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ABSTRACT

THE STUDY OF ORGANIC ION/MOLECULE REACTIONS BY
TRIPLE QUADRUPOLE MASS SPECTROMETRY

By
Gregory G. Dolnikowski

Ion/molecule reactions in the gas phase, some of which

are analogous to those that occur in solution, are
intrinsically interesting because they facilitate studies of
chemical systems unobstructed by solvent effects. These
same reactions also may be useful analytically as chemical
probes for specific structural features in analytes of
unknown structure. The triple quadrupole mass spectrometer
(TQMS) is a versatile and sensitive instrument for observing
ion/molecule reactions that occur in its ion source and
collision chamber. Both the collision chamber and the ion
source are necessary for a complete study of an ion/molecule
reaction because each provides different and complementary
information.

Since ion/molecule reactions in the collision chamber
have usually had low yields of products due to insufficient
interaction time between ions and molecules, an ion-trapping
technique has been devised which greatly increases the
interaction time. This technique yields results that are
similar to double resonance techniques in ion cyclotron

resonance spectrometry in that one can select a reagent ion,

Store it in the presence of reactive molecules, and detect



the product ions. However, the TQMS operates under a wider

range of pressures than the ICR can, and can employ many

more ionization methods. The ion-trapping technique in the

TQMS enhances the observed yield of product ions, increases

the signal-to-noise ratio of stable product ions, yields

product ions that would otherwise not be observed, and

decreases the need for high pressures of reactive gases.

The reactions studied in the TQMS included the

reactions of methanol with protonated aldehydes, protonated

acids, protonated esters, protonated alcohols, aromatic

ions, and an anionic aromatic heterocycle. Also studied

were the self-condensation and mixed condensation reactions

of aldehydes, ketones, esters, and acids; the condensation

reactions in aromatic systems; and ion/molecule reactions

which occur in the FAB process. In addiéioﬁ, a computerized

ion-trapped multiple reaction monitoring reaction technique

was developed for selective detection of chromatographic

eluents by means of ion/molecule reactions.



. .+ . [Blecause the bonds between the
atoms differ and matter itself |is
eternal, a thing remains with its body
uninjured until assailed by a force
whose keenness is a match for its own
structure. Therefore no thing is
reduced to nothing, but all things when
destroyed change back into particles of

matter.
De rerum natura, II, 244-49

Lucretius -1st century B. C.
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CHAPTER I.

INTRODUCTION AND OBJECTIVES
A. Tandem Mass Spectrometry (MS/MS)
1. Introduction

Tandem mass spectrometry (MS/MS) 1is a powerful new analytical
technique that has a wide variety of chemical, biomedical, and
environmental applications. MS/MS consists of two or more sequential
mass spectrometric steps. Most often this is accomplished with a series
of two or more mass spectrometers linked with one or more collision

chambers. A block diagram of a typical MS/MS is shown in Figure 1.
2. MS/MS Ion Sources

The sample to be studied by MS/MS can be introduced into the ion
source of the instrument by any of several methods. These include

direct insertion probe (DIP) (1), gas chromatography (GC) (2,3), and

liquid chromatography (LC) (4,5). The ion source can produce ions by
any of numerous methods including electron ionization (EI) (6),
chemical ionization (CI) (7), laser desorption (LD) (8,9), and fast

atom/fast ion bombardment (FAB/FIB) (10-18) (both FAB and FIB are also

called secondary ion mass spectrometry (SIMS)).
3. The First Mass Analyzer

The ions produced in the ion source are accelerated into the first

mass analyzer which is tuned to select an ion of interest. This ion is
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Figure 1. Block Diagram of an MS/MS Instrument
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called the parent ion. The parent ion may be a molecular ion, a
protonated molecule, a cluster ion, or a fragment ion depending on the
ionization technique. If the first mass spectrometer (MS1l) is a high
resolution mass analyzer, it may be able to separate nominally isobaric
ions; that is, ions that have different chemical formulas but the same
nominal mass. It is never possible, however, for MS1 to separate

isomeric ions (19).

4, The Collision Chamber

The parent ion is introduced by the MS1l into the collision chamber
in which the ion interacts with a target of some kind, such as a gas
(20), a beam of photons (21), or a metal plate (22). The reaction
products that result from this interaction in the collision chamber are
called daughter ions. Daughter ions are usually formed with less
kinetic energy than their corresponding parents. Some MS/MS techniques
use this kinetic energy difference to advantage (23), but since the
mass resolution of kinetic energy analyzers is poor, modern MS/MS

instruments have been designed to achieve higher resolution.

5. The Second Mass Analyzer

The daughter ions are gathered by ion optics as they emerge from
the collision chamber and are introduced into the second mass analyzer,
which can be scanned to produce a complete daughter spectrum of a given
parent. This process is called a daughter scan. In many MS/MS
instruments it is also possible to produce a parent scan that gives all
of the parents of a given daughter, and to produce a neutral loss scan

that gives all of the parents that lost a particular neutral fragment.






The parent and neutral loss scans are often implemented by a process of
linked-scanning which involves scanning both mass analyzers
simultaneously (24). Whether or not the second mass analyzer has high
resolution characteristics, it is sometimes possible using the second
analyzer to distinguish between isomers, since isomers may produce

daughter spectra that are sufficiently different (25).
6. Data Collection Systems

Parent and daughter ions are detected in MS/MS by a variety of
devices including faraday cups, electron multipliers (6), and marginal
oscillators (163). Electron multipliers are used most frequently since
they can detect small quantities of ions, have a large dynamic range,
and are common detectors on ordinary MS instrumentation.

An MS/MS experiment, obviously, can be extremely complex.
Therefore, many MS/MS systems have been extensively computerized (26)
to aid the experimenter, both in the process of collecting data and in
the interpreting of that data. Since a single compound frequently can
generate hundreds of MS/MS spectra, the use of computerized magnetic

storage of data is often essential.
B. MS/MS Instrumentation

1. Introduction

Many different types of MS/MS instruments have been constructed
for research purposes. Figure 2 includes some of the designs that are
Prevalent in this kind of instrumentation. The instrumental
arrangements in Figure 2 suggest only some of the many possibilities for

developing MS/MS instruments. Presently, the development of novel MS/MS
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instrumentation is an expanding field, and there are still many
interesting combinations of mass analyzers under construction. There is
another class of MS/MS instruments in which there is only one physical
mass analyzer and the second dimension of MS/MS is accomplished in the
time domain. 1Included in this class are the time-resolved ion momentum
spectrometer (TRIMS) (31), the time-resolved ion kinetic energy
spectrometer (TRIKES) (29), and the Fourier-transform mass spectrometer

(FTMS) (32).
2. MS/MS Instrumentation at Michigan State

The MS/MS instruments currently available in the Michigan State
Mass Spectrometry Facility (MSU-NIH-MSF) are the MIKES, the TQMS, the
TRIKES, and the TRIMS (See Figure 2). The primary MS/MS instrument
that will be used in this project will be the TQMS, but some data have
been collected using the MIKES instrument and the new forward geometry

double focussing instrument (JEOL HX-110).
3. The Triple Quadrupole Mass Spectrometer

A schematic diagram of the TQOMS is given in Figure 3. The TQMS
has a wide variety of ionization modes and sample introduction systems
which allow the user to ionize virtually any sample. Samples that have
been analyzed on this TQMS include volatile organics, jet fuel,
peptides, viﬁamins, triglycerides, heavy metals, and organo-metallic
compounds. In addition to the GC, EI, CI, and FAB shown in the Figure 3,
atmospheric pressure ionization (API) has been acquired for the
instrument but is not yet installed. The EI and CI ion sources are

physically separated and have different filaments. Ion source design and
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computer control make it possible to acquire EI and CI spectra of the
same compound on alternate scans.

The three plates after the ion source act as an Einzel lens to
focus ions into the first quadrupole. The first quadrupole is used as
the first mass filter. The third quadrupole is used as the second mass
filter. These two quadrupoles have a mass range of 0-1000 daltons, and
they are capable of unit resolution throughout the mass range. Newer
instruments have extended the mass range of the quadrupole to 3000 mass
units. The second quadrupole is enclosed in a stainless steel can and
is used as the collision chamber.

Quadrupole analyzers can be made to act as mass filters; as such,
their ability to separate ions of different masses is much less affected
by changes in ion kinetic energy than is the case in other mass
analyzers. Quadrupole mass filters provide dynamic separation of ions
of different masses by means of radio frequency (rf) and direct current
(dc) fields applied to four parallel stainless steel rods. When a
quadrupole is tuned to a particular set of rf and dc voltages, only ions
of one particular mass to charge ratio will have a stable trajectory
through the center gap between the four rods. All other ions will
collide with the rods and not be transmitted through the mass filter.
It is possible to permit the quadrupoles to transmit higher mass to
charge ratio ions by increasing the magnitude of both the dc and rf
fields while keeping their ratio constant. The dc and rf fields can be
changed very rapidly and with good reproducibility. It is therefore
possible to obtain a scan over the whole mass range of the quadrupole in

one to two seconds.



If the rf voltage alone is applied to a quadrupole, the device
acts not as a mass filter, but rather as a focussing field which will
transmit ions with a wide range of masses. The central quadrupole in
the TQMS is always operated in rf-only mode. The central quadrupole is
enclosed in a chamber which can be filled with gas. When a significant
pressure of gas (50 microtorr or higher) is present in the chamber,
central quadrupole acts as a collision chamber to produce daughter ions,
and as a focussing device to direct daughter ions along the axis of the
instrument toward the third quadrupole. Daughter scans on the TQMS are
implemented by passing a single parent ion through first quadrupole and
scanning the third quadrupole to separate the daughter ions generated by
collisions in the central quadrupole. Parent scans are implemented by
scanning the first quadrupole to pass all parents into the collision
chamber, but only those parents that produce the specific daughter that
is selected by the third quadrupole will be detected. Neutral loss
scans are implemented by scanning both the first quadrupole and thé.
third gquadrupole simultaneously with a fixed mass difference (N)
between them. 1In this way only parents (P) that produce a daughter of
mass (P-N) will be detected. Daughter scans are used primarily to
investigate the structure of parent ions. Parent and neutral loss scans
are used primarily in mixture analysis to detect all parents that lose a
fragment of the same mass, either as an ion in the case of parent scans,

- Or as a neutral particle in the case of neutral loss scans.

An Intel 8086 micro-computer on the TQMS controls all of power
Supplies that produce the necessary voltages for obtaining the three
types of MS/MS scans. The micro-computer also stores on magnetic disks

all of the data acquired by the TQMS along with the parameters for each
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scan. The micro-computer can transfer this information to a PDP 11/23
mini-computer for data analysis and hard-copy plotting of data as bar
graphs, multiple-reaction monitoring experiments, or mass chromatograms.
Most of the MS/MS data presented in this dissertation were generated by

the TQMS and its data system.
C. Collision Processes in MS/MS
1. Introduction

MS/MS experiments are generally separated into two categories:
those in which the parent ion is given a large initial kinetic energy,
typically in the KeV range; and those in which the parent ion is given a
lower initial kinetic energy, typically in the 1-100 eV range. The
MIKES instrument, for example, is considered to be a high energy
instrument since parent ions are given 3000-10000 eV of kinetic energy.
On the other hané, the TQMS is considered to be a low energy instrument,
since the potential drop between the ion source and the collision
chamber is almost never more than 100 eV.

The three major means of performing MS/MS involve colliding parent
ions with gases, with solid metal surfaces, and with photons. All three

of these interactions have been performed at both high and low energies.

2. MS/MS With a Collision Gas

When a parent ion collides with a target gas, many different
reactions are possible. In Scheme 1, these reactions are classified

into five broad categories.
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Scheme 1

Types of Collision Processes in MS/MS

High Energy
Charge Stripping M1+ + N ===> M12+ + N + e~
High Energy
Charge Inversion M{T + N ===> Mj+ + N + 2e”

High or Low Energy

Charge Exchange Mt o+ My —-=> Mp o+ MpY
High or Low Energy
Collision-Induced Mt 4+ N —=> Mt + N --> M3t 4 N
Dissociation
Low Energy
Ion/Molecule Mt o+ My —--> MM —-e> Myt 4 My
Reaction
N = Unreactive Collision Gas
My = Reactive Collision Gas
MMt = Adduct Ion
M;** = Collisionally Activated Ion:

Excess Thermal Energy

Of the reaction types shown in Figure 4, collision-induced
dissociation (CID) has been used most often in analytical applications.
Charge stripping and charge inversion have found limited use in magnetic
sector instruments. Only very recently have ion/molecule reactions
been used analytically in the collision region of an MS/MS instrument.
CID and ion/molecule reactions are the two major techniques used
currently for gas phase analysis of parent ions and both will be

discussed under their own chapter headings.

3. MS/MS with Surface Collisions
When parent ions collide with metal surfaces, the ions may

fragment if the collision energy is low (22), or release secondary
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electrons or ions if the collision energy is high (78). Charge
inversion has been shown to occur when ions strike quadrupole rods in
the process of being mass filtered (79). The interactions of ions with
metal surfaces are largely unexplored as an analytical method, but there
is a recent article on surface-induced dissociation (SID) that claims

high fragmentation efficiencies are possible using this method (77).
4. MS/MS with Photodissociation

When parent ions collide with photons the ions may absorb enough
energy to fragment. This process is called photodissociation, and it is
usually accomplished by means of lasers. Laser photodissociation has
been investigated in the TQMS (80, 81). The wavelength of the photons
is of critical importance in photodissociation. The compound must be
able to absorb light energy of the selected wavelength.
Photodissociation is generally thought to be a more selective
fragmentation technique than CID or SID, but the fragment ion yields

have not been competitive with either technique.
D. Collision~-Induced Dissociation (CID)
1. Theory of Fragment Formation by CID

CID is a two-step process. When a parent ion collides with a

target gas molecule, some of the electronic energy is transferred to

vibrational energy. This first step is called collisional activation,
and it produces a parent ion with excess vibrational energy. The
collisionally activated parent ion (indicated in Scheme 1 with an

asterisk) can undergo unimolecular decomposition into fragments when

the excess vibrational energy leads to dissociation. The fragments of
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unimolecular decomposition that are charged can be detected as daughter
ions if the rate of unimolecular decomposition is fast on the time scale
of the MS/MS experiment. Increasing the initial kinetic energy of the
parent ion or increasing the pressure of the target gas tends to
increase both the intensity and the number of different daughter ions
produced by CID. Scattering, which decreases the observed intensity of
daughter ions, also increases with increasing kinetic energy and target
gas pressure. Therefore, the observed yield of daughter ions plotted
against either target gas pressure or parent ion kinetic energy is
described by a curve which increases to a maximum and then declines.
Depending on the nature of the parent ion, the efficiency of daughter
ion production by CID is 3~10% in sector instruments and can be as high

as 50% in the TQMS (20).

2. Analytical Applications of CID

CID has been used for detecting and quantifying compounds in many
complex mixtures, including a wide range of environmental pollutants
(25), pharmacological drugs in blood serum (33), toluene degradation
products in air (34), and nitro-polycyclic aromatic hydrocarbons in coal
liquids (35). MS/MS of complex mixtures is a rapidly expanding field
because it can provide information comparable to that from capillary GC-
MS more efficiently and economically (25). CID has been used for
Structural analysis of many types. of compounds, including peptides
(10,15,18,36), transition metal complexes (13), fatty acids (37),
vitamins (16), and surfactants (14). CID has also been used to study
the products of ion/molecule reactions that occur in the CI ion source

of an MS/MS instrument (38-44).
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3. Disadvantages of CID

In spite of these successes, CID does not always give the analyst
all of the necessary information for determining the structure of a
compound. CID is not always specific enough to distinguish components
from complex mixtures. Using CID, it is particularly difficult to
separate a mixture of isomers, or to distinguish which isomeric
structure is correct for a pure compound of unknown structure. In this
respect CID MS/MS lags behind GC, which can readily separate structural,

positional, and even optical isomers.

By varying several instrumental parameters, including collision
energy, angle of daughter ion production, and collision gas pressure,
the researcher can derive more information from CID MS/MS. CID,
however, is not always the most effective method for solving structural
problems using MS/MS. The effectiveness of CID decreases as molecular
weight increases. Larger molecules have proportionally larger
vibrational degrees of freedom. Thus the amount of vibrational energy
deposited into the molecule by collisional activation may not be
sufficient to cause fragmentation. The net result is that CID of larger
molecules becomes increasingly inefficient. Furthermore, certain very
stable molecules, such as the polycyclic aromatic compounds (PAC) cannot
be fragmented by CID due to insufficient energy deposition by gas-phase
collisions. Therefore, the MS/MS community has been searchiné for novel
methods to determine the structures of these large and/or stable

molecules.
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E. Ion/Molecule Reaction in MS/MS

1. 1Introduction

One particularly novel and potentially powerful means of
increasing the information content of MS/MS is to employ reactive gases
in the collision chamber (45). Parent ions may undergo gas-phase
ion/molecule reactions with the reactive collision gas. If the kinetics
and thermodynamics of the interaction between the taxget gas and the
analyte are favorable, an adduct ion may be formed. This adduct ion may
be detected directly if it is stabilized by a high pressure of collision
gas. At lower pressures, however, the adduct has some excess
vibrational energy which it can release by decomposition to the
reactants (no net reaction), or it may lose a neutral (such as Hy0) to
form a new chemical species. Unlike CID daughter ions, the products of

ion/molecule reactions can be of higher or lower mass than their parent

ion.
2. Techniques for Studying Ion/Molecule Reactions
Ion/molecule reactions have the potential to be used in MS/MS for
analytical purposes. These reactions, however, are of intrinsic

interest to the scientific community, since they represent an
opportunity to study chemical reactions without the influence of a
solvent. Therefore, a number of techniques have been developed to study
fundamental ion/molecule chemistry. Ion/molecule chemistry has been
studied in the gas phase by classic vacuum-line techniques (46-52), ion
cyclotron resonance spectrometry (ICR) (53-55), FTMS (150), flowing

afterglow (FA) (56), and CI/MS/MS (38-44). Recently, experimenters
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have also used the collision chamber of a TQMS to study ion/molecule

chemistry.

3. Advantages of Using the TQMS for Ion/Molecule

Reactions

The TQMS has several major advantages over a number of the other
techniques which have been used to study ion/molecule reactions. First,
the two materials to be reacted are physically separated, so that one
does not have mixing of the reactants in the gas phase before the
ion/molecule reaction. Second, the quadrupoles and the quadrupole ion
source are largely insensitive to pressure, and therefore can be used
with high pressure techniques such as gas chromatography, CI, API, and
FAB. The third major advantage is that one can mass-select both the
reactant ion and the product ions with unit resolution. Therefore,
unlike, single cell instruments like the ICR, the quadrupole ion trap,
and CI/MS, the TQMS can perform selected ion/molecule reactions, at a
range of pressures from 1x10~8 torr up to 1x10-3 torr, and can
accommodate the full range of ionization techniques that are available
for mass spectrometry. The TQMS also has the advantage that it was
developed as an analytical instrument and has been used to detect trace
amounts (less than one ng) of certain compounds. Certain techniques for
ion/molecule study, such as the vacuum line and FA, are valuable in
their own right but are clearly not designed for analytical purposes.
Furthermore, the TQMS is a full-fledged MS/MS instrument that can
provide parent scans and neutral 1loss/gain scans that are either
impossible or extremely difficult to achieve using other types of

instrumentation. There is only one instrument that is commercially
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available that is more versatile than the TQMS, and that is the newly
developed BEQQ instrument. The BEQQ instrument is very similar to the
TQMS but it contains a high resolution mass spectrometer instead of the

first quadrupole (82)

4. Disadvantages of Using the TQMS for Ion/Molecule

Reactions

The energy with which reactions occur in the collision chamber of
the TQMS is not well regulated in current instrumental designs. The
collision energy of ions and collision gas molecules is usually defined
as the difference between the ion source potential and the central
quadrupole offset voltage. This definition is, however, only an
approximation, since there are two other factors that influence the
kinetic energy of the parent ions. Two focussing lenses, one prior to
and one following the second quadrupole, accelerate ions through the
fringing fields around the central quadrupole. These lenses may be set
to

=100 V relative to the ion source, and they can increase considerably
the axial kinetic energy of ions as they enter and leave the central
quadrupole. In addition to the axial kinetic energy boost of the inter-
quadrupole lenses, the radio frequency voltage on the the central
quadrupole rods can act to give ions within the central quadrupole
substantial radial kinetic energy during portions of their trajectories,
even though the average radial kinetic energy may be quite small.

Because ions in the central quadrupole exhibit a range of
energies, daughter ions may be formed by a variety of mechanisms. The

interaction of parent ions with a reactive collision gas could produce
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both CID daughter ions and ion/molecule reactions at the same nominal
collision energy, with CID occurring during the brief periods of higher
kinetic energy and the ion/molecule reactions during the longer periods
of lower kinetic energy. This process could result in a more
complicated daughter spectrum than is generated by an unreactive
collision gas, but one that is potentially more informative. Many
ion/molecule reactions are exothermic and occur at axial kinetic
energies approaching zero eV. CID reactions, on the other hand, are
favored at higher axial kinetic energies because they are endothermic.
Therefore, one should expect to distinguish between competitive
ion/molecule and CID reactions by means of collision energy, even though
some ion/molecule and CID products should be produced in the TQMS at
virtually all axial kinetic energies when sufficient target gas is
present.

A further disadvantage of the TQMS for ion/molecule reactions is
that the residence time of ions in the central quadrupole can be
controlled only very crudely by varying the the central quadrupole dc
offset and the collision gas pressure. In comparison, the ion/trapping
techniques, such as the quadrupole ion store (QUISTOR), the ICR and the
FTMS, have precise control over the time that the parent ion may react
with the collision gas, as an independent variable from the pressure of
the collision gas. The major problem with the lack of residence time
control in the TQMS is that, due to the short residence time of ions in
a quadrupole (no longer than a few msec), the yield of ion/molecule
reactions in the central quadrupole is often quite low. The low ion

signal, of course, limits the analytical potential of the method.
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Clearly, some of these disadvantages will have to be overcome
before the TQMS can compete directly with other techniques as a truly
viable means of studying ion/molecule reactions. One of the
disadvantages with the TQMS for studying ion/molecule reactions has
already been overcome. The TQMS cannot be used to study the structure
of the ion/molecule products created in the central quadrupole by CID.
Recently, therefore, a five quadrupole instrument has been developed
that can perform an ion/molecule reaction in the second quadrupole
followed by CID of a selected product ion in the fourth quadrupole.
Thus one can obtain a daughter spectrum of an ion/molecule product ion
by scanning the fifth quadrupole. Unfortunately, a five quadrupole

instrument is not currently available at Michigan State University.
F. Review of Organic Ion/Molecule Reactions
1. Introduction

There is a large body of scientific literature regarding the
ion/molecule reactions of inorganic and organometallic compounds (83).
The literature for organic ion/molecule reactions is not nearly so
extensive, and thus these reactions deserve more attention. This
dissertation will concern itself chiefly with organic reactions, and,
therefore, it is appropriate to review those relatively few studies that

have preceded this one.
2. Fundamental Studies

The vast majority of organic ion/molecule studies have used ICR or
FT-ICR techniques, and the majority of those are involved with

determining relative gas-phase acidities and basicities by means of
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proton transfer reactions. These studies have been compiled (84, 85).
While this fundamental physical chemistry is essential to science, it is

far removed from the purpose of this thesis.

3. Parallels with Solution Chemistry

Closer to the topic of this research are the studies of gas-phase
ion/molecule reactions which are analogous to common bimolecular
condensed phase reactions. The following organic reactions have been
observed in the gas phase: the Schiff base synthesis (86), the Diekmann
condensation (87), nucleophilic substitution (88), electrophilic
aromatic substitution (89), and the Fisher esterification (90), and the

Claisen condensation (91).

4. Gas Phase Synthesis

A number of research groups are currently publishing articles on
gas-phase synthesis (92). The only methods that actually produce
products that can be isolated, however, are the gas-phase radiolysis
syntheses (50), matrix isolation on cold fingers, and sometimes flowing
afterglow syntheses (56). Table 1 shows the various functional groups

that have been studied.
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Table 1

Functional Groups Used to Date
In Organic Gas Phase Synthesis

Aliphatic Aromatic
alcohols phenols
carboxylic acids benzene carboxylic acids
diols catachol
glycols
saccharides
amines pyridine, aniline
iodides
fluorides chlorobenzenes
aldehydes benzaldehyde
esters phenylbenzoate
ketenes
alkenes
trimethylsilyl ethers
enols
ammonia

nitrobenzenes
alkanes toluene

5. Analytical Applications

There have been very few attempts to use organic reactions for
analytical purposes, but they have been used for the most part quite
successfully. Suming et. al. wused trimethylborate in CI as a
stereoselective reagent gas for diols in a variety of compounds (93).
Anderson et. al. found that methane CI reacted stereospecifically with
cinnamic acids (94). Bursey et. al. proposed acetylation as a CI
technique for alcohols (162). Jalonen was able to differentiate among
CoH30* and CyHg0t isomers by using butadiene and benzene as reactive
collision gases in TQMS (95). Kinter and Bursey were able to
differentiate among C2H50+ isomers by using ammonia as the collision gas
in the TQMS (96). Fetterolf and Yost were able to differentiate between

C3H3* isomers using acetylene as a reactive collision gas in the TQMs
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(97). Chakel and Enke were able to distinguish among positional isomers
of substituted benzenes using D0 as a reactive collision gas in the

TQMS (98).

G. Fast Atom Bombardment (FAB) in MS/MS

1. Theories of Ion Formation in FAB

One of the innovations in MS/MS that has greatly increased the
scope of molecules studied by this technique is fast atom bombardment
(FAB) (10,63). 1In FAB, an energetic (7-10 KeV) beam of atoms or ions,
such as Xe® or Cs?, is used to bombard an aliquot of sample molecules
dissolved in a viscous liquid matrix such as glycerol, thioglycerol,
polyethylene glycol, or polyphenyl ether. The appearance of the
spectrum remains essentially the same whether the FAB beam is charged or
neutral. The bombardment produces ions that are characteristic of both
the solvent and the analyte. Using appropriate ion-optics, "it 1is
possible to collect a steady, intense, and long-lived beam of secondary
ions that have been generated by FAB. Analyte ions are generally
thought to be created from a monolayer on the surface of the liquid.
This monolayer is continually replenished by the mobility of the liquid
as the surface is sputtered away by the action of the FAB beam. Recent
MS/MS studies (64) have shown that the relative proton affinities of the
analyte and the solvent may determine whether FAB can produce the
protonated molecule of the analyte. These studies suggest that FAB
produces the proton bound adduct ion, (glycerol+analyte)H+. This adduct
may survive intact and has been detected in many FAB spectra, or it may
dissociate in the gas phase. If the analyte has a higher proton

affinity than glycerol, the analyte will capture the proton and be
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detected by the mass spectrometer. If sufficient analyte is present,
glycerol ions may be entirely absent from the spectrum. If glycerol has
the higher proton affinity, it will capture the proton and no protonated
molecule of the analyte will be present in the spectrum. In this case,
a solvent of lower proton affinity may be effective as a FAB matrix
where glycerol was not. An extreme example of this effect has been
reported (65) in which aromatic hydrocarbons of low proton affinity have
for the first time been analyzed successfully by FAB by dissolving them
in a viscous saturated hydrocarbon fraction of even lower proton
affinity.

Another aspect of FAB that has received considerable attention is
the appearance of cationized species such as M+HY, M+Na‘t, and M+agt. 1t
has been shown by visible spectroscopy (154) that these species are
present in the solutions from which the ions are desorbed. These
findings lend credence to the theory that preformed ions play a major
role in the FAB process. Cationized species have already been shown to
have analytical utility. M+Agt seems to be particularly useful for
determining which peaks in the complex FAB spectrum represent the

analyte, and which peaks represent the ions from the liquid matrix.
2. Matrix Interferences in FAB

The matrix background is often quite large in FAB, (68) and
occasionally may obscure entirely the peaks of interest in the spectrum.
Numerous attempts have been made to reduce the effect of the matrix
background (also called chemical noise) in FAB, including background
subtraction (68), thermally-assisted FAB (99). MS/MS has been found to

be especially useful in FAB for eliminating most or all of the chemical
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noise that is present in the FAB spectrum due to ions produced from the
liquid matrix. FAB sometimes produces more fragmentation than either CI
or FD. Unfortunately, much of this useful fragmentation is usually
obscured by the large number of intense glycerol fragments and clusters
at low mass. Therefore, only molecular weight information is fregquently
obtained from FAB-MS. In FAB-MS/MS, a daughter scan of the protonated
molecule yields only ions derived from the analyte and none from the
liquid matrix (unless there is a matrix ion of the same nominal mass, in

which case one needs to use another matrix).
3. 2Analytical Utility of FAB-MS and FAB-MS/MS

Many of the samples that chemists and biochemists study are
thermally unstable compounds, nonvolatile materials such as salts or
metal complexes, or are simply large molecules with several weak bonds.
These three types of molecules are very difficult to analyze by EI or CI
because either these compounds cannot be volatilizec‘i‘ in-t:o the ion
source, or they yield no molecular ions due to thermal decomposition or
excessive fragmentation. FAB ionization is most efficient with these
kinds of molecules. FAB provides molecular weight information in both
positive and negative ion modes for a large variety of underivitized,
polar molecules, including peptides, proteins, carbohydrates, 1lipids,
and nucleic acids (66), insulins (67), acetaminophen metabolites (68),
transition metal complexes (13), and vitamins (15,16) . FAB in
conjunction with CID-MS/MS has been used successfully with all of the
types of molecules listed above to determine structural characteristics.
FAB-MS/MS using CID has been particularly successful for providing

sequence information for oligopeptides (10,15,18,36,66,69) . In many
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cases, however, FAB-MS/MS wusing CID does not produce complete
characterization of structure, especially when one tries to determine
double bond positions in fatty acids. Researchers have used this method
to determine positions of individual double bonds (37), but compounds
with multiple double bonds often yield ambiguous daughter spectra. 1In
the case of unsaturated fatty acids and other difficult structural
puzzles, FAB-MS/MS using ion/molecule reactions may be very informative
due to the specificity of ion/molecule reactions for particular
functional groups on a molecule. The TQMS provides us with the
possibility of performing both FAB-MS/MS and ion/molecule reactions.
This combination is particularly interesting because is enables the user
to investigate the mechanisms of both FAB and ion/molecule reactions.
Furthermore, ion/molecule reactions may have considerable analytical

utility for the structural determination of ions desorbed by FAB.
H. Objectives of the Research Topic

The goals of this research are to establish the TQMS as an
instrument with which one can perform and analyze ion/molecule reactions
of all types, and to accomplish studies in organic\'ion/molecule
chemistry. To meet these goals, six objectives have been established.

The first objective of this research project requires modification
of the TQMS so that it is possible to perform FAB ionization and to

permit reactive collision gases to be introduced into the collision
chamber.

The second objective of this research is to use the TQMS to study
4 number of chemical reactions that have already been studied by other

gas-phase techniques. The point of this study is to determine if
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ion/molecule reactions in the TQMS produce product ions which are
similar to the products of ion/molecule reactions that have been
reported in the chemical literature.

The third objective of this research is to study a matrix of
reactions of selected organic compounds with a set of reactive collision
gases. The selected organic compounds will have a range of molecular
weights and will each contain a different functional group. A similar
approach has been used by Mclafferty to study EI spectra (136). The
reagent gases selected for this study will be those that show the
greatest reactivity in the ion/molecule reaction studied in the
literature. The purpose of the third objective is to determine what
kinds of ion/molecule reactions occur in the central quadrupole, the CI
volume, and in FAB, with the hope of finding reactions that are
indicative of the presence of specific functional groups in the parent
ion.

The fourth objective of this research is to do more complete
studies of some of the reactions that are observed to occur as a result
of completing objectives two and three. Those reactions that seem to be
indicative of the presence of a functional group will be tested to see
whether the same reaction can be used with a wide variety of molecules
containing that functional group. The intention of this objective is to
observe the effects of chain length, proton affinity, and the presence
of other functional groups on the reactions being studied. The plan is
to determine which of these ion/molecule reactions might be suitable for
development into analytically useful methods for functional group

identification and structural analysis of complex molecules.
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The fifth objective of this project is to apply ion/molecule
reactions in the central quadrupole to the study of the unique ions
generated by FAB. Organic ion/molecule reactions may be strongly
influenced by the presence of a cation. For example, a reaction that
proceeds when the molecule is cationized by HY, may or may not occur
when the same molecule is cationized by Na*t.

The sixth objective of this study is to improve the probability of
forming and detecting ion/molecule products in the central quadrupole.
Several studies have shown that ion/molecule reactions in the central
quadrupole are not very efficient when compared with CID or with
ion/molecule processes that occur in the CI volume or in an ICR. The
reason for this lack of efficiency is that there is no practical means
of controlling the interaction time of the parent ions with the reactive
target gas as in the ion-trapping techniques. Therefore, the plan is to
pursue ion trapping in the central quadrupole as a means of increasing
the observed yield of ion/molecule reactions in the central quadrupole

region.



CHAPTER II.

SURVEY OF ION/MOLECULE REACTIONS IN THE TQMS BY GC-CI/TQMS
A. Introduction

Researchers in the past several years have described techniques
for using either the CI volume or the central quadrupole region of the
TQMS for studying organic ion/molecule reactions. One of the goals of
this project was to begin a survey of the reactions which occur in those
two zones of the TQMS. The strategy of the first part of this survey
was to ionize a number of reactive gases in the CI volume region, and
to react the reagent ions thus created with numerous other compounds
containing a variety of functional groups. The strategy of the second
part of this survey was to react ions containing various functional
groups with reactive gases in the second quadrupole region. The point
of this survey approach is to assess the feasibility of observing
ion/molecule reactions for the presence of various combinations of
functional groups. Information of this kind will help determine which
ion/molecule reactions should receive further investigation. The
difficulty with the survey approach is that considerable time is
required to accomplish a complete survey if each compound to be studied
is introduced individually by direct probe. The author sought to
overcome this difficulty by using the capillary gas chromatograph (GC)
which is available for use with the TQMS in the MSU-NIH-MSF. If one
chooses a suitable mixture of compounds that do not react with each
other in solution, one can inject that mixture into the GC and separate

the components of the mixture so that they are presented sequentially to
28
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the TQMS where they undergo ion/molecule reactions, the products of
which are detected "on-the-fly" by repetitive MS or MS/MS scans.

Fortunately, such a mixture of test compounds already existed as a
commercial product and did not have to be prepared by the author. K.
Grob Jr., et al. (155) developed a solution of polar compounds for
testing the separating power and reactivity of GC columns. This
solution is marketed under the following name: Programmed Test Mixture
(PTM) . The PTM was clearly Aot designed for testing ion/molecule
reactions in the TQMS, but it nevertheless is an ideal mixture for this
purpose. The PTM contains 0.2-0.5 ug/ul of twelve different compounds
dissolved in methylene chloride with molecular weights ranging from 90
to 214, and comprising ten different functional groups. Table 3 is a
list of all the compounds in the PTM with names, structures, and
molecular weights in order of their elution from an SPB-1 (bonded SE-30)
capillary column.

The major advantage of the PTM for ion/molecule reactions is that
all of the components of the mixture are underivatized. This means that
their chemical reactivity has not been altered by the presence of
trimethylsilyl groups that are often added to compounds in GC mixtures
to improve their chromatographic properties. Of course, this also means
that one needs an exceptionally unreactive capillary column to maintain
chromatographic peak shape and resolution. A fused silica capillary
column coated with DB-1 stationary phase was used for this purpose.

The author chose isobutane, methanol, benzene, and acetone as the
reactive gases to be used in both the CI volume and the central
quadrupole. All four of these chemicals were available in the MSU-NIH-

MSF in large quantities as high purity gases or as volatile HPLC-grade
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Table 3
Table of Names, Structures, and Molecular Weights of

the PTM Compounds

Name Structure Molecular Weiqht
. 2, 3-Butanediol OH 90
/\O/H A
2. Decane A 142
3. 1-Octanol 130
/\/\/\/‘OH
CH,
4. 2,6-Dimethylphenol Q’°" 122
CHy
o
5. Nonanal I 142
NANAANH
6. Undecane 156
ANANNNN
0
7. 2-Ethylhexanoic Acid N\/"‘on 144
CH,CHy
CHy
8. 2, 6-Dimethylaniline NH, 121
CHs
0
9. Cjo-Acid Methyl Ester i 186
NVMCH,

10. Dicyclohexylamine N 181
g0

0
1. C,- Acid Methy!l Ester i 200
NAAAAN ok,
12. Cp-Acid Methyl Ester % 24
OCH5



31

liquids. Isobutane CI was chosen to serve as a standard soft ionization
method that produced mostly MH' ions. Methanol, benzene, and acetone
were chosen because they have not been used extensively as CI gases and
they represent the most common categories of functional groups:
alcoholic (hydroxy) compounds, aromatic compounds, and carbonyl
compounds. Ammonia was readily available, but was not used since
another research group has already started an extensive research program
into the organic ion/molecule reactions of ammonia and amines using a

TQMS (92) .

B. Experimental

1. Gas Chromatographic Conditions

The gas chromatograph used for separating the compounds in the PTM
was an Hitachi model 663-30 that was equipped with two vaporizing
injection ports, one for capillary columns, the other for packed
columns. The splits for the vaporizing injectors were turned off so
that all of the sample was swept onto the column. The column employed
for this research was a 30 meter bonded-phase DB-5 fused-silica narrow-
bore high-performance capillary column. The column was threaded through
a glass heated transfer line directly into the ion source without any
enrichment by a separator.

The same chromatographic conditions were used for all of the runs
shown in this chapter. The injection port temperature was set a 250°C.
The split was closed so that all of the vaporized sample was swept onto
the column. The column oven was temperature programmed from 50°C to
250°C at a rate of 10°C per minute. This rate is five times as fast as

recommended by the manufacturer of the PTM. The increase in the rate of
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temperature programming was necessary to decrease the analysis time and
to conserve the amount of space used for data storage on magnetic disk.
The upper limit of the temperature program was set 50°C higher than that
recommended by the manufacturer in order to purge any impurities with
high boiling points from the column. Thus, the total analysis time for
a single chromatographic run was 20 minutes rather than the 50 minutes
recommended for optimum resclution of all components of the mixture.
Fortunately the capillary column used for this study had sufficient
resolving power that the increase in the temperature programming rate
did not seriously degrade the chromatography. The transfer line from
the GC oven to the TQMS ion source was heated to 200°C, and the ion
source of the TQMS was heated to 150°C. The helium carrier gas pressure

at the head of the column was 15 psi.

2. TQOMS Conditions for CI/MS

Table 3 shows the TQMS parameters used for acquisition of the
ion/molecule reaction data by chemical ionization. The first quadrupole
was scanned repetitively from m/z 50 to m/z 275 to acquire the data for
CI/MS. Both the second and third quadrupoles were set to the rf-only
mode. The CI reagent gases were regulated by a needle valve to a
pressure of 2X10~% torr as measured by the ion source chamber pressure
gauge. The total amount of sample injected onto the column in this mode
was 2 ul. The total amount of each component injected onto the column

ranged from 2-5 ug.
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Table 3

TQMS Parameters for GC-CI/MS

Parameter Value Parameter Value
Mode +CI M1 50-275 amu
EV 70.0 eV M2 rf only
REP 33.3 V M3 rf-only
CIv 33.9 Vv DM1 1.8
EIV -38.0 V DM2 8.8
EXT 60.1 V RM1 -

L1 -136.0 V RM2 -

L2 - P2 -

L3 13.4 V THR 0

Q1 25.4 V PWD 3

L4 5.3V MWD 30

Q2 2.0V RTE 2

L5 4.5V CI Volume Temp. ISOZC

Q3 23.0 V CI Gas Pressure 2X10  torr
MHV 1600.0 V
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3. TQMS Conditions for CI/MS/MS

Table 4 shows the TQMS parameters used for acquisition of the
ion/molecule reaction data by means of reactive collisions in the
central quadrupole. Isobutane CI was chosen as the method of producing
the six parent ions chosen for MS/MS analysis. A pressure of 2x10-4
torr isobutane was used as the reagent gas. Isobutane, methanol,
acetone, and benzene were used as reactive collision gases in the
central quadrupole.' All of the reactive collision gases were regulated
to a pressure of 2X10~3 torr in the collision chamber by a Granville-

Phillips pressure controller.

4. Data System Programs Used for the GC/MS and

GC/MS/MS

In order to take advantage of all the information generated by the
PTM approach to ion/molecule reactions, the author wrote a very short
method in the FORTH command language used by the TQMS microcomputer.
This method enabled the TQMS to take repetitive full scanning MS and
MS/MS data. All of the data in this section were converted to MSF
format so that the GC/MS software called MSOUT which was available in

the MSU-NIH-MSF could be used.

C. Results

1. Introduction

Separating the PTM is a difficult challenge for an ordinary
chromatographic column since the compounds are all quite polar and would

ordinarily be derivatized before chromatographic analysis. Figure 4
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Table 4

TQMS Parameters for GC-CI/MS/MS

Parameter  Value Parameter Value
Mode +CI mi See text
EV 700V M2 RF-Only
REP 33.3v M3 70-275amu
Cclv 33.9V DMI 20
ElV -38.0V DM3 88
EXT 60.1V RSI —
Ll -136.0V RS3 —_
L2 0.0V THR 0
L3 134V PWD a4
Ql 255V MWD 30
L4 58V RTE 2
Q2 3.3V CI Volume Temp IS0°C
LS 171V CI Gas Pressure 2 x [0*torr
Q3 26.0 Central Quadrupole 2 x 10™%orr
Pressure
MHYV 19300V
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Programmed Test Mixture
Catalog No. 4-7304

This test mixture was formulated by K. Grob, Jr . et al (J.
Chromatogr. 156, 1-20, 1978). Their article contains operating
parameters, elution orders (See exampie on reverse side ot this form),
and a theoretical description of how the test functions. Analysts must
be tamiliar with the information in this article before using the test
mixture.

The concentration of each component in thus mixture 1s tentoid
higher than that used by Grob. et. al. A 0.5ul injection of this mux.
spht at a 100:1 ratio, will deliver approximately the same amount of
sample on-column (2-5ng/component) as the 20:1 split used by Grob

This mixture containg the following components in methylene

chloride:

C C Comp Cancentration
C10 acd metnyl ester 0 2ug/iul 2.6-Dimethyiphenol 0 2ugru!
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shows the chromatogram supplied by the manufacturer of the PTM. Figure
5 demonstrated that even a very good column has difficulty separating
2,6-dimethylphenol from nonanal (compounds 4 and 5), and
dicyclohexylamine from Cjj-acid methyl ester (compounds 10 and 11).
Figure 4 also shows that the peak shape for 2-hexanocic acid (compound 7)
is very poor due to its reactivity with the column.

Since CI was being employed as the ionization method in the TQMS,
the author did not expect to observe either of the hydrocarbons in the
mixture since the proton affinity of straight chain hydrocarbons is so
low. Also, the author did not expect the column to resolve the two
pairs of compounds mentioned in the preceding paragraph, since the rate
of temperature programming had been set 5 times faster than in Figure 4
(see experimental section of this chapter for details). The maximum
scan rate of the TQMS quadrupoles as driven by the microcomputer was
such that a scan from m/z 50-275 could be completed and stored every 2
seconds. This slow scan rate means that each of the sharp capillary
chromatographic peaks are represented by only 2 or 3 points in the
reconstructed total ion current chromatograms shown in this chapter.
Therefore, the representation of the resolution of the column was
degraded. It is extremely fortunate in this regard that the compounds
in the PTM, which are difficult to separate, all have (M+H)t ions with
different m/z values. This fact means that those peaks which are not
resolved in the total ion chromatogram can nevertheless be distinguished

by means of mass chromatograms.
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2. Isobutane CI/MS of the PTM

Figure 5 shows the reconstructed total ion chromatogram (TIC) of
the PTM as ionized by isobutane CI. Actually ions with m/z values less
than 90 have been excluded from Figure 6 so that the extremely abundant
reagent ions of isobutane do not obscure the features of the
chromatogram. Figure 5 shows that, as expected, there is no peak for
decane (compound 2), but unexpectedly there is a peak for undecane
(compound 6) and there is no peak for octanocl (compound 3). There is
also a peak at a very long retention time which is quite reproducible
that is apparently an impurity in the PTM. Figure 5 also reveals that
compounds 4 and 5 are not resolved chromatographically. Although it
does not appear so in Figure 5, compounds 10 and 11 are resolved
chromatographically as a close inspection of the mass chromatograms
reveals in Figure 6. If the TQMS were capable of scanning more quickly,
the resolution of the two compounds would be easier to observe. As in
Figure 4, the peak shape of compound 7 i3 quite poor due to its
reactivity with the column. 1In spite of the slow scan rate of the TQMS
and the rapid temperature program of the GC oven, the mass
chromatography of these difficult polar compounds is excellent.

The sensitivity of the method, as judged by the signal to noise
ratios of peaks in the total ion current chromatogram is not ideal, but
all of the peaks have signal to noise ratios of three or better. The
signal level was, therefore, sufficient to generate reproducible mass
chromatograms and mass spectra, but minor mass spectral details such as
isotope peaks are sometimes missing from the figures in this chapter.

The reagent ion peaks of the four CI gases and other interfering

background peaks have been subtracted from the mass spectra shown in
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this chapter. Figure 7 shows the mass spectrum of 2,3-butanediol
(compound 1) showing an (M+H)*t ion and one major fragment ion, the (MH-
HZO)+ ion. Figure 8 shows the overlapping mass spectra of 2,6-
dimethylphenol and nonanal due to lack of chromatographic resolution.
The spectrum of each compound consists solely of the (M+H)t ion, so
there is no ambiguity in determining the identity of the mass spectral
peaks. Figure 9 shows the mass spectrum of undecane which includes the
(M~H)* not an (M+H)t ion. The hydride-abstracted molecule is
characteristic of hydrocarbons ionized by CI. Figure 9 also shows a
number of peaks that are representative of typical hydrocarbon fragment
ions. Figure 10 shows the mass spectrum of 2-ethylhexanoic acid with
its (M+H)* ion. Figure 11 shows the mass spectrum of 2,6-
dimethylaniline with an (M+H)* ion and an (MH-NH;)* fragment ion.
Figure 12 shows the mass spectrum of Cj;g-acid methyl ester with an
(M+H)* ion and an (MH—CH3OH)+ fragment ion. Figure 13 shows the mass
spectrum of dicyclohexylamine with an (M+H)% ion. Figure 14 shows the
mass spectra of Cj;j-acid methyl ester (l14a), and Cjp-acid methyl ester
{14b) both with (M+H)? ions but without the loss of methanol seen in the
spectrum of the Cjg-acid methyl ester. Figure 15 shows the mass
spectrum of an impurity in the PTM whose structure is unknown. The
unknown shows an ion of m/z 246; if this is the (M+H') ion, the even m/z
value indicates the presence of an odd number of nitrogens. The
fragment ion at m/z 77 is probably the phenyl cation. McLafferty (136)
indicates that a fragment ion of m/z 132 (as is observed in the spectrum
of the unknown) is common in the spectra of aromatic amines and aromatic

amides. These factors indicate that the unknown is a aromatic nitrogen
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compound, but without more data it is difficult to identify the
structure.

As expected, the isobutane CI of the PTM compounds provided no
ion/molecule reaction products other than (M+H)* ions, (M-H)% ions, and
a few fragment ions. Isobutane CI, therefore serves as a good blank
against which all the reactions produced by other CI gases can be

compared.

3. Methanol CI of the PTM

Methanol CI has been studied by M. Bauer in the MSU-NIH-MSF who
has determined that it is a “softer"™ ionization method than methane or
isobutane CI. This indicates that methanol CI produces fewer fragment
ions, with more of the ion current concentrated in the (M+H)t ion.
Methanol CI has, therefore, been sSuggested as a new method for
quantitative analysis. The major reagent ions in methanol CI have m/z
values of 33, 65, and 97, corresponding to the protonated monomer, and
the proton-bound dimer and trimer of methanol respectively. Each of the
three major ions loses water to form less abundant peaks at m/z 15, 47,
and 79.

Figure 16 shows the reconstructed ion current chromatogram of the
PTM as ionized by methanol CI. Because the reagent ions of methanol
extend into the mass range of the ions collected for the compounds
represented by the chromatogram in Figure 16, the reagent ions of
methanol had to be subtracted from the total ion current so that one
could observe the features of the chromatogram that were due to the
presence of the PTM compounds. It is interesting to note that careful

background subtraction decreases the amount of baseline noise in the
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reconstructed chromatogram, and that methanol CI produced a larger total
ion signal than isobutane CI produced. The net result is an increase in
signal-to-noise ratio of about one order of magnitude for the detection
of the PTM compounds when one switches from isobutane to methanol CI.

The reconstructed total ion chromatograms of isobutane and
methanol CI are similar for the most part, but a few notable differences
exist. The methanol chromatogram exhibits a peak for the methylene
chloride solvent, whereas the isobutane chromatogram does not. This
difference, however, is only an artifact of the computer-assisted data
processing; in one case the solvent ions were subtracted out, and in the
other they were not. The major difference between the two chromatograms
is thét whereas undecane was ionized by isobutane CI and octanol was
not, undecane was not ionized by methanol and octanol was. Therefore,
peak 6 is absent from the methanol CI chromatogram and peak 3 is
observed. Another difference in the two chromatograms is that peak 7
(2-ethylhexancic acid) is even more poorly shaped in the methanol
chromatogram than in the isobutane chromatogram. It is, in fact, split
into two humps, one of which interferes with peak 8. The reason for
this is unclear, but it probably lies in the chromatography (possibly
the author’s injection technique) and it probably has nothing to do with
which CI gas was employed in the TQMS.

Figure 17 shows the methanol CI mass spectrum of 2,3-butanediol.
One observes an (M+H)' ion and an (MH-HZO)" ion as in isobutane CI, but
one also observes several other ion/molecule reaction products at m/z
values higher than the (M+H)*t ion. The peak at m/z 123 probably
tepresents the proton-bound adduct of methanol and the diol. The peak

at m/z 105 would then be by analogy to methanol self-CI the (proton-
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bound adduct - HZO)+ ion, presumably with an ether structure as is
discussed in Chapter V. The (M+H)'t ion of the diol is apparently in
significant enough abundance that it is able to react with the neutral
diol to form the protonated diol dimer ion at m/z 181, and the
(protonated dimer - Hy0)* ion at m/z 163.

Figure 18 shows the methanol CI mass spectrum of 2-octancl. One
observes very similar ion/molecule chemistry to that exhibited by the
diol. A low abundance peak is present representing the (M+H)t ion of
octanol, and two fragment ion peaks are also present: the (MH-HZO)+ ion
at m/z 113 which is the base peak, and the CgHj;* ion at m/z 71. One
also observes a peak for the proton-bound adduct ion of methanol and
octanol at m/z 163. The peak at m/z 177 is probably the result of the
reaction between protonated dimethyl ether (m/z 47, a reagent ion in
methanol CI) and octanol to form the proton-bound adduct ion.

Figure 19 shows the overlapping methanol CI mass spectra of 2,6-
dimethylphenol and nonanal. The base peak (m/z 123) of Figure 19 is the
(M+H) * jon of the phenol and there are no other major peaks attributable
to the phenol. The peak at m/z 143 is the (M+H)* ion of the aldehyde.
The peak at m/z 175 is the proton-bound adduct of the aldehyde and
methanol, and the peak at m/z 157 is likely the (proton-bound adduct -
320)+. The structure of the m/z 157 ion is possibly that of protonated
octyl methyl ketone. The reaction of aldehydes and protonated alcohols
to form ketones or acetals is discussed in more detail in Chapter VIII.
There is also a peak of very low abundance at m/z 189 which is probably
the protonated dimethylether and nonanal. The foimation of this ion is

analogous to that of the m/z 177 ion in Figure 18.
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Figure 20 shows the methanol CI mass spectrum of 2-ethylhexanoic
acid. The peak at m/z 145 is the (M+H)' ion of the acid and the peak at
m/z 127 is the (MH-H,0)¥ ion. The peak at m/z 177 is the proton-bound
adduct of the acid and methanol, and the peak at m/z 159 is the (proton-
bound adduct - H20)+ ion. The m/z 159 peak is the protonated hethyl
ester of the 2-ethylhexanoic acid, and the reaction that forms this type
of ion is discussed in detail in Chapter V.

Compounds 8, 9, 10, 11, and 12 all react with some of the methanol
CI reagent ions to give only the respective protonated molecules, so the
mass spectra are not presented here in the interest of saving space.
Clearly methanol is much more reactive in the gas phase than isobutane
and produces a number of interesting ion/molecule reaction products with

alcohols, aldehydes and acids.
4., Benzene CI of the PTM

Benzene CI has never to the author’s knowledge been used as a
technique for GC-MS, although ion/molecule reactions in benzene have
been investigated by ICR (125). The author, however, was interested in
exploring any reactions that might take place since benzene is such an
important molecule in organic chemistry.

As it turned out, the most interesting part of the benzene CI
investigation of the PTM was the reagent ions of benzene. The author
had expected the reagent ions of benzene CI to be the molecular ion of
benzene, the protonated molecule of benzene, and perhaps some fragment
ions. Figure 21, which shows the self-CI mass spectrum of benzene
indicates the presence of the expected ions and also many more. The

Structures of some of these ions and the mechanisms for their formation
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were investigated during the course of this research project and are
presented in Chapter VII.

The reconstructed total ion chromatogram of the ions generated
from the PTM compounds by benzene CI is shown in Figure 22. The total
ion chromatogram and the relevant mass chromatograms show that only
seven of the PTM compounds are detected by benzene CI, with decane, 1-
octanol, nonanal, undecane, and 2-ethylhexanoic acid missing. Of the
PTM compounds detected, the two aromatic compounds are of greatest
abundance. - These data show that benzene CI is not a universal
ionization technique, rather it tends to be selective for aromatic
compounds.

Figure 23 shows the benzene CI mass spectrum of 2,3-butanediol.
The base peak is the molecular ion at m/z 90. An (M+H)Y ion at m/z 91
probably does exist in significant abundance, but one of the reagent
ions of benzene also has an m/z value of 91, so the (M+H)Y ion is
missing due to background subtraction. One piece of evidence in support
of the presence of a protonated molecule is the existence of a peak at
m/z 73, which is probably the (MH-H,0)* ion. 1In all of the benzene CI
spectra there are several peaks of very low abundance with m/z values
greater than that of the molecular ion. These ions are frequently the
same in different spectra and do not correspond to logical neutral gains
due to ion/molecule reactions. Therefore, the author suspects that they
are due to minor artifacts of the computerized background subtraction
process.

Figure 24 is the benzene CI mass spectrum of 2,6-dimethylphenol.

The base peak is the molecular ion at m/z 122, and there is a much
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smaller (M+1)* peak which is too abundant to be simply the 13¢ isotope
peak. Therefore, benzene CI must be producing both the molecular ion
and protonated molecule of phenol.

Figure 25 is the benzene CI mass spectrum of 2,6~dimethylaniline.
This spectrum is very similar to the one in Figure 24, in that the base
peak at m/z 121 is the molecular ion and that the peak representing the
(M+H)* jion is of low abundance. There is a fragment ion peak of
significant intensity at m/z 106, probably (M-CH3-)*, which matches with
the fragment ion peak found in isobutane CI.

The benzene CI mass spectra of compounds 9, 10, and 11 follow the
same pattern as in Figures 24 and 25: the protonated molecule is of low
abundance and the molecular ion is the base peak of the spectrum.
Compound 12, the Cjj-acid methyl ester, has a slightly different pattern
with the (M-H)Y, Mt-, and (M+H)*' ions in an abundance ratio of 1:2:3.

All things considered, benzene CI behaves very differently than
any other chemical ionization gas the author has ever read about. It
produces mainly molecular ions, few fragment ions, and no ion/molecule

product ions other than the protonated molecules.

S. Acetone CI of the PTM

Acetone chemical ionization has not been used as an analytical
technique, but ion/molecule reactions of acetone have been investigated
by ICR (140). A mass spectrum of the acetone CI reagent ions is shown
in Figure 26. The major peaks are the (M+H)' of acetone at m/z 59, the

protonated dimer of acetone at m/z 117. There are two other less
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abundant peaks at m/z 43 (the acetyl ion) and m/z 101 (the adduct of the
acetyl ion and acetone). The structures and mechanisms for the
formation of all these ions are discussed at length in Chapter VIII.

Figure 27 shows the reconstructed total ion chromatogram with the
contribution from the reagent ions of acetone subtracted. The peaks

missing from the chromatogram in Figure 27 correspond to the following
molecules: decane, l-octanol, nonanal, and undecane.

Figure 28 shows the acetone CI mass 3spectrum of the 2,3-
butanediol. The (M+H)t ion of the diol is present in very minor
abundance at m/z 91, but there are numerous other ion/molecule reaction
products. The base peak of the spectrum at m/z 149 is the proton-bound
adduct of acetone and the diol. The peak for the adduct between the
acetyl ion and the diol is also very abundant. Peaks at m/z 131 and m/z
191 represent product ions of unknown structure.

Figure 29 shows the acetone CI mass spectrum of 2,6~
dimethylphenol. Both the molecular ion and the protonated molecule of
the phenol are present as abundant peaks. Also present in large
abundance are the peaks representing the proton-bound adduct of acetone
and the phenol at m/z 181, and the adduct of the acetyl ion and phenol
at m/z 165.

Figure 30 shows the acetone <CI mass spectrum of 2,6-
dimethylaniline, which is extremely similar to the spectrum of 2,6-
dimethylphenol. Again, both the molecular ion and the protonated
molecule are present as high abundance peaks at m/z 121 and 122, as are

the peaks representing the proton-bound adduct ion of acetone and the
aniline at m/z 180 and the adduct ion of the acetyl ion and aniline at

m/z 164.
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Figure 31 shows the acetone CI mass spectrum of 2-ethylhexanoic
acid. The (M+H)* ion is entirely absent from the spectrum, instead the
(MH-H20)* ion at m/z 127 is the base peak. This is very different
behavior from the spectra generated by the other CI gases in this
chapter. Normally the (M+H)' ion of this acid is an important peak in
the spectrum. It is possible that acetone selectively protonates the -
OH site on the acid rather than the C=0 site, predisposing the
protonated molecule to lose a water molecule. Also present as a peak of
low abundance is the proton-bound adduct of acetone and the acid.

Figure 32 shows the acetone CI mass spectrum of dicyclohexylamine.
The (M+H)* ion is the base peak of the spectrum. No other peaks of
significant intensity are present. This is the only compound of the PTM
that forms an (M+H)t ion but does not form an abundant proton-bound
adduct with acetone.

Figure 33 shows the three acetone CI mass spectra of the Cyg-,
Ci11-» and Cjp-acid methyl esters. The three are extrémely similar,
having the proton-bound adduct ion (at m/z 245, 259, and 273,
respectively) as the base peaks, and having the protonated molecules (at
m/z 187, 201, and 215, respectively) as a peak of roughly 50% relative
abundance. Only the mass spectrum of the Cjp-acid methyl ester shows an
adduct of the acetyl ion with the ester as a peak of minor abundance at
m/z 229,

In summary, the acetone CI mass spectrum of the PTM compounds are
dominated by ion/molecule reactions that produce extremely abundant
(MH+acetone)t adduct ions and (M+acetyl)t adduct ions. The reactions of

carbonyl compounds are explored further in Chapter VIII. Because the
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ion/molecule products formed by the reactions with acetone are so
abundant, they may have some analytical utility. Unfortunately, the
acetone ion/molecule reactions do not appear to be selective for any

given class of compounds.
6. Reactive Gases in the Collision Chamber of the TQMS

Having examined the ion/molecule reactions of the PTM compounds by
isobutane, benzene, methanol, and acetone CI, the author attempted to
use these same four gases as reactive collision gases in the central
quadrupole of the TQMS. 1Isobutane CI was chosen to produce the (M+H)?
ions for the ion/molecule reactions in the central quadrupole.

In this mode both the first quadrupole and the third quadrupole
were used as mass analyzers and the central quadrupole was set in rf-
only mode. The first quadrupole was set to pass ions of one nominal
mass (to select the parent ion) and the third quadrupole was then
scanned from 70 to 275 amu to collect any reaction products that the
parent ion generated in the central quadrupole. Before the next product
scan the data system automatically instructed the first quadrupole to
pass ions of a different nominal mass. In all, six parent ions were
selected: the protonated molecules of 2,3~butanediol, 2,6-
dimethylphenol, 2-ethylhexanoic acid, 2,6-dimethylaniline, Cyp-acid
methyl ester, and dicyclohexylamine. In this way each parent ion and
its resulting product ions were observed every sixth scan (or every 12
seconds) during the run. Due to extreme difficulties with sensitivity
in MS/MS mode, 20 ul of the PTM sample were evaporated down to 2 ul and

this concentrated sample was injected onto the column. This procedure
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overloaded the column causing broad overlapping peaks. The GC peaks for
the parent ions chosen were, however, widely separated in time by the
chromatography and did not overlap significantly.

The results of the interactions between the six (M+H)' ions chosen
from the PTM and the reactive collision gases were very disappointing.
Even with the large increases in the quantities of compounds injected
and in the abundances of the (M+H)' ions, the signals due to the product
ion were extremely weak. For the most part, no peaks of significant
intensity were observed other than those representing parent ions. When
benzene, isobutane, and methanol were used as the collision gas, the
only other peaks observed were due to CID daughter ions. When acetope
was used as a collision gas, both 2,3-dimethylphenol and 2,3~
dimethylaniline did produce product ion peaks that corresponded to the
(MH+acetone) t ad&uct ion and the (M+acetyl)+ adduct ion. For all of the
other compounds in the PTM, the only product ion peak of significant
intensity was at m/z 117 which represents the protonated dimer of
acetone and which arises from proton transfer to the collision gas.

These results are similar to those obtained previously by
researchers who have attempted to use the central quadrupole of the TQMS
for ion/molecule reactions. In general, the central quadrupole
technique produces very low, or nonexistent yields of product ions, even
in those cases where a reaction in known to occur in CI. In addition,
the most abundant product ions formed are usually due to proton transfer
to the reactive collision gas. These results mean that in the central
quadrupole, one can only expect to observe ion/molecule product ions

from extremely abundant parent ions that undergo extremely favorable
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reactions. At this point in the research, it became clear to the author
that either the ion/molecule research for this dissertation would have
to rely heavily on chemical ionization (with its inherent lack of parent
ion selectivity) or the technique for exploring ion/molecule reactions
in the central quadrupole would have to improved significantly. As it
turned out, the research into ion trapping in the central quadrupole
detailed in Chapter IV. dramatically improved the performance of the
central quadrupole technique. This improvement in turn has led to a new
conception expressed in Chapters V. - IX. that the CI technique and the
central quadrupole technique are complementary methods for studying

ion/molecule reactions.
7. Conclusion

The ;esults in this chapter indicate strongly that the technique
of GC-CI/MS is a rapid and successful method for accomplishing a survey
of organic ion/molecule reactions, and that the PTM is a highly useful
mixture of compounds for accomplishing this kind of survey.
Unfortunately, the results in this chapter also indicate that it is not
possible to do a survey of ion/molecule reactions by GC/MS/MS using the
central quadrupole of the TQMS as an ion/molecule reaction chamber. 1In
fact, it is abundantly clear that the technique of using the TQMS
collision chamber for ion/molecule reactions needs to be improved
dramatically before it can be considered a valid method for studying

ion/molecule reactions or become a useful analytical technique. The

fundamental concern of the Chapters IV. - IX., therefore, is to show how



80

several novel alterations to the TQMS and its data system have improved
the performance of the central quadrupole as an arena for studying
ion/molecule reactions.

The results in this chapter also indicate that methanol, benzene,
and acetone undergo many interesting ion/molecule reactions with the PTM
compounds. Therefore, the bulk of this dissertation is concerned with
the reactions of alcohols (see Chapters IV. - IX.), aromatic rings (see
Chapter VII.), and carbonyl compounds (see Chapters IV., V., VI., and
VIII.).

Since there appear at first glance to be ion/molecule reactions of
the PTM compounds that mimic solution reactions, the author also decided
to investigate in the gas phase two reactions that do occur in solution
but were not addressed by the survey of reactions in this chapter. The
first reaction is the silylation reaction of trimethylsilyl (TMS)
compounds with alcohols and ketones to form trimethylsilylethers. This
is an extremely common derivatization reaction for the purpose of making
compounds amenable to GC-MS. The results of this investigation are
shown in Chapter 1IV. The second reaction is the nucleophilic aromatic
substitution reaction with ring opening and ring closing (SyANRORC) of
Ssubstituted pyridines with strong bases. This particular reaction is of
interest mostly for the reason that it produces that produces stable
negative ion intermediates. The author hoped to use the Sy (ANRORC)
reaction to investigate the capabilities of the TQMS for performing
ion/molecule reactions in negative ion mode in both the CI volume and in
the collision chamber. The results of the gas-phase Sy (ANRORC) research

are presented in Chapter IX.
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The results of this chapter reiterate the well-known fact that
chemical ionization is particularly well suited for studying
ion/molecule reaction of organic molecules. Recent data (123) from
other research groups have implicated ion/molecule reaction in the newly
invented fast atom bombardment (FAB) process. Therefore, FAB has become
a new area, like CI, in which one can study and perhaps make analytical
use of ion/molecule chemistry. For this reason, the author introduced
FAB as a technique to the TQMS in the MSU-NIH-MSF. Chapters II. - VII.
of this dissertation show how FAB has been implemented on the TQMS, how
the TQMS has been used to investigate the role of ion/molecule reactions
in the FAB process, and how some of the unique ions produced by FAB have
been investigated by means of ion/molecule reactions in the central

quadrupole of the TQMS.



CHAPTER III.

FAB ON THE TQMS
A. Introduction

The gas chromatography and chemical ionization instrumentation
used in the previous chapter were installed by the manufacturer of the
TQMS, but a fast atom bombardment (FAB) ion source was not supplied with
the instrument. The author designed and installed a FAB ion source from
commercially available parts for the purpose of investigating the
ion/molecule reactions involved in the FAB process and for surveying the
kinds of ion/molecule reactions which are amenable for study in the
central quadrupole of the TQMS.

Since the FAB ion source was new, the author decided to test its
performance to determine whether it would produce results of sufficient
quality and reproducibility to be useful for research into ion/molecule
reactions. Tests were designed to measure the mass range and the
signal-to-noise ratio for the ions produced by the new FAB ion source.
Tests were also designed to determine whether it would produce both
positive and negative ions, and whether it could be used in conjunction
with MS/MS techniques. A further set of tests was designed to determine
if the very new technique of thermally-assisted FAB (TA-FAB) (99)
developed at the MSU-NIH-MSF could also be employed effectively with

this new FAB ion source. The results of these tests are reported in

this chapter.
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B. Experimental
1. Solutions for Testing the Performance of FAB

Two Solvents were used for the FAB tests: thioglycerol and a
1:1:1 Dby volume mixture of dithioerythritol, dithiotreotol and
thiodiglycol. Both of these solvents are viscous liquids that are
commonly used in FAB and have been well characterized in the MSU-NIH-
MSF. A solution of 1 mg of CsI in 1 ml of glycerol was prepared by
ultrasonicating the mixture in a glass vial. An acidified solution of
glycerol was prepared by adding 1 ml of 6 N HCl to 10 ml of glycerol
with vigorous stirring in a glass vial. A solution of the tripeptide
alanyl-leucyl-glycine was prepared by dissolving 1 mg of pure tripeptide
in 1 ml of the acidified glycerol with vigorous stirring in a glass

vial.
2. Solutions for Testing the Performance of TA-FAB

The standard solvent for performing TA-FAB is a viscous solution
of fructose in water. This solution is prepared by adding at least 1
gram of fructose to 1 ml of water. One then pipettes 1 ul of this
solution onto the TA-FAB probe and concentrates the solution with a blow
dryer until it forms a very thick gel. Another solution similar to this
was prepared by adding 1 ul of H2018 water to the 1 ul of fructose-water
solution on the TA-FAB probe before concentrating the solution with a

blow dryer.
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3. Conditions for FAB and TA-FAB

The source of energetic particles is a capillaritron probe gun
manufactured by Phrasor Scientific. Xenon at a pressure of 5-7X10~°
torr was used to produce the energetic beam of primary particles which
is responsible for the FAB and TA-FAB effect. The sample that is
bombarded by the FAB beam is introduced into the TQMS at a right angle
to the probe gun by means of any 1/2 inch diameter direct probe with an
appropriate sample holder. The voltage on the capillaritron tip of the
FAB gun was set at 10 kV. The ion source of the TQMS was very close to
ground potential. Therefore, since xenon ions with charges ranging from
+1 to +6 are produced by the capillaritron, the primary ions impinging
on the sample ranged in energy from 10 keV to 60 keV. The FAB sample
probe and the ion source were kept at room temperature, but the TA-FAB
sample probe temperature was increased slowly (and not linearly) from
25°C to 100°C during the course of five minutes. The 'CI filament was
actually used with the EI-TA-FAB experiment since it is closer to the
sample probe and is therefore more likely to ionize neutral particles
desorbed by the TA-FAB process. Since the CI volume was removed at the
time, the ion source was open and the CI filament acted as the EI

filament would have if it had been physically closer to the sample.
C. Results
1. Mass Range of FAB on the TQMS

The mass range of all ionization techniques on the TQMS in the
MSU-NIH-MSF is limited by the 1-1000 dalton range of the first and third

quadrupole power supplies. When this instrument was designed, the 1000



85

dalton mass range was more than sufficient for analyzing the types of
compounds that can be transmitted through a GC and can be ionized by EI
or CI. FAB, however, has been successful in desorbing organic ions to
m/z 5000, and inorganic clusters to m/z 50000. Clearly, the TQMS cannot
take full advantage of FAB, but the author was interested to determine
whether the new FAB ion source, in combination with the TQMS, could
produce and detect ions to the mass limit of the instrument.

Figure 34 shows two FAB mass spectra of common solvents with
abundant peaks below m/z 300. The solvent in Figure 34A is thioglycerol
and the solvent in Figure 34B is a 1:1:1 by volume mixture of
dithiotreotol, dithioerithritol and thiodiglycol. Both of these
solvents produced the expected low mass ions in roughly the expected
intensity ratios. Figure 35 shows the FAB mass spectrum of CsI
dissolved in glycerol. This solution has been used for several years as
an m/z calibration standard for FAB on other instruments in the MSU-NIH-
MSF. Figure 35 shows all of the peaks that are typical for CsI out to

m/z 969, which is close to the mass limit of the TQMS.

2. Random Noise Due to FAB on the TQMS

The process of FAB has been observed both by this researcher to
produce a high level of random noise at all m/z values throughout the
mass range of the instrument. The reason for this appears to be that
the line of sight arrangement of the quadrupoles in the TQMS allows
energetic primary Xe® and Xet particles and photons that are reflected
from the FAB probe tip to pass undeflected through the mass filters to
the electron multiplier detector. The detector in the TQMS is off-axis

8o that the energetic neutral particles and photons do not impinge upon
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it. Slowly moving mass-filtered ions are attracted to a conversion
dynode plate across from the electron multiplier which has a -3000 V
voltage applied to it in positive ion mode and a + 3000V voltage in
negative ion mode. Positive ions striking the conversion dynode create
secondary electrons which are detected and amplified by the electron
multiplier.

Some of the energetic Xe' ions that reach the end of the
instrument have very high kinetic energies and probably pass by without
striking the conversion dynode. Those energetic Xet ions with less than
3 keV of kinetic energy, however, do strike the conversion dynode and
the resulting secondary electrons are detected by the electron
multiplier. Because the quadrupoles do not filter ions with more than
approximately 100 eV of energy, these energetic Xet ions are detected
throughout the mass range of the TQMS.

The maximum signal of energetic Xe' ions in the instrument during
FAB has been observed to be 1000 intensity units. Therefore, the random
background noise in FAB is 10 to 100 times higher than in EI or CI.
Fortunately, the FAB signal for a given analyte may last for up to one
hour. The long-lived nature of the FAB signal allows extensive signal-
averaging to be performed which can offset some of the problems of
random noise. Because of the problems with background noise, and
because the purpose of this research was to study ion/molecule reactions
and not to develop analytical methods, the author chose never to use any
concentration of FAB analyte below 100 ug/ug of matrix. Any researcher
wishing to use FAB for analytical purposes on the TQMS would probably

have to modify the FAB probe tip to reduce the number of reflected Xet
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ions, or redesign the detector to discriminate against energetic ions by

means of an energy analyzer.
3. Negative Ions by FAB on the TQMS

Glycerol has been reported to produce both positive and negative
ions under FAB conditiops (66) . With the TQMS tuned to transmit and
detect negative ions, the new FAB source generated the negative ion mass
spectrum of glycerol shown in Figure 36. If one compares the positive
and negative ion spectra of glycerol shown in this chapter, two facts
are immediately apparent. First, the negative ion mass spectrum has
many fewer large peaks than the positive ion spectrum; and second, the
negative ions generated by FAB are deprotonated molecules (M-H)~, not
molecular anions, in the same way that positive ions generated by FAB
are protonated nwleculeé (M+H)*, not molecular ions. Both of these
facts are consistent with previously reported negative ion FAB data
(66) .

The focus for the negative ion FAB spectra was difficult to
maintain and often the peaks would fade after only a few minutes, only
to reappear if one moved the probe. This difficulty of maintaining a
consistent focus can be attributed to the fact that, of the energetic
particles produced by the capillaritron FAB gun, only about 50% are
actually neutral Xe atoms, whereas the rest are Xe' ions. It seems
likely that the constant large influx of positive ions into the ion
source builds up positive charge on the glycerol droplet and decreases
the abundance of negative ions produced by means of neutralization
reactions. This drawback of the capillaritron gun can be overcome

through deflection of the charged portion of the xenon primary beam away
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from the ion source by means of electrostatic deflection plates.
Another less difficult method of removing the positive charge build-up
is to add salts to the glycerol to make it more conductive, thus

allowing the excess charge to drain away into the metal probe.

4. FAB/MS/MS on the TQMS

Before embarking on ion/molecule studies using FAB, the author
wanted to demonstrate that it was possible to operate the TQMS in MS/MS
mode with FAB as the source of ions, with the purpose of obtaining high
quality argon CID spectra of a model compound that was amenable only to
FAB ionization. The model compound chosen was a tripeptide alanyl-
leucyl~-glycine, which has been characterized by FAB/MS and FAB/MS/MS on
other types of mass spectrometers (99).

Figure 37A shows the FAB mass spectrum of glycyl-leucyl-alanine in
acidified glycerol, showing a peak for the (M+H)* ion of the tripeptide
at m/z 260. Figure 37B shows the argon CID daughter spectrum of the
(M+H)* ion of the tripeptide. All of the daughter ion peaks in Figure
37B are characteristic of this particular molecule and have been
documented in the literature by other techniques (99). Figure 37
demonstrates that the new FAB ion source is compatible with the normal
operation of the TQMS, and that the results obtained by FAB/MS/MS on the
TQMS are directly comparable to the results from other FAB/MS/MS
techniques. Figure 37 also shows that, whereas the major peaks in the
FAB/MS spectrum are due to the liquid matrix, all of the peaks in the
FAB/MS/MS spectrum are due to the protonated molecule and fragment ions

of the tripeptide. This demonstrates in a graphic manner the utility of



92

100%

{4 93 @

45 6 x 6
4 G29 , 57¢ r

G 19})44

185 G

Relative Abundance
1

0% Freeh
0 40 80 120 160 200 240 280
m/z
100%
lB
86 157
g 185
=
@ -
<
=
=)
-D -
<
V]
> -
.s +
LA (M+H)
- 44
] 5 260
58 189,15
Oz h R T8 LA RES L] LA R 8 !" "r'l LR X J IR R LR X R
T T T
0 40 80 120 160 200 240 280
m/z
G=Glycerol

Figqure 37. (A) FAB Mass Spectrum of Ala-Leu-Gly and (B) the Argon CID
Daughter Spactrum of the (u+n)+ of Ala-Leu-Gly






93

MS/MS for removing from the spectrum the interfering peaks due to FAB
ionization of the liquid matrix.

One of the unique capacities of the TQMS is that it permits one to
change the central quadrupole dc offset voltage, and thus regulate the
kinetic energy of incoming parent ions. The amount of internal energy
imparted to the parent ion in a collision with a target gas is a
function of the kinetic energy the parent ion had before the collision.
If one plots fragment ion abundance versus collision energy one can
generate a reconstructed collision energy scan. When the optimal
collision energy for the production of one fragment ion is different
from that for another fragment, the ratio of the fragment ion abundances
will vary with collision energy. Table S shows a CID collision-energy
study of the m/z 189 and m/z 185 daughter ions of the tripeptide.

Table 5 indicates that the m/z 189 ion is favored at higher
collision energies, which is consistent with data from other techniques
(99) . Table S also indicates that the new FAB source does not interfere
with the ability of the TQMS to employ this kind of ion kinetic energy
scan. Fortunately, the data in this section show that the new FAB

source is compatible with the TQMS ion optics and ion detection system.

S. Thermally-Assisted FAB (TA-FAB) on the TQMS

Thermally-assisted FAB is an extremely new technique (99) which
combines s3ome of the best features of heated direct probe mass
spectrometry with conventional FAB mass spectrometry which is usually
performed at room temperature. The liquid matrix for TA-FAB is a
viscous solution of fructose in water. At room temperature only the

matrix provides a significant signal, but as the temperature is raised,
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Table 5
Table of Fragment Ion Abundances for Two CID Daughter

Ions of the Protonated Molecule of Ala-Leu-Gly Versus Collision Energy

Percent Relative Abundance Ratio

Collision _Energy (ev) of m/z 189 / m/z 185
-1.4 15.3%
56 18.6%
10.4 34.2%

14.7 46.6%
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the analyte also experiences desorption/ionization by the FAB process.
If the temperature of the probe is programmed, however, the matrix ions
exhibit a different ion abundance profile from the analyte ions. The
differential desorption of matrix and analyte ions reduces the number of
peaks due to matrix ions in the spectrum of the analyte and makes
background subtraction feasible in TA/FAB. In ordinary FAB this is
often not the case.

Ackermann’s theory (99) for explaining the mechanism of TA-FAB
claims that the mobility of the matrix increases with temperature and
that water trapped in the fructose matrix is the key to the formation of
ions. This view is partially substantiated by the fact that the maximum
desorption of analyte ions always occurs close to 100°C, the boiling
point of water. This point is called the best matrix temperature, and
is comparable to the best anode temperature described in field
desprption mass spectrometry. This mechanism, called ternary
percolation, assumes that large amounts of water must be given off at
the best matrix temperature. The mass spectrometer on which TA~FAB was
pioneered, however, did not detect a large peak at m/z 19 corresponding
to H30%, and did not detect any peak at m/z 21 corresponding to H3l80t
when the sample was spiked with H2180. This led to the conclusion that
either the model was incorrect or that the vast majority of the water
given off was a neutral vapor and could not be detected by that
instrument.

The TQMS, unlike the older instrument, is capable of using two
ionization modes simultaneously. It is possible to perform FAB on a
sample and to ionize any neutral products of the FAB process that escape

into the gas phase either with the CI or EI filament. Figure 38A is a
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TA-FAB mass spectrum of the fructose-water matrix, and Figure 38B is and
EI-TA-FAB mass spectrum of the fructose-water matrix. Figure 38 A and B
show a large number of peaks due to fragmentation of fructose and also a
major peak at m/z 18, which is likely due to the ion Hzo*’. When the
filament is turned on, the m/z 18 peak increases over 100 times in
abundance, indicating that the majority of the water molecules produced
. by TA-FAB are indeed neutral, not ionized. A similar EI-TA-FAB
experiment using a fructose solution spiked with 52180 yielded 1large
peaks at both m/z 18 and m/z 20, indicating the presence in the gas
phase of neutral H,0 and 32180.

These TA-FAB experiments were conducted at the very end of this
research project and are only preliminary results of a much broader
investigation into TA-FAB which are being conducted currently by C.
Heine at the MSU-NIH-MSF. Even these preliminary results, however,
indicate that the TQMS with its tandem ion sources and tandem analyzers
is an extremely valuable instrument for investigating the still
mysterious mechanisms of both FAB and TA-FAB.

The major conclusion that one can draw from the data in this
chapter is that the combination of FAB and the TQMS is sufficiently
powerful and reproducible to justify its use for studying ion/molecule

reactions as a complement to the established ion/molecule technique of
CI/TQMS. Further research into the mechanism of FAB will be presented

in Chapters V. and VI.of this dissertation.



in
puey

s

A
g

th

)

e
-



CHAPTER IV.
ION-TRAPPING TECHNIQUE FOR ION/MOLECULE REACTION STUDIES IN THE TRIPLE

QUADRUPOLE MASS SPECTROMETER

A. Introduction

The triple quadrupole mass spectrometer (TQMS) was developed
initially to study laser photodissociation reactions in the region of
the center quadrupole (101,102). Researchers soon discovered that by
using the central quadrupole as a collision chamber it was also possible
to study collision-induced dissociation (CID) (103) and ion/molecule
reactions (104, 105). Of these three reaction modes, CID using nitrogen
or argon has been used most frequently in scientific applications of the
TQMS. Very recently, however, there has been renewed interest in using
the TOMS to study ion/molecule reactions in the central quadrupole
region (106-112) since interactions with a reactive collision gas may
provide additional information about analyte ions that interaction with
an inert gas cannot (107). Unfortunately, the majority of ion/molecule
studies in the center quadrupole of the TQMS have produced low yields of
product ions from reactions in the central quadrupole. Analyte ions
entering the central quadrupole usually have low axial kinetic energies.
Any ion/molecule products that do form by this process have very little
axial kinetic energy, and they tend to remain in the central quadrupole
region. In addition to this difficulty, the TQMS has poor control over
the residence time of ions inside the central quadrupole (112). One can
control the residence time only roughly by changing the pressure in the
central quadrupole. Thus ion/molecule reactions products in the central
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quadrupole are not observed except at relatively high pressures and low
axial kinetic energies. The high pressures and the low kinetic energy
of the ions’ inhibit efficient transfer of the ion from the collision
region through the third quadrupole to the electron multiplier. The
standard technique is to use a drawout lens to extract ions near the
exit of the central quadrupole. Ion/molecule product ion currents are
limited by the rate of diffusion of product ions along the axis of the
quadrupole.

This chapter describes a novel approach for increasing the
residence time of ions inside the central quadrupole and for improving
the intensity of signals representing ion/molecule reaction product
ions. This technique stores product ions in the central quadrupole then
extracts, in a pulse, those thermal ions present in the central
quadrupole. One obtains an instantaneous current much greater than the
steady state current. This technique requires no hardware modifications
to the instrument, and can be applied to most TQMS instruments currently
available.

The technique of ion trapping in a TQMS is illustrated with a
reaction of methyl cations with neutral acetone. This reaction produces
ten primary products as characterized by ICR spectrometry (114). The
particular ion/molecule process used to characterize the effects of ion
trapping in the central quadrupole is the reaction of protonated
glycerol with neutral acetic acid. Similar ion/molecule reactions have
been investigated by ICR spectrometry (115). A third ion/molecule
reaction, the trimethylsilyl cation reacting with acetone, was used to
compare the ion/molecule reaction data generated by two tandem

quadrupole instruments of different internal design.
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B. Experimental

1. Instrumentation

The instrument used for these studies is a prototype triple
quadrupole mass spectrometer built by Extranuclear (now Extrel) Inc.
The instrument has a dual EI/CI ion source that has been modified to
permit fast atom bombardment (FAB) ionization. The fast atom gun is a
capillaritron probe gun from Phrasor Scientific. All of the samples
used in this study were introduced either through a volatile liquids
inlet or by a direct probe. Collision gases were admitted into the
collision region of the TQMS by means of a stainless steel vacuum line.
The pressure of gas in the collision region was regulated by a model 216

pressure/flow controller from Granville-Phillips, Inc.

2. Computer System

An 8086-based microcomputer controls the TQMS and acquires data
using a software control system built on the programming language FORTH.
The control system, based on the work of C. Myerholtz (113) and adapted
by Extrel, Inc., provides modular software which allows considerable
flexibility in using the instrument. In addition the system can be
programmed by the user. The authors easily modified the basic data
collection algorithm to permit the trap and pulse data collection
technique described in this section to be used with daughter scans,

parent scans, and neutral loss/gain scans.
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3. Chemicals Used

Glacial acetic acid was obtained from Mallinckrodt as an
analytical reagent. Acetone and chlorotrimethylsilane were obtained
from Fisher Scientific. Both were used without further purification.
The glycerol used in this project was vacuum-distilled. Xenon obtained

from Matheson Scientific was 99.99% purity.

4. 1Ion/Molecule Reactions

The phenomenon of ion trapping is illustrated in this chapter
using the reaction of the methyl cation with neutral acetone. This
reaction produces ten primary products and has been investigated by ICR
spectrometry (114). The reaction was carried out in the TQMS by
introducing 5x10~% torr acetone into the ion source and 5x10-% torr
acetone into the central quadrupole region. ' The acetone in the ion
source region was ionized by 70 eV EI which produced the methyl cation
in addition to many other fragment ions. The methyl cation was mass-
analyzed using the first quadrupole and reacted with the neutral acetone
in the central quadrupole.

The particular ion/molecule process used to illustrate the effects
engendered by ion trapping in the central quadrupole is the reaction of
protonated glycerol with neutral acetic acid. Similar ion/molecule
reactions between protonated alcohols and acetic acid have been
investigated by ICR spectrometry (115). This reaction was implemented
by protonating the glycerol with FAB in the ion source of the TQMS and
by allowing a regulated pressure of acetic acid to enter the center

quadrupole region. The ion source and central quadrupole regions are
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differentially pumped 8o that there is little mixing of the neutral
vapdrs of the glycerol and acetic acid. The protonated glycerol was
mass-selected by the first quadrupole and reacted with the acetic acid
in the second quadrupole to form the proton-bound adduct ion which in
turn was mass-selected by the third 'quadrupole. This particular
reaction was chosen because it represents a striking example of the
effect of the trap and pulse technique. However, this technique is by
no means limited to FAB. Similar effects have been observed for peaks
representing the products of ion/molecule reactions that were the result
of ions generated by CI and EI.

The ion/molecule reaction wused to compare different tandem
quadrupole instruments was the reaction of the trimethylsilyl cation
(TMSt) with acetone. The TMS* ion was generated by 70 eV EI from 5}(10.‘6
torr of chlorotrimethylsilane leaked from the "liquids™ inlet through a
needle valve into the ion source of the TQMS. 9X10~% torr acetone was
admitted into the central quadrupole by means of the pressure controller
described above. The ion source temperature was 150°C, and the central

quadrupole temperature was 50°C.
S. Instrumental Conditions for Ion Trapping

A positive voltage on L5 (see Figure 39) prevents all low energy
ions from reaching the detector and traps many of them inside the
central quadrupole. For negative ions, of course, the L5 potential must
be more negative than the dc offset of the central quadrupole to block
the exit for ions. Ordinarily, the most reproducible results in the
positive ion mode were obtained when the L5 potential was +100 V and

then pulsed to -100 V, and in negative ion mode when L5 potential was -
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100 V and then pulsed to +100 V. Typical TQMS instrument parameters for

EI, CI, and FAB are shown in Table 6.

Table 6

Typical Conditions for Ion-Trapping
In the Center Quadrupole of the TQMS

Parameters EI +CI -CI FAB
Filament 70 ev 100 eVv 100 ev —-———
Repeller 14.3 Vv 33.0 v -46.6 V 0.0 v
CI 2.7V 32.2 v ~-37.6 V 25.0 Vv
EI 14.9 Vv -185.8 v - 1.5V =-104.0 V
EXT 23.7 Vv -3.7 Vv 75.9 V. -141.4 V
Ll -30.0 Vv -13.0 Vv -23.3 Vv 17.3 v
L3 10.0 v -191.3 Vv 110.4 V 100.0 v
Q1 -0.5 Vv 20.0 Vv -33.0 v -9.4 Vv
L4 15.9 Vv -25.1 V 66.9 V -59.5 V
Q2 20.0 v 32.2 v -26.6 V -1.8 Vv
LS 100.0 Vv 100.0 v -100.0 V 100.0 Vv
Q3 4.0V 20.0 v -32.7 Vv -13.2 Vv
Multiplier -2 kV -2 kv -2 kv -2 kv
Conversion

Dynode - 3 kv -3 kV 3 kV 3 kV
FAB Gun —-— —-——— —-——— 10 kv

C. Results and Discussion

1. Ion Trapping in the Central Quadrupole

Figure 39 is a diagram of the internal components of the TQMS used
in this study. During a continuing 1long-term project to study
ion/molecule reactions in the center quadrupole, it was observed that
the signal intensity for ion/molecule product ions increased
dramatically when the voltage on the drawout lens (LS) for the central
quadrupole was decreased abruptly. For positive ions, the increase in
peak intensity is greatest if the LS5 potential is first increased to a
value at least 10 V more positive than the dc offset voltage of the

central quadrupole.
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Apparently, the <central quadrupole and its lenses, when
"pressurized®™ can act as an ion trap for ion/molecule product ions with
low kinetic energies. These trapped ions can then be drawn out toward
the detector by means of a voltage pulse on L5 which gives a maximum
signal intensity that may be many times greater than if ion/molecule
product ions are drawn out by LS5 under the normal steady-state operating
conditions of the TQMS. This technique of detecting ion/molecule
product ions will be referred to as the "trap and pulse™ method. It
must be emphasized at this point that in the trap and pulse method,
parent ions are constantly being created in the ion source and being
transmitted to the collision chamber by the first quadrupole. Because
the third quadrupole cannot be scanned over its full range during the
millisecond duration of the ion pulse generated by L5, these techniques
are necessarily limited to collecting ions of a single nominal mass to
charge value per pulse.

In a related technique, ions can be injected into the collision
chamber as a discrete packet by pulsing the ion source, followed by ion
trapping in the central quadrupole and a pulsed drawout of product ions
by LS. This technique will be referred to as the "inject, trap, and
pulse™ method. The major difference between the two experiments is that
trap and pulse admits parent ions continuously into the collision
chamber, whereas inject, trap, and pulse admits only a discrete number
of ions into the collision chamber. In both modes, LS can block all
ions with low axial kinetic energy from reaching the detector. The
inject, trap, and pulse mode was used to determine the length of time
that ions can be trapped inside the central quadrupole. The organic

ion/molecule reaction chosen for this study was that of methyl cations
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reacting with acetone (investigated previously by ICR (114)) to form the
products listed in Table 7.
Table 7

Table of Ion/Molecule Products of the Reaction
Between the Methyl Cation and Acetone

M/2 Formula

15.0 cizt (@)
29.0 : CoHgt (1)
31.0 CH3z0t (1)
41.0 c3Hst (1)
43.0 CH3cot (1)
44.0 CH3OCH%+ (1)
57.0 C3Hgot (1)
58.0 c3Hgot (1)
59.0 Cc3H70t (1)
117.0 CeH1302% (2)

(P) indicates the parent ion
(1) indicates a primary reaction product
(2) indicates a product formed by reaction of primary
products with acetone

It is possible to trap stable ions such as those with peaks at m/z
59 (acetone + H)' and 117 (acetone dimer + H)* in the central quadrupole
region for up to 20 seconds. The number of trapped ions drops off
exponentially with trapping time. The time constant for this
exponential decay (measured using the m/z 117 ion at 5X10™¢ torr
acetone) was 2.8 seconds. Attempts to perform the inject, trap, and
pulse experiment on some of the other ion/molecule reaction products in
Table 7, were unsuccessful (no ion currents detected above the
background present in the instrument), until the acetone pressure in the
central quadrupole was lowered to 7%x10-6 torr. At these 1lower
pressures, the less stable ions such as those of m/z 43 did not react as
efficiently to form secondary products, and thus, could be trapped,

albeit for short periods of time. The ion of m/z 43 was trapped for 100

msec before its signal faded into the background.
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If one plots trapped ion abundance versus the axial kinetic energy
of parent ions entering the central quadrupole, one obtains a sharp peak
with a maximum at approximately 0 eV. This is the same type of energy
effect found for most ion/molecule reactions observed without trapping
in the central quadrupole (10).

In trap and pulse mode, parent ions enter the central quadrupole
at a constant rate from the ion source. Therefore, a plot of the area
under the ion pulse profile versus trapping time will reveal ion losses
due to ion instability from its slope and losses due to approaching
maximal trapping capacity from its linearity. If neither of these
losses occurs, the ion/molecule product ion intensity should increase by
an order of magnitude as the trapping time is increased by an order of
magnitude. The area under the pulsed signal profile representing the
protonated dimer of acetone of m/z 117 (from the reaction of CH3+ and
acetone) does in fact, increase by an order of magnitude as trapping
time in increased from 10 to 100 msec. Figure 40 shows a plot of analog
to digital converter (ADC) counts (which represent the area under the
pulse profile) versus trapping time. The linear nature of the plot in
Figure 40 indicates that this ion is stable over the 100 msec experiment
period and that the central quadrupole can effectively trap it without
significant loss. This does not mean that one can detect all of the
trapped ions since the 3jion extraction efficiency of L5 is probably
fairly low.

If the parent ion flux is too high, the central quadrupole becomes
filled with ions and the curve shown in Figure 40 is not linear.
Instead it asymptotically approaches a steady state in which the rate of

ions lost from the trap due to ion/ion repulsions is equal to the rate
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of ions injected into the trap. The trap is usually filled within 100
msec at high parent ion fluxes. If the product ion decomposes
unimolecularly or by collisions with neutral molecules, or if it reacts
with neutral molecules to form other products, the curve in Figure 40 is
still linear but its slope decreases. In either case (high parent flux
or product decomposition) the apparent trapping efficiency for
thermalized ions decreases. On the other hand, the apparent trapping
efficiency for thermalized ions increases with decreasing collision gas
pressure (increasing mean free path). Effective maximum pressures of
reactive collision gases are in the range from 10-5 to 10-3 torr, but

his depends on the particular ions and neutral gases chosen for study.

2. The Trapping Algorithms and their Effects on Data

Acquisition

Figure 41 illustrates the time profiles of L3 voltage, LS
voltage, and product ion current in the inject, traé; agd pulse mode.
In this mode, the voltage on L3 is used as a gate to control parent ions
leaving the ion source region and entering the collision chamber. The
voltage on L5 is used to trap ions in the collision chamber and to pulse
the stored ions toward the detector. Raising the L3 voltage does not
cause ions to be stored in the ion source of the TQMS; rather it seems
that parent ions are simply deflected from their original flight path.

Some of the characteristics of the MS/MS system in the trap and
pulse mode are shown in Figure 42, which compares a product ion current
profile and a corresponding plot of L5 voltage. During the trapping
period no product ion current arrives at the detector, but following the

drop in L5 voltage, there is an abrupt rise in the product ion current
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followed by an decay to the level of product ion current produced during

steady-state conditions (when LS is set at =100 V and not pulsed).

Unlike the decay observed in the inject, trap, and pulse mode, the decay
of ion current in the trap and pulse mode is not cleanly exponential.
The time constant of the decay increases with collision gas pressure
(i.e., the ion current profile becomes wider during the pulse phase),
which indicates that the shape of the ion current profile is controlled
at least partially by diffusional effects.

The high voltages shown in Figures 41 and 42 for LS5 are not
necessary to observe the effects described. A pulse of 10 V to -10 V
(for positive ions) is often just as effective, but the higher voltages
ensure that the maximum number of ions is trapped in the central
quadrupole and that the central quadrupole is purged of ions between
storage intervals.

Also noteworthy in Figures 41 and 42 is the fact that the increase
in ion current begins as the L5 voltage drops to approximately 0 V,
which is the very near the offset voltage of the central quadrupole.
Therefore, as the maximum ion current passes through the third
quadrupole, LS is not set at an extreme voltage, does not impart excess
kinetic energy to the ions, and as a result does not degrade peak shape
(see also Figure 43).

It is apparent from Figures 41 and 42 that the fall time of the LS
voltage pulse is about 20 msec. The rapid decay of the pulse has led
the authors to develop a mass-scanning algorithm called a "reaction
scan™ that repetitively performs the trap and pulse technique and
acquires data at least once per nominal mass unit to enhance the

intensity of all ion/molecule products in an MS/MS spectrum.
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Using the FORTH-based software control system of the TQMS,
conventional MS/MS scans were easily modified to allow ion-trapping and
pulsed data collection. In reaction scans, the ion source, detector,
lens, and quadrupole potentials are set and the microcomputer then
generates the sequence of voltage pulses to the lenses as illustrated in
Figures 41 and 42. At each mass increment, the apex of the ion current
pulse 1is determined; a series of these trap and pulse cycles at
consecutive increments (0.1 mass unit) along the mass axis establishes
the mass spectral peak profile. That is, immediately after the drawout
pulse on L5, the microcomputer sequentially acquires a specified number
of data points to establish the ion pulse profile of a given m/z
increment. The data point with maximum magnitude during the data
collection for that cycle is used as the ion current value for that mass
increment in defining the profile of the mass spectral peak. Finally, a
peak-finding algorithm processes the sequential values of the ion
current along the mass axis to determine the peak intensity/mass value
pairs for each mass spectral peak.

Alternatively, the microcomputer can integrate the area under the
ion current profile. The integration algorithm, however, has been
determined to decrease the signal-to-noise ratio of the measurement
relative to that of simply finding the maximum ion current during the
pulse. This means that the peak height is more reproducible than the
peak area. The reason for this is that the data are in the form of an
asymmetric peak with a long tail. The tail approaches a baseline which
represents the steady-state product ion current. The low value of the
Steady-state current is sensitive to minor fluctuations in collision gas

pressure and to random noise, such as that produced by the FAB gun.
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Therefore, the baseline contains considerable noise and also varies from
pulse to pulse, causing the peak areas to be irreproducible compared to
peak height.

Reaction scans are necessarily slower than the corresponding
conventional MS/MS scans because a finite time must be spent at each
mass increment to trap ions and then to collect data during the pulse.
Typical durations for reaction scans (50-500 u) vary from 1 - 2 minutes
depending on the reaction being monitored. Therefore, collection of
trap and pulse data over the complete mass range (50-500 u) cannot be
achieved on the gas chromatographic time scale. One can collect limited
trap and pulse data on the GC time scale by using an MS/MS technique
called selected reaction monitoring in which the £first and third
quadrupoles are set to pass ions of one specific mass-to-charge ratio so
that the TQMS selects for only one particular parent ion and one
particular product ion at a time. One trap and pulse cycle can be
accomplished in 50-100 nwec;.th;refore, one can expect to obtain at
least 10 data points across even the most narrow capillary gas

chromatographic peaks by means of selected reaction monitoring.

3. Effects of Ion Trapping on the MS/MS Spectrum

of an Ion/Molecule Reaction

In the trap and pulse mode, parent ions are accumulated
continuously and all products are trapped in the central quadrupole.
Therefore, ion-trapping time in the central quadrupole is an important
parameter related to the magnitude of the signal for ion/molecule
product ions. The peak intensity of the ion/molecule product ion

increases rapidly with trapping time and then levels off. This
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phenomenon reflects a limit to the accumulation of ions in the collision
chamber due to space-charge. The same effect is observed frequently in
other ion trapping techniques (16). Monitoring a parent ion with a
significant abundance (such as the m/z 93 ion, the (M+H)Y ion of
glycerol generated by FAB) causes a high rate of parent ion influx into
the central gquadrupole. In this case, the space-charge limit can be
exceeded in only 100 msec of trapping time. The trapping of lower
abundance parent ions exceeds the space-charge limit more slowly. The
major advantages of the trap and pulse technique over the conventional
scanning techniques are illustrated in Figures 43 and 44. Figure 43
shows three MS/MS s3weeps over two peaks representing the isotope peaks
of the proton-bound adduct of glycerol and acetic acid that was produced
by the ion/molecule reaction of protonated glycerol with acetic acid in
the central quadrupole region. Sweep A was collected in the
conventional mode by stepping the third quadrupole in 0.1 u intervals
over the product ions of interest with no signal averaging
(approximately 1 msec spent on each point). Sweep B was also collected
in conventional mode but with 100 msec of real-time signal averaging per
data point. Sweep C was collected using the trap and pulse mode with
100 msec of ion-trapping time per trap and pulse cycle. Figure 43
demonstrates that at the expense of scan speed, the trap and pulse
technique can increase the signal-to-noise ratio for detecting
ion/molecule product ions by 30 times over that achieved during
conventional data acquisition. Figure 43 also demonstrates that at
equivalent overall scan speeds, the trap and pulse technique can produce
signal-to-noise ratios that are four times higher than those acquired by

conventional data acquisition using real-time signal averaging over
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equivalent time intervals. Signal averaging in the conventional mode
improves the signal-to-noise ratio by discriminating against random
noise while favoring the constant signal (S/N improves with square root
of the number of averages). The trap and pulse technique does not
discriminate against noise as such. It improves signal-to-noise by
increasing the amount of signal by integrating ion current inside the
central quadrupole. S/N theoretically improves linearly with trapping
time. Therefore, if one increases trapping time by 100 times, one
should observe a hundred fold increase in the signal-to-noise ratio. 1In
Figure 43C we observe only about a third of this increase in S/N because
the ion chosen for study decomposes to other products during the course
of ion trapping as is shown in Figure 44. Only peaks representing ions
which are stable for the entire period of ion trapping can exhibit the
full theoretical increase in S/N. The total random noise in the system
under trap and pulse mode can only be decreased by averaging consecutive
pulse heights (or areas) together. Figure 43 also shows that the shape
of the mass spectral peaks representing the ion/molecule products and
the mass resolving power of the third quadrupole is not degraded by the
trap and pulse technique.

Figure 44A is a conventional third quadrupole MS/MS scan of the
ion/molecule reaction between protonated glycerol and acetic acid in the
central quadrupole. Figure 44B shows a reaction scan of the same
ion/molecule reaction using trap and pulse mode. Figure 44 illustrates
that the appearance of ion/molecule product spectrum can Dbe
significantly different depending on the scan technique employed. In
general, the ratio of product ion peak intensities to the parent ion

peak intensity is greatly enhanced with the trap and pulse technique, as
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one would expect, since parent ions are being converted to products
continuously during trapping.

Some ion/molecule product ions show more enhancement than others
because at long trapping times unstable product ions can decompose or
react with the collision gas to form secondary ion products. Therefore,

. trap and pulse tends to enhance dramatically the ion signals of stable
ions, but may actually decrease the relative intensity of signals from
less stable ions depending on the conditions in the collision chamber.
Figure 44 also shows that at 7x10~° torr of acetic acid in the collision
chamber, the trap and pulse technique allows ion/molecule products to be
observed that otherwise are not detectable at that pressure. The peaks
at m/z 110, 117, 119, 121 and 135 are not present even in low abundance
in the conventional spectrum. These ions are, however, present if one
does CI of a mixture of glycerol and acetic acid. The ions represented
by m/z 119 and 121 are the result of proton transfer to the acetic acid
dimer, but the ions represented by m/z 117, and 135 are new ions that
are the result of neutral losses from the proton-bound adduct of the
glycerol and acetic acid. The ion/molecule chemistry between protonated
alcohols and acids is discussed in detail in Chapter V. of this

dissertation.

4. Comparison of Two Tandem Quadrupole Instruments

with Regard to Ion/Molecule Reaction Studies

The research presented in this chapter has been presented to
several scientific audiences and at least one researcher (116),
responding to the results in this chapter, claimed that the TQMS in his

laboratory (a Finnigan MAT TSQ) performed ion/molecule reactions in the
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central gquadrupole quite well without ion trapping. He, in fact,
suggested that we perform on the Extrel TQMS a particular ion/molecule
reaction experiment which had been performed with the Finnigan TSQ to
determine whether the design of the Extrel TQMS was the cause of the
poor sensitivity without ion trapping. The suggested reaction shown in
Scheme 2 is the gas-phase analog of a common solution reaction used to
derivatize some alcohol and ketone functional groups for the purpose of

improving GC/MS performance.

The trimethylsilyl (TMS) 4ion was generated by EI in both
instruments from chlorotrimethylsilane, and neutral acetone was leaked
into the central quadrupole region. The Finnigan MAT TSQ and the Extrel
TQMS produced virtually identical product spectra for the reaction in
Scheme 2. The product spectrum without ion trapping is shown in Figure
45A, and the product spectrum with 50 msec of ion trapping is shown in
Figure 45B. The signal enhancement for the peak representing the TMS-
acetone adduct ion (m/z 131) is dramatic. Discussions with scientists
from Finnigan MAT have recently confirmed that the trap and pulse effect
can be observed on that instrument as well as on the Extrel TQMS,
despite differences in design. This indicates that ion trapping in the

rf-only quadrupole is a general phenomenon.

D. Conclusion

It is possible to trap ions with very low axial kinetic energies
(such as ion/molecule product ions) with high efficiency in the central
quadrupole region of the TQMS with no physical modifications to the
instrument. The capacity to trap ions efficiently in the central

quadrupole has several significant advantages for studying ion/molecule
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Scheme 2
Reaction of the Trimethylsilyl Ion with Acetone to

Form the Adduct Ion

+ *
(CH,),Si" + (CH,),CO &= [«CHs)s Si{0=C(CH,), ]
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reactions in the TQMS: lower pressures of reactive collision gas can be
used, the overall signal 1level and the signal-to-noise ratio for
detecting ion/molecule reaction products can be improved, and
ion/molecule products which are not easily observed by conventional TQMS
data acquisition can be detected. The ion-trapping techniques described
here could be used for enhancing the ion signals from other types of
reactions in the collision chamber of the TQMS, such as charge transfer
and photodissociation. Conceivably, ion trapping could be ‘employed in
other multi-quadrupole instruments such as the BEQQ (117,82) and the
five-quadrupole instrument developed recently for ion/molecule reaction

studies.



CHAPTER V.
ION/MOLECULE REACTIONS OF CARBOXYLIC ACIDS AND ALCOHOLS IN THE TQMS

FOLLOWING IONIZATION BY CI AND FAB

A. Introduction

One of the classic reactions in organic solution chemistry is the
acid-catalyzed Fisher esterification reaction (118). ' In a strongly
acidic medium, one can protonate a carboxylic acid which will react
readily with alcohols to form the protonated ester. By neutralizing the
solution one obtains crystals of the neutral ester. This reaction has
been used as a derivatization reaction in GC/MS applications to make the
methyl esters of long-chain fatty acids (119) because the esters are
more volatile and thermally stable than the acids and because the esters
give molecular ions under EI, whereas the acids often do not. The
Fisher esterification reaction 1is also commonly used in peptide
synthesis as a method of protecting carboxylic acid functional group
(120) .

An analogous reaction of alcohols and acids has been demonstrated
to take place in the gas phase by Tiedemann and Riveros using ICR
spectrometry (90). Tiedemann and Riveros determined that alcohols and
acids at approximately 10~5 torr react in the presence of protons to
form protonated esters, and they published simple rules ;:hich allow one
to predict whether a particular acid/alcohol pair will produce a
protonated ester. The rules are: the reaction must be exothermic, and
the proton affinity of the acid must be higher than that of the alcohol

for the protonated ester to form. They also postulated that "the
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initial position of the labile proton (on the acid or the alcohol)
probably does not affect the mechanism, as rapid proton transfer very
likely occurs in the collision complex."”

Since this reaction is known to occur in the ICR technique and is
amenable to study by the TQMS, the author considered it an ideal
reaction to use for comparing the results obtained from ion trapping in
the TQMS to the results obtained from ion trapping in the ICR. This is
necessary because use of the TQMS without ion trapping has sometimes
produced results that were contradictory to other more established
ion/molecule techniques. The dubious quality of non-ion-trapped TQMS
data has previously led at least one author to dismiss the TQMS as a
useful tool for observing ion/molecule reactions (121).

The first question which this chapter seeks to answer is whether
the TOMS technique with ion trapping can be validated as an analytical
method for studying ion/molecule reactions. The second question is:
assuming that it is ©possible to study ion/molecule reactions
productively using the TQMS, what can the particular ion/molecule
reaction chosen for this study reveal about current unresolved issues in
mass spectrometry, such as the mechanism of FAB, and the ability of
ion/molecule reactions to function as probes for structural analysis in

complex molecules.
B. Experimental

1. Conditions for FAB

Due to the fact that the experiments in this section were carried
out over three years, the conditions varied more from experiment to

experiment than in other sections of the dissertation. Nevertheless,
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the conditions were relatively constant throughout. The voltage to the
capillaritron FAB gun was 10 kV, the Xe pressure in the ion source
chamber varied from 5X10~° to 8X10~5 torr, and the distance from the FAB
gun was approximately 10 cm. The repeller voltage applied to the sample
probe varied from 0 to 15.6 volts. Fortunately, this variation affected
only the total ion current and not the relative abundances of product
ions, since it was possible to keep the average axial kinetic energy of
the parent ion constant from experiment to experiment by varying the
central quadrupole offset voltage to match the changes in repeller
voltage.

Vacuum distilled glycerol was the most commonly used FAB matrix,
but it was necessary to wuse a 1:1:1 mixture by volume of
dithioerythritol, dithiothreotol, and thiodiglycol as a matrix to
achieve satisfactory results with ibuprofen. The reason for this was
that the (glycerol dimer + Na)t ion obscures the protonated molecule of
ibuprofen at m/z 207. However, no major ion is present from the thiol
matrix.

All of the FAB samples except for ibuprofen were pure compounds
obtained as analytical grade reagents. The ibuprofen was obtained from
a local drug store as tablets with the brand name Nuprin. One Nuprin
tablet was placed in 1 ml of 6 N HCl and shaken vigorously. This
procedure creates a yellow suspension which settles out to leave a
yellow solution. 1 ul of the yellow solution was pipetted onto 5 Wl of
the thiol mixture and was immediately placed in the TQMS for FAB
analysis since the thiol mixture is more volatile than glycercl and has

an offensive odor. Once inside the TQMS, the thiol mixture gives superb
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FAB spectra of ibuprofen but the ions usually are produced for no more

than five minutes since the matrix dries out quickly under the vacuum.
2. Conditions for CI and GC

Whenever possible, the author used self-CI to create (M+H) parent
ion of gases and volatile liquids. The standard ion source chamber
pressure for self-CI was 5X10~3 torr of the appropriate gas such as
methanol, ethylene glycol, ethanol, ethylacetate, and acetic acid.
Whenever a reagent gas was necessary, as in the GC experiment, the
author employed 1X10~4 torr isobutane as the reagent gas. The ion
source temperature for CI was generally 75°C, but was set at 130°C for
the GC experiment. For the GC experiment, the heated transfer line from
the GC was set at 200°C, the GC oven was programmed from 50°C to 250°C
at 10°C per minute. The column was a narrow-bore analytical fused-

silica bonded-phase column coated with a DB-5 stationary phase.
3. Conditions in the Central Quadrupole

For ion/molecule reactions in the central quadrupole, the average
axial kinetic energy of parent ions was nearly always in the vicinity of
4 eV. The actual energies varied from 2.6 to 5.3 eV as calculated by
subtracting the central quadrupole offset voltage from the ion source
voltage (either the CI volume voltage or the FAB repeller depending on
the ionizatiﬁn technique) . There is only marginal control over the
axial kinetic energy in this TQMS design, so the parent ions exhibit an
energy spread of at least 3 eV in all experiments. Therefore, to a
first approximation, the average kinetic energy of the parent ions was

held constant throughout the experiments in this section.
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Table 8

Typical Operating Conditions for EI/MS/MS and CI/MS/MS

Parameter Value
Mode +CI
EV 70eV
REP 6.0V
clv 15.0V
ElV 15.0V
EXT 23.7V
Ll -300vV
L2 —_
L3 10.0V
Ql 95v
L4 120V
Q2 130V
LS 0.5v
Q3 0.3V
MHV 19000V

Parameter Value
Mode +CI
EV 70eV
REP 379V
Clv 3r.2Vv
Elv -70.2V
EXT 408V
Ll -104vV
L2 —_—
L3 -630V
Ql 210V
L4 -12.2V
Q2 288V
LS -11.8Vv
Q3 231V
MHV 20000V

Using Ar CID

EI/MS/MS

CI/MS/MS

Parameter Value
Mi m/z of Parent lon
M2 Ml<2
M3 m/z of Daughter lon
DMI 33
DM3 76
RMI —_
RM2 —_
P2 —_
THR 150
PWD 5
MWD 30
RTE 6
Parameter Value
MI m/z of Parent lon
M2 Mi+2
M3 m/z of Daughter lon
DMI 33
DM3 7.6
RMI —_
RM2 —
P2 —_
THR 170
PWD 5
MWD 30
RTE 6



reg

For

col]

quac

nurt

are

pres
Subt
whig
acig
with

aleg



129

The standard pressure of acetic acid in the central quadrupole
region was 8X10~4 torr as measured by an ionization gauge. The pressure
of methanol in the central quadrupole was regulated to be 2x10-3 torr.
For CID experiments, 1x10~3 torr argon was used as the non-reactive
collision gas. The pressures of all gases entering the central

quadrupole were regulated with a Granville-Phillips pressure controller.

C. 1Ion/Molecule Chemistry Results from the TQMS

Compared to Other Techniques
1. 1Ion/Molecule Reactions in Methanol

Both alcohols and acids in the gas phase exhibit a considerable
number of self-CI type ion/molecule reactions. These reactions occur
both in the CI volume and in the central quadrupole of the TQMS. They
are of interest in this chapter primarily because the self-CI reactions
present a chemical background (rather like that in FAB) which must be
subtracted from the product spectra to reveal the ion/molecule reactions
which take place between alcohols and acids. With both alcohols and
acids, the self-CI reactions are initiated by any incoming parent ion
with a labile proton that can undergo proton transfer to the neutral
alcohol or acid. The protonated alcohols or acids can then react with
its neighboring neutral molecules to form product ion which can
decompose to form fragment ion which in turn can react with neutral
molecules to form still more product ions. All of the product ions
usually lose water readily, forming still more product ions. At higher
preésures (as in CI) one can generate many different product ions of low
abundance up to approximately m/z 200. Figure 46 shows two product

spectra of protonated methanol (m/z 33) obtained while reacting with
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methanol in the central quadrupole. Figure 46A was obtained without ion
trapping and Figure 46B was obtained with 100 msec of ion trapping.

It is immediately obvious from Figure 46 that ion trapping
increases the number and the total ion abundance of the self-CI ions
produced in the central quadrupole. The major product ion peaks one
observes are the protonated dimer of methanol at m/z 65, the protonated
trimer of methanol at m/z 97, and the protonated dimethylether ion at
m/z 47, and the adduct of water and methanol at m/z 50.

In Figure 47, the self-CI spectrum of methanol generated in the CI
volume shows product ions peaks that are nearly identical to those

generated by ion trapping in the central quadrupole.
2. Ion/Molecule Reactions in Acetic Acid

Figure 48 shows the product spectrum of the reaction between
protonated acetic acid (m/z 61) and neutral acetic acid in the central
quadrupole with 100 msec of ion trapping. Figure 48 demonstrates that
acetic acid produces many more product ions than methanol and that these
ions extend over a much wider mass range. The base peak of the
spectrum is the acetyl ion at m/z 43 which is the result of neutral
water loss from the protonated acid. 1In fact, it is very difficult to
obtain the protonated molecule of any monofunctional carboxylic acid in
any ionization technique due to this facile water loss. Other major

peaks in Figure 48 include the protonated dimer of acetic acid at m/z
121 and the adduct of Hzo"‘ and acetic acid at m/z 78. Acetic acid
cluster ions have received considerable attention in the scientific

literature (122).
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3. Background Subtraction to Remove the Self-CI

Contribution from the Product Spectrum

Since the pattern of the self-CI product spectrum of acids and
alcohols in the central quadrupole is quite reproducible at a given
reactive collision gas pressure and at a given trapping time, the self-
CI spectra can be stored in a file on a magnetic disk and can be
subtracted from any other product spectrum by means of computer routines
to give product spectra which are free from contributions to peaks that
are due to ion/molecule reactions from to the collision gas. This
spectral background subtraction strategy is used in this chapter and in
other places in this dissertation to aid in spectral interpretation. If
the background peaks are much larger than the ion/molecule reaction
product peaks with the same nominal mass, the ion/molecule reaction
product peaks will tend to be subtracted from the spectrum along with
the background peak. This difficulty can only be overcome completely by
isotopically shifting the mass of the product ion (by addition of 24 or
13¢ to the parent ion) or by using an instrument such as the JEOL HX-110
with high resolution capabilities for product ion scans that actually

can resolve the product peaks from the background peaks.
4. Reactions of Protonated Alcohols with Acetic Acid

When one protonates ethanol by self-CI in the CI source and reacts
the protonated molecule with acetic acid in the central quadrupole, one
obtains the ion-trapped product spectrum in Figure 49A. The base peak
of Figure 49A is m/z 43, representing the acetyl ion, which is the
major peak produced by background ion/molecule reactions in acetic acid.

Therefore, the author used the program MSQUT to subtract the product
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spectrum of reactions in acetic acid (Figure 47) from the spectrum in
Figure 49. In order to obtain the correct peak heights in the
background-subtracted spectrum, the peaks in Figure 47 were normalized
to the height of the base peak in Figure 49A. The background subtracted
spectrum is shown in Figure 49B. It is free of the peak for the acetyl
ion and of all other peaks which represent ion/molecule reactions in
acetic acid. The parent ion, the protonated molecule of ethanol, (m/z
47) is the base peak in the background-subtracted spectrum. There are
two peaks that are the result of CID processes: m/z 19 (H3O+) and m/z 29
(CH3CH2+). The most abundant ion/molecule product ion peak with an m/z
value greater than the parent ion is at m/z 89. This corresponds to the
mass expected for the protonated ester reaction product of protonated
ethanol and acetic acid. The structure of this ion is probably that of
protonated ethylacetate. There is also a peak at m/z 107 in Figure 49B
which represents the proton-bound adduct of ethanol and acetic acid.
Combining acetic acid and ethanol in the CI volume with the CI
filament "on" produces the spectrum shown in Figure 50. The m/z 89 peak
produced by the reaction of acetic acid and protonated ethanol at high
pressure in the CI volume has in all likelihood the same ion structure
as the m/z 89 peak produced by the reaction of protonated ethanol and
acetic acid in the central quadrupole. In order to determine the
structure of the m/z 89 product ion peak, the author performed the argon
CID experiments shown in Figure 51A and 51B. Figure 51A shows the argon
CID daughter scan of the m/z 89 ion produced by the ion/molecule
reactions between ethanol and acetic acid in the CI volume, and Figure
51B shows the argon CID daughter spectrum of the m/z 89 ion produced by

isobutane CI of ethylacetate. One can see that the two daughter spectra
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shown in Figure 51 are extremely similar. This evidence substantiates
the ICR evidence that the m/z 89 product ion peak produced by the
reaction of protonated ethanol and acetic acid is, indeed, protonated
ethylacetate.

In addition, the spectra in Figures 49, 50, and 51 show how the
central quadrupocle and the CI volume can be used to produce more
information about a given reaction than either one alone can produce.
When an ion/molecule reaction is accomplished wusing the central
quadrupole, one has control over which parent ion reacts with the
neutral gas, therefore, one can determine which products arise from
particular parents. One cannot, however, perform CID subsequently to
determine the structure of the products (unless one has a
pentaquadrupole instrument). On the other hand, when an ion/molecule
reaction is accomplished using the CI volume, one cannot choose a parent
ion, but one can perform CID subsequently to determine the structure of
the product ions by spectral interpretation and by comparison of the CID
spectrum of the product ions to those of reference compounds. This
technique of using the CI volume and the central quadrupole in a
complementary fashion is employed repeatedly in this dissertation to
determine the structures of product ions which are produced by a given

ion/molecule reaction.

5. Ion/Molecule Reaction of Protonated Acids with

Alcohols

The article by Tiedemann and Riveros (90) indicates that whether
the proton is initially located on the alcohol or the acid is

inconsequential to the mechanism of the reaction, since they postulate
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rapid proton transfer in the intermediate complex. The author was
interested in testing the validity of this view by means of the unique
geometry of the TQMS. One can easily protonate the acid by means of CI
or FAB instead of the alcohol, and then react the protonated acid with a
neutral alcohol in the central quadrupole. If one protonates the acetic
acid by either self-CI or by FAB (acetic acid dissolved in glycerol) and
reacts the protonated molecule of acetic acid with methanol in the
central quadrupole, one obtains the ion-trapped product spectrum shown
in Figure 52. The base peak (m/z 43) in Figure 52 is the acetyl ion due
to CID. There is another CID peak at m/z 59 which is due to loss of Hj
from the protonated acetic acid. The only ion/molecule reaction product
is m/z 75 which corresponds to the protonated methyl acetate, which is
the same peak one obtains from the reaction of the protonated alcohol
and the neutral acid. One obtains approximately the same yield of the
protonated ester whether the proton is initially located on the acid or
on the alcohol. These data agree with Riveros and Tiedemann’s (90)
assertion that the mechanism of the gas-phase reaction is independent of

the initial location of the proton.

6. Effect of the Acid’s Proton Affinity on the

Esterification Reaction

Tiedemann and Riveros (90) observed in the ICR that whereas acetic
acid reacted with protonated ethanol to form the protonated ester,
formic acid did not. Formic acid has a lower proton affinity than
ethanol (see Chapter XI.), so the rules stated in the introduction of
this chapter for the production of protonated esters appear to be obeyed

in the ICR. The author was interested in whether the same result would
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be obtained in the TQMS. The first pieces of information obtained in
this regard were that commercial formic acid is usually contaminated
with small amounts of acetic acid, and that residual acetic acid remains
in the TQMS vacuum lines for hours after they have been evacuated. It
was, therefore, extremely difficult to obtain a formic acid product
spectrum that was entirely from peaks due to acetic acid. The major
difficulty presented by the presence of acetic acid was that the
ion/molecule reactions in acetic acid create peaks that have the same
m/z values as the esterification products one wishes to observe due
reactions between formic acid and protonated alcohols.

To avoid the problems presented by acetic acid, the author chose
an alcohol (ethylene glycol) whose expected esterification products with
both acetic acid and formic acid would be at m/z values that were not
observed by background peaks from residual acetic acid. Figure 53 shows
a product spectrum of protonated ethylene glycol reacting with formic_
acid and residual acetic acid in the central quadrupole of the TQMS.
Figure 53 shows the parent ion peak at m/z 63 and numerous product ion
peaks since this spectrum is intentionally not background-subtracted.
Notice in particular that although there is a peak at m/z 105 which
would represent the protonated ester of ethylene glycol and acetic acid,
there is no peak at m/z 91 which would represent the protonated ester of
ethylene glycol and formic acid. According to this data the lower

proton affinity of the formic acid appears to inhibit the esterification

reaction in the TQMS.
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7. Mechanism of the Gas-Phase Esterification Reaction

Tiedemann’s and Riveros’ mechanism (90) for the formation of the
ester is that protonated alcohol and the acid come together in the gas-
phase to form an activated intermediate which is a proton-bound adduct
of the two molecules, but which is not observed in the ICR because it
either dissociates back to the reactants or it loses a water molecule to
release its excess energy forming the protonated ester. In the TQMS one
often does observe the proton-bound adduct because the pressure in the
central quadrupole and in the CI volume is often high enough to
stabilize the activated intermediate through collisions with neutral
molecules that transfer excess energy away from the proton-bound adduct.
The mechanism for the reaction of acetic acid with protonated ethancl in
the TQMS is illustrated in Scheme 3.

Several researchers (158) in the field had doubts about this
mechanism for two reasons. First, the data in this chapter used to
support the mechanism in scheme 3 show that the product ion with m/z 89
has the protonated ester structure. However, the protonated molecule of
an ester is usually thought to have a structure in which the proton is
attached to the carbonyl oxygen, not the structure shown for the product
ion in scheme 3 in which the proton is attached to the ester oxygen.
Furthermore, the proton transfer from one oxygen to the other is
considered unlikely as a unimolecular event.

It is possible to address this point that the wrong form of the
protonated ester is produced, by observing that the protonated ester is
produced in both the ICR and the TQMS only at relatively high pressures.
This indicates that the proton may be transferred intermolecularly to

the more stable position after the formation of the ester. Scheme 4
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Scheme 3

Reaction of Protonated Ethanol with Acetic Acid to Form Protonated

Ethylacetate
. 9 * 9 *-H (0} 9 ';i
. CHy -CH,;~OH, + CHy-C-OH ‘——‘[(CHf CHZOHz)(CHE,C-OH):I —=5 CHC-0-CH,CHy
m/z 47 M m/z 89

0
(CH4CH,OH)(CH,C-OH)H*

m/z 107
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Scheme 4

Intermolecular Hydrogen Transfer Reactions in Esters

0 0
CHy-C-0-R + M ——> MH' + CH,C-O-R
HO
+MH*
OH®

CH,C-0-R
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shows this mechanism. Both of the steps in scheme 4 can be exothermic
if the neutral species, M, has a proton affinity which is intermediate
between that of the carbonyl oxygen and the ester oxygen.

The second criticism of the mechanism in scheme 3 was that the
data in Figure 49 show that the acetyl ion is the base peak in all the
product spectra that produce esters. Perhaps the protonated ester
formation is the result of the acetyl ion reacting with the neutral
alcohol. It is possible to test this hypothesis experimentally in the
TQMS. Figure 54 shows the product spectrum of the acetyl ion reacting
with methanol in the central quadrupole of the TQMS. The reaction of
the acetyl ion with methanol produces numerous products of low abundance
but does not produce a product ion peak at m/z 75 which would indicate
the production of protonated methyl acetate. Therefore, it seems that
the acetyl ion does not cause the formation of protonated esters. The
combined reactions in schemes 3 and 4 appear to be the mechanism whereby
small monofunctional protonated alcohols react with acetic acid to form
protonated esters in the TQMS.

Unfortunately, Tiedemann’s and Riveros’ (90) paper does not show
any spectra of the reaction between acids and alcohols, so it is not
possible to compare the data produced by the ICR and the TQMS for the
esterification in a quantitative fashion. However, the data in this
chapter show that, at least for the esterification reaction, the ICR and
the TOMS methods yield the same qualitative results. Every detail of
the esterification reaction that was revealed by ICR was substantiated
by the TQMS, and both techniques appear to point toward the same
reaction mechanism. ICR and its modern cousin, FT-MS, have for many

years been used as the premier methods for studying ion/molecule
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reactions, and it is gratifying to this author that the TQMS technique
with the addition of ion trapping is capable of producing data which are

comparable and complementary to ICR data.
D. Applications of the Esterification Reaction to FAB
1. Esterification Reactions in the FAB Process

Protonated glycerol (1,2,3-trihydroxypropade) and acetic acid have
been found to react in the central quadrupole in Chapter IV., probably
by the esterification reaction discussed in this chapter. Glycerol and
acids also react in solution to form esters. These facts prompted the
author to investigate the interaction of glycerol and acetic acid in FAB
to determine whether esterification products could be produced in the
FAB process, and if so, whether the products resulted from a solution or
a gas-phase reaction with the hope that this data might illuminate the
mechanism of the FAB process.

If one mixes glacial acetic acid with glycerol 1 to 1 by volume
and immediately performs a FAB/MS analysis of the solution, one obtains
the spectrum shown in Figure 55. The peaks at m/z 75, 93, and 185 are
typical of the FAB spectrum of pure glycerol, but the peaks at m/z 61,
117, 121, 135, and 153 are typical of the reactions between protonated
glycerol and acetic acid that occur in the central quadrupole of the
TQMS (see Chapter IV.) These data were obtained on a JEOL-HX-110 double
focussing mass spectrometer which was focused to collect only those ions
which were formed near the surface of the matrix, so it is very unlikely
that the peaks shown in Figure 55 are due to processes occurring

elsewhere in the instrument. Therefore, the presence of these peaks
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suggests that they were produced by gas-phase ion/molecule reactions in
the FAB process.

If one lets the same glycerol/acetic acid solution mentioned above
sit covered for several days, one obtains an entirely different FAB
spectrum which is shown in Figure 56. The typical glycerol peaks at m/z
93, and 185 are greatly diminished with respect to those in Figure 55.
The major peaks in Figure 56 are m/z 57, 61, 75, 117, 135, 159, 177,
227, and 269. The peaks at m/z 159, 177, 227, and 269 are all new, and
the peaks at m/z 121 and 153 from Figure 55 are missing. Clearly time
has changed the nature of the solution. Since the most prominent peaks
from the ion/molecule reactions of protonated glycerol, the protonated
dimer of acetic acid (m/z 121), or the protonated glycerol adduct with
acetic acid (m/z 153), are missing, it is unlikely that the peaks that
do appear are the results of the same kind of ion/molecule reactions
observed in the central quadrupole of the TQMS. 1Instead, it seems very
likely that the peaks in Figure 56 are the result of slow solution
reactions between glycerol and acetic acid. The peak at m/z 135, can
therefore, be explained as the protonated monoester of glycerol, and the
peak at m/z 177 can be explained as the protonated diester of glycerol.
There is a minor peak at m/z 219 which may indicate the presence of the
triester of glycerol. The peaks at m/z 117 and 159 can then be
explained as the (MH~H20)+ fragments of the protonated mono- and
diesters. No (MH-H,0)* peak is observed for the triester, but this may
simply be due to the peak for the protonated triester being of such low
abundance. The peak at m/z 227 is apparently due to the (M+H)* ion of
the monoester reacting in the gas phase with the neutral glycerol to

form the (monoester+glycerol)H’ adduct ion. Likewise, the peak at m/z
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269 can Dbe explained as the (diester+glycerol)l—l+ adduct ion. The
solution reaction with acetic acid has therefore transformed the simple
mixture of the two reactants into a solution composed primarily of mono-
, di-, and triglycerides of acetic acid.

These data indicate that both the gas-phase esterification and the
solution esterification reactions can take place in the FAB process.
This implies that any given peak in a FAB spectrum may originate
directly from the solution or from gas-phase ion/molecule reactions
subsequent to desorption of the analyte from the liquid matrix.
Therefore, it is fair to say that the chemistry of the FAB process can
be extremely complex if one uses a reactive matrix such as glycerol.
Because of this rich chemistry one cannot account for all the ions
observed in FAB with a simple sputtering model which is normally used to
explain secondary ion spectra from solid matrices.

It has occurred to the author that the ion/molecule reactions
observed in FAB between acetic acid and glycerol may be due to the vapor
pressure of acetic acid causing a kind of CI-FAB (157) process to occur,
in which the FAB beam causes desorption/ionization followed in tandem by
ion/molecule reactions. In order to eliminate the complications caused
by the possibility of acetic acid CI, the author chose to study the
ion/molecule reactions of some nonvolatile alkali metal salts which are
often present in the FAB process. The results of these investigations

are presented in Chapter VI. of this dissertation.
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2. Ion/Molecule Reactions of Protonated

Multifunctional Acids with Methanol

It was documented earlier in this chapter that acetic acid will
react in the gas phase with protonated molecules of small aliphatic
alcohols, diols ahd triols to form protonated esters. These findings
led the author to explore the reactions of more complex moiecules
containing the carboxylic acid functional group in order to determine
whether the esterification reaction could be used to characterize this
functional group in the types of molecules frequently studied by FAB.

FAB ionization 1is wused for compounds of ©biochemical or
pharmacological interest because these molecules often cannot be ionized
intact by any other method. Therefore, the author chose the following
two compounds, which are of biomedical interest, as test materials for

the esterification reactions of multifunctional ions.

Table 9

Multifunctional Acid Test Compounds

1. alpha -methyi-4-[2 -methyl propyl] - benzeneocetic ocid
(also called ibuprofen)

H0~C-8'H @cnz- CH-CHy  molecular weight = 206
CH, CH,

2 dlanyl-leucyl -glycine (abbreviation: ala-leu-gly)

HC  FH

W
O CH,0 0

NH,-CH-C-NH-CH-C-NH-CH,-C-OH  molecular weight= 260

Both ibuprofen and ala-leu-gly are moderately complicated
molecules with carboxylic acid functionalities which are amenable to FAB
analysis and within the mass range of the TQMS. Figure 57 shows the
FAB/MS spectrum of ibuprofen. Most of the peaks are due to the matrix

background, but the cluster of peaks at m/z 205, 206, and 207 represent

the (M-H)+, M+-, and (M+H)* jions formed from ibuprofen. Both direct
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analysis of daughter ions (DADI) on the Varian MAT CH5-DF instrument and
argon CID on the TQMS confirmed that the m/z 161 peak present in Figure
58 is the only fragment observed. All three ions for ibuprofen at m/z
205, 206, and 207) produce the m/z 161 peak by unimolecular
decomposition and by CID. Figure 58 shows the ion-trapped product
spectrum of the protonated molecule of ibuprofen (m/z 207) after
reaction with methanol in the central quadrupole. The base peak as
expected is the m/z 161 daughter ion, and the peak at m/z 239 is the
adduct ion of methanol and ibuprofen. There is, however, no peak at m/z
222, which would be the m/z value expected for the protonated methyl
ester of ibuprofen.

Figure 59 shows the FAB/MS spectrum of ala-leu-gly. As in Figure
57, most of the peaks are from the matrix background (although this is a
different matrix), but the peak for the protonated molecule of ala-leu-
gly is clearly visible at m/z 260. Figure 60 shows an argon CID
daughter scan of m/z 260. The daughter ions at m/z 215, 189, 185, 157,
and 86 have been used by other researchers to characterize the sequence
of amino acids in this compound (99). Figure 61 shows the ion-trapped
product spectrum of the reaction of (ala-leu-gly + H)' with methanol in
the central quadrupole. All of the CID peaks from Figure 60 are present
in Figure 61, and there are an additional three peaks at m/z 245, 277,
and 292. The peak at m/z 292 is the proton-bound adduct of ala-leu-gly
and methanol but the other two peaks are rather mysterious. In any
event, none of the new peaks are at m/z 275 which would correspond to
the protonated peptide methyl ester. It would appear from the two
examples of ibuprofen and ala-leu-gly that one cannot assume that

ion/molecule reactions which occur with small monofunctional ions will
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also occur with larger polyfunctional ions, even if one could expect to
use an analogous reaction in solution (as in the case of the
esterification of peptides). The location of the proton on the ala-leu-
gly and ibuprofen ions may in fact be critical to the success of this
particular ion/molecule reaction. In oxrder for the esterification
reaction to take place, it may be necessary to protonate selectively the
acid functional group.

Clearly, the esterification reaction cannot be used as general
structural probe for the acid functional group on a complex molecule.
However, the esterification reaction does appear to be specific for
certain kinds of acids and alcohols. In fact, the greatest usefulness
of this particular reaction is probably as selective reaction detector
in GC-MS as shown in Chapter II., and in GC-MS/MS as shown in the

following section of this chaﬁter.
E. Analytical Applications of the Esterification Reaction

1. Application of Esterification to Mixture Analysis

by MS/MS

Protonated methanol, ethanol, and propanol all react with acetic
acid in the central quadrupole to form the respective protonated esters.
Figure 62 demonstrates that if one ionizes a mixture of methanol,
ethanol, and propanol by isobutane CI, one can then have the TQMS
perform a linked scan of quadrupoles one and three to produce a neutral
gain spectrum (with ion trapping and a fixed neutral gain of 42 amu) to
detect those parent ions in the mixture which produce protonated esters
when they react with acetic acid in the central quadrupole. Figure 62

shows three peaks, one for each of the three protonated alcohol
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molecules in the mixture. None of the numerous other ions produced by
the CI process, including the reagent ions of isobutane and the fragment
ions of the three compounds, were detected because the esterification
reaction in acetic acid is specific for protonated alcohols. In this
way one could use ion/molecule reﬁctions in the TQMS as a selective

method for mixture analysis.

2. The Esterification Reaction as Mixture Analysis

Technique in GC-MS/MS

The multiple reaction monitoring program, R-MRM, for doing
ion/molecule reactions with ion trapping in the central quadrupole on
the GC time scale, has already been discussed in Chapter IV. of this
dissertation. R-MRM allows the user to monitor the products of several
ion-trapped ion/molecule reactions that may be occurring in the central
quadrupole of the TQMS. ‘_Thq computer instructs the TQMS to trap a
particular parent ion with a reactive collision gas for a predetermined
period of time in the central quadrupole, then detects a particular
product ion which is pulsed out from the reaction chamber. The computer
then instructs the TQMS to select a new parent/product pair and executes
the trap and pulse method again. Because each trap and pulse cycle
takes less than 100 msec, eight ion/molecule reactions can be monitored
in a single GC run, producing eight separate GC-MS/MS ion current
profiles.

R-MRM was used to demonstrate the feasibility of employing
ion/molecule reactions for the purpose of performing GC-MS/MS mixture
analysis on the TQMS. The two reactions chosen for illustrating the

potential of the R-MRM approach were the acetic acid proton-bound adduct
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formation reaction, and the acetic acid esterification reaction. The
idea behind this selection was that the esterification reaction should
be the more selective reaction of the two for alcohols, since presumably
acetic acid could form proton-bound adducts with virtually any
protonated pareﬁt ion, but only the proton-bound adducts with alcohols
would decompose to protonated esters.

The programmed test mixture (PTM) discussed in detail in Chapter
II. of this dissertation was used a8 the source of compounds for
isobutane CI (for protonation) followed by reaction with acetic acid in
the central quadrupole (for proton-bound adduct formation and protonated
ester formation). The parent ions chosen for this R-MRM study were the
protonated molecules of 2,3-butanediol (m/z 91), 2,6-dimethylaniline
(m/z 122), 2,6-dimethylphenol (m/z 123), nonanal (m/z 143) and 2-
ethylhexanoic acid (m/z 145). Both the (MH+60)% product ions (proton-
bound adducts) and the (MH+42)% product ions (protonated esters) were
monitored for each parent ion.

Figure 63 shows the GC-MS/MS profiles for each of the ten
ion/molecule reactions in the central quadrupole. The data in Figure 63
were collected in two separate runs because all ten profiles could not
be collected simultaneously. Figure 63 shows clearly discernible peaks
well above noise level for the acetic acid adduct reaction of 2,3-
butanediol, 2,6-dimethylaniline, and 2,6-dimethylphenol. It also shows
a clearly discernible peak for the esterification reaction of 2,3-
butanediol, but not for any other compound. For this set of parent
ions, representing five different polar functional groups, the
esterification reaction appears to be selective for the single aliphatic

alcohol in the group.
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As an analytical method, the esterification reaction using ion-
trapping in the central quadrupole is capable of detecting selectively,
1 ug of 2,3 butanediol by GC-MS/MS with a signal-to-noise ratio of
approximately seven. By no means does this demonstrate exceptional
sensitivity, but using the same conditions without ion-trapping produces
no discernible peak above noise level for any of the compounds.
Clearly, ion-trapping is essential for producing any kind of useful GC-
MS/MS analyses by means of ion/molecule reactions in the central
quadrupole of the TQMS.

This section demonstrates that it is possible to detect
analytically useful quantities of compounds from mixtures in either a
selective or non-selective fashion by means of GC combined with well
chosen ion/molecule reactions in the TQOMS. This study shows that given
a suitable ion/molecule reaction or set of ion/molecule reactions and
optimized conditions of pressure, temperature, and tuning of the ion-
optics, an..ass;y based on the ion-trapped GC-MS/MS method could

potentially be used to detect trace quantities of target compounds in

complex mixtures.
F. Summary

The gas-phase ion/molecule reactions of alcohols and acids have
served in this chapter as model reactions for studying the behavior of
ion/molecule processes in FAB and in the central quadrupole of the TQMS.
There are three major conclusions to be drawn from this chapter. First,
ion/molecule reactions and CID in the TQMS have confirmed the protonated
ester structure of the products from and the mechanism for.the reactions

between acetic acid and protonated alcohols. Second, FAB can produce
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ions that are the product of both solution and gas-phase reactions.
Third, ion/molecule reactions in the center quadrupole of the TQMS can
be used for selective detection of target compounds in mixtures through

an ion-trapped multiple reaction monitoring GC-MS/MS approach.



CHAPTER VI.
ION/MOLECULE REACTIONS OF FAB-GENERATED GLYCEROL-ALKALI METAL ADDUCT

IONS WITH METHANOL AND ACETIC ACID

A. Introduction

It has been established in this dissertation that it is possible
to perform ion/molecule reactions with ion trapping in the central
quadrupole of the TQMS, and that the results of this technique are in
agreement with those of other techniques for observing ion/molecule
reactions. One of the methods of producing ions for these ion/molecule
reactions is FAB, which commonly produces protonated ions (M+H)* of both
the liquid matrix and the analyte dissolved in that matrix. When
soluble metal salts are added to the liquid matrix, many researchers
observe metal cationized species of the form (matrix+metal)t or
(analyte+metal)+. Alkali metal salts, in particular, are widely used as
additives in FAB, and a recent publication (123) describes in detail the
effects that the alkali metal salts have on the FAB process. Since the
(Mtmetal)* ions generated by FAB are a prominent feature of FAB spectra,
it is possible to determine whether (M+metal)? ions undergo
ion/molecule reactions that are similar to the reactions of (M+H)* ions.
Investigations of this kind can shed light on the nature of the bonds
formed in ion/molecule reactions, and since ion/molecule reactions have
been implicated in the FAB process (123), investigations of this kind
may also help to explain the FAB process itself.

Using the central quadrupole of the TQMS is an ideal method for
studying ion/molecule reactions of ions generated by FAB, because the

ion/molecule reactions and the FAB process are located in two physically

168
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separate chambers and cannot interfere with each other. The reactions
described in this chapter are of the (glycerol+metal)*t ions (where metal
= H, Li, Na, K, Rb, or Cs) with acetic acid.

The author fully expected the presence of alkali metals to
interfere with the reactions that are typical of the protonated ions
since bonds to alkali metal ions have much less covalent character than
bonds to the proton (124). One could predict that either the metals
would inhibit the reactions, or that the metals would act more subtly to
change the distribution of the products which were formed. In fact,
both predictions are true depending on the metal, and one can therefore

observe periodic trends in the ion/molecule products that are produced.
B. Experimental
1. FAB Conditions in the Ion Source

As described earlier in this dissertation, the FAB ion source is a
combination of a commercially available capillaritron probe FAB gun and
a locally-manufactured sample probe with an electrically isolated tip.
The voltage applied to the capillaritron was 9 kV and the distance from
the gun to the sample was approximately 10 cm. The ion-repeller voltage
applied to the sample tip was 14.7 V for the acetic acid reaction and
15.7 Vv for the methanol reaction (see below, Experimental, Section b).
The FAB gas used for this experiment was Xe, and its pressure in the ion
source chamber was measured to be 8X10~S torr. The FAB source was
operated at room temperature. The glycerol used as the liquid matrix
and sample was vacuum distilled. The alkali metals were introduced as a

glycerol solution of LiCl, NaCl, KCl, RbCl, or CsI.
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2. Conditions for Ion/Molecule Reactions in the

Central Quadrupole

As described earlier in this dissertation, the reactive collision
gases were regulated by a Granville-Phillips pressure controller and
were introduced into the central quadrupole through a stainless steel
vacuum line. Both the methanol and the acetic acid were analytical
grade reagents and were used without further purification. The pressure
of methanol in the central quadrupole collision chamber was 8.5x10"4
torr and the pressure of the acetic acid was 1x10-3 torr.

The quadrupole offset voltage for the acetic acid reaction was
10.7 Vv and 12.7 V for the methanol reaction. Therefore, the
(glycerolﬂnetal)+ parent ions entered the central quadrupole with 4 eV
axial kinetic energy in the acetic acid reaction and with 3 eV in the
methanol reaction. Parent ions entering the central quadrupole were
trapped inside it for 50 msec by means of dc voltages on an entrance
lens and on an extraction lens. For ion-trapping, the entrance lens was
set at 15.8 V and the exit lens at 100 V. Because of the ion-trapping,
the initial axial kinetic energy of the parent ions is dissipated
through multiple collisions with neutral molecules. Product ions were
detected by the trap and pulse method described earlier in this
dissertation. The electron multiplier is a continuous dynode type and

was operated with 1.8 kV applied across it.
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C. Results and Discussion

1. FAB of the Alkali Metal Salts

The FAB/MS spectrum of the mixture of the Li, Na, K, Rb, and Cs
salts in glycerol is shown in Figure 64. Figure 64 illustrates that one
can observe all of the (glycerol+metal)t ions from the mixture in a
single spectrum. Since all of the ions needed for this study were
produced from a single solution, the results were obtained rapidly
(without withdrawing the sample probe) and thus both the FAB conditions
and the central quadrupole conditions remained constant for each of the

different (glycerol+metal)* parent ions.

2. Reactions of (glycerol+H)t and (glycerol+metal)*

Ions with Acetic Acid

Table 10 shows that the major ionic products in the reactions of
the (glycerol+metal)* and (glycerol+H)* parent ions with acetic acid.
The data in Table 10 were collected by the ion-trapping method described
in Chapter 1IV. Protonated glycerol reacts with acetic acid to form
three ion/molecule reaction products including a protonated ester.
Glycerol cationized by the alkali metals ions does not react with acetic
acid to form any ion/molecule reaction products. The reason for this is
that proton affinities of organic molecules rival covalent bond
energies, whereas metal ion affinities do not. The alkali metal ions
simply do not behave like the proton in any regard due to their weak

interactions with organic molecules.
All of the cationized glycerol ions transfer a cation to acetic

acid, and also produce the acetyl ion due to dissociation of the
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Table 10

Reaction Products of the (Glycerol+Metal)t Ions with

Acetic Acid

Parent lon Product lons
Protonated
Collision~ | Dissociative Ester
Induced Charge Charge Adduct of Hydration of Formation Loss of
Dissociation Transter Transter Acetic Acid Glycerol (Loss of Water) 2 Waters

GH* -— Acetyl* AH* (GH+A)* (G.Hzo)’ (GHeA-H,0)* | (GHeA-2H,0)"
au* - Acstyl * au* (GU+A)* -— -— —
GNa* -— Acetyl * ANa* (GNa+A)* -— -— -
GK* K* Acetyl* AK* - - -— -—
GRb* Rb* Acetyt* ARb* - -— -— —_—
GCs* cs* Acetyl* ACs+ -— —_— -— -

G = Glycerol

A = Acetic Acid
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cationized acetic acid. The cation-bound adduct of glycerol and acetic
acid was detected when the cation was HY, Li*, or Nat, but not when the
cation was K%, Rb*, or Cs*. 1In fact, the K', Rb‘*, and Cs* ions were
detected as CID products. The (GK+A)*, (GRb+A)*t, and (GCs+A)* ions
apparently have very weak bonds and decompose 8o readily by CID that
they are not observed in the spectrum. Presumably, if the collision
energy were raised, the HY, Lit, and Nat ions would also be observed as
CID products, but at the low collision energies used the (GH+A)®,

(GLi+A)*, and (GNa+A)* ions remained intact.
3. Conclusions about FAB and Ion/Molecule Reactions

The implications of this study to organic ion/molecule reactions
by FAB in the TQMS are fairly obvious. First, one cannot expect
cationized species in FAB to undergo typical organic ion/molecule
reactions. Second, the products that do form depend on the identity of
the metal cation and the energy of the system. These two results mean
that studying the cationized species present in FAB spectra will not
tend to increase our understanding of the organic ion/molecule chemistry
of the analyte with the reactive gas. Rather, the results are more
likely to increase our understanding of the interactions of the metal
cations with the reactive collision gas. The fact that ion/molecule
reactions of species containing a metal are dominated by the metal is
quite analogous to the organometallic ion/molecule chemistry results
that have been investigated by ICR spectrometry for the last decade
(83) .

The implication of this study for the mechanism of FAB is more

interesting. One can observe the following adduct ions both in FAB
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(123) and in the TQMS collision chamber: (G+Y+A)* where G=glycerol;
y=H*, Lit, or Na*; and A=analyte. One cannot observe the following
adduct ion in either the FAB (123) or the TQMS collision chamber:
(G+N+2) * where G=glycerol; N=K*, Rb*, or Cst; and A=analyte. These
similarities exist despite the fact that whereas the analyte is in the
gas phase (and is neutral) in the TQMS collision chamber, the analyte is
in solution (and possibly pre-charged) in FAB.

A new model of the FAB process called the gas-phase collision
model (GCM) (123) explains why the TQMS and FAB results are the same
despite the apparent differences in phase and in the charge of the
analyte. The GCM model states that neutral particles are desorbed by
FAB in much greater concentration than are ions, and that the result of
this process is a "hot gas" formed in the crater generated by the impact
of the FAB beam. 1In this hot gas, numerous collisions between ions and
neutrals occur, yielding gas-phase ion/molecule reactions between the
analyte and the matrix. The GCM model also states that if alkali metal
salts create preformed ions in the matrix, these alkali metal ions will
be rapidly transferred through many ion/molecule reactions to the
molecules and adducts with the greatest affinity for them, or they will
be released as free atomic ions into the vacuum if they form only weak
bonds with neutral molecules. The similarity of the ion/molecule
results observed in the collision chamber of the TQMS to the results of
other research groups investigating FAB (123) substantiates the GCM
assertion that ion/molecule reactions do play an important role in the
FAB process and that added alkali metal ions necessarily dominate those

ion/molecule reactions.



CHAPTER VII.

ION/MOLECULE REACTIONS OF ARYL CATIONS IN THE TQMS

A. Introduction

The ion/molecule reactions of the benzene radical cation and its
fragment ions with benzene and with other molecules have been probably
the most intensively studied group of organic ion/molecule reactions. A
wide variety of techniques have been used in studying these reactions
including ion <cyclotron resonance (ICR) (125), trapped-ion mass
spectrometry (TI/MS) (126), chemical ionization mass spectrometry
(CI/MS) (127), rf-plasma discharge mass spectrometry (RPD/MS) (128), and
gas-phase radiolysis (GPR) (129) . The operating pressures for
ion/molecule studies in ICR and TI/MS are in the range from 10~7 to 10-3
torr, and all three techniques permit ions to be stored for several
milliseconds to allow ion/molecule reactions to occur by means of
multiple collisions between neutrals and trapped ions.

In the two ICR techniques, increasing the pressure of the reactive
neutral gas degrades mass resolution since ionization and mass analysis
occur in a single chamber. However, these techniques can trap ions
under very low pressure conditions for hundreds of milliseconds. In
ultra-low pressure ICR at cryogenic temperatures ions can be trapped for
hours or even days. In the ICR techniques a combination of magnetic and
dc fields fields trap ions with very little kinetic energy in cycloidal
orbits, and it is possible to select parent ions by double resonance
techniques. In addition, tandem Dempster-ICR (125) and tandem

quadrupole-ICR (130) have made true tandem mass spectrometry possible on

ICR instruments.
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The TI/MS technique traps ions in the space charge field of an
electron beam and since this technique relies on a conventional magnetic
mass spectrometer for collecting data, the mass resolution is
independent of pressure in the ion source. It is not practical,
however, to trap ions for longer than 2 milliseconds with TI/MS. Since
TI/MS is a pulsed ion technique on a magnetic instrument, the advent of
time-resolved ion-momentum spectrometry (TRIMS) developed at the MSU-
NIH-MSF by Stults et al. (31) has created TI/MS/MS.

Ion/molecule reactions in CI/MS/MS, RPD/MS, and GPR occur at
pressures in the range from 0.1 - 760 torr. CI is used with both
magnetic sector instruments and with quadrupole instruments (as in this
study). The rf-plasma instruments use quadrupole MS exclusively, and the
GPR experiments do not use mass spectrometers at all. None of these
techniques traps ions, but rely instead on the high neutral gas pressure
to provide the number of collisions necessary for ion/molecule reactions
to' occur. The major drawback of these three techniques is that
selecting a parent ion for a particular reaction is often difficult or
impossible. This lack of parent ion selection often leads to complex
mixtures of products that must be separated or distinguished in some
fashion. The CI and RPD techniques rely on MS and CID MS/MS for
distinguishing and characterizing products, and GPR relies on
radioactive labeling and gas chromatography for separating the
neutralized products. The major advantage of these three techniques is
that they provide collisional stabilization of product ions with excess
energy which would ordinarily decompose to fragments in ICR, FT-ICR, and

TI/MS. Therefore, these high pressure techniques often can detect
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unstable intermediate products of ion/molecule reactions, a feat which
helps enormously in determining reaction mechanisms.

The ion/molecule reactions that occur in pure benzene are quite
numerous and have been investigated by several research groups for over
15 years. A complete 1listing of all the ion/molecule reactions in
benzene as investigated by ICR is presented by R. D. Smith et. al.
(125) . The techniques used to study these reactions produce results
which differ markedly from one another. Table 11 demonstrates this lack
of agreement between three techniques in the reaction of the phenyl
cation with benzene.

The disparity of the results shown in Table 11 has led several
authors to suggest that the CgHg' and CgHg' ions may be present in the
gas phase in a variety of vibrational states and as a combination of
isomers. As a result of these suggestions there have been several
studies of the gas-phase structures of the C6H5+ and CGH6+- ions and
careful investigation of their isomers. These studies suggest strongly
that the C6H5+ ions formed in all of the MS techniques rapidly rearrange
to form the phenyl cation (132). It is possible, however, to generate in
sequential ion/molecule reactions in acetylene a linear CgHgt isomer
which undergoes different ion/molecule reactions from the phenyl cation
(133), and which fragments differently under CI conditions.

All of the positions on the phenyl cation ring are equivalent due
to extremely rapid 1,2 hydrogen t;ansfers around the ring. C6H5+ ions
produced from a variety of compounds with a variety of ionization
techniques exhibit identical CID spectra and undergo identical
ion/molecule reactions. The CGH6+- ion isomers such as the molecular

ions of fulvene and benzvalene, however, undergo very different sorts of



179

Table 11

Reaction of the Phenyl Cation with Benzene

Technique  Reactants Products Branching Ratio
ICR (125) CgHg* + CgHg ---> C1oH1;t <0.02
-==> CyoH1pt + H <0.02
--=> CyoH1ot + CpH 0.25
_——> C10H9+ + CpHy 0.4
---> CygHgt + CH3 0.25
--=> CgHqt + C3H, 0.1
--=> CgHgt + CgHg <0.1
TI/MS (126) CgHg* + CgHg ==-=> CypHypt 0.184
--=> C1oH1pt + H 0.114
~==> CyHgt + Hj 0.490
-==> CygHgot + CoHy 0.05
---> CyoHgt + CpHj3 0.03
---> CoH7% + C3H4 0.06
RPD/MS (128) CgHgt + CgHg -=--> CyoHyyt

-——> C10H9+ +CoHjp
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reactions from benzene. In fact, some very interesting gas-phase
analogs to the condensed-phase Diels-Alder cyclo-addition reactions have
been discovered that involve fulvene as a reactant (131). Therefore, it
appears that the differences in the branching ratios observed for the
reactions of the phenyl cation are due to differences in the techniques
used to observe the reactions not due to the structural characteristics
of the phenyl cation.

It is iemarkable that despite all of this research, there is no
consensus on the 3tructures of most of the product ions from the
ion/molecule reactions in benzene. The only product ion whose structure
has been investigated extensively is the CjpHy1t ion. Some studies
claim that it has a ring-opened structure (133), and others support a
protonated biphenyl structure (127). The latter structure currently has
more support due to CID studies. In fact, the CI/MS/MS method has
received the endorsement of several research groups as the ideal method
of determining product ion structures since the CID spectrum provides a
"fingerprint™ of the product ion that can be compared with the CID
spectra of ions formed from authentic reference compounds. This
CI/MS/MS technique has already been demonstrated in Chapter V. of this
dissertation to be fruitful for investigating the structures of ionic
products formed in the TQMS, and it will be used in this chapter for the
purpose of trying to unravel some of the product ion structures from the
ion/molecule reaction in benzene.

The phenyl cation has been reacted with a number of molecules
besides benzene, including methanol (48), NO, (89), alkyl halides (47),
H30 and D0 (57). Except for ammonia and water; none of these reagenfs

has ever been used in the central quadrupole of the TQMS as a reactive
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collision gas, and the methanol reaction with the phenyl cation has
never been investigated by TQMS. Therefore, the author was interested
in investigating as many of these reactions as possible in the TQMS due
to the novelty of the technique and the unusual nature of the reactions.

The reaction of the phenyl cation with methanol produces a wide
variety of hydrocarbon and oxygenated products at very high pressure in
the GPR technique including phenol, anisole, and toluene. At the outset
of this research, it was not certain if any of these products would be
formed at lower pressures in the TQMS. This reaction does have analogs
in solution chemistry, but the extreme difficulty of producing phenyl
cations in solution makes the comparison to solution chemistry difficult
in this case, unlike in the case of the reactions of acids and alcohols
in the preceding chapter. Nevertheless, the reaction of the phenyl
cation and methanol is intrinsically interesting, due to its unusual
nature and due to possible analytical applications for selective mass

spectrometric detection of aromatic compounds.

B. Experimental

1. CI Conditions

Benzene CI was studied over a range of pressures from 1X10~5 to
4X10~4 torr benzene (measured at the throat of the ion source
turbomolecular pump). The benzene pressure in the CI volume itself was
of course much higher, in the range from 0.1 to 1.0 torr. The benzene
pressure was set at 6X10~5 torr for investigating the structures of
ion/molecule reaction products by benzene CI. In the CI experiments
concerning the reactions of benzene and methanol, the partial pressure

of benzene was 3X10~° torr and the partial pressure of methanol was
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2x1075 torr. 1In the CI experiments concerning the reactions of benzene
and ammonia, the partial pressure of benzene was 1X10~3 torr and the
partial pressure of ammonia was 1X10~5 torr. 1In all of the experiments

in this chapter the temperature of the CI volume was 75°C.
2. EI Conditions

For the purpose of comparison, CID spectra were obtained from the
molecular ions of several aromatic compounds that were likely to be
products of the ion/molecule reactions discussed in this chapter.
Naphthalene, anthracene, biphenyl, catechol, aniline, phenol, o-,m-, and
p-xylenes, o-,m-, and p-dichlorobenzenes, and pyridine were all analyzed
by EI with samples pressures in the EI volume of 5X1073 torr.
Naphthalene, anthracene, and biphenyl were all introduced as pure solids
by direct probe. The other compounds were sufficiently volatile to be
leaked into the ion source through the liquids inlet using a needle

valve.
3. FAB Conditions

The FAB spectrum of arachidonic acid contains ions of interest to
this study. One microliter of neat arachidonic acid was pipetted onto
the FAB probe and inserted without addition of a liquid matrix since
arachidonic acid is a viscous liquid itself. Xenon was used as the FAB
gas. The xenon pressure in the ion source region was 5X10~3 torr, and
the capillaritron voltage was 9.5 kV. The ion source was at room
temperature and the probe tip was connected to the instrument ground

potential.
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4. Conditions in the Central Quadrupole

All of the argon CID experiments were performed at an argon
pressure of 4x10~3 torr, which is higher than normal for the TQMS, and
represents multiple collision conditions. The elevated pressure of
collision gas was made necessary because of the 1low abundance of
fragment ion from the aromatic ions studied in this chapter. In all of
the CID experiments reported in this chapter, the axial kinetic energy
of parent ions entering the central quadrupole was in the range from 4-5
ev.

Ion/molecule reactions in the central quadrupole were accomplished
using 4X10-3 torr methanol, 2x10~3 torr ammonia 2X10~3 torr methane, or
2X10-3 torr benzene. For these ion/molecule reactions the axial kinetic
energies of parent ions entering the central quadrupole were in the
range from 0-1 eV. In those product spectra that were acquired by the
trap and pulse method, all ions were trapped for approximately 100 msec.
The temperature of the central quadrupole region was held constant at
50°C in all CID and ion/molecule reaction experiments, except in those
circumstances in which FAB ionization was employed. In the FAB
experiments, the entire instrument was allowed to cool to room

temperature.
C. Results and Discussion
1. Reactions of Aryl Cations with Benzene

Except for the molecular ion, the most abundant ion in the EI and

CI spectra of benzene is the phenyl cation, C6H5+, at m/z 77. The

phenyl cation produced by EI of benzene reacts with neutral benzene in
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the collision chamber of the TQMS yielding the product spectrum shown in
Figure 65. The distribution of product ions generated by this reaction
appears to be similar but not identical to those produced by other
ion/molecule techniques (compare Figure 65 with Table 11). The greatest
similarity is to the products detected by TI/MS. The structures of the
m/z 78 and 79 ions are no doubt those of benzene and protonated benzene,
but the structures of the ions at higher m/z values are in considerable
doubt, and will be discussed at length later in this chapter.

The next most abundant ion in the EI spectrum of benzene is the
C4H3+ ion at m/z 51. The reaction of this ion with benzene in the
central quadrupole yields the product spectrum in Figure 66. Again, the
benzene and protonated benzene ions are prominent, but the sole high
mass product ions is at m/z 128, corresponding to the CjgHgt ion. This
reaction has also been observed in TI/MS (126). None of the other ions
in the EI spectrum of benzene were sufficiently abundant to be used
successfully as parent ions.

The MS/MS data in Figures 65 and 66 substantiate some of the aryl
cation reactions surmised from the results of other techniques. Figure
67 shows the reaction products in benzene as investigated by CI/MS in
the TOMS. The pressure is higher in the CI volume than in the central
quadrupole and there is no selection of parent ions, but the CI spectrum
shows many of the same features that are observed in Figures 65 and 66.
There are some prominent new peaks as well, including m/z 89 (C7H5+) and
m/z 91 (C7C,%) which are not observed either in the central quadrupole
or in other methods that have been published in the literature. The m/z
91 peak, however, is produced by the reaction of the phenyl cation with

methane in the central quadrupole as in shown in Figure 68. Also, m/z
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89‘and 91 are produced in other ion/molecule reaction techniques by
reactions of the Phenyl cation with other Saturated hydrocarbons such as
cyclopropane (135). Therefore, it is very likely that the peaks at m/z
89 and 91 are due to the reaction of the Phenyl cation with residual
saturated hydrocarbon impurities in the CI source.

All of the abundant ions in the cCI Sspectrum of benzene were
investigated by argon CID. Figure 69 shows the CID spectra of the peaks
at m/z 153 (Fig. 76a), 154 (Fig. 76b), and 155 (Fig. 76c). The m/z 155
ion has been identified 43 protonated biphenyl by other researchers
(127) . This indicates that the m/z 154 ion should be the molecular ion
of biphenyl, and that the m/z 153 ion should be (M-H)~ ion of biphenyl.
Pure biphenyl was volatilized into the EI source of the TQMS and ioni?ed
by 70 ev EI. The CID daughter scans of the m/z 154 and 153 ions of
biphenyl are shown in Figure 70. If one compares the CID spectra in
Figures 69 and 70, it is abundantly clear that the m/z 153 and 154 ions
produced by the ion/molecule reactions in benzene do not have the same
CID spectra as the m/z 153 and 154 ions produced by authentic biphenyl.
This leads the author to believe that the Ci2H10% and CyoHgt ions
produced by ion/molecule reaction in benzene do not have the biphenyl
structure. The largest difference between the reference CID spectrum
and the ion/molecule product CID spectrum of m/z 154 is the absence of
the m/z 77 peak in the reference compound indicating the presence of a
strong covalent bond between rings. On the other hand, the presence of
an abundant m/z 77 peak in the ion/molecule product CID spectrum
indicates the absence of a strong covalent interaction between rings.

Since the CID spectrum of m/z 155 peak of the ion/molecule

reaction also contains a prominent m/z 77 peak, indicating a weak bond
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between rings, it hardly seems likely based on the CID evidence that the
structure of the CypH;;% ion is that of protonated biphenyl.

As is shown in Figures 65 and 66, both the phenyl cation and the
C4H3* ion react with benzene to form the m/z 128 ion, CygHg*. The CID
daughter spectrum of the C10H8+ ion produced by ion/molecule reactions
in the CI volume is shown in Figure 71A. The CID daughter spectrum of
the naphthalene molecular ion, generated by 70 eV EI is shown in Figure
71B. The fact that the two CID spectra in Figure 71 are wvirtually
identical indicates that the ion/molecule reaction product C10H8+ has
the naphthalene structure. This is a very different case from the
C12H10+ ion discussed earlier. C4H6+ ions have been shown to undergo
gas-phase Diels-Alder cycloaddition reactions (131) but the C4H3+ ion
cannot form the naphthalene radical cation by the Diels-Alder mechanism.
The two ion/molecule reactions that produce the naphthalene molecular
ion in the TQMS are shown in Scheme 5.

The mechanism of these reactions is unknown. In the case of
reaction 1 from Scheme 5, the intermediate must be an ion of m/z 155,
which may have a protonated biphenyl structure (127) or a ring opened
structure (133). The m/z 155 ion found in the ion/molecule reactions in
benzene is presumably the collisionally stabilized intermediate of this
reaction. Reactivating the m/z 155 ion by energetic collision with
argon in the central quadrupole should lead to decompositions that
indicate the mechanisms of the reaction. The CID spectrum of m/z 155
(Figure 69) does indeed contain the m/z 128 ion as a daughter. The m/z
154 ion also decomposes by CID to form m/z 128, as does the m/z 129 ion,
which is presumably the intermediate of reaction 2 from Scheme 5. It

may be that all of these decompositions to form the CjgHg' ion happen by
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different mechanisms and that the products rearrange in the end to form
the most stable isomeric structure, which in this case 1is the
naphthalene molecular ion. This view is analogous to the example of the
m/z 77 ion mentioned in the introduction to this chapter (132), in which
the isomers of C6H5+ rearrange in the gas phase to form the phenyl
cation irrespective of parent ion structure.

Another prominent peak in the ion/molecule reactions of benzene is
found at m/z 115. Figure 72 shows the CID daughter spectrum of this
ion. McLafferty (136) suggests that this ion may have the indene
structure. Unfortunately, the author was unable to acquire a reference
sample of indene, but it would be interesting to compare the CID
spectrum of indene to the spectrum in Figure 72. Clearly, though, the
structure of the m/z 115 ion is very much like that of naphthalene in
that its CID spectrum shows the same neutral losses as in the CID
spectrum of naphthalene. It is certainly a covalently bonded aromatic
species like naphthalene, and unlike the more weakly-bonded m/z 155 and
m/z 154 ions. As such, the indene structure is a likely candidate.

In summary, the TQMS data in this chapter support the idea that
the ions m/z 155, 154 and 153 from the ion/molecule reactions in benzene
do not have a biphenyl structure, but may be ring-opened structures or
may simply be ionic adducts. The TQMS data concerning the ion/molecule
reactions in benzene also indicate that the m/z 128 ion has the
naphthalene structure, and that it is plausible that the m/z 115 ion has

the indene structure.
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2. Reactions of Aryl Cations with Ammonia

From the data shown in this chapter and from the data in the literature
it was apparent that the phenyl cation is a highly reactive ion that
will generate interesting ion/molecule reactions even with relatively
unreactive molecules such as benzene. For this reason, the author chose
to investigate the reactions of the phenyl cation with other more
reactive molecules. Figure 73 shows the product spectrum of the
reaction of the phenyl cation with ammonia in the central quadrupole of
the TOMS. The chemical equations that can be written from the observed
products in Figure 73 appear in Scheme 6.

There is 1little doubt that the m/z 18 ion has the ammonium ion
structure. It is not immediately obvious, however, whether the m/z 93
and m/z 94 ions have the aniline and protonated aniline structures (41).
Therefore, the structures of the m/z 93 and m/z 94 ions were
investigated by CID.

Figure 74 shows the products of mixing benzene and ammonia in the
CI volume. Only the ions above m/z 80 are shown, since the reagent ions
of benzene are off-scale in order to achieve the abundance of
ion/molecule products necessary for performing CID. Figure 74 shows
that the m/z 93 and m/z 94 ions are present as expected, but since there
is no parent ion selection in CI, the base peak is m/z 95, which
apparently arises from the reaction of the benzene molecular ion with
ammonia. Figure 74 also shows the products of the reactions between
aryl cations and benzene discussed previously in this chapter as peaks

at m/z 115, 128, and a cluster around m/z 154. There is an unexplained

peak at m/z 138.
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Figure 75 shows the argon CID daughter scan of the m/z 95 ion
produced by benzene/ammonia CI. Figure 75 shows a single very large
peak which is the benzene molecular ion at m/z 78, indicating that the
m/z 95 ion is a weakly-bonded adduct of ammonia and benzene. Figure 76A
shows the CID daughter sScan of the m/z 93 ion produced by
benzene/ammonia CI, and Figure 76B shows the CID daughter scan of the
molecular ion of authentic aniline produced by EI. The spectra in
Figure 76 are virtually identical, so it seems likely that the phenyl
cation does react with ammonia in the gas phase to produce an ion with
the aniline structure. Figure 77 shows the CID daughter spectrum of the
m/z 94 ion produced by benzene/ammonia CI. Since the phenyl cation is
produced by CID in considerable yield for this relatively unstable ion,
the m/z 94 ion must be considered to be a loosely bound adduct of the
phenyl cation and ammonia. This ion is the collisionally stabilized
intermediate of the reaction that produces the aniline molecular ion

from the phenyl cation reacting with ammonia (see Scheme 7).
3. The Reactions of Aryl Cations with Methanol

Since the phenyl cation has been shown to react with methanol to
form numerous products at pressures of about 1 torr by the GPR technique
(129), the author was very interested to determine whether similar
reactions occur at approximately one order of magnitude lower pressures
in CI and at three to four orders of magnitude lower pressures in the
central quadrupole. The products of the reactions of the phenyl cation
with methanol, in both the gas phase and in solution, are listed in
Table 12 (129). The results in Table 12 were obtained by the following

reaction scheme (Scheme 8) (129).
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Table 12
Relative Distribution of Products from the Reaction

of CgHg* and CH3OH

Products 5 torr 50 torr Solution
CHy
I, @ 1% 1% 4%
CH,OH
2. 1% 1% 5%
oH
3. @- (:H3 3°/o | °/o 2°/o
OH
4. 20% 5% 5%

OCHy
5. @ 75% 90% 80%
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Scheme 8

Reactions of Tritiated Phenyl Ion with Methanol (129)

H gdecay|H Hi 3He |M H1 +CH,OH ts
B8 decgy oM, PrPduc
H H H H H in

b 3n 3n Table 1I



208

The bitritiated benzene molecule was prepared by Angelini, et al.
(129) and mixed either in the gas phase or in solution with methanol.
When one of the tritium nuclei decays to 3He, the energy released breaks
the bond to the benzene ring and forms the tritiated phenyl cation,
which reacts with the surrounding molecules of methanol. The advantages
of the technique are that one can prepare charged sSpecies in their
ground state without the presence of a massive counter ion and one can
trace the products formed by means of their radioactive label. The
disadvantage is that this technique is experimentally laborious and
extremely time-consuming (up to a year for a single reaction). 1In gas-
phase studies, changing the pressure of methanol also changed the
relative distribution of products from Table 12. The amount of products
1 and 2 stays steady with changes in pressure from 1 to 70 torr. The
amount of products 3 and 4 increases with decreasing pressure and the
amount of product 5 decreases with decreasing pressure. From this data
one would expect the same reaction would produce primarily the products
3 and 4 at the much lower pressure used in the mass spectrometer.

The phenyl cation in this chapter was generated from benzene by 70
eV EI in the TQMS. Methanol was leaked into the central quadrupole.
There was little mixing of the two gases due to the fact that the ion
source and central quadrupole of the TQMS are differentially pumped.
The product spectrum of the reaction between the phenyl cation and
methanol is shown in Figure 78. The only ionic products formed with m/z
values greater than the parent ion are the C7H7+ ion at m/z 91 and the
CSHSOH"‘ ion at m/z 94. These probably correspond to products 1 and 4 of
the GPR reaction. Obviously the low pressure (4%x10-3 torr methanol)

changes the reaction dramatically. If the other ionic products are
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formed in the central quadrupole they are not sufficiently stabilized by
collisions with other molecules for them to be detected before they
decompose.

Since all of the reaction products were not observed in the
central quadrupole, the author implemented the same reaction at higher
pressure (0.1-1 torr) in the CI volume. Figure 79 shows the reaction
products of a mixture of benzene and methanol in the CI volume. Because
the parent ion is not selected and the reaction is done in a single
chamber, all of the product ions from reactions in methanol (see Chapter
V.) and all of the product ions from reactions in benzene appear in the
spectrum along with the product ions from the reaction of the phenyl
cation with methanol. If we remove from consideration all of the
methanol and benzene self-CI products, the reaction products left are at
m/z 91 (C9He%), m/z 94 (CgHgOH'), and a group of ions from m/z 107 to
m/z 111. Both products 2 and 3 occur at m/z 108, and the m/z value of
product 5 is 107. It would appear, therefore, that raising the pressure
has in fact produced the products which were missing in the central
quadrupole reaction due to lack of collisional stabilization. The peaks
at m/z 109, m/z 110 and m/z 111 in the CI spectrum were, however, rather
mysterious.

It seems reasonable that the m/z 94 ion should have the phenol
Sstructure and that the m/z 110 ion should have the catechol structure.
In order to determine the structures of these two ions, the author
obtained the argon CID daughter spectra of these two ions as produced by
ion/molecule reactions in benzene/methanol CI and compared them with the
CID spectra of reference compounds. Figure 80A shows the CID daughter

spectrum of the m/z 94 ion produced by ion molecule reactions in CI, and
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Figure 80B shows the CID daughter spectrum of the phenol molecular ion
produced by 70 eV EI. The match between the reference compound CID
spectrum and the ion/molecule products CID spectrum is very good. Thus
the identification of the m/z 94 ion as phenol is quite certain.

Figure 81A is the CID daughter spectrum of the m/z 110 ion from
the ion/molecule reactions in benzene/methanol CI, and Figure 81B is the
CID daughter spectrum of the molecular ion of catechol by 70 eV EI. 1In
this case, the match between the reference compound and the ion/molecule
product is very poor, so the m/z 110 product ion definitely does not
have the catechol structure. In fact, since the major daughter ion in
Figure 81A is the benzene molecular ion and the neutral loss is 32u, the
most likely sStructure for the m/z 110 ion is the methanol adduct of
benzene.

Figure 82 shows the CID daughter spectrum of the m/z 111 ion in
the ion/molecule reactions of benzene/methanol CI. The neutral loss of
32 u to form protonated benzene indicates that m/z 111 is the proton-
bound adduct of benzene and methanol. Figure 83 shows the CID daughter
spectrum of the m/z 109 ion in the ion/molecule reactions of
benzene/methanol CI. The neutral loss of 15 u to form the phenol
molecular ion is strong evidence that this ion has the structure shown
for the intermediate in the mechanism of the reaction that forms
(phenol)* (see Scheme 9 ).

By identifying the presence of the collisionally stabilized
intermediate in the reaction, the CID spectrum of the m/z 109 ion
confirms the mechanism in Scheme 8 which was postulated (129) for

phenol formation. Unfortunately, a similar analysis of the peak at m/z
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Scheme 9
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108 is impossible due to the fact that products 2 and 3 are isomeric and
produce overlapping CID spectra.

The benzene/methanol CI experiment was also performed on the JEOL
HX-110 instrument and the molecular formulas of all the ions discussed
in this section were confirmed by exact mass measurements. Even though
CID experiments on the TQMS were not performed on the m/z 108 ion in the
CI ion/molecule reactions of benzene and methanol, the identification of
its molecular formula as CqHgO strongly points to its identity as the
anisole molecular ion which is compound 5 in Table 11. The results from
CI and GPR for this reaction of the phenyl cation and methanol are as
similar as one could hope for considering the vast differences between
the techniques.

The data collected from the central quadrupole in this chapter so
far were done without ion-trapping. The reason for this is that the
most stable product ion by far in the product spectrum of the reaction
of the phenyl cation with methanol is the benzene molecular ion. The
result of this fact is that ion-trapping simply favors the production of
m/z 78 at the expense of the more interesting products. This is the
only example that the author has yet discovered in which ion-trapping
was of little or no benefit for the study of ion/molecule reactions.
Rather, this study points out the importance of high pressure for
analyzing ions which would normally decompose under mass spectrometric
conditions.

In fact, Mahle, et al. (138) wused an atmospheric pressure
ionization (API), also called atmospheric pressure CI) source to study
the reaction of the benzene molecular ion with air. Apparently, the

benzene molecular ion reacts with molecular oxygen at extremely high
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pressures to form the phenol molecular ion in very high yield. They
also observed this hydroxylation reaction with xylenes, naphthalene,
toluene and chlorobenzene, but not for hexane, cyclochexane or pyridine.
These observations led the author to investigate the reactions of other
cations with methanol under CI and central quadrupole conditions to
determine whether or not the methanol reaction was unique to the phenyl
cation.

Toluene, naphthalene, anthracene and pyridine are all aromatic
molecules which under EI conditions readily form (M-H)* ions which are
analogous to the phenyl cation derived from benzene. Figure 84 is the
product spectrum of the reaction between the (M-H)* ion (m/z 91) of
toluene (C7H7+) and methanol in the central quadrupole of the TQMS. The
spectrum in Figure 84 was obtained with 100 msec of ion-trapping. 1In
the following figures, ion-trapping was essential for observing the
ion/molecule reaction products, unlike in the case of phenyl cations.

The product ions observed are the protonated dimer (m/z 65) and
trimer (m/z 97) of methanol due to proton transfer from the parent ion
to collision gas; the C;H70HY ion is due to the hydroxylation reaction
of methanol with the parent ion.

Figure 85 shows the product spectrum of the pyridine (M-H)* ion
(m/z 78) (CgH4N)* with methanol in the central quadrupole. This
reaction was accomplished with 100 msec of ion-trapping. The product
ions observed are the protonated molecule of pyridine (m/z 80), the
hydroxylation product from the reaction of methanol and C5H4N+ to form
the C5H4NOH+ ion at m/z 95 (presumably with the OH group attached to a C
not the N), and the adduct ion of the parent ion and methanol at m/z

110.
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Figure 86 shows the product spectrum of the (M-H)* ion of
naphthalene (m/z 127) (Clol-l-,)+ with methanol in the central quadrupole.
The productions observed are the naphthalene molecular ion (m/z 128),
and the hydroxylation product (m/z 144) from the reaction between
methanol and the parent ion.

Figure 87 shows the product spectrum of the (M-H)t ion of
anthracene (m/z 177) (C14H9)+ with methanol in the central quadrupole.
The product ions observed with 100 msec of ion-trapping are the
anthracene molecular ion (m/z 178), the hydroxylation product m/z 194
from the reaction of the parent ion with methanol, and the adduct ion of
methanol with the parent ion.

Figure 88 shows the product spectrum of the (M-H)' ion of p-xylene
(m/z 105) reacting with methanol in the central quadrupole. The m/z 122
peak corresponds to the hydroxylation product of the parent ion reacting
with methanol. The peak at m/z 154 is due to a further reaction of the
hydroxylated product with methanol to form the methanol adduct, and the
peak at m/z 135 is due to the loss of CH3- from the adduct ion. The
hydroxylated product reacted because the 100 msec of ion trapping
employed in this scan gave rapid side reactions a chance to occur. The
product spectra of the (M-H)* ions o-, m-, and p-xylenes with methanol
are identical.

In all of the cases of aromatic compounds, the reaction of
methanol with the (M-H)t ion in the central quadrupole formed the
expected hydroxylation product, but did not form most of the other
products that are typical of the phenyl cation reaction with methanol.
Occasionally, the methanol adduct ion, which is thought to be the

intermediate in the hydroxylation reaction, was also observed.
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Therefore, one can expect to observe the hydroxylation reaction with
virtually all (M-H)' ions from unsubstituted or substituted aromatic
compounds, whether they are polycyclic or heteroaromatic. A major
condition for the reaction is, however, that a radical must be lost from
the ring if the aromatic compound contains an aliphatic substituent, or
the reaction will not proceed. This phenomenon is illustrated by the
fact that the hydroxylation product is not formed by the reaction of the
(M-H)* ion of hexane (m/z 85) with methanol in the central quadrupole.
Figure 89 shows the product spectrum of the hexylt/methanol reaction
taken with 100 msec of ion trapping. The only product peaks fﬁrmed are
due to proton transfer to methanol (m/z 33, 47, 50, and 65). The
remaining peaks (m/z 57 and 75) are due to ions produced by CID of the
parent ion. In fact, the hydroxylation reaction appears to be specific
for aromatic ions that have a vacant position on the ring carbon. This
vacancy need not be due to an H- radical loss, but can also be due to
the loss of a Cl- radical as is shown in Figure 90. Here the (M-Cl)*t
ion of para-dichlorobenzene (CgHsCl)* (m/z 111) is reacted with methanol
in the central quadrupole. The product spectrum in Figure 90 was taken
with 100 msec of ion trapping and shows a number of peaks (m/z 33, 47,
50, 65, and 97) which are due to proton transfer to methanol, and a few
CID fragment ions of the parent ion (m/z 75, 76, 77, and 79). Figure 90
also shows the hydroxylation product (HOC6H4C1)+ (m/z 128) to be the
base peak of the spectrum, as well as numerous side reaction products.
For example, the m/z 77 ion produced as a CID fragment has had time to
react (due to ion trapping) with the excess methanol in the central
quadrupole to form the phenol ion (m/z 94). The m/z 128 product ion

apparently has reacted further with methanol to form a methanol adduct
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ion at m/z 160 which has acted as an intermediate to form the [(HO),
CgH4aCl)t ion (m/z 145) through a CH3- radical loss.

Identical reaction product scans are obtained when one uses o-, m,
or p-dichlorobenzene, probably because of extremely rapid H and Cl 1,2
transfers around the ring. The dichlorobenzenes, however, do not
produce an (M-H)* ion under 70 eV EI. In fact, many chlorinated or
multi-substituted aromatic molecules do not produce (M-H)t ions.
Therefore, when studying these more complicated aromatic molecules, one
must be judicious in choosing which fragment ion to use if one wishes to
observe the hydroxylation reaction.

The following example shows that one can also observe the
hydroxylation reaction in the fragment ions of molecules that are not
aromatic, but whose structural features can rearrange to form aromatic
fragment ions. Arachidonic acid is a polyunsaturated fatty acid that is
essential in human metabolism. Its structure and the FAB mass spectrum
of the neat liquid are shown in Figure 91A. The FAB process produces in
this case a large number of fragment ions and no protonated molecule.
Most of the fragment ions are due to the unsaturated hydrocarbon chain,
and when these fragment ions are reacted with methanol in the central
quadrupole, the only product ions (besides CID ions) are due to proton
transfer methanol. However, the product spectrum shown in Figure 91B is
generated when the fragment ion from arachidonic acid (m/z 77) reacts
with methanol in the central quadrupole. The appearance of the
hydroxylation product (m/z 94) indicates that the m/z 77 fragment ion is
the phenyl cation.

It is clear from all of the reactions studied in this chapter that

the hydroxylation reaction of methanol is specific for aromatic ions
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with vacant carbon sites on the ring, and that aliphatic or unsaturated
carbocations simply do not react with methanol in this fashion. All of
the ions tested that fit the criterion above do react to form the
hydroxylation product. Therefore, the hydroxylation reaction is a
technique for selective detection of aromatic compounds. Because of
rapid scrambling of ring substituents, the hydroxylation reaction is not
capable of distinguishing o-, m-, and p-isomers. The yields of the
hydroxylation reaction in both the central quadrupole and the CI volume
tend to be rather low except in the case of halogenated aromatic
compounds in which the peak for the hydroxylated ion is frequently the
base peak of the spectrum. For this reason, the hydroxylation reaction
in either CI or the central quadrupole has significant potential as an
analytical technique for the selective detection of halogenated or

polyhalogenated aromatic and polycyclic aromatic compounds.



CHAPTER VIII.

ION/MOLECULE REACTIONS OF CARBONYL COMPOUNDS IN THE TQMS
A. Introduction

Reactions of carbonyl compounds in solution are among the most
commonly used synthetic reactions in organic chemistry. As a result,
there has been interest in the gas-phase chemistry of carbonyl
compounds, particularly ketones, for over two decades. M. S. B. Munson
(139) studied the reactions in acetaldehyde and in acetone by chemical
ionization and speculated that the condensation products observed in
gas-phase might have the same structure as those observed in solution,
namely, those of acetaldol and diacetone alcohol.

The condensation reaction and the self acylation reaction of
acetone have received considerable attention in the chemical literature.
These reactions have been studied by ICR (140,141) and CI (142) with
much emphasis on the kinetics and mechanisms. Some of the proposed
mechanisms contradict one another (140,141), and even today the exact
structures of the intermediates and products of these reactions remain
in doubt.

The ion/molecule reactions of protonated carbonyls have also been
studied (143), as have the reactions of carbonyls with other compounds
such as ammonia (144), methanol (90), catechol (145), methyl ions (114),
and amines (86) (Schiff base synthesis). The carbonyl reactions with
ammonia (91) have been performed recently using the central quadrupole

of triple quadrupole mass spectrometers (without ion trapping).
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There has also been considerable interest in the negative ion
reactions of carbonyls. Initially, the research into negative ion
reactions employed fluorinated and chlorinated species (53,146) to carry
the charge. More recently, species such as the NH;™ and O~ ions have
been reacted with carbonyls (159), and there has been interest in the
reactions of carbonyl negative ions with other carbonyls (91) as a gas-

phase analog of the Claisen condensation.

The thrust of the research in this chapter is to examine the
structures of some of these éroducts of carbonyl reactions that are
currently in doubt by CI/CID, and to investigate in the <central
quadrupole of the TQMS some of the less studied carbonyl reactions, such
as the ion/molecule reactions in esters and mixed carbonyl systems, and

also the reactions of carbonyls with alcohols.
B. Experimental
1. Conditions for EI and CI

In those cases in which the parent ions were generated by EI, the
pressure of the gas in the EI source was set at 5x10~% torr by means of
a needle valve. All of the compounds ionized by EI and CI in this
study (acetone, ethylacetate, acetaldehyde, acetylacetone, methanol, and
propanol) were volatile 1liquids that could be admitted through the
liquids inlet of the TQMS.

In the cases where parent ions were generated by self-CI, the
pressure of gas (as measured at the ion gauge at the throat of the ion

Source turbomolecular pump) was set at 8X10~> torr by means of the same
needle valve mentioned above. Several experiments were conducted using

a mixture of gases in the CI volume. The partial pressures of the gases
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(as measured by the ion gauge) were as follows: 1X10™4 torr acetone and
2x10~4 torr methanol; 5X10~3 torr ethylacetate and 5%X1075 torr propanol;

5X10~5 torr acetaldehyde and 5X10~3 torr methanol.
2. Conditions in the Central Quadrupole

The pressure of collision gas in the second quadrupole was
regulated by a Granville-Phillips pressure controller. In all cases
where EI or CI was the ionization method, whether the gas in the second
quadrupole was argon for CID or a reactive gas for ion/molecule
reactions, the pressure was regulated to be 8X10~4 torr. 1In all of the
ion/molecule reactions carried out in the central quadrupole, ions were

trapped for 50 msec unless specified otherwise in the text.
C. Results and Discussion
1. Ion/Molecule Reactions in Acetone

The mechanism proposed by W. J. van der Hart and H. A. van Sprang
(141) for the reaction of the acetone molecular ion with acetone in the
gas phase is shown in Scheme 10 . The authors (141) who proposed Scheme
10 suggest that this scheme may be incomplete, but basically they
postulate two sSeparate and competing processes for the production of the
acylated ketone product. These two pathways as shown in Scheme 12 are
the self acylation reaction of the molecular ion with the neutral
ketone, and the clustering reaction of the acetyl ion with the neutral
ketone. Both of these reactions were observed in an ICR.

Another research group (143) investigated the reactions of
protonated acetone in high pressure (up to 3 torr) mass spectrometry

with photoionization. The reactions they observed are shown in Scheme
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Scheme 10

Ion/Molecule Reactions in Acetone
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11. The equations in Scheme 1l reveal two mechanisms at work in the
high pressure gas-phase reactions of acetone. The first is a reaction
of the protonated molecule of acetone with up to five neutral acetone
molecules to form protonated multimers, which in turn all lose water to
form a CgHy10% ion of unknown structure that is coordinated with up to
four neutral acetones. The second reaction is of protonated acetone
with neutral acetones and water (which may be either adventitious or
produced by the previous reaction) to form cluster ions which consist of
a proton solvated with water and acetone molecules.

The author was very interested to determine whether the same
reactions would be observed in the TQMS. The product spectrum of the
reaction between the acetone molecular ion and neutral acetone in the
central quadrupole shown in Figure 92 indicates that the self acylation
reaction does, indeed, occur in the TQMS. The peak at m/z 101 is the
correct mass for the self acylation product of acetone,
CH3C0+(CH3COCH3), and the acetone dimer (m/z 116) which is the proposed
intermediate from Scheme 10 is observed. The proton-bound dimer of
acetone 1is also observed because the molecular ion of acetone can
transfer a proton to neutral acetone (see Scheme 10 ) which can then
react according to Scheme 11 to form the proton-bound dimer.

Another possible explanation for the peak at m/z 101 is the
formation of a covalently bonded species such as acetylacetone by an
entirely different and unknown mechanism. To test this hypothesis, the
author obtained the argon CID spectrum of the m/z 101 ion/molecule
reaction product ion produced by acetone self-CI (see Figure 93A) and
also obtained the CID spectrum of protonated acetylacetone (see Figure

93B). The CID daughter spectra in Figure 93 clearly show that the m/z



237

Scheme 11

Reactions of Protonated Acetone with Acetone
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Acetone and Neutral Acetone in the Central Quadrupole
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101 ion produced by the ion/molecule reactions in acetone is not
protonated acetylacetone. This fact and the prominence of the acetyl
ion (m/z 43) in ion/molecule product CID spectrum indicate that the
structure of the m/z 101 ion is indeed that of a weakly bound cluster
ion of the acetyl ion and acetone. These data add credence to the
mechanism in Scheme 10.

When one chooses, instead, the protonated molecule of acetone as
the parent to be reacted with acetone,r the product spectrum shown in
Figure 94 is the result. Figure 94 shows that the proton-bound dimer of
acetone (m/z 117) is formed and that the dimer of acetone (m/z 116) is
not. Both of these facts are in accordance with Scheme ll. The peak at
m/z 101 is still present, however, because the acetyl ion reacts with
neutral acetone to form the clustering product from Scheme 10.

The higher coordination number products suggested by Scheme 11 are
not observed in Figure 94, and neither are the products due to loss of
water or the mixed water and acetone clusters. These differences
between the central quadrupole data and the high pressure MS data are
probably due chiefly to the great difference in the pressure of neutral
acetone in the two techniques.

The self-CI spectrum of acetone is shown in Figure 95, The
products in the self-CI spectrum are similar to those in the central
quadrupole for the reaction of protonated acetone with neutral acetone.
As mentioned in the introduction to this chapter, Munson has proposed
that some of the ion current in the m/z 117 peak in the self-CI spectrum
of acetone (see Figure 95) might be due to diacetone alcohol. To test
this hypothesis, the author obtained the argon CID daughter spectrum of

the m/z 117 parent ion (see Figure 96). Unfortunately, the author was



241

100%
. 59 (M+H)* (s 117
()]
U -
=
o
©
= -
=
L
< -
g
E ) + i +
o CH,CO 58 (M+43)
m -
] 43 101
) "
Oz l ‘l "!]lr“l‘TTrll(r‘]l’l.‘l‘1'!""‘]filll!l‘l'
20 40 60 80 100 120

m/z

Figure 94. The Product Spectrum of the Reaction Betwaeen the Protonated
Molecule of Acetone and Neutral Acetone in the Central Quadrupole



242

1002

y 43 CHyco*
0 -
9 59 (M+H)*
R
©
[=1
3
'n -
<
[ V]
-E - (oMem)*
I (u443)*
] 117
. 101
15 97 73
- TS :'l.‘ LA RR) "‘1" AR l‘l: LR LN
02 "T‘"r"“ﬂ"""x‘ T T T
0 20 40 60 80 100 120
m/z
Figure 95. Self-CI Mass Spectrum of Acetone




243

not able to obtain a sample of pure diacetone alcohol, but the extremely
large abundance of protonated acetone (m/z 59) as the sole daughter ion
in Figure 96 argues strongly against the presence of more than a trace
of the diacetone alcohol, and argues strongly for the proton-bound
acetone dimer structure of the ion at m/z 117.

The major difference between the self-CI spectrum of acetone and
the reaction of protonated acetone with neutral acetone in the central
quadrupole is the presence of a peak at m/z 99 which according to Scheme
12 would represent the C5H110+ ion formed by water loss from the proton-
bound dimer of acetone. The argon CID daughter spectrum of the proton-
bound dimer shown in Figure 96 suggests, however, that the ion
represented by the peak at m/z 99 does not arise from the decomposition
of the proton-bound dimer. The argon CID daughter spectrum of the peak
at m/z 99 is shown in Figure 97. The single prominent daughter ion peak
at m/z 41 indicates that the parent ion originates from the clustering
reaction of an acetone molecule with the CpHO' ion (m/z 41) which is
present in the acetone CI spectrum (see Figure 95). These data clearly
do not support the mechanisms derived from high pressure MS studies
(Scheme 12) except for the initial formation of the proton-bound dimer
ion. Also, the lack of a peak at m/z 77 in the self-CI spectrum of
acetone (see Figure 95), even at the highest pressures available in the
TQMS, indicates that the clustering reaction of water and acetone (see
Scheme 12) does not occur unless either the pressure is much higher or a
considerable partial pressure of adventitious water is present in the

system.
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2. Ion/Molecule Reactions in Ethylacetate

The ion/molecule reactions that are typical of ketones should also
be possible in other types of carbonyl compounds. This section
investigates the ion/molecule reactions in the ester, ethylgcetate.
Figure 98 shows the product spectrum of the reaction between the
protonated molecule of ethylacetate (m/z 89) and neutral ethylacetate in
the central quadrupole of the TQMS. The product spectrum in Figure 98
does not employ ion trapping, unlike all of the other product spectra in
this chapter. There are three CID daughter ions, at m/z 15, 29, 43, and
61. The ethyl ion (m/z 29), and the acetyl ion (m/z 43) are due to
single bond cleavages. The m/z 61 ion is protonated acetic acid formed
by a McLafferty rearrangement with a hydrogen shift and a bond cleavage.
All four CID processes are shown in Scheme 12,

In addition to the CID daughter ions, one observes in Figure 98
two ion/molecule product ion peaks at m/z 131 and 177. ‘The m/z 177 peak
represents the proton-bound dimer ion of ethylacetate by analogy to the
same reaction in acetone. The m/z 131 peak is probably the result of
the reaction between the acetyl ion and protonated ethylacetate again by
analogy to the same reaction in acetone. From this data, however, one
cannot rule out that the m/z 131 peak is due to loss of ethanol from m/z
177. When one conducts the ion trapping experiment in the central
quadrupole, the peaks at m/z 43 and 131 disappear from the spectrum as
is shown in Figure 99. From Chapter IV. we know that the acetyl ion is
difficult to trap since it 1is readily consumed by ion/molecule
reactions, 8o its absence is not surprising. The interestingv fact is
that the m/z 131 peak has disappeared as well, indicating that the

acetyl ion is its precursor ion.
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Scheme 12

CID Processes in Protonated Ethylacetate

0
(CH4C-0-CH,CH,) H* ——> CH,CH," + CH,COOH

m/iz 29

——> HOCH,CH, + CH,-Cz0*

m/z 43
OQH

_> CH3C-OH + CH?_CH2
m/z 6l

0
——> CHOH + HCH + CH;

m/z 15
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The spectrum in Figure 100 is the self-CI spectrum of
ethylacetate. At the higher pressures present in CI, the fragment ions
of ethylacetate are more abundant, but otherwise the product spectra
generated in the central quadrupole and the CI volume are quite similar.
The argon CID daughter spectrum of the peak at m/z 177 in the CI
spectrum is shown in Figure 101. The extremely intense daughter ion
peak at m/z 89 indicates that the parent ion is indeed the weakly bound
proton-bound dimer of ethylacetate. The fact that no peak at m/z 131 is
observed in the CID spectrum of the proton-bound dimer is confirmation
that the m/z 131 ion does not result from decomposition of the proton-
bound dimer.

The argon CID spectrum of the m/z 131 product ion peak from the
self-CI spectrum of ethylacetate is shown in Figure 102. The presence
of both protonated ethylacetate and the acetyl ion as abundant ions in
this spectrum indicates that the ion at m/z 131 has a weakly bound
cluster ion with the following structure: CH3CO*(CH3COOCH,CH3) .
Mechanisms for the formation of the major ion/molecule products in
ethylacetate are shown in Scheme 13. The data in this section
indicate that identical mechanisms form the major ion/molecule products

in both acetone and ethylacetate.

3. Ion/Molecule Reactions in a Mixture of Acetone

and Ethylacetate

Since acetone and ethylacetate appear to react with the same
mechanism, one would predict that they react with one another to form

products similar to those observed in this chapter. It has already been
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Scheme 13

Reactions of Protonated Ethylacetate with Ethylacetate
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reported in Chapter II. that methyl esters react with protonated acetone
in CI to form chiefly the proton-bound adducts of the ester and acetone.
Therefore, this section will concern itself with reactions of the
molecular ions, not the protonated ions.

The product spectrum of the reaction between the molecular ion of
ethylacetate and neutral acetone in the central quadrupole is shown in
Figure 103. The most prominent product peaks are those at m/z 59 and
117, representing the protonated monomer and dimer of acetone,
respectively. A minor peak at m/z 146 is the adduct of acetone and
ethylacetate, but it is important in that it serves as the intermediate
in the reactions that produce the peaks at m/z 59, 117, and also m/z
131. The peak at m/z 131 represents the acylated ethylacetate ion. The
ethylacetate molecular ion does not decompose as readily as acetone by
CiD, so the acetyl ion which is often a major peak in carbonyl spectra
is quite diminutive. One can ascribe the peak at m/z 101 to the
reaction of the acetyl ion with neutral acetone to form the clustering
ion. One cannot, however, consider the peak at m/z 131 to be produced
from the clustering reaction of the acetyl ion and ethylacetate because
there is no appreciable amount of neutral ethylacetate in the central
quadrupole. Scheme 14 shows the major reactions that occur as a result
of reacting the acetone molecular ion with ethylacetate.

Reactions 1-4 in Scheme 14 are the major pathways in the reactions
between the ethylacetate molecular ion and acetone, and reactions 5 and
6 are minor pathways due to the relatively low abundance of the acyl
ion. A number of peaks with minor abundances in Figure 103 are not
taken into account in Scheme 14, so the processes occurring in the

central quadrupole are probably even more complicated than indicated.
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Scheme 14

Reactions of the Ethylacetate Molecular Ion with Acetone
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The TQMS has the unique ability to select either reactant as the
charged species because the ionization occurs in a separate chamber from
the ion/molecule reaction.” In some cases, (as in the reaction between
alcohols and acids in Chapter V.) choosing which reactant carries the
charge has no effect on the products of the reaction. In this case,
however, choosing acetone to carry the charge instead of ethylacetate
changes the product spectrum dramatically. Figure 104 shows the
products spectrum that results from the ion/molecule reaction between
the molecular ion of acetone and neutral ethylacetate in the central
quadrupole. The most abundant product ion peak in Figure 104 is m/z 43,
the acetyl ion, which arises from the facile CID of the acetone parent
ion. The acetyl ion dominates the product ion spectrum to the extent
that one does not observe the m/z 146 peak which was the intermediate
ion to the major pathways in Scheme 14. 1Instead one observes a peak at
m/z 147, which corresponds to the proton-bound adduct of acetone and
ethylacetate. One also observes a greatly increased relative intensity
for the peaks at m/z 89 (protonated ethylacetate), m/z 131 (cluster ion
of acetyl and ethylacetate ), and m/z 73 (cluster ion of m/z 43 and
formaldehyde; see Scheme 12 for the origins of neutral formaldehyde).
Scheme 15 shows a proposed mechanism for the production of these ions.

The fact that the molecular ion of acetone dissociates more
readily than the ethylacetate molecular ion to form the acetyl ion
changes the products of the reaction between acetone and ethylacetate
and changes the mechanism by which the products are formed. 1In a single
chamber ion/molecule reactor (like CI), these changes are difficult to

observe, but in the central quadrupole of the TQMS the differences are
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Scheme 15
Reactions of the Acetone Molecular Ion with Ethylacetate
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obvious because one can choose which of the two reactants carries the

charge.
4. 1Ion/Molecule Reactions in Acetaldehyde

The ion/molecule reactions in acetaldehyde CI are very similar to
those in acetone and ethylacetate CI. Figure 105 shows the self-CI
spectrum of acetaldehyde. One observes the protonated molecule of
acetaldehyde at m/z 45, the molecular ion of acetaldehyde at m/z 44, and
three fragment ions at m/z 43 (CH3CO0"), m/z 29 (CHO'), and m/z 15
(CH3*). One also observes numerous cluster ions above the mass of the
protonated molecule. The most prominent of these cluster ions is at m/z
89 which represents the proton-bound dimer of acetaldehyde. The argon
CID daughter spectrum of the peak at m/z 89 (see Figure 106) shows that
the parent ion is indeed the proton-bound dimer since the only daughter
ion is the protonated molecule of acetaldehyde (m/z 45). It also shows
that the low intensity peaks at m/z 59 and 87 in the CI spectrum are not
due to decomposition of the proton-bound dimer. The daughter spectrum
of m/z 87 is shown in Figure 107 and indicates that this ion is the
cluster ion of the acetyl ion and neutral acetaldehyde. Scheme 16 shows
the mechanism for the production of ions in acetaldehyde CI.

The mechanism in Scheme 16 is very similar to the mechanisms for
acetone and ethylacetate with the exception that the acetaldehyde
molecule seems to form protonated multimers more easily than either

acetone or ethylacetate.
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Scheme 16

Ion/Molecule Reactions in Acetaldehyde
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5. Ion/Molecule Reactions in Methanol/Acetone
and Methanol/Acetaldehyde Mixtures

It is clear from the previous sections that carbonyl compounds of
various types interact with themselves and each other in the gas phase
to form a variety of weakly bound cluster ions. From the discussion in
Chapter V. of this dissertation, it is apparent that the reactions of
alcohols with acetic acid (which contains a carbonyl group) produce
covalently bound species as well as cluster ions. With the hope of
discovering more reactions of this type, the author explored the
reactions of protonated acetone and protonated acetaldehyde with
methanol.

Figure 108 shows the product spectrum of the reaction in the
central quadrupole between the protonated molecule of acetone and

neutral methanol. The predominant process is CID to form the acetyl

ion. There is a low intensity peak at m/z 33 which indicates proton
transfer to methanol. The peak at m/z 91 is representative of the
proton-bound adduct of acetone and methanol. The peak at m/z 76 is

probably the adduct of water and acetone.

Figure 109 shows the CI spectrum of a mixture of acetone and
methanol. The CI spectrum shows all of the peaks associated with the
ion/molecule reactions in methanol (m/z 15, 33, 47, 65, 79, and 97; see
Chapter V.), and all of the peaks associated with ion/molecule reactions
in acetone. When these peaks are taken into account, the remaining
peaks are m/z 76, 91, 123, and 149. The m/z 76 and 91 peaks are
familiar from Figure 108, and at the higher pressures in CI, the
reaction produces the (M+2A+H)% ion (M=methanol, A=acetone) (m/z 149),

and the (A+2M+H)t ion (m/z 123).
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The reactions between the protonated molecule of acetaldehyde and
methanol are altogether different. Figure 110 shows the product
spectrum of that reaction as it occurs in the central quadrupole. One
observes, of course, the parent ion peak at m/z 45 and the peak for
protonated methanol at m/z 33, but the base peak of the spectrum is at
m/z 59. The author checked the purity of the methanol being leaked into
the central quadrupole, since the m/z 59 peak could easily be due to
acetone dissolved in the methanol. Both the acetaldehyde and the
methanol used for this experiment were HPLC grade, and under EI
conditions showed no peak at m/z 58. Therefore, since the m/z 59 peak
was not due to an impurity, it must have been generated by the reaction
of protonated acetaldehyde and methanol. In addition to the m/z 59 ion,
there are a large number of peaks with low intensity, indicating that
there are numerous other products being formed that subsequently
decompose during the ion-trapping phase of the experiment. 1In fact, the
m/z 77 peak which represents the proton-bound adduct of acetaldehyde and
methanol is a very minor peak which decreases in relative abundance with
ion trapping.

The ions which decomposed in the central quadrupole were
collisionally stabilized by the higher pressures in CI, as is shown in
Figure 111. In addition to producing m/z 59, mixing acetaldehyde and
methanol in the CI volume yields product ions at m/z 77, 91, 103, and
117. The peak at m/z 117 is the proton-bound dimer of m/z 59 as is
shown by its argon CID spectrum in Figure 112. The peak at m/z 103
represents the proton-bound adduct of m/z 59 and acetaldehyde as is
shown by its CID spectrum in Figure 113. The peak at m/z 91 is the

proton-bound adduct of m/z 59 and methanol as is shown by its CID
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spectrum in Figure 114. These products indicate that the m/z 59 ion
may be protonated acetone since the clustering reactions of the m/z 59
ion are identical to those shown in schemes 1 through 8.

The argon CAD daughter spectrum of m/z 77 in Figure 115 suggests
that it is the proton-bound adduct of acetaldehyde and methanol (due to
daughter ions at m/z 45 and 33), but there is also a daughter ion peak
at m/z 59 which indicates that the activated m/z 77 ion is the
intermediate in the reaction of protonated acetaldehyde and methanol
that forms the m/z 59 ion. A possible mechanism for the formation of
the protonated acetone ion is shown in Scheme 17.

The mechanism shown in Scheme 17 is strongly reminiscent of the
reactions of protonated acetic acid with alcohols to form protonated
esters (see Chapter V.). In this case we have instead, a protonated
aldehyde reacting with an alcohol to form a protonated ketone. The
author described a similar reaction of nonanal reacting with protonated
methanol to form the protonated ketone in Chapter 1II. These two
examples are, to the best of the author’s knowledge, the first mention
of this ion/molecule reaction in the chemical 1literature. Another
possibility is that the m/z 59 ion is an isomer of protonated acetone
and has a hemi-acetal structure. The structure of the m/z 59 ion

produced by the reaction of protonated methanol and acetaldehyde is

discussed further in Chapter X. of this dissertation.
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Scheme 17
Reaction of Protonated Acetaldehyde with Methanol to

form Protonated Acetone

Q Q *
(CH3C~H)H. + CHBOH ﬁ [(CH.:'C-H)(CHsOH)H’]

m/z 45

( CH4-C-H ) CH,OH JH* ( CHs-C-CHs)H’
m/z 77 m/z 59
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6. Ion/Molecule Reactions Between Protonated

Ethylacetate and Propanol

Tiedemann and Riveros (90) reported a reaction between protonated
esters and alcohols. The product is the result of a condensation
reaction between the two species followed by loss of water to form an
ion with only covaient bonds that could have either an oxonium ion or
acetal structure. Since the reaction was performed using ICR
instrumentation, it was not possible at the time to determine which
structure the ion possessed. This section describes how the same
reaction was performed in the TQMS using protonated ethylacetate and
propanol as the reactants, with the intent of determining the product
ion’s structure. The expected product for the reaction has an mass-to-
charge ratio of 131, and the two possible structures according to
Riveros and Tiedemann are shown in Table 13.

The product spectrum of the reaction between protonated
ethylacetate and propanol in the central quadrupole of the TQMS is shown
in Figure 116. Figure 116A shows that without ion trapping the only
peaks observed represent the parent ion (m/z 89) and the protonated
molecule of propanol (m/z 61). Figure 116B shows that with ion trapping
the product spectrum becomes much more interesting and complicated.
Unlike in the ICR experiments in which the product peak of interest is a
major product, the m/z 131 peak is of low intensity in the central
quadrupole. Of much greater abundance is the proton-bound adduct of
ethylacetate and propanol at m/z 149. The reason for this change in
abundance is that the pressure in the ICR experiments was considerably
lower than in the central quadrupole. In the center quadrupole, the

collisional stabilization that allows one to observe the intermediate of
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Table 13

Possible Structures of the C;H150,% Ion

. " 4
*0 CH,-C-0- CH,-CH
CHy-C-0-CH,~CH, CH,-CH,-CH,

acetal ion oxonium ion
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the reaction (m/z 149) reduces the yield of the final product (m/z 131).
In the ICR, the lack of collisional stabilization increases the yield of
the final product but does not allow one to observe the intermediate.
All of the other peaks in the spectrum are products of ion/molecule
reactions in propanol or in ethylacetate.

Figure- 117 shows the CI spectrum of propanol. One observes the
sets of cluster ions that appear in Table 14. The self-CI spectrum of
propanol is quite similar to that of methanol discussed in Chapter V.
If one combines propanol and ethylacetate in the CI volume, one obtains
the spectrum shown in Figure 118. All of the peaks in Figure 118 can be
explained as arising from either or both of the self-CI spectra of
ethylacetate and propanol shown in this chapter. In particular, the m/z
131 peak arises from béth the pure ethylacetate CI spectrum and the
mixed ethylacetate-propanol spectrum. In both cases the m/z 131 peak is
a very minor product. The argon CID daughter spectrum of the m/z 131
ion arising from ethylacetate self-CI has already been shown in Figure
102 and shows peaks at m/z 43, 61, and 89. The argon CID spectrum of
the m/z 131 ion arising from the mixture of ethylacetate and propanol is
shown in Figure 119. One still observes the m/z 43, 61, and 89 peaks in
approximately the same ratios as in Figure 102, but there is an
additional peak at m/z 71. It would seem that part of the ion current
of the m/z 131 ion is generated by self-CI of ethylacetate and the rest
by the reaction between protonated ethylacetate and propanol.

The m/z 71 daughter ion peak gives a clue as to the structure of
the m/z 131 product ion. Of the possible formulas (CgH;;%, C4H50%, and
C3H30,%) for the m/z 71 ion, the C4H;0% formula is by far the most

likely, considering the proposed structures for the m/z 131 parent ion.
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Table 14

Products from the Ion/Molecule Reactions in Propanol

( CH,CH,CH,OH), H* where n=2 105
m/z = 121, 181, 241, and 30I

CH,CH,CH, (CH,CH,CH,OH),  where n=ito3
m/z = |05, 163, and 223

CHyCH, (CH,CH,CH,OH), where n=1to 3

m/z = 89, 149, and 209
H,0* (CH,CH,CH,0H),  where n=1103

m/z 78, 138, and 198
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The neutral loss from the parent to the m/z 71 daughter is 60 u. The
possible neutral losses of 60 u are: CH3CHCHp0H, CH3COOH, CO + CH30H,
CH4 + CO3, and CHy0 + Hy0. The second, third, fourth, and fifth neutral
losses, however, cannot result in an intact m/z 71 ion being produced
from either of the proposed structures utilizing simple fragmentation
schemes minimizing the number of bonds cleaved. The loss of propanol,
however, can be envisioned in the acetal structure (but not from the
oxonium ion structure) by means of the Mclafferty-type double hydrogen
rearrangement shown in Scheme 18. Since the m/z 71 daughter ion can be
produced in theory from the acetal structure, the CID evidence lends
credence to the formation of an acetal ion from the reaction between the

protonated ester and the alcohol.

D. Conclusion

The reactions of carbonyl ions with carbonyl compounds in this
chapter, and in Chapters II. and V., indicate that carbonyl compounds
readily form numerous types of cluster ions in either the CI volume or
in the central quadrupole of the TQMS. The mechanisms of these
reactions that form the cluster ions are interesting and complex.
Carbonyl ions whether protonated or not, readily form clusters with most
polar compounds, and are therefore not generally of analytical interest
as selective reagent ions in CI or in reactive collision gas MS/MS. The
exception to this rule appears to be the reactions of carbonyl compounds
with alcohols. A wide variety of carbonyl compounds including
carboxylic acids, esters, and aldehydes react specifically with
protonated alcohols to form condensation products which eliminate water

to form covalently bound compounds. These products form most
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Scheme 18

Mechanism for Loss of Propanol From C7H1502+ by CID
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efficiently at low pressures in which the intermediates of the reactions
cannot be stabilized collisionally. Low pressures of methanol in the
central quadrupole combined with relatively long periods of ion trapping
may be very effective for selected reaction monitoring of certain acids,

esters, and aldehydes.



CHAPTER IX.
ION/MOLECULE REACTIONS OF THE 2-CHLORO-5-NITROPYRIDINE MOLECULAR ANION

WITH METHANOL: A GAS-PHASE ANALOG OF THE Sy (ANRORC) PROCESS?

A. Introduction

The previous chapters of this dissertation have established that
there is a strong relationship between the ion/molecule reactions that

occur in positive ion chemical ionization and in the positive ion trap

and pulse technique using the central quadrupole of the TQMS. The first

goal of this chapter is to explore the relationship between negative ion

chemical ionization (NCI) and negative ion trap and pulse. A secondary

goal is to use NCI and negative ion trap and pulse to investigate in the
gas phase a particular nucleophilic aromatic substitution reaction which
has been determined to proceed via an anionic intermediate in solution

(147) .

In solution, the electron deficient nature of aromatic rings

containing heterocyclic nitrogens makes the electrophilic aromatic

substitution reactions that are typical of aromatic systems, very

difficult, but instead facilitates nucleophilic substitution reactions
(147). Nucleophilic aromatic substitution is generally thought to occur
in solution by three separate mechanisms (148), the addition-elimination
mechanism (Sy(AE)), the benzyne mechanism that is also called the
elimination-addition mechanism (Sy(EA)), and the aromatic nucleophilic
ring closing mechanism

substitution by means of ring opening and

(Sy (ANRORC) ) .
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The Syn(AE) mechanism is illustrated in Scheme 19 in which a
pyridine ring is attacked by a powerful nucleophile forming a negative
ion sigma complex followed by elimination of a leaving group as an
anion.

The Syn(EA) mechanism is illustrated in Scheme 20 in which a
pyridine ring is attacked by a strong base which abstracts a proton to
form a 2,3-pyridyne intermediate with elimination of a leaving group.
The intermediate is then attacked by the stong base, now acting as a
nucleophile, to form a mixture of products.

The Sy (ANRORC) mechanism is illustrated in Scheme 21 in which a
pyrimidine ring is attacked by a stong nucleophile to form an unstable
sigma complex which undergoes ring opening. Elimination of a leaving
group with ring closure forms the end product.

Aromatic nucleophilic substitution in general is typical of the
solution reactions of nitrogen-containing aromatic heterocycles. The
Sy (ANRORC) reaction, however, 1is an interesting and fairly unusual
reaction that occurs only with very strong bases such as OH™ and NH;~
reacting with substituted pyridines, pyrimidines, triazines, and
purines. The reaction is most common when the compounds are substituted
with a very good leaving group located ortho to a ring nitrogen.

Sy (ANRORC) reactions, because of their unusual mechanism, have
received considerable attention in the organic chemistry literature in
recent years (147, 149, 160, 161). The author was involved in one
particular investigation of this sort at the College of Wooster (147).
The reaction investigated in that research involved the attack of the
hydroxide ion on the 2-chloro-5-nitropyridine (2CLSNP) in a mixed

solvent of water and dimethylsulfoxide.
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Scheme 19

The Sy (AE) Mechanism in Solution

Nu™ = -L-
Q) X € = 0©
NT L N” Nu N” Nu

L™= leaving group
Nu = nucleophile
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Scheme 20

The Sy (EA) Mechanism in Solution
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L = leaving group
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Scheme 21

The Sy (ANRORC) Mechanism in Solution
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Scheme 22 shows the attack of the hydroxide ion on the 2CLSNP to
form an unstable sigma complex which undergoes ring opening. The ring-
opened species, however, is immediately attacked by another OH™ ion with
loss of water and Cl~ to form an extremely stable intermediate with an
unusual structure. It is, in fact, possible to isolate the intermediate
by lyophilizing the soclution at this point in the reaction. Addition of
excess hydroxide ion closes the ring again and leads to the expected
nucleophilic addition product. Structures of species 1, 4, and S5 in
Scheme 22 were determined by NMR and IR techniques.

This S)(ANRORC) reaction of 2CLSNP and the hydroxide ion is
particularly amenable to mass spectrometric investigation by NCI and
negative ion trap and pulse since all of the species of interest in the
reaction are negatively charged and are sufficiently volatile to enter
the gas phase following a moderate amount of heating. Furthermore, the
intermediate of the reaction can be isolated by solution chemistry to
serve as a reference compound whose CID spectrum can be compared to the
CID spectra of any ions generated by ion/molecule reactions in the gas
phase.

Gas-phase negative ion chemistry in the ICR and FT-ICR (150)
instruments has recently been reviewed. Most of the ion/molecule
reaction of negative ions have been involved with aliphatic carbonyl
compounds and with high electron affinity ions such as F~ and OCH3~.
Many of these reactions have been shown to have nucleophilic
substitution mechanisms of the Sy2 type. There are a few examples of
aromatic nucleophilic substitution reactions in the literature, the

mechanisms of which are given in Scheme 23 (151,152), but there have
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Scheme 22

The Solution Reaction of 2CLSNP with OH™
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Scheme 23
Nucleophilic Aromatic Substitution Reaction in the

Gas Phase (151,152)
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been no Sy (ANRORC) type nucleophilic substitution reactions investigated

in the gas phase by any technique.

B. Experimental
1. Preparation of Standards

2-chloro-5-nitropyridine (2CL5NP) was obtained from Aldrich
Chemical Company as a gold label chemical in the form of crystals. The
stable intermediate was formed as in Reinheimer et. al. (147) by
addition of 2 mmoles of NaOH dissolved in water to 1 mmole of 2CLSNP
dissolved in dimethylsulfoxide (DMSO). This reaction is almost
immediate and the solution changes color from almost colorless to dark
yellow. The dark yellow solution was lyophilized for 24 hours yielding
a dark viscous oil. The end product of the reaction, 2-hydroxy-5-
nitropyridine (20HSNP), was obtained by adding 3 mmoles of NaCH
dissolved in water to 1 mmole of 2CLSNP dissolved in DMSO. This
solution was heated in a water bath for 3 hours and then neutralized to

precipitate out crystals of 20HSNP.
2. Isobutane CI Conditions

In order to obtain the negative ion mass spectra of the standards
and to generate the parent ions for argon CID, the author used isobutane
as the buffer gas. The pressure of isobutane was measured to be
4X10-%4torr at the throat of the ion source turbomolecular pump. The ion
source and the direct probe were heated to 50°C for the 2CLS5NP. The
direct probe was heated to 100°C to observe the M~ ion of the 2CL5SNP,

and to 200°C to observe the M~ ion of the 20HSNP. The temperature of
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the ion source rose to 75°C due to indirect heating from the direct

probe and the CI filament.

3. Methanol NCI Conditions

The author considered methanol to be the NCI gas which was most
likely to produce the desired nucleophilic aromatic substitution
reaction. The ion/molecule products that did result were analyzed by
argon CID and by methanol trap and pulse in the central quadrupole of
the TQMS.

Methanol NCI was accomplished with nearly the same conditions as
isobutane NCI. The measured pressure of methanol was 4Xx10-4 torr in the
throat of the ion source turbomolecular pump. The ion source and direct
probe were both heated to 50°C to volatilize the 2CLS5NP into the CI

volume.

4. Conditions in the Central Quadrupole

The parameters shown in Table 14 are the voltages used in the TQMS
for negative ion CID and trap and pulse. the pressure of argon in the
central quadrupole for CID experiments was 2X10’3, and the pressure of
methanol in the central quadrupole for trap and pulse experiments was
4x10-3 torr. The average trapping time for all ions in the central

quadrupole was 100 msec.

C. Results and Discussion

1. Negative Ions in the TQMS

The mechanisms for the production of negative ions in chemical

ionization can be very different from the mechanism that produces
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positive ions. In CI, the major method of producing positively charged
analyte ions involves ion/molecule reactions of abundant reagent ions,
such as CH30H*, with the neutral analyte molecules. If one chooses an
appropriate CI gas, one can also produce negatively charged reagent ions
that undergo ion/molecule reactions with neutral analyte molecules to
produce negative ions from the analyte. ' However, the most common gases
used for NCI, methane and isobutane, produce virtually no reagent ions,
but, nevertheless, manage to produce abundant molecular anions of
certain compounds with high electron affinities, such as polychlorinated
biphenyls. The mechanism for this process appears to be that the high
energy (70-100 eV) electrons produced by the CI filament ionize gas
molecules which release slow secondary electrons. These slow electrons
can then be captured by compounds with high electron affinities yielding
abundant quantities of negatively charged analyte ions. This process is
usually called electron-capture negative ionization (ECNI) and has been
compared to the electron capture detector (153) wused in gas
chromatography for detecting trace quantities of compounds with high
electron affinities.

With the trap and pulse methodology it is possible to simulate the
conditions for both negative reagent ion NCI and ECNI. One can trap a
negative parent ion in the central quadrupole, and react it in the gas
phase with a particular neutral analyte as in negative reagent ion CI,
or one can trap a negative parent ion with a low electron affinity in
the central quadrupole where it can transfer its electron to a molecule
with a high electron affinity in an analogous fashion to ECNI.

Neither isobutane nor methanol produces a significant abundance of

reagent ions under NCI conditions in the TQMS. Since reagent ions are



300

absent, one can assume that the major mode of ionization in isobutane
and methanol is ECNI. The assumption of ECNI as the dominant ionization
mechanism does not rule out the possibility of ion/molecule reactions
because there are copious quantities of the neutral buffer gas that can
interact subsequently with the negatively charged analyte ion. As we
will see, however, methanol is much-more reactive with the negative ions
produced in this study than is isobutane. This means that isobutane can
be used as a "blank" for the ion/molecule reactions of negative ions

with methanol.
2. 1Isobutane NCI/MS and Argon CID of 2CLSNP

The startiqg material, 2CLS5NP, produces the isobutane NCI mass
spectrum shown in Figure 120. The spectrum has two major peaks at m/z
158 and m/z 160. The m/z 158 peak corresponds to the molecular anion of
2CLS5NP and the m/z 160 peak corresponds to its 37ca isotope. There are
also a number of fragment ions of low abundance. Figure 121 shows the
argon CID daughter spectrum of the parent ion at m/z 158. The base peak
represents the parent ion and there are four peaks representing daughter
ions. The peak at m/z 35 is the chloride ion, the peak at m/z 46 is the
NO,~ ion, and the peak at m/z 128 is probably the (M-NO)~ ion. These
daughter ions correspond to the major fragment ion peaks in the

isobutane NCI spectrum in Figure 120.
3. 1Ion/Molecule Reaction of (2CLS5NP)~ with Methanol

If one substitutes methanol for argon in the collision chamber,
and does a trap and pulse product scan of the reaction products between

the molecular anion of 2CLS5NP and methanol, the spectrum, as shown in
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Figure 122, reveals the CID peaks and additional peaks at m/z 139 and
m/z 190. The m/z 190 peak is almost certainly the negative ion adduct
of methanol and 2CLS5NP, but the identity of the m/z 139 peak is
uncertain. If one chooses the m/z 160 peak of 2CLSNP that contains the
37¢cy isotope for the parent ion, one obtains the same product spectrum
as in Figure 122, except that the peak at m/z 190 shifts to m/z 192.
This indicates that the m/z 190 ion contains chlorine but that the m/z
139 ion does not. The m/z 139 peak, therefore, could be either the
ring-opened stable intermediate ion from Scheme 22 or the final product
ion from Scheme 22 .

The same reaction observed in the collision chamber can be made to
occur in the chemical ionization source by methanol NCI of 2CLSNP. The
reaction is highly sensitive to methanol pressure and the ion source
temperature, but the NCI spectrum shown in Figure 123 is typical, with
numerous peaks of low intensity at low m/z values and three peaks of
major intensity: m/z 139, 158, and 160.

The argon CID daughter spectrum of the m/z 139 peak produced by
methanol NCI is shown in Figure 124A. The argon CID spectrum of the
Sy (ANRORC) intermediate ion isolated from solution is shown in Figure
124B. 1Isobutane NCI of 20HSNP does not produce an (M-H)~ ion at m/z 139
but does produce an M~ ion at m/z 140. Only two daughter ions arise
from the m/z 140 peak, and they are m/z 46 (NO3)~, and m/z 93 (M-HNOj)~.
It is apparent from the spectra in Figure 124 that the daughter ions
produced by the ion/molecule product ion at m/z 139 are the same as
those ions generated from the stable intermediate ion at m/z 139. A
mechanism which is consistent with all of the data presented in this

chapter for the production of the m/z 139 peak is shown in Scheme 24 .
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Scheme 24

The Gas-Phase Reaction of 2CLS5NP~ with CH30H
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Scheme 26 suggests that the methanol molecule reacts with the
2CLSNP molecular anion to form an activated intermediate which can be
collisionally stabilized in the central quadrupole to form a peak at m/z
190. The activated intermediate could readily lose a methyl radical and
then undergo a ring opening step identical to that observed in solution.
The ring-opened ion could react with a second molecule of methanol to
form the relatively stable product ion ion at m/z 139.

This chapter presents the first evidence that an analog of the
SNy (ANRORC) reaction may occur in the gas phase. This reaction occurs
under methanol NCI or methanol ¢trap and pulse conditions. The
particular mechanism proposed for the reaction of 2CLSNP is probably
unique to this compound, but nucleophilic aromatic substitution is a
general reaction for aromatic nitrogen heterocycles and could be
developed as an analytical technique in negative ion mass spectrometry

for selective detection of this class of compounds.



CHAPTER X.

THERMOCHEMISTRY OF ION/MOLECULE REACTIONS

A. Introduction

To the extent that it is possible, this chapter explores the
energetics of the ion/molecule reactions that have been investigated in
the preceding nine chapters of this dissertation. The goal of this
chapter is to use tabulated heats of formation, proton affinities, and
ionization potentials to calculate heats of reaction for the various
reactions in this study with the hope of providing a theoretical basis
for the experimental observations presented in this dissertation.

Table 15 is a list of compounds used in this chapter arranged by
functional group with their respective proton affinities, heats of
formation of the neutral molecules, heats of formation of the (M+H)*
ions, and heats of formation of the MY: ions. The proton affinities,
and heats of formation of the neutral and protonated molecules were
taken primarily from Lias et. al. (164), except for the proton affinity
of glycerol which was taken from Sunner et. al. (165). The heats of
formation of the molecular ions were calculated from the heats of
formation of the neutral molecules and the ionization potentials taken
from McLafferty (136). The heat of formation of the phenyl cation was
contributed by J. Allison (166). All of the thermodynamic quantities in

Table 15 are given in kilocalories per mole.
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Table 15

Thermochemical Properties of Selected Compounds

Name

Hydroxy Compounds

Water
Methanol
Ethanol
Propanol
Butanol
Phenol
Glycerol

Aldehydes

Formal-
Acetal-
Propional -
Butanal
Pentanal

Ethers

Diethyl-
Methylvinyl-

Aliphatic Hydrocarbons

Hydrogen
Methane
Ethane
Propane
Butane

Amines

Ammonia
Methylamine
Ethylamine
Propylamine
Butylamine
Pentylamine
Hexylamine
Heptylamine
Dimethyl-~-
Tributyl-
Aniline
Pyridine

Formula P.A. AHe (M) AHE (M+#HY)  AHe (MF-)
Hy0 166.5 -58 141 233
CH40 181.9 -48 135. 201
CoHgO 188.3 -56 121 186
n-C3HgO 190.8 -61 114 -—
n-C4H100 191.1 -66 109 167
CgHgO 196.3 -23 146 173
C3HgO3 209.0 —-——- -—- —-——
CH,0 171.7 -26 168 225
CoH40 186.6 -40 139 195
C3HgO 189.6 -45 133 ——
C4HgO 191.5 -50 124 178
CgHjp 0 192.6 -55 118 —-——
C4Hloo 200.2 -60 105. 161
C3HgO 207.4 -24 134 -—
Hp 101.2 0 264. 355
CH,y 132 -18 216 270
CoHg 143.6 ~20 202 245
C3Hg 150 -25 191 229
i‘C4H10 163.3 -32 170 212
NH3 204.0 -11 151 224
CHgN 214.1 -5 146 —-—
CoH9N 217.0 -11 137 194
n-C3HgN 217.9 -17 131 —-——-
n-CyHy N 218.4 =22 125 179
n-CgHq 3N 218.9 -26 120. -—-
n-CgHjigN 218.9 -31 116 -—-
n-C7Hq9N 219.0 -36 111 —-——
C2H9N 220.6 -4.5 140. ——
n-CqioHo9N 234.8 -53 78 —_——
CgH9N 209.5 21 177 199
CsﬂsN 220.8 33 178 247
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Table 15 (cont.)

Name Formula P.A. QAHg (M) AHE (M+RY)  AHge (MY:)

Aromatic Hydrocarbons

Benzene CgHg 181.3 20 204 232
Phenyl CgHg? -— 285 -— -—
Benzyne CgHyg 213 119 271 338
Toluene CqHg 189.8 12 188 215
p-Xylene CgHig 192.0 4 178 —
Naphthalene CioHg 194.7 36 207 223
Biphenyl Ci12H19 196.1 43 213 232
Anthracene C14H10 207 55 214 228

Carboxylic Acids

Formic Acid CH,0, 178.8 -90.5 96 171
Acetic Acid CoH407 190.2 -103 72 137
Propionic - C3HgO2 191.8 =107 67 —-_—
Ketones

Acetone C3HgO 196.7 -52 117 172
Methylethyl- C4HgO 199.8 =57 109 162
Esters

Methylformate CpH40, 188.9 -85 92 -—
Ethylformate C3HgO;p 193.1 -92 80 ——
Methylacetate C3HgO, 197.8 -99 69 -——
Ethylacetate Cy4HgOjp 200.7 -106 59 -—-
Methylpropan. C4HgO2 200.2 -103 62 133
Methylbutan. CgHy(0; 200.1 -108 57 -—-
Methylpentan. t-CgHi,0, 202.8 -117 45.5 -——-
Radicals

H radical H- 63 52 355 366
Cl radical Cl 123.6 29.1 271.8 329
NH, radical NHjp- 187 44 223 302
Methyl rad. CHj3* 131.1 35.1 270 261

Anilinyl rad. CgH-N- 219 57 198 -—-
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Proton affinity (P.A.) is defined as the -AH of the reaction: M +
HY = MHt, The gas-phase basicity is defined as the -4G of the same
reaction. Most proton affinities, however, are determined by the
following reaction: MHY + N = NHt + M. One determines the proton
affinity experimentally by measuring the equilibrium constant (Keq) of
the second reaction where Keq = (NH*]/[MH*] - [M]/[N].

Since -R'raneq = &G, one can determine the Gibb’s free energy of
the reaction, and from &G = AH - TAS, one can determine the enthalpy of
the reaction, if one has an estimate of the entropy. The entropy change
in a simple proton exchange reaction is usually small, so the Gibb’s
free energy and the enthalpy of reaction are approximately equal (165).
(This is not true for multifunctional molecules like glycerol.) Thus by
reacting MHt with a series of bases, and by observing whether or not
proton transfer occurs, one can calculate relative gas-phase basicities
and relative proton affinities from a "bracketing technique" (164).

For the purposes of Table 15 and for this chapter the heat of
formation of the proton is 366 kcal/mol (164), the heat of formation of
the hydrogen radical is 52 kcal/mol (167), and the bond strength of the
hydrogen molecule is 104 kcal/mol (167) The gas-phase heats of
formation of the (M+H)Y ions in Table 15 are calculated using the
following equation: =-(P.A.) + OHg(M) + SHg(HY) = &Hg(MHY). The gas-
phase heats of formation of the M*- ions in Table 15 are calculated

from: oHg(M) + I.P. = OHg(M':), where I.P. is the ionization potential

of the compound M.
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B. Thermochemistry of the PTM Compounds

The isobutane, methanol, acetone, and benzene CI mass spectra of
the PTM compounds are shown in Chapter II. At the end of that
experiment the author was curious whether certain aspects of the data
could be explained using thermochemistry. Occasionally the protonated
molecules of certain PTM compounds were not detected. If the proton
affinity of the protonated reagent ion is lower than that of the
compound being analyzed, then the protonated molecule of the compound
should have been formed according to thermodynamics. Table 16 shows a
matrix of the PTM compounds versus the four reagent gases used. If the
proton transfer reaction should occur (based on thermodynamics) for a
particular protonated reagent ion / PTM compound pair then a Y is
indicated in Table 15, if not, an N is indicated. In parenthesis next
to the each entry is a Y if the protonated molecule was indeed detected,

or an N if it was not.
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Table 16

Proton Transfer to the PTM Compounds in CI

PTM Compounds Isobutane Methanol Acetone Benzene

and their P.A,’s 163.3 181.4 196.7 181.3

Butanediol Y(Y) Y (Y) Y(Y) Y (Y)
200

Decane N (N) N (N) N (N) N (N)
160

1-Octanol Y (N) Y (Y) N (N) Y (N)
195

2, 6-Dimethylphenol Y (Y) Y (Y) Y(Y) Y (Y)
197

Nonanal Y(Y) Y(Y) N (N) Y (N)
193

Undecane N (N) N (N) N (N) N (N)
160

2-Ethylhexanoic Acid Y (Y) Y (Y) N(N) Y (N)
192

2,6-Dimethylaniline Y (Y) Y (Y) Y (Y) Y (Y)
210

Cy10-Acid Methyl Ester Y (Y) Y(Y) Y(Y) Y (Y)
200

Dicyclohexylamine Y(Y) Y (Y) Y (Y) Y (Y)
230

C11~Acid Methyl Ester Y (Y) Y (Y) Y (Y) Y (Y)
200

C12-Acid Methyl Ester Y(Y) Y (Y) Y (Y) Y(Y)

200
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The proton affinity values in Table 16 are all given in kcal/mol.
The proton affinities of the reagent gas protonated molecules are from
Table 15, but the proton affinities of the PTM compounds have been
estimated from trends in compounds with the same functional group.

In nearly all the cases shown in Table 16, the thermodynamic
prediction concerning the presence or absence of a protonated molecule
agrees with the observed data. In isobutane CI of 1l-octanol the
protonated molecule is not observed even though it is predicted, but
upon inspection of the spectrum, one notices that the (MH—Hzo)+ peak is
the base peak. This leads the author to believe that in this case the
protonated molecule does form as predicted, but is so unstable that it
immediately loses water and, therefore, is not detected. 1In benzene CI
of l-octanol, nonanal, and 2-ethylhexanoic acid protonated molecules are
predicted to occur but are not observed. The amount of protonated
benzene in benzene CI is relatively small compared the protonated
molecules in the other CI teéﬁniqﬁes. This makes the overall
sensitivity of benzene CI lower than either of the other three CI
methods studied. Since sensitivity is 1low, and since 1l-octanol,
nonanal, and 2-ethylhexanoic acid are the smallest peaks in all of the
chromatograms, it seems reasonable that the protonated moleculés of
these compounds were not detected due to signal-to-noise considerations
not due to unusual thermodynamics. In any event, none of the PTM
protonated molecules are detected when thermodynamics predicts their

absence.
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C. Thermochemistry of the Protonated Alcohol Reactions

A number of reactions involving protonated alcohols have been
reported in Chapters V. and VIII. The first set of reactions is that of
protonated alcohols with carboxylic acids to form protonated esters.

Reactions 1, 2, and 3 are typical of this process.

1) CH3COOH + CH30Hp* =-==> (CH3COOCH3)H* + H,0

AH,, = -21.5 kcal/mol

2) CH3COOH + CH3CHyO0Hp* ---> (CH3CHpCOOCH3)HY + H,0

A, = -17 kcal/mol

3) CH3COOH + CH3CH2CH20P12+ ———D> (CH3CH2CH2COOCH3)H+ + HzO

AH,, = -12 kcal/mol

All of these reactions are exothermic, but with increasing chain
length, the reaction becomes less exothermic, and one would predict that
at chain 1lengths greater than five carbons the reaction would be
endothermic. Reaction 4 is an example of the esterification reaction
that does not occur in the gas phase either in an ICR (90) or in the
TQMS even though it is exothermic, because the proton affinity of the
formic acid (178.8 kcal/mol) is less than the proton affinity of

methanol (181.9 kcal/mol).

4) HCOCOH + CH30Hp* ---> (HCOOCH3)H'* + H,0

AH,, = -11 kcal/mol

Protonated methanol also reacts with acetaldehyde in the gas phase
to produce an ionic product at m/z 59. Reactions S and 6 show two

possibilities for the structure of the reaction products.
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H +
5) CH3COH + CH30Hp* ---> CH3~C=OCH3 + Hy0

AH, ., = -19.5 kcal/mol

6) CH3COH + CH30Hp%* =---> (CH3COCH3)HY + H,0

AH, ., = -36.5 kcal/mol

In reaction 5, the product is in the form of a hemi-acetal, and in
reaction 6, the product is in the form of protonated acetone. Even
though reaction S5 is analogous to the solution reaction, both reactions
are exothermic, 8o it i3 not possible to determine from the

thermodynamics which product is formed in the gas phase.

D. The;mochemistry of the Aryl Cation Reactions

Aryl cations undergo numerous reactions in the gas phase, and
since they have been studied more extensively than many other organic
ion/molecule reactions, there are many tabulated values for heats of
formation of aromatic ions. The result of this fact is that the author
was able to calculate enthalpies of reaction for more of the aryl cation
reactions than for any other type discussed in this dissertation.
Reactions 7 and 8 demonstrate why aromatic hydrocarbon ions react
differently than aliphatic hydrocarbon ions with methanol in the gas

phase.

7) CgHg* + CH30H =---> CgHgOHY: + CH3-

AH, , = -28.9 kcal/mol

8) CgHy3t + CH30H ---> CgHy30HY- + CH3t

QH_, = +74 kcal/mol
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The heat of formation of the hexanol molecular ion in reaction 8
was estimated from trends in alcohols (see table 15) to be 143 kcal/mol.
The reaction of the phenyl cation with methanol in reaction 7 to form
phenol happens in the TQMS whereas the reaction of the hexyl ion with
methanol in reaction 8 to form hexanol does not, because the formation
phenol 1is exothermic and the formation of hexanol is strongly
endothermic. These two reactions are the basis for the selectivity of
the methanol reaction for aryl cations.

Reactions 9 and 10 compare the reactions that form the CqH7% ion
from the reactions of the phenyl cation with methanol or with methane.
Both reactions 9 and 10 occur in the TQMS and both are exothermic. It
is not known whether the structure of CqH9% product is in the form of a
tropylium ion or a benzyl ion, but both are possible based on the

thermodynamics.

9) CgHg* + CH30H =---> CqHp% + Hy0
aH, ., = -78 kcal/mol (if benzyl)

AH_ ., = -62 kcal/mol (if tropylium)

10) C6H5+ + CHy ---> C7H7+ + Hp
A4, = -50 kcal/mol (if benzyl)

A, = -34 kcal/mol (if tropylium)

The phenyl cation also reacts with benzene to form two ions which
may or méy not have structures associated with neutral biphenyl. CID
evidence in Chapter VI suggests that they may not have the biphenyl
in the 1literature.

structure, in contradiction to other evidence

Reactions 11 and 12 show these two processes.
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11) CgHgt + CgHgt ---> CyH - + H-

Aﬂrn = =21 kcal/mol

12) C6H5+ + C656+ _——> C12H11+'

Al'lrn = -92 kcal/mol

Both reactions 11 and 12 occur in the TQMS, and both are
exothermic. It is clear though, that the product in reaction 12 must be
collisionally stabilized or the excess thermal energy generated by the
reaction will cause the product ion to fragment.

Reactions 13, 14, 15, and 16 are concerned with the interactions
between the phenyl cation and ammonia. All four reactions were observed
in the central quadrupole of the TQMS, whereas only the first two were

observed by another researcher (137) in an ICR.

13) CgHg* + NH3 =---> CgHgNH3?t

aH_ = -97 kcal/mol

14) CgHg* + NH3 =---> CgHgNHp* + H-
&H,, = -23 kcal/mol
15) CgHgt + NH3 =---> CgHq + NHg*

ag_, = 0 kcal/mol

16) CgHgt + NH3 ---> CgHg'r + NHpF

&H ., = +2 kcal/mol

Both reactions 13 and 14 are exothermic and were observed in both

the TQMS and ICR. Normally one would not expect to observe the

protonated aniline product from reaction 13 in an ICR, since the

reaction is extremely exothermic and the product probably would have to
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be collisionally stabilized. It is also unusual that reaction 15 was
not observed in the ICR since it 1is isothermic and requires no
collisional stabilization. However, it is not surprising that reaction
16 was not observed in the ICR since it is endothermic. The fact that
the benzene molecular ion is observed in the reaction of the phenyl
cation and ammonia in the central quadrupole of the TQMS indicates that
this endothermic reaction may be driven by some of the parent ion’s
kinetic energy being converted to thermal energy through collision with
an ammonia molecule. Before one can make this conclusion for certain,
however, one would have to do the reaction again in the TQMS, to make
sure that the m/z 78 peak was not due to poor parent ion resolution

since the phenyl cation was generated by EI of benzene.



CHAPTER XI.

SUMMARY

Ion/molecule reactions that occur in the gas phase are frequently
analogous to reactions that occur in organic solution chemistry.
Studying organic reactions in the gas phase has the advantage that both
the intermediates and the final products of a reaction can be observed
directly.

Ion/molecule reactions also may be useful for analytical purposes.
It is possible that ion/molecule reactions can be used as chemical
probes for specific structural features of compounds with unknown
structures. In addition, ion/molecule reactions might be used as a
selective technique for detecting and quantifying target compounds in
complex mixtures. Accomplishing these analytical tasks by means of
ion/molecule reactions requires both an in-depth understanding of
ion/molecule chemistry and appropriate instrumentation.

Ion/molecule chemistry is a small but expanding field that is
beginning to make advances in the understanding of gas-phase chemistry.
Further progress in this field requires both more time and better
instrumentation. Most of the instruments currently used for studying
these reactions are hardly what one would «call "analytical
instrumentation™: they either require vast quantities of sample, as in
flowing afterglow, or their effectiveness is restricted to volatile
samples, as in cyclotron resonance spectrometry.

The triple quadrupole mass spectrometer (TQMS) is a relatively new

instrument which has the unique qualification of being an analytical

321
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instrument with the capability for studying ion/molecule reactions. In
fact, the TQMS has two arenas for such analyses: the ion source and the
central quadrupole. One can employ the central quadrupole as a reaction
chamber and select both the reagent ions and the product ions with unit
mass resolution. The ion source is also effective as a reaction
chamber, and has the advantage that it allows the structure of product
ions to be investigated by CID in the central quadrupole. However, one
cannot select the reagent ion when performing reactions in the ion
source. Therefore, both the central quadrupole and the collision
chamber are necessary for a complete study of an ion/molecule reaction
because each provides different and complementary information.

This study has confirmed the reports of other researchers that the
yields of ion/molecule reactions in the central quadrupole are quite low
relative to those in the chemical ionization source. The low yields are
due to insufficient interaction time in the central quadrupole between
ions and molecules. A pulsed ion-trapping technique has therefore been
devised which greatly increases the interaction time of ions and
molecules in the central quadrupole. This "trap and pulse" technique is
similar to the double resonance technique in ICR in that one can select
a reagent ion, store that ion for a given period of time in the presence
of reactive molecules, and detect the product ion with unit mass
resolution. The ion-trapping technique in the TQMS is more versatile
than the ICR technique because it can be operated over a greater range
of pressures without degrading the mass resoclution of the instrument,
and because a much greater variety of ionization methods and sample
introduction methods are available on the TQMS. The ion-trapping

technique in the TQMS enhances the observed yield of product ions,
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increases the signal-to-noise ratio of stable product ions, yields
product ions that would otherwise not be observed, and decreases the
need for high pressures of reactive gases. The development of ion-
trapping in the TQMS has led also to a computerized ion-trapped multiple
reaction monitoring technique that can detect selectively microgram
quantities of gas chromatographic eluents by means of ion/molecule
reactions.

In addition, the ionization technique fast atom bombardment (FAB)
was implemented on the TQMS in the MSU-NIH-MSF in order to expand the
number of compounds whose ion/molecule reactions could be investigated.
This had the immediate benefit that the author was able to substantiate
that ion/molecule reactions play an important role in the FAB process.

The ion/molecule reactions studied in this research with the TQMS
include those of alcohols, carbonyl compounds, and aromatic compounds.
These three functional groups were chosen because methanol, benzene, and
Séetoﬁe chemical ionization techniques all exhibited numerous
ion/molecule reactions with a commercial mixture of polar compounds
called programmed test mixture (PTM). This experiment showed that GC-
CI/MS can be an excellent method for performing a survey of ion/molecule
reactions.

Methanol has been determined in this study to be a remarkably
reactive species in the gas phase. It reacts with aromatic (M-H)* ions
to form phenolic ions, with protonated alcohols to form protonated
ethers, with protonated aldehydes to form products that may be
protonated ketones or acetals, with protonated acids to form protonated

esters, with protonated esters to form acetais, and with substituted

pyridine anions to form a variety of unusual products. All of these
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reactions can be observed in both the collision cell and the CI volume
of the TOMS, and all of them are analogous to reactions that occur in
solution. The methanol CI 3spectra of the compounds in the PTM
illustrate this point. Nearly all of the compounds in the mixture
reacted with protonated methanol to form ion/molecule products. In
general, the higher molecular weight alcohols produce lower yields of
all the covalently bound product ions mentioned above, and higher yields
of proton-bound adducts.

Whereas protonated alcohols react with alcohols and other species
to form protonated products which subsequently 1lose water to form
covalently bound species, protonated carbonyl compounds tend to react
with other carbonyls to form proton-bound adducts which do not 1lose a
neutral to form covalently bound species. Therefore, except with
alcohols, the protonated carbonyls react to form a variety of loosely
bound adduct ions. These adduct ions exhibit simple CID spectra which
show only dissociation to the starting materials. These clustering
reactions of positively charged carbonyls produce abundant product ions
with most polar compounds.

Aromatic ions react with aromatic molecules to form a variety of
hydrocarbon products whose structures are uncertain. It is possible to
generate polycyclic aromatic hydrocarbons such as indene and naphthalene
from ion/molecule reactions in benzene, but whether or not the biphenyl
and protonated biphenyl ions are generated by ion/molecule reaction in
benzene is wuncertain, since different instrumental methods vyield
conflicting data.

Research into a possible gas-phase analog of the Sy (ANRORC)

reaction has demonstrated that the TQMS is fully capable of studying
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negative ion/molecule reaction both by NCI and by ion trapping in the
central quadrupole. Research into negative ion/molecule reactions has
received some attention in the chemical literature recently, but the
topic is very new and is as yet largely uninvestigated.

A study of the thermodynamics of the reactions investigated in
this dissertation indicated that nearly all of the observed ion/molecule
reaction product ions were generated by exothermic reactions. Although
endothermic ion/molecule reaction have been reported as occuring in the
TQMS, no unambiguous cases of this phenomenon were encountered in this
research. Thermodynamic values have been tabulated in this dissertation
for all of the compounds used according to functional group, except for
the compounds in the PTM mixture. Proton affinities for the PTM
compounds were estimated from trends in the respective functional
groups, and these estimated proton affinities have helped to explain the
presence or absence of particular (M+H)* ions in isobutane, methanol,
benzene, and acetone CI.

Simple ion/molecule reactions such as protonation (as in CI) have
been used for years as analytical techniques. Chemically more complex
reactions such as those investigated in this research might prove to be
ideal for solving particular analytical problems which other methods
have failed to solve. Negative ion/molecule reactions may in fact be
the most analytically useful, since negative ion mass spectrometry has
recently been used to detect extremely small quantities of halogenated
compounds.

The data presented in this dissertation show that the TQMS is a
useful tool for studying ion/molecule reactions of all kinds, and that

ion/molecule reactions in the TQMS have the potential to be used for
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analytical purposes. Ion/molecule research on the TQMS deserves to be
continued because much of organic gas-phase chemistry remains virtually
unexplored, and because ion/molecule reactions may provide a
breakthrough in analytical chemistry either for structural elucidation

or for selective detection of trace compounds.
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