counterpart towards deccmposition and isomerization, The lack of
"gurvivors" in the NRMS of ethylfluoride has been attributed, not to the
instability of the neutral, but rather to fragmentation 6n subséquent
collisional reionization.

The neutrals of the CH3XCH,." ™. ylidions (for X=Cl,Br) are concluded to be
unstable.'as expected. The NR mass spectra are composed entirely of
fragment ions, all neutrals generated ' by charge exchange In cell 1
‘fragment before they can be reionizéd in cell 2. The NRMS of these
ylidions however, remain very‘structure spgcific. and are, in fact, more

so than their corresponding CID mass spectra. : -
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The unconventional ions. CHoCHXH T+ and CH:CHpXH '+ (for X=Cl,Br),
contrary to expeetations, generate NR mass spectra which are not composed
entirely of fragment ions but which are similar to their CID mass
speetra,  Attributed to the stability of the ncutrals, this conclusion is
underlined by the intensity of the recovered [CaHeX]T ions. These
mcurvivers® are acceunted for by neither *3C contributions nor an
interfering flux of the conventional isomer. And thus, without evidence
to the contrary, the distonic neutrals CH;EH§H and EH;CH;EH are proposed

to he stable,



Experimental Section

The metastable and collisien induced dissociative processes wore recorded on the
Vacuum Generators ZAB-2F described in section 2.2.1. A 100 pA clectron beam af
70eV ionising energy was used. The ion source temperature was 200°¢ and the
accelerating voltage was set at 8keV. Except for metastable peak shapes and the
respective Ty.s5 values, all experimental work was done with the resolving slits

fully open, under conditions of minimal energy resolution. The EI source slit
only was used.

The origin of the observed metastable peaks were tested by; an analysls of the
intensity reduction of the peak and the main beam as the magnet is of ftuned, aud
an analysis of the separation of processes occuring inside and ountside the
collision cell under CID conditions. Once established as metastable, the peak
shapes were recorded under conditions of high energy resolution, and the To.s
values obtained.

The CID mass spectra were obtained using 0, as the collision gas in the second
cell, at an indicated pressure of 1.5%10-7 torr, corvesponding to ~90% transmis-
sion. Wherc applicable, the CID mass spectra were corrected for contributions
from metastable processes. By floating the second cell at a voltage (bhetween
+500 and -500eV), the metastable contribution is semi-quantitatively isoloted.
Those peaks marked by * in the illustrated CID mass spectra have been corrected
for their metastable contributions. Corrections for [*3CCHsF]* were also
required in the CID of [C,HsF]" from ethylfluoride.

0: has been labelled a "soft™ target gas and its use has led to an optimal
generation of doubly charged species. The charge stripping mass spectra are
recorded under conditions applicable to CID, but where necessary, under in-
creased gain.

Neutralization-reionization mass spectra have been recorded under the following
standard conditions. Oxygen is admitted, maintaining a constant pressure
reading of 1.5x10-7 torr, to the second cell. A voltage of 1700eV is applied to
the deflector electrode. Xenon is introduced into the first collision cell to a
pressure reading on the first ionization gauge of 3.5x10-% torr. This pressurc
reading for Xe is consistent with ~90% transmission of the beam through cell 1.
By floating cell 1 at a voltage (between +500 and -500eV), separation of the
neutral fragments generated metastably, prior to the cell, may be made. Those
peaks in the NRMS, marked by * have been corrected for metastable contributions.
The separation obtained for cell 1 is less accurate and account had to be taken
of the signicant percentage (~25%) of collision processes oceuring outside the

cell. Those peaks marked by + required correction for significant 13C contribu-
tions.

The GEC-AEI MS-902S allowed the appearance energy of the {CzﬂsF]*- fragment from
methyl fluoroacetate to be measured, via comparison with the reference meta-
stable loss of methyl from diethyl ether. The mgtastable characteristics of the

[C:HsBr]™+ fragment ion from methyl bromoacetate were also investigated In the
first field free region. :

All ionization and appearance energy measurements of source generated species,
not referenced otherwise, were recorded by Dr. F.P. Lossing, via the electron
energy selecting mass spectrometer described in section 2.2.1II.
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The majority of the chemicals used were obtained commercially of research grade

mirity, and used without further purification. FCH,CH,CH:0H was preparcd by Dr.

J.M. Buscheck via 3-Chlore-1-propanol, anhydrous KF and ethylene glycol, (F.W.

Hof fmant, .J. Org. Chem.. 15, 425. 1950 ), and purified by GC. CIlCH,CO0CD, was

prepared via the microscale esterification of CICH,COOH with CD,0D. CH3CHC1COOD
was obtained within the jon source via hydrogen/deuterium exchange with D;0, and

the [CoH:D?7C1] species at m/z=67, a mass to charge ratio not observed in the

unlabelled species, was mass selected. Hydrogen/Deuterium exchange was similar-

1y pursued for generation of FCH.CH.CII,0D. however, unavoidable interferences:
from the unlabelled precursor allowed for comparative analyses only. Signal

averaging was required only for the very weak spectra, the NRMS of the [C2H5X]+-

species penerated from ClICHCHCHR0H and BrCH,CHoCH,0H. and in the 13C correc-

tion of the CS and NR mass spectra of the latter.
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