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When non-mass spectrometrists are talking about mass spectrometry, it rather often
sounds as if they were telling a story out of Poe’s Tales of Mystery and Imagination.
Indeed, mass spectrometry appears to be regarded as a mysterious method, just
good enough to supply some molecular weight information. Unfortunately, this
rumor about the dark side of analytical methods may reach students way before
their first contact with mass spectrometry. Possibly, some of this may have been
bred by some mass spectrometrists who used to celebrate each mass spectrum they
obtained from the very first gigantic machines of the early days. Of course, there
were also those who enthusiastically started in the 1950s toward developing mass
spectrometry out of the domain of physics to become a new analytical tool for
chemistry. Within the more than a hundred years since J. J. Thomson’s seminal
work, there has been a lot that has happened and a lot now to be known and learned
about mass spectrometry.

How All This Began

Back in the late 1980s, J. J. Veith’s mass spectrometry laboratory at the Technical
University of Darmstadt was bright and clean, had no noxious odors, and thus
presented a nice contrast to a preparative organic chemistry laboratory. Numerous
stainless steel flanges and electronics cabinets were tempting to be explored and —
whoops — infected me with CMSD (chronic mass spectrometry disease). Staying
with Veith’s group slowly transformed me into a mass spectrometrist. Inspiring
books such as Fundamental Aspects of Organic Mass Spectrometry or Metastable
Ions, out of stock even in those days, did help me very much during my metamor-
phosis. Having completed my doctoral thesis on fragmentation pathways of isolated
immonium ions in the gas phase, I assumed my current position. Since 1994, I have
been head of the mass spectrometry laboratory at the Chemistry Department of
Heidelberg University where I teach introductory courses and seminars on mass
spectrometry.

When students then asked what books to read on mass spectrometry, there were
various excellent monographs, but the ideal textbook still seemed to be missing — at
least in my opinion. Finally, 2 years of writing began.



Vi Preface

A Third Edition

Now, Mass Spectrometry — A Textbook is here in its third edition. For me, the
author, preparing the third edition meant an obligation to update and further
improve the content of this book. The extent of overall coverage and global
organization has not changed as much for this edition as in the transition from the
first to the second edition — nonetheless, many new sections have been added to
adequately present the recent innovations in this ever-developing field of mass
spectrometry. No chapter has remained untouched. Each of the 15 chapters has
carefully been reworked and augmented with hundreds of additions, changes, and
corrections.

What's New?

Since the second edition, new techniques have gained importance, and some
instrumentation has received notable attention and attained considerable commer-
cial success. To keep pace with recent developments, Chap. 4 now includes TOF
instruments with folded flight paths, the dynamically harmonized FT-ICR cell,
more on hybrid instruments, and ion mobility spectrometry—mass spectrometry.
The increasing relevance of high-resolution and accurate mass measurements is
even strongly reflected in Chap. 3. The five chapters dedicated to soft ionization
methods (CI, APCI, APPI, FAB, LSIMS, FI, FD, LIFDI, ESI, LDI, MALDI) as well
as those on ambient desorption/ionization (DESI, DART, REIMS, etc.) and on
tandem mass spectrometry have been substantially updated and upgraded. There is
also much more on chromatographic techniques (GC, LC) and their coupling to
mass spectrometry in Chap. 14.

The way we are using books and literature in general has dramatically changed
during the last decade. Back in 2001, when I started preparing the first edition of
this book, regular visits to the libraries of several institutions in the area were on my
schedule to collect some vast amount of literature. Today, almost all journal articles
are electronically available within seconds, and even textbooks are now being
extensively used in their e-book versions. This had also some impact on the layout
and production process of this book.

In the light of an ever-growing abundance of methods, instruments, tools, and
rules in mass spectrometry, the ease of how a complex field of analytical science
can be grasped mentally certainly deserves attention. Therefore, the emphasis of my
work was on refinement in terms of presentation, convenience of use, and ease of
learning. Obviously, a textbook ranging around 900 pages may deter the novice,
and thus, my focus was on a didactic and educational approach. Although the actual
number of pages has notably increased once again, you will find the textbook easier
to read, and you will benefit when transferring theory in actual practice such as
spectral interpretation and method selection.

Overall, the third edition of Mass Spectrometry — A Textbook comes with lots of
didactical improvements:
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http://dx.doi.org/10.1007/978-3-319-54398-7_3
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* Numerous passages have been rewritten and improved while remaining short
and concise. Care has been taken not only to explain ~ow but also why things are
done a particular way.

e The number of figures has been notably increased, and about one third of them
are now in full color. More photographs and schematics mean easier compre-
hension of contents, often providing valuable insight into the practical aspects of
instrumentation and according procedures.

¢ Flowcharts have been introduced to describe procedures and approaches to mass
spectral interpretation or aid in decision making.

* Bulleted enumerations have been introduced wherever a larger number of
features, arguments, assumptions, or properties regarding a subject warrant a
clear presentation.

* More examples, especially of methods and applications, are given and some
how-to-style paragraphs provide practical guidance.

« Examples and notes now come with a short subheading that immediately tells
what the particular section is all about.

» All chapters conclude with a concise summary that is subdivided into compact
sections highlighting the basic concepts of the subject area, its figures of merit,
typical applications, and its role in current MS. Chapter 4 (“Instrumentation”)
provides summaries of all types of mass analyzers.

» Digital object identifiers (DOIs) are included in the lists of references to facilitate
the retrieval of references for e-book users. For those of you who, like me, still prefer
a hardbound book, the DOIs offer an additional level of comfort. So, I am pretty
convinced that the tedious work of collecting DOIs was very much worth the effort.

* The book’s website has been updated providing new exercises and supplemen-
tary material (www.ms-textbook.com).

Deepest Gratitude

To all readers of the previous editions of Mass Spectrometry — A Textbook, 1 would
like to express my deepest gratitude. Without their interest in wanting to learn more
about mass spectrometry by the use of this book, all the efforts in writing it would have
been a mere waste of time, and moreover, without their demand for updates, there
would be no next edition. I also would like to thank the instructors all over the world
who adopted and recommended this book for their own mass spectrometry courses.

Being an author of a textbook means to retrieve, collect, compile, sort, and
balance knowledge, findings, and inventions of others. Most of what is written here
relies on the intelligence, skill, integrity, and devotion of hundreds of researchers
who have contributed to mass spectrometry each in their own way.

Many kind people have supported me in the process of compiling this and the
previous editions. I appreciate the detailed knowledge and great thoroughness allocated
by Kenzo Hiraoka, Yasuhide Naito, Takemichi Nakamura, and Hiroaki Sato to the
translation of the first edition into Japanese. The valuable and welcome comments from
readers from all over the world and, in particular, from book reviewers and colleagues
have revealed some shortcomings, which now could be adequately addressed.


http://dx.doi.org/10.1007/978-3-319-54398-7_4
http://www.ms-textbook.com
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For the second edition, several competent and renowned colleagues had
contributed by carefully checking the according contents in their fields of expertise.
I want to express my special thanks to Jiirgen Grotemeyer, University of Kiel, for
checking Chap. 2 (“Principles of Ionization and Ion Dissociation”); Alexander
Makarov, Thermo Fisher Scientific, Bremen (Chap. 4, “Instrumentation”);
Christoph A. Schalley, Freie Universitit Berlin (Chap. 9, “Tandem Mass Spectrom-
etry”); Bela Paizs, German Cancer Research Center, Heidelberg (Chap. 11,
“Matrix-Assisted Laser Desorption/Ionization”); Zoltan Takats, Universitiat Gieen
(Chap. 13, “Ambient Mass Spectrometry”); and Detlef Giinther, ETH Ziirich
(Chap. 15, “Inorganic Mass Spectrometry”).

For the first edition, I want to thank P. Enders, Springer-Verlag Heidelberg
(“Introduction”); J. Grotemeyer, University of Kiel (“Gas Phase Ion Chemistry”);
S. Giesa, Bayer Industry Services, Leverkusen (“Isotopes”); J. Franzen, Bruker
Daltonik, Bremen (“Instrumentation”); J. O. Metzger, University of Oldenburg (“Elec-
tron Ionization and Fragmentation of Organic Ions and Interpretation of EI Mass
Spectra”); J. R. Wesener, Bayer Industry Services, Leverkusen (“Chemical Ioniza-
tion”); J. J. Veith, Technical University of Darmstadt (“Field Desorption”); R. M.
Caprioli, Vanderbilt University, Nashville (“Fast Atom Bombardment”); M. Karas,
University of Frankfurt (“Matrix-Assisted Laser Desorption/lonization”); M. Wilm,
European Molecular Biology Laboratory, Heidelberg (“Electrospray Ionization™); and
M. W. Linscheid, Humboldt University, Berlin (“Hyphenated Methods”).

Again, many manufacturers of mass spectrometers and mass spectrometry
supply are gratefully acknowledged for generously providing schemes and
photographs. The author wishes to express his thanks to those scientists, many of
them from Heidelberg University, who allowed to use material from their research
as examples and to those publishers, who granted the numerous copyrights for the
use of figures from their publications. The generous permission of the National
Institute of Standards and Technology (S. Stein, G. Mallard, J. Sauerwein) to use a
large set of electron ionization mass spectra from the NIST/EPA/NIH Mass Spec-
tral Library is also gratefully acknowledged.

Permission to prepare this third edition alongside my official professional duties,
granted by Oliver Trapp, former director of OCI, and Heinfried Scholer, former
dean of the Faculty of Chemistry and Earth Sciences, is sincerely acknowledged.
Many thanks to my team Doris Lang, Iris Mitsch, and Norbert Nieth for smoothly
running the routine analyses in our MS facility. Once more, Theodor C. H. Cole
accomplished a great job in polishing up my English. Finally, I am again grateful to
my family for their patience and solidarity in times when I had to come home late or
needed to vanish on Saturdays during the writing of this book.

Have a good time studying, learning, and enjoying the world of mass spectrometry!

Institute of Organic Chemistry (OCI) Jirgen H. Gross
Heidelberg University

Im Neuenheimer Feld 270

69120 Heidelberg, Germany

email: author@ms-textbook.com
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Learning Objectives

» The relevance of mass spectrometry

» Mass spectrometry — Basic concepts

» How mass spectra are displayed and communicated

o The performance features of mass spectrometry

» Basic terminology and conventions in data presentation

» Aims and scope and general organization of this textbook

1.1 Mass Spectrometry: Versatile and Indispensable

Mass spectrometry (MS) is an indispensable analytical tool in chemistry, biochem-
istry, pharmacy, medicine, and many related fields of science. No student,
researcher or practitioner in these disciplines can really get by without a substantial
knowledge of mass spectrometry.

Structure elucidation of unknown substances, environmental and forensic
analytes, quality control of drugs, foods, and polymers — all rely to a great extent
on mass spectrometry [1-7]. Mass spectrometry is employed to analyze combina-
torial libraries [8], sequence biomolecules [9], and to explore metabolism in single
cells [10, 11]. Today, “mass spectrometry is interwoven with biology to an extent
that basic considerations of proteomics research are dealt with in a MS journal”
[12]. Crude oils, derived products, and other highly complex mixtures, like
dissolved organic matter (DOM), are analyzed by ultrahigh-resolution mass spec-
trometry [13—15]. Miniaturized mass spectrometers [16] contribute to our safety or
can be employed in space missions [17, 18]. There are even some potential uses of
mass spectrometry in homes and gardening [19].

© Springer International Publishing AG 2017 1
J.H. Gross, Mass Spectrometry, DOI 10.1007/978-3-319-54398-7_1
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Table 1.1 Fields of application of mass spectrometry

Key application and field of
application
Elemental and isotopic analysis
Physics
Radiochemistry
Geochemistry
Organic and bio-organic analysis
Organic chemistry
Polymer chemistry
Biochemistry and medicine
Structure elucidation
Organic chemistry
Polymer chemistry
Biochemistry and medicine

Characterization of ionic species
and chemical reactions
Physical chemistry
Thermochemistry

Coupling to separation

techniques
Quality control
Environmental analysis
Complex mixture analysis
Forensics
Petroleum chemistry
Food chemistry

Mass spectral imaging
Biomedical studies
Pharmaceutical developments
Material sciences

Miniaturization
Field portable MS
Space missions
Military applications

Explanation

Elemental identification and isotopic abundance
measurement of both short-lived and stable species in
physics and radiochemistry (nuclear waste), in
geochemistry and more recently in the life sciences.
Identification and structural characterization of
molecules from small to very large as provided either by
chemistry, physiological processes, or polymer
chemistry.

Mass spectrometric experiments can be arranged
consecutively to study mass-selected ions in tandem
mass spectrometry (MS/MS or MS?). Eventually
products are subjected to a third level (MS®) and so forth
(MS").

Tandem MS provides an elegant means for the study of
unimolecular or bimolecular reactions of gas phase ions
and for the determination of ion energetics.

MS can be coupled to separation methods such as gas
chromatography (GC) and liquid chromatography (LC).
In ‘hyphenation’, i.e., as GC-MS or LC-MS, MS delivers
high selectivity and low detection limits for the analysis
of trace compounds in complicated matrices or the
deconvolution of complex mixtures.

Mass spectra can be obtained from micrometer-sized
areas on surfaces, translating the lateral distribution of
compounds on surfaces (microelectronics, slices of
tissue) into images, which in turn can be correlated to
optical images.

Mass spectrometers can be very small. Portable
instruments allow for environmental on-site analysis,
detection systems for explosives and warfare chemicals,
and last but not least for many space missions.

Whatever the analytical interest may be: mass spectrometry aims to identify a
compound from the molecular or atomic mass(es) of its constituents. The informa-
tion delivered by mass alone can be sufficient for the identification of elements and
the determination of the molecular formula of an analyte. The relative abundance of
isotopologs helps to decide which elements contribute to such a formula and to
estimate the number of atoms of a contributing element. Under the conditions of
certain mass spectrometric experiments, fragmentation of ions can deliver informa-
tion on ionic structure. Thus, MS elucidates the connectivity of atoms within
smaller molecules, identifies functional groups, determines the (average) number
and eventually the sequence of constituents of macromolecules, and in some cases
even yields their three-dimensional structure (Table 1.1).
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1.2 Historical Sketch
1.2.1 The First Mass Spectra

The first instrument to separate ions by mass-to-charge ratio was constructed by
Joseph John Thomson (Nobel Prize in physics in 1906 for the discovery of the
electron) in his attempt to understand electric discharges in gases and to analyze the
charged gas phase species involved. His work [20-23] led to the discovery of
atoms, isotopes, and thus to his recognition as the father of mass spectrometry
(Fig. 1.1). While Thomson’s original book from 1913 is hard to come by, there is a
reprint by the American Society for Mass Spectrometry (ASMS) that is readily
available.

Particularly due to Francis William Aston’s work in the following decade, the
new revolutionary technique soon provided means for the atomic characterization
of numerous elements [24-28] for which Aston was awarded the Nobel Prize in
chemistry in 1922 [29, 30]. Further Nobel Prizes related to MS are tabulated in the
Appendix.

1.2.2 Thomson’s Parabola Spectrograph

Thomson’s apparatus, the parabola spectrograph, employs parallel magnetic and
electric fields to achieve a deflection of ionic species depending on charge sign,
charge, and mass. Ions exiting the ion source are passed through a collimator to
create a roughly parallel beam that is then sent into the analyzer (Fig. 1.2)
[23, 31]. The electric field of a planar capacitor deflects ions vertically either
upward (cations in this illustration) or downward (anions) depending on their

Fig. 1.1 The Thomson
Medal in honor of Joseph
John Thomson, generally
regarded as the father of mass
spectrometry, is awarded by
the International Mass
Spectrometry Foundation
(IMSS) to outstanding
scientists in the field of mass
spectrometry
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lon source 1
Collimator

Flourescent screen

Fig. 1.2 Parabola spectrograph as constructed by J. J. Thomson. (a) Schematic, (b) photograph of
the light emission from the fluorescent screen as obtained with this instrument (shown rotated by
90° with respect to the schematic) (Adapted from Ref. [31] with kind permission of Curt Brunnée)

charge sign. As fast ions will be deflected by a smaller angle than slower ones, the
angle of y-deflection is a measure of ion kinetic energy. The magnetic field bends
the beam horizontally in a way that depends on the mass-to-charge ratio and, again,
charge sign. Heavier ions stay closer to the axis while lighter ones are pushed
further out. Overall, this results in light emission on the fluorescent screen along
parabolic branches, one branch per ion species that allow reading the ion momen-
tum from the x-axis and kinetic energy from the y-axis. Thus, this apparently simple
device simultaneously delivers a wealth of information. (Details on how magnetic
and electric fields effect ion separation will be dealt with in Sect. 4.3.)

1.2.3 Milestones

Thomson and Aston only marked the beginnings of what expanded into more than a
century of exciting developments in mass spectrometry, the major milestones of
which were recently compiled [32]. From the 1950s to the present, mass spectrom-
etry has made major strides and innovations are still being made at an enormous
pace [29, 30, 33, 34].

The pioneering mass spectrometrist worked with home-built rather than com-
mercial instruments. These machines, typically magnetic sector instruments using
electron ionization, delivered a few mass spectra per day, providing that the device
was delicately handled. Intimate knowledge of such an instrument and interpreta-
tion skills of the according EI spectra would provide the mass spectrometrist with a
previously unknown wealth of insight into structural details [35—40]. The life
sciences, in particular, have provided a great impetus for new developments that
expand the mass range to higher molecular weights and increasingly fragile
molecules. Environmental and pharmaceutical research has been a driving force
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in reaching even lower limits of detection. Current research is aimed at methods of
ion sampling, ion generation, and subsequent ion transfer into mass analyzers for
superior performance.

Nowadays, the output of mass spectra has reached an unprecedented level.
Highly automated systems produce thousands of spectra per day when running a
routine application where samples of the very same type are to be treated by an
analytical protocol that has been carefully elaborated by an expert beforehand. A
large number of ionization methods and types of mass analyzers has been devel-
oped and combined in various ways. Thus, people sometimes feel overwhelmed by
the mere task of selecting one out of about a dozen of promising techniques
available for their particular sample. It is precisely this diversity that makes a
basic understanding of the concepts and tools of mass spectrometry more important
than ever. On the other extreme, there are mass spectrometry laboratories
specialized on employing only one particular method — preferably matrix-assisted
laser desorption/ionization (MALDI) or electrospray ionization (ESI). In contrast to
some 50 years ago, the instrumentation is now concealed in a sort of “black box”,
more appealingly designed to resemble an espresso machine. So let us take a look
inside!

1.3  Aims and Scope of This Textbook

This book is tailored to be your guide to mass spectrometry — from the first steps to
your daily work in research. Starting from the very principles of gas phase ion
chemistry and isotopic properties, it leads you through the design of mass analyzers,
mass spectral interpretation, and applied ionization methods. The book closes with
chapters on chromatography-mass spectrometry coupling and one on inorganic
mass spectrometry. In total, it comprises fifteen chapters that can be read indepen-
dently from each other. However, for the novice it is recommended to work through
from start to finish, occasionally skipping over more advanced sections (Table 1.2).
Now in its 3rd edition, “Mass Spectrometry — A Textbook™ continues to be your
companion from undergraduate to graduate studies in chemistry, biochemistry, and
other natural sciences, and aims to hold its value when serving as a hands-on
reference in the course of professional life.

Step by step, you will understand how mass spectrometry works and what it can
do as a powerful tool in your hands — equally well for analytical applications as for
basic research. An improved layout and additional high-quality figures, about one
third of them now in color, will make is easier and quicker to acquire the new
knowledge. Many tables and flow charts have been added, compiling facts and
comparing topics. Interrelationships are pointed to where appropriate. The correct-
ness of scientific content has been examined by leading experts. Each chapter
begins with a set of Learning Objectives and now also closes with a brief Summary
followed by an elaborate list of references, emphasizing tutorial and review articles,
book chapters, and monographs in the respective fields. Titles are included with all
citations to help with the evaluation of useful further reading [41] and digital object
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Table 1.2 Chapters of this book: overview for orientation

No. | Chapter title Comment

1 Introduction Getting ready, getting started

2 Principles of lonization and Ion Tools of the trade. Basics needed for the
Dissociation understanding of any of the subsequent chapters

3 Isotopic Composition and Accurate
Mass

4 Instrumentation

5 Practical Aspects of Electron Electron ionization: the classical key to organic
Ionization MS and indispensable part of every introductory

6 Fragmentation of Organic lons and | course
Interpretation of EI Mass Spectra

7 Chemical Ionization Traditional, nonetheless still highly relevant soft

8 Field Ionization and Field ionization methods
Desorption

9 Tandem Mass Spectrometry Fully controlled dissociation of mass-selected

ions for many interesting purposes

10 Fast Atom Bombardment More soft ionization methods. The latter two

11 Matrix-Assisted Laser Desorption/ represent today’s most relevant techniques in MS
Ionization

12 Electrospray Ionization

13 Ambient Desorption/lonization Exciting rather new field based on advances in

atmospheric pressure ionization methods
14 Hyphenated Methods Coupling of separation techniques to MS
15 Inorganic Mass Spectrometry There is even more: a glimpse beyond the horizon

of organic and biomedical MS

identifiers (DOIs) have been added to facilitate retrieval of the articles. References
for general further reading on mass spectrometry are compiled at the end of this
Introduction.

The coverage of this book is basically restricted to what is called “organic mass
spectrometry” in a broad sense. It includes the ionization methods and mass
analyzers currently in use, and in addition to classical organic compounds it covers
applications to bio-organic samples such as peptides and oligonucleotides. Of
course, transition metal complexes, synthetic polymers, and fullerenes are
discussed as well as environmental or forensic applications. Elemental analysis,
the classical field of inorganic mass spectrometry has been added to get a taste of
mass spectrometry beyond molecular species.

Exercises

Many elaborate examples are included in this textbook, while conventional
“problems and solutions” sections are omitted. Exercises complementing
each chapter are available for free on the textbook’s dedicated website at
http://www.ms-textbook.com.
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1.3.1 Facets of Mass Spectrometry

There is no single “golden rule” in approaching the wide field of mass spectrometry.
In any case, it is necessary to learn about the ways of sample introduction, genera-
tion of ions, their mass analysis, and their detection as well as about data recording
and presentation of mass spectra — and what’s more is the art of interpreting mass
spectra. All these aspects are correlated to each other in many ways and in their
entirety contribute to what is referred to as mass spectrometry (Fig. 1.3). In other
words, mass spectrometry is multi-facet rather than to be viewed from a single
perspective. Like a view onto a globe does not reveal the complete surface of our
planet, but roughly just one continent at a time, mass spectrometry needs to be
explored from various vantage points [42].

1.4  What Is Mass Spectrometry?

Now, what is mass spectrometry? Well in any case, mass spectrometry is special in
many ways. Up front, most mass spectrometrists do not fathom to be addressed as
mass spectroscopists.

Technical Aspects

Sample introduction

lonization techniques

Fundamentals Spectral Interpretation

Coupling of separation .
lonization processes devices Fragmentation pathways
lon thermochemistry Characteristic ions
lon internal energy Rules and tools

Time scale of events Systematic approaches

Mass
Spectrometry

Matter and Mass Applications

Isotopic mass Instrumentation Detection
Isotopic distribution Types of mass analyzers Identification
Accurate mass Performance characteristics Structure elucidation

Combining mass analyzers Quantification
Modes of operation
Vacuum systems
lon detectors

Fig. 1.3 The many facets of mass spectrometry. Each aspect is closely related to the others in
various ways. Their assemblage yields an impression of the dimensions of MS
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Zeroth law of mass spectrometry

“First of all, never make the mistake of calling it ‘mass spectroscopy’.
Spectroscopy involves the absorption of electromagnetic radiation, and
mass spectrometry is different, as we will see. The mass spectrometrists
sometimes get upset if you confuse this issue” [43].

Indeed, there is almost no book using the term mass spectroscopy and all
scientific journals in the field bear mass spectrometry in their titles. You will find
such highlighted rules, hints, notes, and definitions throughout the book. This more
amusing one — we might call it the “zeroth law of mass spectrometry” — has been
taken from a standard organic chemistry textbook. The same author completes his
chapter on mass spectrometry with the conclusion that “despite occasional
mysteries, mass spectrometry is still highly useful” [43].

Historical remark

Another explanation for this terminology originates from the historical devel-
opment of our instrumentation [29]. The device employed by Thomson for
the first mass-separating experiments was a type of spectroscope showing
blurred signals on a fluorescent screen [44]. Dempster constructed an instru-
ment with a deflecting magnetic field angled at 180°. In order to detect
different masses, it could either be equipped with a photographic plate — a
so-called mass spectrograph — or it could have a variable magnetic field to
detect different masses by focusing them successively onto an electric point
detector [45]. Later, the term mass spectrometer was coined for the latter type
of instruments using a scanning magnetic field [46].

1.4.1 Basic Principle of Mass Spectrometry

“The basic principle of mass spectrometry (MS) is to generate ions from either
inorganic or organic compounds by any suitable method, to separate these ions by
their mass-to-charge ratio (m/z) and to detect them qualitatively and quantitatively
by their respective m/z and abundance. The analyte may be ionized thermally, by
electric fields or by impacting energetic electrons, ions or photons. The ... ions can
be single ionized atoms, clusters, molecules or their fragments or associates. Ion
separation is effected by static or dynamic electric or magnetic fields.” Although
this definition of mass spectrometry dates back to 1968 when organic mass spec-
trometry was in its infancy [47], it is still valid. However, some additions should be
made. First, ionization of a sample can be effected not only by electrons, but also by
(atomic) ions or photons, energetic neutral atoms, electronically excited atoms,
massive cluster ions, and even electrostatically charged microdroplets can also be
used to effect. Second, as demonstrated with great success by the time-of-flight
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Hard Gas Phase lonization
Accelerator Mass Spectrometry (AMS) A
Electron |lonization (El)

Spark Source
Thermal lonization (T1) Chemical lonization (CI)

Glow Discharge (GD) Atmospheric Pressure Chemical lonization (APCI)
Atmospheric Pressure Photoionization (APPI)

Inductively-Coupled Plasma (ICP)
Field lonization (FI)

Elements or Isotopes Intact| Small Molecules Intact Large Molecules

Secondary lon|Mass Spectrometry (SIMS)

Laser Desorption/lonization (LDI)

Fast Atom Bombardment (FAB)
Liguid Secondary lon Mass Spectrometry (LSIMS)

Field Desorption (FD)

Matrix-Assisted Laser Desorption/lonization (MALDI)

A\ Electrospray lonization (ESI)
Soft Condensed Phase lonization

Fig. 1.4 Mass spectrometric techniques for different needs arranged by main fields of application
and estimated relative hardness or softness (Reproduced from Ref. [42] by permission. © Wiley-
VCH, Weinheim, 2009)

analyzer, ion separation by m/z can also be effected in field-free regions, provided
the ions possess a well-defined kinetic energy at the entrance of the flight path.

The large variety of ionization techniques and their key applications can be
roughly classified by their relative hardness or softness and (molecular) mass of
suitable analytes (Fig. 1.4).

1.4.2 Mass Spectrometer

Obviously, almost any technique to achieve the goals of ionization, separation and
detection of ions in the gas phase can be applied — and actually has been applied — in
mass spectrometry. Fortunately, there is a simple basic scheme that all mass
spectrometers follow. A mass spectrometer consists of an ion source, a mass
analyzer, and a detector which are operated under high vacuum conditions. A
closer look at the front end of such a device might separate the steps of sample
introduction, evaporation, and successive ionization or desorption/ionization,
respectively, but it is not always trivial to identify each of these steps as clearly
separated from each other. Since the 1990s, mass spectrometers are operated under
total data system control. The latter is also highly important for data acquisition,
customization of spectral plots, and in-depth data analysis (Fig. 1.5).



10 1 Introduction

Fig. 1.5 General layout of

mass spectrometers. Several

types of sample inlets can be —-
pemmmmemaaas data system

attached to the ion source

housing. Transfer of the \v I
sample from atmospheric

pressure into the high vacuum sample L,_l ion

of the ion source and mass inlet source analymr
analyzer is accomplished by ‘—l_L’ ‘—,—\—
use of a vacuum lock (Sect.

5.2) or other types of atmosphere/
interfaces (Sect. 12.2) vacuum ..l

* mass spectrum

high or ultrahigh vacuum

1000 mbar 10%to 10¥ mbar 10 to 10 mbar

The consumption of analyte by its examination in the mass spectrometer is an
aspect deserving our attention: Whereas other spectroscopic methods such as
nuclear magnetic resonance (NMR), infrared (IR) or Raman spectroscopy do
allow for sample recovery, mass spectrometry is destructive, i.e., it consumes the
analyte. This is apparent from the process of ionization and translational motion
through the mass analyzer to the detector during analysis. Although some sample is
consumed, it may still be regarded as practically nondestructive, however, because
the amount of analyte needed is in the low microgram range or even by several
orders of magnitude below. In turn, the extremely low sample consumption of mass
spectrometry makes it the method of choice when most other analytical techniques
fail because they are not able to yield analytical information from nanogram
amounts of sample.

1.4.3 Mass Scale

Plotting mass spectra on a physical scale of mass per electric charge (kg C™)
would be very inconvenient to use. Thus, mass spectrometrists have adopted the use
of a scale of atomic mass per number of elementary charges and termed it mass-to-
charge ratio, m/z, (read “m over z” and write m/z) [48]. There is only one
correct writing convention: the location of a peak on the abscissa is to be reported
as “at m/z x”.

Unfortunately, m/z is a rather artificial construct, as it has not received the status
of a physical unit. Instead, m/z is dimensionless by definition. It may be understood
as the ratio of the numerical value of ionic mass on the atomic mass scale and the
number of elementary charges of the respective ion. The number of elementary
charges is often, but by far not necessarily, equal to one. As long as only singly
charged ions are observed (z = 1) the m/z scale directly reflects the atomic mass
scale. However, there can be conditions where doubly, triply, or even highly
charged ions are being created from the analyte depending on the ionization method
employed.
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Thomson versus m/z

Some mass spectrometrists use the unit thomson [Th] (to honor J. J.
Thomson) instead of the dimensionless quantity »:/z. Although the thomson
is accepted (or tolerated), it is not an SI unit. The Thomson is equivalent
to m/z in that there is no conversion factor between these units.

The distance between peaks on that axis has the meaning of a neutral loss from
the ion at higher m/z to produce the fragment ion at lower m/z. Therefore, the
amount of this neutral loss is given as “x u”, where the symbol u stands for unified
atomic mass. It is important to notice that the mass of the neutral is only reflected by
the difference between the corresponding m/z values, i.e., A(m/z). This is because
the mass spectrometer detects only charged species, i.e., the charge-retaining group
of a fragmenting ion. Since 1961 the unified atomic mass [u] has been defined as '/,
of the mass of one single atom of the nuclide 12C, which, by convention, has been
set to precisely 12 u (Sect. 3.1).

Dalton versus u

Mass spectrometrists working in the biomedical field tend to use the dalfon
[Da] (to honor J. Dalton) instead of the unified atomic mass [u]. The dalton
also is not an SI unit. The dalton is equivalent to unified atomic mass in that
there is no conversion factor between these units.

1.4.4 Mass Spectrum

A mass spectrum is the two-dimensional representation of signal intensity (ordi-
nate) versus m/z (abscissa). The position of a peak, as signals are usually called,
reflects the m/z of an ion that has been created from the analyte within the ion
source. The intensity of this peak correlates to the abundance of that ion.

Sometimes but not necessarily, the peak at highest m/z results from the detection
of the intact ionized molecule, the molecular ion, M*". The molecular ion peak is
usually accompanied by several peaks at lower m/z caused by fragmentation of the
molecular ion to yield fragment ions. Consequently, the respective peaks in the
mass spectrum may be referred to as fragment ion peaks.

The most intense peak of a mass spectrum is called base peak. In most
representations of mass spectral data the intensity of the base peak is normalized
to 100% relative intensity. This largely helps to make mass spectra more easily
comparable. The normalization can be done because the relative intensities are
basically independent from the absolute ion abundances registered by the detector.
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Our first mass spectrum In the electron ionization mass spectrum of a particular
hydrocarbon, the molecular ion peak and the base peak of the spectrum happen
to correspond to the same ionic species at m/z 16 (Fig. 1.6). The fragment ion
peaks at m/z 1215 are spaced at A(m/z) = 1. Obviously, the molecular ion, M™,
fragments by loss of H" which is the only possibility to explain the peak at m/z 15 by
loss of a neutral of 1 umass. Accordingly, the peaks at lower m/z might arise from loss
of an H, molecule (2 u) and so forth. It is rather obvious that this spectrum
corresponds to methane, CH,, showing its molecular ion peak at m/z 16 because
the atomic mass of carbon is 12 u and that of hydrogen is 1 u, and therefore
12u+4 x 1 u = 16 u. Removal of one electron from a 16 u neutral yields a
singly-charged radical ion that is detected at m/z 16 by the mass spectrometer. Of
course, most mass spectra are not that simple, but this is how it works.

1.4.5 Statistical Nature of Mass Spectra

It is important to be aware that a single molecule can only yield one ion of one m/z
value. This ion may either reflect the intact molecule or any of its fragment ions.
Statistics on thousands of ion formations and dissociations are needed to generate a
useful mass spectrum exhibiting signals at different m/z where each of them can be
assigned a relevant relative intensity. To understand this, simply imagine a single
methane molecule that gets ionized and detected as a molecular ion: this would lead
to a spectrum showing a single line at m/z 16, the intensity of which would have no
meaning beyond ‘yes’ and ‘no’ (Fig. 1.7a). Alternatively, the molecular ion might
fragment to yield a single CH;" ion at m/z 15; again, the spectrum would show only
one line. In fact, such a spectrum could not tell us whether the peak is caused by a
molecular or a fragment ion. Eight ions might lead to a spectrum where each ion
corresponds to 33.3% relative intensity (as in Fig. 1.7c) even though other
distributions would be possible. Eleven ions could scale the intensity in 20%
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steps, while 23 ions could lead to a spectrum with 10% steps. It is evident that a
spectrum with intensity levels as accurate as 0.1% has to be based on thousands of
ions (Fig. 1.7f).

Attomole sensitivity? Sometimes, instruments are advertised to offer attomol
sensitivity. Is this possible at all? The amount of 1 amol = 107'® mol still
corresponds to 6.022 x 10 x 107'® = 6.022 x 10> molecules. Assuming 10%
of the sample could be ionized and 10% of this fraction would be detected, the
resulting spectrum would still be based on 1% of the sample molecules, i.e., 6000
ions. Obviously, attomole sensitivity touches on the limit of what is required to
deliver a useful spectrum.
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Fig. 1.7 Statistical nature of mass spectra and the appearance of methane spectra based on very
low numbers of ions. (a) and (b) by one ion, (c) by eight ions, (d) by eleven ions, (e) by 23 ions,
and (f) by thousands. The isotope peak of 1.1% relative intensity at m/z 17 is only visible and
meaningful in the case of (f)
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Avoid overload

There is also an upper limit for the number of ions and neutrals per volume
inside the ion source from the point of which the appearance of spectra will
significantly change due to ion—molecule reactions (Sect. 7.2).

1.4.6 Bars, Profiles, and Lists

The above spectra are represented as a bar graph or histogram. Such data reduction
is common in mass spectrometry and useful as long as peaks are well resolved. The
intensities of the peaks can be obtained either from measured peak heights or more
correctly from peak areas. The position, i.e., the m/z ratio, of the signal is deter-
mined from its centroid. Noise below some user-defined cut level is usually
subtracted from the bar graph spectrum. If peak shape and peak width become
important, e.g., in case of high-mass analytes or high-resolution measurements,
spectra should be represented as profile data as initially acquired by the mass
spectrometer. Tabular listings of mass spectra are used to report mass and intensity
data more accurately (Fig. 1.8).

Accurate intensity data is important for the analysis of isotope patterns. Also,
accurate mass data can be used to derive the elemental composition of ions (Sect.
3.9).

1.5 lon Chromatograms

Gas chromatography (GC) and liquid chromatography (LC) result in the separation
and subsequent elution of the components of a mixture from the chromatographic
column at individual retention times. When a mass spectrometer is employed as the
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Fig. 1.8 Tetrapentacontane, Cs4H;o: Three representations of the molecular ion signal in the
field desorption mass spectrum (Sect. 8.6) (a) profile spectrum, (b) bar graph representation, and
(c) tabular listing
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chromatographic detector (GC-MS and LC-MS, Sects. 5.4 and 5.5; Chap. 14) its
output must somehow represent the chromatogram that would otherwise have been
obtained with “classic” chromatographic detectors (FID, TCD, UV). The chromato-
gram as produced by the mass spectrometer is composed of a large set of consecu-
tively acquired mass spectra, each providing mass spectral data of the eluting
species. Thus, the components can be identified one after the other by their
individual mass spectra. Because mass spectral chromatograms represent ionic
abundances as a function of retention time, these are termed ion chromatograms.

The total ion current (TIC) can either be measured by a hardware TIC monitor
before mass analysis (nA to pA range), or its equivalent can be reconstructed or
extracted after mass analysis [49]. Both adjectives, reconstructed and extracted,
serve to illustrate that the chromatogram has been obtained post-acquisition from a
set of spectra by a computational process that selects user-defined signals to build
the trace.

True TIC

Modern instruments do not anymore support hardware TIC measurements,
but until the 1970s, there used to be a hardware TIC monitor on the electron-
ics panel. The TIC was obtained by measuring the ion current caused by those
ions hitting the ion source exit plate instead of passing through its slit.

Thus, the TIC represents a measure of the overall intensity of ion production or
of mass spectral output as a function of time, respectively. The TIC obtained by
means of data reduction [50], i.e., by summation of peak intensities of each mass
spectrum as successively acquired during analysis, is termed fotal ion chromato-
gram (TIC). For this purpose, the sums of all ion intensities belonging to each of the
spectra is plotted as a function of time or scan number, respectively.

The term total ion current chromatogram (TICC) refers to a chromatogram
obtained by plotting the total ion current detected in each of a series of mass spectra
recorded as a function of retention times of the chromatographically separated
components of a mixture (which essentially is implicated by: TIC). Sometimes
we find combinations such as reconstructed total ion current (RTIC) or
reconstructed total ion current chromatogram (RTICC, Table 1.3).

The term reconstructed ion chromatogram (RIC) was and still is used by many
to describe the intensity of a given m/z or m/z range plotted as a function of time or
scan number. Recently, the term extracted ion chromatogram (EIC) has been used
to describe a chromatogram created by plotting the intensity of the signal observed
at a chosen m/z value or set of values in a series of mass spectra recorded as a
function of retention time. Plotting RICs or EICs is especially useful to identify a
target compound of known m/z from complex GC-MS or LC-MS data. In other
words, the RIC allows to retrieve the retention time of the target compound. RICs
can also be used to uncover the relationship of certain m/z values to different mass
spectra obtained from the measurement of a single (impure) sample. Thus, RICs
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Table 1.3 Ion chromatograms

Acronym | Full name Explanation
TIC Total ion chromatogram Sum of all signal intensities per spectrum
TICC Total ion current vs. retention time. TIC is recommended.
chromatogram
RTIC Reconstructed total ion
chromatogram

RTICC Reconstructed total ion
current chromatogram

RIC Reconstructed ion Signal intensity at selected m/z vs. retention time.
chromatogram Both are in use.

EIC Extracted ion
chromatogram

BPC Base peak chromatogram Base peak intensity of each spectrum plotted

vs. retention time.

(EICs) often reveal valuable information on impurities accompanying the main
product, e.g., remaining solvents, plasticizers, vacuum grease, or synthetic
by-products (Sect. 5.2 and Appendix A.9).

Finally, the base peak chromatogram (BPC) is a chromatogram obtained by
plotting the intensity of the base peak detected in each of a series of mass spectra
recorded as a function of retention time. BPCs can be useful to enhance the
visibility of compound peaks in a complex chromatogram, especially when soft
ionization methods are employed that cause most of the ion current to occur in one
ionic species.

Ion chromatograms Polycyclic and nitro musks are frequently used as fragrances
in cosmetic products. A GC-MC procedure for their identification and quantitation
employs the characteristic RICs (EICs) of tonalide (AHTN), C,sH,s0", m/z
258, and xylene musk (MX), C;,H;sN3O¢™", m/z 297 [51]. Although eluting
simultaneously (peak 3 in Fig. 1.9), EICs allow to separate both components by
choosing characteristic m/z values, e.g., of the respective molecular ions or abun-
dant fragment ions. The concentration of the solution injected was in the order of
1 pg mI™" per component.

A certain degree of fractionation is also observed during evaporation of mixtures
from a direct insertion probe (DIP), although the separation by far cannot be
compared to that of chromatographic systems. Nonetheless, plotting the TIC or a
RIC yields an overview of the temporal distribution of component spectra across a
measurement using a DIP (Sect. 5.2).
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Fig. 1.9 Typical GC-MS chromatogram, i.e., TIC (TICC) in full scan mode for synthetic musks
and some standards. However, the elution of two components occurs almost simultaneously and
leads to superimposed peaks. The inset shows the characteristic RICs (EICs) of tonalide (AHTN),
C15H260"", m/z 258, and xylene musk (MX), C;,H;5N30¢"", m/z 297 (Reproduced from Ref. [51]
with permission. © The Japan Society for Analytical Chemistry, 2009)

1.6 Performance of Mass Spectrometers
1.6.1 Sensitivity

The term sensitivity specifies the overall response of any analytical system for a
certain analyte when operated under well-defined conditions. The sensitivity is
defined as the slope of a plot of analyte amount vs. signal strength. In mass
spectrometry, sensitivity is reported as electric charge of a specified ion species
reaching the detector per mass of analyte used. The sensitivity is given in units of C
pg~! for solids [49]; for gaseous analytes, it can be specified as the ratio of ion
current to analyte partial pressure in units of A Pa~' [50].

According to the above definition, sensitivity does not only depend on the
ionization efficiency of EI or any other ionization method. Also relevant are the
extraction of ions from the ion source, the mass range acquired during the experi-
ment, and the transmission of the mass analyzer. Therefore, the complete experi-
mental conditions have to be stated with sensitivity data.

Calculating sensitivity Magnetic sector instruments are specified to have a sensi-
tivity of about 4 x 107" C pg™" for the molecular ion of methylstearate, m/z 298, at
R = 1000 in 70 eV EI mode. One microgram of methylstearate is equivalent to
3.4 x 10~ mol or 2.0 x 10" molecules. The charge of 4 x 107’ C corresponds to
2.5 x 10'? electron charges of 1.6 x 107 C each. Vice versa, in dividing the
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number of molecules per microgram by the number of charges at the detector we
may conclude that only one out of 800 molecules is finally detected.

1.6.2 Limit of Detection

The limit of detection (LOD), also termed detection limit, is almost self-
explanatory, yet it is often confused with sensitivity. The limit of detection defines
the smallest flow or the lowest amount of analyte necessary to obtain a signal that
can be discerned from the background noise. The detection limit is valid for one
well-specified analyte upon treatment according to a particular analytical protocol
[49, 50, 52].

Of course, the sensitivity of an instrumental setup is of key importance to low
detection limits; nevertheless, the detection limit is a clearly different quantity. The
detection limit may either be stated as a relative measure in trace analysis, e.g.,
1 ppb of dioxin in waste oil samples (equivalent to 1 pg kg™' of sample), or as an
absolute measure, e.g., 1 femtomol of substance P in MALDI-MS.

1.6.3 Signal-to-Noise Ratio

The signal-to-noise ratio (S/N) describes the uncertainty of an intensity measure-
ment and provides a quantitative measure of a signal’s quality by quantifying the
ratio of the intensity of a signal relative to noise.

Noise results from the electronics of an instrument, and thus noise is not only
present between the signals but also on the signals. Consequently, intensity
measurements are influenced by noise. Real and very numerous background signals
of various origin, e.g., matrix compounds as employed in fast atom bombardment
(FAB) or matrix-assisted laser desorption/ionization (MALDI), column bleed in gas
chromatography (GC), and other impurities can appear to be electronic noise,
so-called “chemical” noise. In the strict sense, this should be distinct from elec-
tronic noise and should be reported as signal-to-background ratio (S/B) [52]. In
practice, this can be difficult to do.

Electronic noise is statistical in nature, and therefore can be reduced by elon-
gated data acquisition and subsequent summing or averaging of the spectra, respec-
tively. Accordingly, an intensive peak has a better S/N than a low-intensity peak
within the same spectrum.

The reduction of noise is proportional to the square root of acquisition time or
number of single spectra that are averaged [53], e.g., the noise is reduced by a factor
of 3.16 by averaging 10 spectra or by a factor of 10 by averaging 100 spectra,
respectively.

How much noise? Signals are regarded to be clearly visible at S/N > 10, a value
often stated in the context of detection limits. A mass spectrometer in good
condition yields S/N > 10% which means in turn that even isotopic peaks of low
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Fig. 1.10 Signal-to-noise 93 94
ratio. Among the signals due
to the toluene molecular ion,
the first isotopic peak at m/z
93 has S/N = 250, while the
second isotopic peak at m/z
94 has S/N = 10

rel. int. [%]

S/N =250 S/IN=10

relative intensity can be reliably measured, provided there is no interference with
background signals. Among the signals from the toluene molecular ion in the below
figure, the first isotopic peak resulting from ['*C'*C¢Hg]*" at m/z 93, still had
S/N = 250 while the second isotopic peak resulting from ['*C,'2CsHg]™ at m/z
94 just had S/N = 10 (Fig. 1.10). The theoretical ratio of intensities of the peaks at
m/z92:93: 94 is given by 100: 7.7 : 0.3, i.e., the ratio of intensities directly reflects
the S/N ratio. Pursuing this consideration, we may expect the peak at m/z 92 that
corresponds to [12C7H8]+' to have had S/N = 3250. In practice, S/N > 1000 means
that noise is essentially invisible in the spectral plot.

m/z

1.7 Terminology - General Aspects

General consensus regarding terms, acronyms, and symbols is of paramount impor-
tance for adequate communication in mass spectrometry. The currently accepted
terminology is chiefly governed by the following publications:

¢ 1991: Compilation by Price under the guidance of the American Society for Mass
Spectrometry (ASMS) [54].

e 1995: Compilation by Todd representing the official recommendations of the
International Union of Pure and Applied Chemistry (IUPAC) [55].

e 2006: Terminology reference book by Sparkman [52].

e 2013: Update of terms and definitions by IUPAC [56]; a project that started in
2005 [57] and went through several stages of comments and suggestions [58—
60].

Still, terminology in MS is not perfectly uniform. IUPAC in its 1995 version, for
example, stays in opposition to the vast majority of practitioners, journals, and
books when talking about mass spectroscopy, while both, Price and Sparkman are



20 1 Introduction

using mass spectrometry. IUPAC accepts terms such as daughter ion and parent ion
as equivalent to product ion and precursor ion, respectively. Sparkman discourages
the use of daughter ion and parent ion as these are archaic and gender-specific
terms. None of these collections is fully comprehensive. Nevertheless, there is
about 95% agreement between these guidelines to terminology in mass spectrome-
try and their overall coverage can be regarded as highly sufficient, making the
application of any of these beneficial to oral and written communication.

Unfortunately, misleading and redundant terms are used throughout the litera-
ture, and thus, we need at least to understand their intention even if we are not going
to use them actively. Terminology in this book avoids outdated or vague terms and
special notes are given for clarification where ambiguities might arise.

Acronyms galore

Mass spectrometrists like to communicate their work using countless
acronyms [61, 62], and thus there is no sense in trying to avoid them here.
All acronyms are explained at first use in a chapter and are included in the
subject index. For convenience, one hundred common MS acronyms are
provided in the Appendix.

1.7.1 Basic Terminology in Describing Mass Spectra

One should be aware of some basic, but often misunderstood, terminology when
describing mass spectra.

1. We may refer to a whatever-type (mass) spectrum, e.g., an EI mass spectrum.
But, as MS means mass spectrometry as a method, the term MS spectrum is
clearly incorrect.

2. Multi-stage MS (MS/MS equal to MS?) refers to tandem mass spectrometry.
Analogous to 1, it is correct to say tandem mass spectra, not MS/MS spectra.

3. Ions are detected ar a certain m/z value. Correct phrasings are “the molecular
ion at m/z 16” or “M™", m/z 16” or “CH,"", m/z 16”, for example.

4. Ranges in spectra or ranges set in operating a mass spectrometer are to be
referred to in the form of “m/z 10-100” or “m/z 10 to m/z 100”.

5. Mass spectrometers separate ions by mass-to-charge ratio, m/z. The abscissa of
a mass spectrum is to be labelled only as “m/z”. Any other labels like “mass”,
“m/z [Da]”, or even worse “m/z [a.m.u]”, are wrong.

6. Ions are correlated with peaks in a spectrum, not neutrals. Assigning an ion to a
peak is already an act of interpretation.

7. Neutral losses (rarely called dark matter [52]) are exclusively recognized from
the distance between peaks expressed in terms of the difference A(m/z). The
mass of the corresponding neutral is then given in units of u.

8. A signal or peak is only the graphical representation of the mass spectrometer’s
detector output. It can just be observed, but not act by itself in any way.
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Table 1.4 Symbols

Symbol Meaning
. Unpaired electron in radicals
+ Positive even-electron ions

- Negative even-electron ions

+e Positive radical ions

—e Negative radical ions

aY Arrow for transfer of an electron pair

e Single-barbed arrow for transfer of a single electron
% Indicates the position of a cleaved bond

—> Fragmentation or reaction

— 0 5 Occasionally for rearrangement fragmentation

9. Tons can act. Typically they fragment, dissociate, rearrange, react, isomerize.
10. It is advisable to use the common symbols compiled in Table 1.4, in particular,
charge should precede the radical, as in +e or —e.

1.8  Units, Physical Quantities, and Physical Constants

The consistent use of units for physical quantities is a prerequisite in science,
because it simplifies the comparison of physical quantities, e.g., temperature,
pressure, or physical dimensions. Therefore, the International System of Units
(SI) is used throughout the book. This system is based on seven units that can be
combined to form any other unit needed. Nevertheless, mass spectrometers often
have long lifetimes and 20-year-old instruments being scaled in inches and having
pressure readings in Torr or psi may still be in use. In the Appendix of this book you
will find tables that provide collections of SI units together with frequently needed
conversion factors and a collection of physical constants and quantities.

1.9  Further Reading

This book provides extensive reference lists at the end of each chapter. Nonetheless,
it may be useful to have the most relevant MS books compiled in one list.

First of all, there are some classical mass spectrometry books deserving our
grateful attention [31, 63—73]. Then, some other introductory mass spectrometry
books are to be mentioned [74—78]. Finally, various monographs covering MS in
dedicated chapters are available; these are listed here in chronological order
[30, 79-136].
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1.10 Quintessence

Basic Principle

Mass spectrometry (MS) separates isolated ions in the gas phase by their mass-to-
charge ratio. This is accomplished by means of electric and magnetic fields or
combinations thereof. The fields may be constant in time, variable, or alternating,
depending on the type of mass analyzer. Any sample needs thus to be transformed
into the state of isolated gas-phase ions. There is a large variety of ionization
techniques to perform this transition for almost any sample. The fact that the
instrument’s response relies on the detection of gaseous ions provides the basis
for the outstanding low sample consumption of MS, generally in the nanogram to
microgram range per sample. As sample consumption in MS is minimal, its
potential applications are diverse and manifold.

Historical Development

Mass spectrometry was developed about a century ago. Initially applied to the
characterization of elements and their isotopic composition, MS left the realms of
physics in the 1940s to be applied for hydrocarbon analysis. From there, MS
became a tool for compound characterization in organic chemistry and then
expanded into biomedical and countless other natural sciences.

Applications of Mass Spectrometry

Mass spectrometry (MS) can be applied for the analysis of all classes of chemical
compounds either elemental or molecular, pure or in complex mixtures. MS is thus
widely applied not only in chemistry and the life science in the widest sense but also
plays a significant role in pharmacology, geology, physics, and other sciences. MS
is clearly interdisciplinary in itself and in regard to its different fields of application.
It is the particular strength of MS to deliver analytical information from the tiniest
amounts of a sample.

Important Terms and Concepts

The method is termed mass spectrometry (MS), the entire instrument is called a
mass spectrometer. It consists of sample introduction system, ion source, mass
analyzer, detector, and data system. A mass spectrum represents the output of a
mass spectrometer. Mass spectra are plotted as (relative) signal intensity versus
dimensionless mass-to-charge ratio, m/z. Alternatively, mass spectral data can be
supplied in tabular form.
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Learning Objectives

» Electron ionization process and ionization energy

 Internal energy of ions and internal energy distribution

» Energetic considerations governing the fragmentation of excited ions
* Quasi-equilibrium theory and rates of unimolecular dissociations

» Time scale of mass spectrometry

» Selected tools of gas phase ion chemistry

» Jon—molecule reactions

The mass spectrometer can be regarded as a kind of chemical laboratory, especially
designed to study ions in the gas phase [1, 2]. In addition to the task it is commonly
used for — creation of mass spectra for a generally analytical purpose — it allows for
the examination of fragmentation pathways of selected ions, for the study of ion—
neutral reactions and more. Understanding these fundamentals is prerequisite for
the proper application of mass spectrometry with all technical facets available, and
for the successful interpretation of mass spectra because “analytical chemistry is the
application of physical chemistry to the real world” [3].

In the first place, this chapter deals with the fundamentals of gas phase ion
chemistry, i.e., with ionization, excitation, ion thermochemistry, ion lifetimes, and
reaction rates of ion dissociation. The advanced sections are devoted to more
practical aspects of gas phase ion chemistry such as the determination of ionization
and appearance energies or of gas phase basicities and proton affinities. Finally,
ion—molecule reactions are briefly discussed [4].

A basic coverage of some topics of this chapter may also be found in physical
chemistry textbooks; however, much better introductions are given in the
specialized literature [4—12]. Detailed compound-specific fragmentation
mechanisms, ion—molecule complexes, and more are dealt with later (Chap. 6).
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2.1 Gas Phase lonization by Energetic Electrons

Mass spectrometers are designed to create ions from neutrals in order to be able to
accelerate and to force them into direction-controlled motion with the aim to
ultimately achieve m/z analysis of these ions. The mass analyzer of any mass
spectrometer handles only charged species, i.e., ions that have been created from
atoms or molecules, occasionally also from radicals, zwitterions, or clusters. It is
the task of the ion source to perform this crucial step and there is a wide range of
ionization methods in use to achieve this goal for the whole variety of analytes.
Neutrals cannot be investigated — their translational motions are neither affected by
electric nor by magnetic fields. Nevertheless, some neutrals by chance may hit the
detector thereby contributing to noise on the signal.

The classical procedure of ionization involves shooting energetic electrons on a
gaseous neutral. This is called electron ionization (EI). Electron ionization has
formerly been termed electron impact ionization or simply electron impact (EI).
For EI, the neutral previously must have been transferred into the highly diluted gas
phase, which is done by means of any sample inlet system suitable for the evapora-
tion of the respective compound. In practice, the gas phase may be regarded highly
diluted when the mean free path for the particles becomes long enough to make
bimolecular interactions almost impossible within the lifetime of the particles
concerned. This is easily achieved at pressures in the range of 10* Pa usually
realized in electron ionization ion sources. Here, the description of EI is restricted to
what is essential for an understanding of the ionization process as such [13, 14] and
the consequences for the fate of the freshly created ions.

2.1.1 Formation of lons

When a neutral is hit by an energetic electron carrying several tens of electronvolts
(eV) of kinetic energy, some of the energy of the electron is transferred to the
neutral. If the electron, in terms of energy transfer, collides very effectively with the
neutral, the energy transferred can exceed the ionization energy (IE) of the neutral.
Then — from the mass spectrometric point of view — the most desirable process can
occur: ionization by ejection of one electron generating a molecular ion, a positive
radical ion:

M+ e =M™ + 2 (2.1)

Depending on the analyte and on the energy of the primary electrons, doubly
charged and even triply charged ions may be observed:
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M+ e — M*" 4 3¢ (2.2)
M+ e — M fde” (2.3)

While the doubly charged ion, M?*, is an even-electron ion, the triply charged
ion, M3+', again is an odd-electron ion. In addition, there are several other events
possible from the electron—neutral interaction, e.g., a less effective interaction will
bring the neutral into an electronically excited state without ionizing it.

Ionization of a molecule EI predominantly creates singly charged ions from the
precursor neutral. If the neutral was a molecule as in most cases, it started as having
an even number of electrons, i.e., it was an even-electron (closed-shell) molecule.
The molecular ion formed must then be a radical cation or an odd-electron (open-
shell) ion as these species are termed. For methane we obtain:

CH; + ¢ — CHy*" +2e” (2.4)

Ionization of a radical In the rare case the neutral was a radical, the ion created by
electron ionization would be even-electron, e.g., for nitric oxide:

NO® + e — NO*' + 2e~ (2.5)

Ionization of a polycyclic aromatic hydrocarbon The EI mass spectrum of a
phenanthroperylene derivative shows a series of comparatively intensive doubly-
charged ions, the one at m/z 178 being the doubly-charged molecular ion, the others
representing doubly-charged fragment ions (Fig. 2.1) [15]. The occurrence of
doubly-charged ions of moderate abundance is quite common in the mass spectra
of polycyclic aromatic hydrocarbons (PAHs). For another example of multiply-
charged ions in EI spectra cf. Sect. 3.8, for the LDI spectrum of this compound
cf. Sect. 11.5.

2.1.2 Processes Accompanying Electron lonization

In addition to the desired generation of molecular ions, several other events can
result from electron—neutral interactions (Fig. 2.2). A “soft” collision of a neutral
molecule with an electron is less effective. Such an interaction merely transforms
the neutral into an electronically excited state without ionizing it. As the energy of
the primary electrons increases, the abundance and variety of the ionized species
will also increase, i.e., electron ionization may occur via different channels, each of
which gives rise to characteristic ionized and neutral products. This includes the
production of the following type of ions: molecular ions, fragment ions, multiply
charged ions, metastable ions, rearrangement ions, and ion pairs [13].
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Fig. 2.1 EI mass spectrum of 1,2,3,4,5,6-hexahydrophenanthro[1,10,9,8-opgralperylene. All
signals in the expanded inset correspond to doubly-charged ions (Adapted from Ref. [15] with
permission. © Elsevier Science, 2002)

In principle, the electron may also be captured by the neutral to form a negative
radical ion. However, electron capture (EC) is rather unlikely to occur with
electrons of 70 eV since EC is a resonance process because no electron is produced
to carry away the excess energy [16]. Thus, EC only proceeds effectively with
electrons of very low energy, preferably with thermal electrons (Sect. 7.6). None-
theless, molecules containing strongly electronegative elements may form negative
ions: the ionization efficiency of this process is very low, however.

Exceptions

The generation of negative ions from tungsten hexafluoride, WFg, has been
studied under conventional EI conditions. At higher electron energies, WFq
WFs~, and F ions have been detected [17]. Highly fluorinated organic
analytes such as perfluorokerosene, C,F,,,, also yield negative ions, but
sensitivity is lower by some orders of magnitude than for positive-ion EIL

2.1.3 lons Generated by Penning lonization

Non-ionizing electron—neutral interactions create electronically excited neutrals.
The ionization reactions occurring when electronically excited neutrals like noble
gas atoms, A*, collide with a ground state molecule, M, can be divided into two
classes [19]. The first process is Penning ionization (Eq. 2.6) [20], the second is
associative ionization, also known as the Hornbeck-Molnar process (Eq. 2.7) [21]:


http://dx.doi.org/10.1007/978-3-319-54398-7_7#Sec23
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— » ABC +e excitation neutrals
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Fig. 2.2 Processes under electron ionization conditions. Under certain conditions, Penning
ionization can also play a role (Adapted from Ref. [18] with permission. © Springer-Verlag
Heidelberg, 1991)

A*+M—= A+ M + e (2.6)
A*¥+M— AM*" 4 e (2.7)

Penning ionization occurs with the (trace) gas M having an ionization energy
lower than the energy of the metastable state of the excited (noble gas) atoms A*.
The above ionization processes have also been employed to construct ion sources
[19, 22], but until the advent of direct analysis in real time (DART, Sect. 13.8) and
glow discharge mass spectrometry (GD-MS, Sect. 15.4), Penning ionization
sources were not widely used in analytical MS.
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2.1.4 lonization Energy

It is obvious that ionization of the neutral can only occur when the energy deposited
by the electron—neutral collision is equal to or greater than the ionization energy
(IE) of the corresponding neutral. Formerly, ionization energy has erroneously been
termed ionization potential (IP), as derived from the technique for its experimental
determination (Sect. 2.10).

Definition

The ionization energy (IE) is defined as the minimum amount of energy that
needs to be absorbed by an atom or molecule in its electronic and vibrational
ground states in order to form an ion that is also in its ground states by
ejection of an electron.

Lone pairs provide a good source from which electrons can be ejected. For that
reason the /Es of ethanol and dimethylether, for example, are lower than those of
ethane. It has been shown that the /E of a polysubstituted alkane is in principle
equal to the /E of a structurally otherwise identical monosubstituted alkane bearing
the sort of heteroatom which is energetically least demanding for electron loss
[23]. The other substituent, provided it is separated by at least two carbon atoms,
exerts a very small effect upon the /E. For example, the /E of dimethylsulfide,
CH;SCH3;, 8.7 eV, almost equals that of the larger methionine, CH;SCH,CH,CH
(NH,)COOH. Introduction of an oxygen decreases the /E to a lesser extent than
nitrogen, sulfur, or even selenium, since these elements have lower
electronegativities, and thus, are energetically favorable sources to eject an elec-
tron. The bottom line of /Es is reached when n-systems and heteroatoms are
combined in the same molecule (Table 2.1).

Range of IEs
Ionization energies of most molecules are in the range of 7-15 eV.

2.1.5 lonization Energy and Charge-Localization

Removal of an electron from a molecule can formally be considered to occur at a
o-bond, a n-bond, or at a lone electron pair with the 6-bond being the least favored
and the lone electron pair being the most favored position for charge-localization
within the molecule, an assumption directly reflected in the /Es (Table 2.1). Noble
gases do exist as atoms having closed electron shells and therefore, they exhibit the
highest /Es. They are followed by diatomic molecules with fluorine, nitrogen, and
hydrogen at the upper limit. The /E of methane is lower than that of molecular
hydrogen but still higher than that of ethane and so forth until the /E of long-chain
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Table 2.1 Ionization energies of selected compounds®

Compound IE® [eV] Compound IE® [eV]
Hydrogen, H, 15.4 Helium, He 24.6
Methane, CHy4 12.6 Neon, Ne 21.6
Ethane, C,Hg 11.5 Argon, Ar 15.8
Propane, n-C;Hg 10.9 Krypton, Kr 14.0
Butane, n-C4H,o 10.5 Xenon, Xe 12.1
Pentane, n-CsH;, 10.3
Hexane, n-C¢H 4 10.1 Nitrogen, N, 15.6
Decane, n-C;oHy» 9.7 Oxygen, O, 12.1
Carbon monoxide, CO 14.0
Ethene, C,H, 10.5 Carbon dioxide, CO, 13.8
Propene, C5;Hg 9.7
(E)-2-Butene, C4Hg 9.1 Fluorine, F, 15.7
Chlorine, Cl, 11.5
Benzene, C¢Hg 9.2 Bromine, Br, 10.5
Toluene, C;Hg 8.8 Iodine, I, 9.3
Xylene, 0-CgHg 8.6
Indene, CoHg 8.6 Water, H,O 12.6
Naphthalene, C;oHg 8.1 Ethanol, C,H¢O 10.5
Biphenyl, Ci,H;o 8.2 Dimethylether, C,HsO 10.0
Anthracene, Ci4H;g 7.4 Ethanethiol, C,HgS 9.3
Coronene, Co4H/» 7.3 Dimethylsulfide, C;HeS 8.7
Ammonia, NH; 10.1
Aniline, C¢H;N 7.7 Dimethylamine, C,H;N 8.2
Triphenylamine, C;gH;sN 6.8 Triethylamine, C¢H;sN 7.5

JE data taken from Ref. [25] with permission. © NIST 2016
PAll values have been rounded to the first digit

alkanes approaches a lower limit [24]. The more atoms are contained within a
molecule the easier it finds a way for stabilization of the charge, e.g., by delocali-
zation or hyperconjugation. Molecules with n-bonds have lower /Es than those
without, causing the /E of ethene to be lower than that of ethane. Again the /E is
reduced further with increasing size of the alkene. Aromatic hydrocarbons can
stabilize a single charge even better and expanding n-systems also help making
ionization easier.

Once the molecular ion is formed, the electron charge is never really localized in
a single orbital, although assuming so is often a good working hypothesis for mass
spectral interpretation [26, 27]. Nonetheless, the concept of charge localization is
contradictory to electronegativity that dictates the positive center of an ion should
not reside on the more electronegative atom [28]. In case of the molecular ion of
pyrrole only 5% of the positive charge reside on the nitrogen, while the adjacent
two carbons take about 20% each, and the five hydrogens compensate for the
remainder by almost equally contributing ~10% each [28]. Whatever species, it
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(0.1410)

Fig. 2.3 para-Tolyl ion, [C;H;]*: structural formula (leff), calculated geometries (center) and
calculated distributions of formal charge (right) (Reproduced from Ref. [32] with permission.
© American Chemical Society, 1977)

turns out that the charge is delocalized over the whole molecular ion in a way that
every atom of the molecule gets involved to some extent [29-31].

Charge delocalization For the para-tolyl ion only ~36% of the electron charge
rests at the para-carbon atom (Fig. 2.3) [32]. In addition, the ionic geometry loses
the symmetry of the corresponding neutral molecule.

2.2 Vertical Transitions

Electron ionization occurs extremely fast. The time needed for an electron of 70 eV
to travel 1 nm through a molecule, a distance roughly corresponding to half a dozen
bond lengths, is only about 2 x 107'®s, and even larger molecules can be traversed
in the low femtosecond range. The molecule being hit by the electron can be
considered to be at rest because the thermal velocity of a few 100 m s~ is negligible
compared to the speed of the electron rushing through. Vibrational motions are
slower by at least two orders of magnitude, e.g., even the fast C—H stretching
vibration takes 1.1 x 107* s per cycle as can be calculated from its IR absorbance at
around 3000 cm™".

According to the Born-Oppenheimer approximation, electronic motions and
nuclear motions can be separated due to the large mass difference between nuclei
and electrons [33-35]. Furthermore, the Franck-Condon principle states that elec-
tronic transitions will occur on a much faster timescale than it takes the nuclei to
move to their new equilibrium positions [35-37]. Applied to the interaction of an
energetic electron with a gaseous molecule this means that the positions of the
atoms and thus bond lengths remain unaltered during ionization. In diagrams where
energy is plotted on the ordinate and bond length on the abscissa, such transitions
are represented as vertical transitions (Fig. 2.4).

The probability of a particular transition from the ground state neutral to a
certain vibrational level of the ion is expressed by its Franck-Condon factor. The
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Fig. 2.4 Tllustration of the transitions from the neutral to the ionic state for a diatomic molecule.
Electron ionization can be represented by a vertical line in this diagram. Thus, ions are formed in a
vibrationally excited state if the internuclear distance of the ionic state, rq, is longer than in the
ground state, ry. lons having internal energies below the dissociation energy D remain stable,
whereas fragmentation will occur above. In few cases, ions are unstable, i.e., there is no minimum
on their potential energy curve. The lower part schematically shows the distribution of Franck-
Condon factors, frc, for various transitions

Franck-Condon factors originate from the fact that the probability for a transition is
highest where the electronic wave functions of both ground state and excited state
have maximum overlap. While for the ground state this is at equilibrium position,
the wave functions of higher vibrational states have their maxima at the turning
points of the motion.

No matter where the electron has formally been taken from, ionization tends to
cause weakening of the bonding within the ion as compared to the precursor neutral.
Weaker bonding means longer bond lengths on the average and this goes with a
higher tendency toward dissociation of a bond.
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In terms of potential energy surfaces, the situation can easiest be visualized by
focusing on just one bond within the molecule or simply by discussing a diatomic
molecule. A diatomic molecule has only one vibrational motion — bond stretching
vibration — and therefore its potential energy can be represented by a potential
energy curve rather than potential energy surface. The minimum of the potential
energy curve of the neutral, which is assumed to be in its vibrational ground state, is
located at shorter bond length, r(, than the minimum of the radical ion in its ground
state, r; (Fig. 2.4). Consequently, ionization is accompanied by vibrational excita-
tion because the transitions are vertical, i.e., because the positions of the atoms are
actually fixed during this short period.

The distribution of Franck-Condon factors, frc, describes the distribution of
vibrational states for an excited ion [38]. The larger r; is, as compared to r, the
more probable will be the generation of ions excited even well above the dissocia-
tion energy. Photoelectron spectroscopy allows for both the determination of
adiabatic ionization energies and of Franck-Condon factors (Sect. 2.10.4).

The counterpart of the vertical ionization is a process where ionization of the
neutral in its vibrational ground state would yield the radical ion also in its
vibrational ground state, i.e., the (0 < 0) transition. This is termed adiabatic
ionization and should be represented by a diagonal line in the diagram. The
difference IE,, — IE,q can lead to errors in ionization energies in the order of 0.1
—0.7¢eV [8].

The further fate of the ion depends on the shape of its potential energy surface. In
case there is a minimum and the level of excitation is below the energy barrier for
dissociation, D, the ion can exist for a very long time. Ions having an internal
energy above the dissociation energy level will dissociate at some point leading to
causing fragment ions within a mass spectrum. In some unfavorable cases, ions bear
no minimum on their energy surface at all. These will suffer spontaneous dissocia-
tion and consequently, there is no chance to observe a molecular ion.

Metaphorically speaking

To understand the situation of the molecule imagine an apple through which a
bullet is being shot: the impacting bullet passes through the apple, transfers an
amount of energy, tears some of the fruit out and has long left it when the
perforated apple finally drops or breaks into pieces.

2.3  lonization Efficiency and lonization Cross Section

The ionization energy represents the absolute minimum energy required for ioniza-
tion of the neutral concerned. This means in turn that in order to effect ionization,
the impacting electrons need to carry at least this amount of energy. If this energy
were then to be quantitatively transferred during the collision, ionization would
take place. Obviously, such an event is of rather low probability and therefore, the
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Fig. 2.5 Ionization cross sections for CH, upon electron ionization as obtained by several
research groups (Reproduced from Ref. [13] with permission. © Elsevier Science, 1982)

ionization efficiency is close to zero with electrons carrying just the /E of the
pertinent neutral. However, a slight increase in electron energy brings about a
steady increase in ionization efficiency.

Strictly speaking, every molecular species has an ionization efficiency curve of
its own depending on the ionization cross section of the specific molecule. In the
case of methane, this issue has been studied repeatedly (Fig. 2.5) [13]. The ioniza-
tion cross section describes an area through which the electron must travel in order
to effectively interact with the neutral and consequently, the ionization cross
section is given in units of square-meters.

Fortunately, the curves of ionization cross section vs. electron energy are all of
the same type, exhibiting a maximum at electron energies around 70 eV (Fig. 2.5).
This explains why EI spectra are almost always acquired at 70 eV.

Reasons for measuring El spectra at 70 eV

« All atoms or molecules can be ionized at 70 eV, whereas at 15 eV such
gases as He, Ne, Ar, H,, and N, are not.

» The plateau of the ionization efficiency curve at ~70 eV implies small that
variations in electron energy are negligible; actually EI at 60—80 eV work
just as well.

» Therefore: better reproducibility of spectra, allowing comparison of spec-
tra obtained from different mass spectrometers or from mass spectral
databases (Sect. 5.9).
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2.4 Internal Energy and the Further Fate of lons

When an analyte is transferred into the ion source by means of any kind of sample
introduction system it is in thermal equilibrium with this inlet device. As a result,
the energy of the incoming molecules is represented by their thermal energy. This is
the last opportunity to control the temperature, being a macroscopic property. After
that, gas phase dilution would preclude any further collisions from taking place, and
accordingly, any intermolecular energy transfer that would provide the basis for
reaching thermal equilibrium and the validity of the Boltzmann distribution
governing condensed phases and normal pressure gas phases. Thus, ionization
changes the situation dramatically, as comparatively large amounts of energy
need to be “handled” internally by the freshly formed ion. Even though part of
this energy will contribute to translational or rotational energy of the molecule as a
whole, the major fraction has to be stored in internal modes. Among the internal
modes rotational excitation cannot store significant amounts of energy, whereas
vibration and especially electronic excitation are capable of an uptake of several
electronvolts each [39, 40].

2.4.1 Degrees of Freedom

Any atom or molecule in the gas phase has external degrees of freedom, because
atoms and molecules as a whole can move along all three dimensions in space
(along x, y, and z directions). This yields three translational degrees of freedom.
From the kinetic gas theory the average translational energy can easily be estimated
as */,kT delivering 0.04 eV at 300 K and 0.13 eV at 1000 K.

In case of diatomic and other linear molecules there are two rotations (around the
x and y axes) and for all other molecules three rotations (around the x, y, and z axes).
Thus, we have two or three more degrees of freedom contributing another kT or >/,kT
of energy, respectively, for the latter summing up to 0.08 eV at room temperature
and 0.26 eV at 1000 K. This does not change independently of the number of atoms
of the molecule or of their atomic masses.

In contrast to the external degrees of freedom, the number of internal degrees of
freedom, notably vibrational degrees of freedom, s, increases with the number of
atoms within the molecule, N. These internal degrees of freedom represent the
number of vibrational modes a molecule can access. In other words, each of
N atoms can move along three coordinates in space yielding 3N degrees of freedom
in total, but as explained in the preceding paragraph, three of them have to be
subtracted for the motion of the molecule as a whole and an additional two (linear)
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or three (nonlinear) have to be subtracted for rotational motion as a whole. Thus, we
obtain for the number of vibrational modes

s =3N —5 in case of diatomic or linear molecules (2.8)
s = 3N — 6 in case of nonlinear molecules. (2.9)

It is obvious that even relatively small molecules possess a considerable number
of vibrational modes.

Thermal energy of a molecule The thermal energy distribution curves for
1,2-diphenylethane, C14H;4, s = 3 X 28 — 6 = 78, have been calculated at 75 and
200 °C [41]. Their maxima were obtained at ~0.3 eV and ~0.6 eV, respectively,
with almost no molecules exceeding twice that energy of maximum probability. At
200 °C, the most probable energy roughly corresponds to 0.008 eV per vibrational
degree of freedom, which is a very small as compared to binding energies.

This indicates that excited vibrational states are almost fully unoccupied at room
temperature and only the energetically much lower-lying internal rotations are
effective under these conditions. Upon electron ionization, the situation changes
quite dramatically as can be concluded from the Franck-Condon principle and
therefore, energy storage in highly excited vibrational modes becomes of key
importance for the further fate of ions in a mass spectrometer. In case of an indene
molecule having 45 vibrational modes, the storage of 10 eV would mean roughly
0.2 eV per vibration, i.e., roughly a 20-fold value of thermal energy, provided the
energy is perfectly randomized among the bonds.

2.4.2 Appearance Energy

As explained by the Franck-Condon diagram, hardly any molecular ions will be
generated in their vibrational ground state. Instead, the majority of the ions created
by EI is vibrationally excited and many of them are well above the dissociation
energy level, the source of this energy being the 70 eV electrons. Dissociation of
M*", or fragmentation as it is usually referred to in mass spectrometry, leads to the
formation of a fragment ion, m;*, and a neutral. These two processes can be written
in generalized form as:

M™ —m*+ n° (2.10)

M —m* +n (2.11)

Reaction (2.10) describes the loss of a radical, whereas Reaction (2.11)
corresponds to the loss of a molecule, thereby conserving the radical cation
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property of the molecular ion in the fragment ion. Bond breaking is a endothermal
process and thus the potential energy of the fragment ion is usually located at a
higher energy level (Fig. 2.6).

Definition

The amount of energy needed to be transferred to the neutral M to allow for
the detection of the fragment ion m; " is called the appearance energy (AE) of
that fragment ion. The old, and also incorrect, term appearance potential
(AP) is still found in the literature.

In fact, the ions are not generated by one specific internal energy applying for all
ions, but via a broad energy distribution Pg,. One should keep in mind, however,
that such a distribution is only valid for a large set of ions as each individual one
bears a defined internal energy, ranging from just above /E to well beyond 10 eV for
certain ones. Fragmentation of those highly excited ions from the tail of the P,
curve yields fragment ions having still enough energy for a second dissociation
step, m;" —m,*+n’ or even a third one. Each of the subsequent steps can in
principle also be characterized by an appearance energy value.

2.4.3 Bond Dissociation Energies and Heats of Formation

Great efforts have been made to generate accurate and reliable ion thermochemistry
data. Once such data is available, it can be employed to elucidate fragmentation
mechanisms and in addition, it is useful for obtaining some background on the
energetic dimensions in mass spectrometry.
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Heats of formation of neutral molecules, AH¢gpy), can be obtained from com-
bustion data with high accuracy. Bond dissociation energies can either be derived
for homolytic bond dissociation

R—H—R'+ H', AHppom (2.12)

or heterolytic bond dissociation

R—H —R"+ H, AHphe (2.13)

The homolytic bond dissociation enthalpies give the energy needed to cleave a
bond of the neutral molecule which, in the gas phase is in its vibrational and
electronic ground states, to obtain a pair of radicals which also are not in excited
modes. Homolytic bond dissociation enthalpies are in the range of 3-5 eV
(Table 2.2). The heterolytic bond dissociation energies apply for the case of
creating a cation and an anion in their ground states from the neutral precursor
which means that these values include the amount of energy needed for charge
separation; they are in the order of 1013 eV (Table 2.3). Due to the significantly
altered bonding situation, breaking of a bond is clearly less demanding in molecular
ions than in neutral molecules.

Energetics of H' loss from CH4"" The minimum energy needed to form a CH3*
ion and a hydrogen radical from the methane molecular ion can be estimated from
the heat of reaction, AH,, of this process. According to Fig. 2.6, AH, = AE 34—
IE cnay. In order to calculate the missing AEcp3.) we use the tabulated values of
AHgg.) = 218.0 kKJ mol ™', AHcpsy) = 1093 kJ mol ™', AHycpay = —74.9 kJ mol ™,

Table 2.2 Homolytic R—H bond dissociation enthalpies, AHpyom, and heats of formation, AHgx.),
of some selected bonds and radicals [kJ mol’l] a

Radical X’ H CHy cr OH’ NH,’

AHgx. 218.0 143.9 121.3 37.7 197.5
R’ AHgg.)
H 218.0 436.0 435.1 431.4 497.9 460.2
CHy 143.9 435.1 373.2 349.8 381.2 362.8
C,Hs" 107.5 410.0 354.8 338.1 380.3 352.7
i-C3H, 74.5 397.5 352.3 336.4 384.5 355.6
-C4Hy" 314 384.9 342.3 335.6 381.6 349.8
CeHs™ 325.1 460.1 417.1 395.4 459.0 435.6
C¢HsCH," 187.9 355.6 300.4 290.4 325.9 300.8
CeH5CO 109.2 363.5 338.1 336.8 4402 396.6

*Values from Ref. [42]
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Table 2.3 I.-leter‘ol)./tic Ton AHDhet AHf(R+) AHf(RH)
R-H bond dissociation +
. Proton, H 1674 1528 0.0

enthalpies, AHpy,, and m

heats of formation of Methyl, CH; 1309 1093 -74.9

some molecules and ions Ethyl, C,Hs" 1129 903 -84.5

[kJ mol™'] * n-Propyl, CH;CH,CH,* 1117 866 ~103.8
i-Propyl, CH;CH"CHj; 1050 802 -103.8
n-Butyl, CH;CH,CH,CH," 1109 837 -127.2
sec-Butyl, CH;CH,CH*CHj; 1038 766 -127.2
i-Butyl, (CH3),CHCH," 1109 828 —135.6
t-Butyl, (CH3);C* 975 699 —135.6
Phenyl, C¢Hs* 1201 1138 82.8

*Values from Refs. [9, 43-45]

and IE cpyy = 12.6 eV = 1216 kJ mol ™. First, the heat of formation of the methane
molecular ion is determined based on the experimental value of JEcpay:

AH{(cHa+.) = AHycna) + 1E(cha) (2.14)
AHy(cpay .y = —74.9kI mol ™" + 1216 kJ mol ™' = 1141.1kJ mol "

Then, the heat of formation of the products is calculated from:
AH¢(prod) = AHy(cnsy) + AHgpm.) (2.15)
AH¢(proq) = 1093 kI mol ™' + 218 kI mol ' = 1311kJ mol ™'

Now, the heat of reaction is obtained from the difference
AH; = AH¢(prod) — AHf(CH4++) (2.16)

AH, = 1311kJ mol™! — 1141.1kJ mol " = 169.9kJ mol !

The value of 169.9 kJ mol™ (1.75 eV) corresponds to AEcp3sy = 14.35 €V,
which is in good agreement with published values of about 14.3 eV (Fig. 2.7)
[25, 46]. Tt should be noted that the value of 169.9 kJ mol™! is only 40% of the
homolytic C—H bond dissociation enthalpy of the neutral methane molecule,
thereby indicating the weaker bonding in the molecular ion. Based on mass
spectrometric techniques alone, one would have measured /Ecp4y and AEcusy
to determine AH{cpa+.) and AHgcps+ n.), respectively.

The heat of formation of organic radicals and positive ions decreases with their
size and even more importantly with their degree of branching at the radical or ionic
site. A lower heat of formation is equivalent to a higher thermodynamic stability of
the respective ion or radical. The corresponding trends are clearly expressed by the
values given in Tables 2.2 and 2.3. This causes the fragmentation pathways of
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Fig. 2.7 Diagram showing A
the relative energy levels of AH, =170
species involved in ionization CH4+'

of methane and loss of an H’ —
from the molecular ion. A 1141
Values are given in kJ mol™

and rounded to integer
numbers

AE{CH3+J = 1386
!E(CH4] =1216

Energy [kJ mol'1]

CH4
S—"ilD

molecular ions proceeding by formation of secondary or tertiary radicals and/or
ions to become dominant over those leading to smaller and/or primary radical and
ionic fragments, respectively (Sect. 6.2).

Isomeric C4Ho" ions An impressive case showing the effects of isomerization
upon thermal stability is that of butyl ions, C4Hg". This carbenium ion can exist in
four isomers with heats of formation that range from 837 kJ mol™" in the case of
n-butyl over 828 kJ mol™ for iso-butyl (also primary) to 766 kJ mol™" for sec-butyl
to 699 kJ mol™ in the case of r-butyl, meaning an overall increase in thermo-
dynamic stability by 138 kJ mol™! (Sect. 6.6) [43].

2.4.4 Randomization of Energy

The best evidence for randomization of internal energy over all vibrational modes
of a molecular ion prior to any fragmentation is delivered by EI mass spectra
themselves. If there was no randomization, fragmentation would occur directly at
any bond that immediately suffers from the withdrawal of an electron. As a result,
mass spectra would show an almost statistical bond breaking throughout the
molecular ion. Instead, mass spectra reveal a great deal of selectivity of the
molecular ion when choosing fragmentation pathways. This means the molecular
ion explores many pathways up to its respective transition states and prefers the
thermodynamically (and as we will see, also kinetically) more favorable ones. The
same is true for fragment ions.

From a purely thermodynamic point of view the situation can be elucidated by
considering a hypothetical molecular ion having some internal energy and being
“faced to the selection” of a fragmentation pathway (Fig. 2.8).


http://dx.doi.org/10.1007/978-3-319-54398-7_6#Sec6
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A 3
E TS3
At + BC
3
ABt + C

Fig. 2.8 Competition of fragmentation pathways strongly depends on the internal energy of the
fragmenting ion and on the activation energies, E,, of the transition states, i.e., the “energy
barriers” of the respective reactions

(@)

(b)

lons aren’t individuals, are they?

Sometimes we refer to ions as if they were able to decisively act as
individuals. However, we have to keep in mind that ion fragmentations result
from a statistical distribution of internal energy among the internal degrees of
freedom available. As from the perspective of the final result, it may none-
theless appear as if the ion had “chosen” to dissociate via a particular
pathway.

The molecular ion ABC* has an internal energy Ej,, being slightly above the
activation energy, Eq,, required to cross the transition state TS, leading to the
formation of A" and BC" but definitely more than needed to dissociate into AB™
and C'. The difference between the energy content E;,, and E; is termed
excess energy, E., = E; — Eq, of the transition state TS;. In this case either
ionic product would be observed, but the third pathway could not be accessed.
The molecular ion ABC*" has an internal energy Ej,, being clearly higher than
any of the three activation energies. Here, formation of all possible products
should occur.
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A simple comparison of activation energies does not allow, however, to predict
the relative intensities of the ions AB* and BC* or of AB*, BC", and A*, respec-
tively. In fact, from this model one would expect similar or even equal abundances
of all accessible fragment ions. Actual mass spectra show greatly differing
intensities of signals resulting from competing decomposition pathways. This
reveals the oversimplification of the preceding passage.

Not just energy alone

Thermodynamic data such as heats of formation and activation energies alone
are not sufficient to adequately describe the unimolecular fragmentations of
excited ions.

2,5 Quasi-Equilibrium Theory

The quasi-equilibrium theory (QET) of mass spectra is a theoretical approach for
describing the unimolecular decompositions of ions and hence their mass spectra
[47—49]. QET is an extention of the Rice-Ramsperger-Marcus-Kassel (RRKM)
theory with the aim of accommodating the conditions of mass spectrometry and
represents a landmark in the theory of mass spectra [12]. Within the mass spec-
trometer almost all processes occur under high vacuum, i.e., in the highly diluted
gas phase — one needs to be aware of how this contrasts to chemical reactions in the
condensed phase as usually carried out in the laboratory [50, 51]. In essence,
bimolecular reactions rarely occur in the vacuum of a mass spectrometer. As long
as ions are formed and reacting under these conditions we are dealing with the
chemistry of isolated ions in the gas phase. Isolated ions are not in thermal
equilibrium with their surroundings as assumed by the RRKM theory. In fact,
being isolated in the gas phase means for an ion that it may only internally
redistribute energy and that it may only undergo unimolecular reactions such as
isomerization or dissociation. This is why the theory of unimolecular reactions is of
paramount importance in mass spectrometry.

QET is not the sole theory in the field; indeed, there are several apparently
competitive statistical theories for describing rate constants of unimolecular
reactions [11, 49]. However, none of these theories has been able to quantitatively
describe all reactions of a given ion. QET, however, is well established and even in
its simplified form allows sufficient insight into the behavior of isolated ions. Thus,
we start from the basic assumptions of QET. Along this scheme we will be led from
the neutral molecule to ions, and from transition states and reaction rates to
fragmentation products and thus, through the basic concepts and definitions of
gas phase ion chemistry.
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2.5.1 QET’s Basic Premises

According to QET the rate constant, k, of a unimolecular reaction is basically a
function of excess energy, E.y, of the reactants in the transition state and thus kg,
strongly depends on the internal energy distribution of any particular ion. QET is
thus based on the following essential premises [47, 52]:

1. The initial ionization is “vertical”, i.e., there is no change of position or kinetic
energy of the nuclei while it is taking place. With the usual electron energy any
valence shell electron may be removed.

2. The molecular ion will be of low symmetry and have an odd electron. It will
have as many low-lying excited electronic states as necessary to form essentially
a continuum. Radiationless transitions then will result in transfer of electronic
energy into vibrational energy on a time scale comparable to the periods of
nuclear vibrations.

3. These low-lying excited electronic states will in general not be repulsive; hence,
the molecular ions will not dissociate immediately, but rather remain together
for a time sufficient for the excess electronic energy to become randomly
distributed as vibrational energy over the ion.

4. The rates of dissociation of the molecular ion are determined by the probabilities
of the energy randomly distributed over the ion becoming concentrated in the
particular fashions required to give several activated complex configurations
yielding the dissociations.

. Rearrangements of the ions can occur in a similar fashion.

6. If the initial molecular ion has sufficient energy, the fragment ion will in turn

have enough energy to undergo further decomposition.

9,1

The characteristics of the ionization process as described in Sect. 2.2 justify the
first assumption of QET. Further, it is obvious that electronic excitation occurs
together with vibrational excitation and thus, the second assumption of QET is met.

2.5.2 Basic QET

QET focuses on the dynamic aspects of ion fragmentation. It describes the rate
constants for the dissociation of isolated ions as a function of internal energy, E;,,
and activation energy of the reaction, Ej. By doing so, it compensates for the
shortcomings of the merely thermodynamic treatment above.

QET delivers the following expression for the unimolecular rate constant:

E—F,
o — J p* (Eint, Eo, E/)
(E) —

0

1
- X ————=dE 2.17
e, 217)
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In this equation, p, is the density of energy levels for the system with total
energy Ein, and p* g go gy 1S the density of energy levels in the activated complex,
i.e., transition state, with activation energy E, and translational energy E in the
reaction coordinate. The reaction coordinate represents the bond which is actually
being broken. The expression is slightly simplified by approximating the system by
as many harmonic oscillators as there are vibrational degrees of freedom:

E int

N
1 Dy
Eine — Eo\* ! j=1
k<E):( ot ) 511 (2.18)
[Tvi*
=1

Then, the exponent is given by the number of degrees of freedom, s, minus 1 for
the bond actually being broken. For a strict treatment of fragmenting ions by QET
one would need to know the activation energies of all accessible reactions and the
probability functions describing the density of energy levels.

In the most simplified form, the rate constant kg, can be expressed as:

Eini — Eo\"™!
kg) = v x (‘“70> (2.19)
Einl

where v is a frequency factor which is determined by the number and density of
vibrational states. The frequency factor thereby replaces the complex expression of
probability functions. Now, it becomes clear that a reaction rate considerably
increases with growing FE.,.

Ee s—1
kgy =v x ( ‘) (2.20)

E int

Unfortunately, as with all oversimplified theories, there are limitations for the
application of the latter equation to ions close to the dissociation threshold. In these
cases, the number of degrees of freedom has to be replaced by an effective number
of oscillators which is obtained by use of an arbitrary correction factor [8]. How-
ever, as long as we are dealing with ions having internal energies considerably
above the dissociation threshold, i.e., where (E — Eq)/E ~ 1, the relationship is valid
and can even be simplified to give the quasi-exponential expression

kigy = v x e/ (2.21)

Calculating k) Forv = 10 s, s =15, E;py =2 eV, and E, = 1.9 eV the rate
constant is calculated as 3.0 x 10~ s™". For the same parameters but E;, =4 eV we
obtain k = 6.3 x 10's™! being a 2.1 x 10°-fold increase. This means that a reaction
is extremely slow at small excess energies but becomes very fast as soon as there is
some substantial excess energy available.
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2.5.3 Rate Constants and Their Meaning

The rate constants of unimolecular reactions have the dimension per second (s’l).
This means the process can happen x times per second, e.g., k = 6.3 x 10" s
being equivalent to 1.6 x 107! s per fragmentation on the average. Note the
emphasis “on the average”, because rate constants are macroscopic and statistical
in nature as they get their meaning only from considering a very large number of
reacting particles. A single ion will have a lifetime of 1.6 x 107! s on the average
in this case; however, a specific one in consideration might also decay much sooner
or later, with the actual decay occurring at the speed of vibrational motions. The
dimension s also means there is no dependence on concentration as it is the case
with second- or higher order reactions. This is because the ions are isolated in the
gas phase, alone for their entire lifetime, and the only chance for change is by means
of unimolecular reaction.

2.5.4 k) Functions - Typical Examples

Although the general shape of any kg, function resembles the ionization efficiency
curve to the left of the maximum, these must not be confused. At an excess energy
close to zero, the rate constant is also close to zero but it rises sharply upon slight
increase of the excess energy. However, there is an upper limit for the rate of a
dissociation that is defined by the vibrational frequency of the bond to be cleaved.
The fragments are not able to fly apart at a higher velocity than determined by their
vibrational motion (Fig. 2.9).

Fig. 2.9 General shape ofa  log,, k
log k vs. E plot as determined
by the simplified QET. At 10 -
E = E the reaction is

extremely slow. A slight

increase in energy causes k to -
rise sharply
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2.5.5 Reacting lons Described by k(, Functions

According to our knowledge of rate constants, Fig. 2.8 now calls for a different
interpretation. At an internal energy Ej,, the molecular ion ABC*" can easily cross
the transition state TS, to form AB* and C". The products of the second reaction can
in principle be formed, even though the excess energy at TS, is so small that the
product ion BC* will almost be negligible. The third pathway is still not accessible.
At an internal energy E;,, the excess energy is assuredly high enough to allow for
any of the three pathways with realistic rates to observe the products. Nevertheless,
due to the strong dependence of the rate constant on E., the reaction over TS; will
be by far the least important.

2.5.6 Direct Cleavages and Rearrangement Fragmentations

The reactions of excited ions are not always as straightforward as expected. Of
course, the existence of multiple fragmentation pathways for an ion consisting of
several tens of atoms brings about different types of reactions all of which certainly
will not lead to the same kg, function [53].

The k) functions of two reactions of the same type, appear to be “parallel” in
comparison, starting out at different activation energies (Fig. 2.10a), whereas
different types of reactions will show a crossover of their kg, functions at interme-
diate excess energy (Fig. 2.10b).

For example, case (a) depicts two competing homolytic bond cleavages. Homo-
lytic bond cleavages are simple fragmentations of molecular ions creating an even-
electron ion and a radical. One cleavage might require a somewhat higher activation
energy than the other (Ey, > E(;) because of the difference between the bonds to be
cleaved, but once having enough excess energy their rates will rise sharply. The

b log k
2 2 (Loose)
9.0-
71 1 (Tight)
5.4
T T : T T : .
Ey Epp E E Ey Epp E E” E

Fig.2.10 Comparison of different types of reactions by their kg, functions. Reactions of the same
type show kg, functions that are “parallel” (a), whereas kg, functions of different types tend to
cross over at intermediate excess energy (b). In a, reaction 1 would proceed 10%® (630) times faster
at an internal energy E’ than would reaction 2. In b, both reactions have the same rate constant, k =
10%* 57", at an internal energy E’, whereas reaction 2 becomes 10" (80) times faster at E”



52 2 Principles of lonization and lon Dissociation

more energy is pushed into the ion, the faster the bond rupture can occur. A further
increase of excess energy will become ineffective only when the rate approaches
the upper limit as defined by the vibrational frequency of the bond to be cleaved.

Case (b) compares a rearrangement fragmentation (reaction 1) with a homolytic
bond cleavage (reaction 2). During a rearrangement fragmentation the precursor
ion expels a neutral fragment which is an intact molecule after having rearranged in
an energetically favorable manner. Rearrangements commence at low excess
energy, but then the rate approaches the limit relatively soon, while cleavage starts
out later, then overrunning the other at higher excess energy. The differences can be
explained by the different transition states of both types of reactions. The cleavage
has a loose transition state [41], i.e., there is no need for certain parts of the
molecule to assume a specific position while the cleavage proceeds. The dissocia-
tion merely requires enough energy in the respective bond so that the binding forces
can be overcome. Once the bond is stretched too far, the fragments drift apart. The
rearrangement demands less excess energy to proceed, because the energy for a
bond rupture on one side is compensated for by the energy received when a new
bond is formed by the accepting position. Compared to the simple cleavage, such a
transition state is usually termed tight transition state (Sect. 6.12). Then, the neutral
is expelled in a second step. Such a reaction obviously depends on the suitable
conformation for rearrangement at the same time when sufficient energy is put into
the bond to be cleaved. Furthermore, the second step has to follow in order to yield
the products. Overall, there is no use in having more than enough energy until the
ion reaches the conformation needed. Thus, after considering either basic type of
fragmentation, the fifth assumption of QET is justified, because there is no reason
why rearrangements should not be treated by QET.

2.6 Time Scale of Events

We have just learned that ionization occurs on the low femtosecond timescale,
direct bond cleavages require between some picoseconds to several tens of
nanoseconds, and rearrangement fragmentations usually proceed in much less
than a microsecond (Fig. 2.11). All those chemical reactions are strictly
unimolecular, because the reacting ions are created in the highly diluted gas
phase — circumstances that prevent bimolecular reactions of the ions during their
residence time within the ion source. This dwell time is determined by the extrac-
tion voltages applied to accelerate and focus ions to form a beam and by the
dimensions of that ion source. In standard EI sources the ions spend about 1 ps
before they are ejected by action of the accelerating potential [54].

Therefore, a reaction needs to proceed within that certain period of time to make
the products detectable in the mass spectrum, and for this purpose there is a need for
some excess energy in the transition state.

Finally, some fragment ions may even be formed after the excited species has
left the ion source, so to speak in the “afterglow”, giving rise to metastable ion
dissociation. As the ions then travel at speeds of some 10% m s™! they pass the mass
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Fig. 2.11 Schematic time chart of possible electron ionization processes (Adapted from Ref. [40]
with permission. © Wiley & Sons, 1986)

analyzer in the order of 10-50 ps (Fig. 2.12) [10]. Even though this particular case
has been adapted for a double-focusing magnetic sector mass spectrometer, an ion
of m/z 100, and an acceleration voltage of 8 kV, the effective time scales for other
types of beam instruments (quadrupole, time-of-flight) are very similar under their
typical conditions of operation (Table 2.4).

2.6.1 Stable, Metastable, and Unstable lons

The terminology for ions has been coined as a direct consequence of the classical
mass spectrometric time scale. Nondecomposing molecular ions and molecular ions
decomposing at rates below about 10° s~ will reach the detector without fragmen-
tation and are therefore termed stable ions. Consequently, ions dissociating at rates
above 10° s™! cannot reach the detector. Instead, their fragments will be detected
and thus they are called unstable ions. A small percentage, however, decomposing
at rates of 10°-10° s™' will just fragment on transit through the mass analyzer —
those are termed metastable ions (Figs. 2.11, 2.12, and 2.13) [5, 6, 10].

Definition

stable ions, k < 10° s7!

metastable ions, 10°s' < k< 10°s7!
unstable ions, k > 10° s7!
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Fig. 2.12 The mass spectrometric time scale and its correlation to the classical instrumental

framework. Note the logarithmic time scale for the ion source that spans nine orders of magnitude
(Reproduced from Ref. [10] with permission. © John Wiley & Sons, Ltd., 1985)

Table 2.4 Typical ion flight times in different types of mass spectrometers

Flight path Acceleration voltage Typical Flight time
Mass analyzer [m] [V] mlz [ps]
Quadrupole 0.2 10 500 57
Magnetic 2.0 5000 500 45
sector
Time-of-flight 2.0 20,000 2000 45
1.0 Fragment ions

B Molecular

1]
c
2 | ions
k]
c 5
kel
k3] B )
o L Metastable ions
w /
0 1 1
108 104 108 108

Rate constant [s—1]

Fig. 2.13 Correlation between rate constants of ion dissociations and terminology referring to ion
stability as employed in mass spectrometry (Adapted from Ref. [55] with permission. © The
American Institute of Physics, 1959)
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There is no justification for such a classification of ion stabilities outside the
mass spectrometer because almost all ions created under the conditions inside a
mass spectrometer would spontaneously react in the atmosphere or in solvents.
Nevertheless, this classification is useful as far as ions isolated in the gas phase are
concerned and is valid independently of the type of mass analyzer or ionization
method employed.

2.6.2 Time Scale of lon Storage Devices

Many modern instruments make use of ion storage in some way. Linear
radiofrequency multipoles can be axially segmented or equipped with trapping
plates to their ends to raise switchable potential walls that allow to accumulate,
store, and eject ion packages as required. The most prominent of those devices is the
linear (quadrupole) ion trap (LIT). The other type, the so-called three-dimensional
quadrupole ion trap (QIT) stores ion clouds to have them ready for mass analysis
by bringing them successively from stable to unstable ion trajectories that end up
with ejection from the trap onto a detector. Fourier transform ion cyclotron reso-
nance (FT-ICR) relies on storage of ions on circular paths to detect the angular
frequencies of coherent ion packages as they repeatedly pass a pair of detection
plates. The recent Orbitrap mass analyzer employs a different operational concept
but shares the time frame with FT-ICR. Even during their transport from the ion
source to the mass analyzer of the above instruments, ions are often repeatedly
being accumulated, stored and passed to another section of the instrument before
they finally enter the compartment for m/z analysis. (For details of mass analyzers
refer to Chap. 4.)

The time span of ion accumulation can easily extend from milliseconds to
seconds, the passage between functional units of the instrument may take tens of
microseconds to milliseconds, and the mi/z analysis requires storage times from
milliseconds (QIT, LIT) to seconds (FT-ICR, Orbitrap).

This way, modern mass spectrometry instrumentation has gone beyond the
classical mass spectrometric time scale. Especially the time frame after leaving
the ion source has drastically been extended. It is still important, however, to
understand the considerations of the classical mass spectrometric time scale as it
governs the processes in many types of ion sources (electron ionization, chemical
ionization, field ionization and field desorption, laser desorption) and as it is still
basically valid for a wide range of mass analyzers. One should be aware though of
the 10°-10°fold expansion of the time scale for cases where ion storage is
involved. Furthermore, the handling of ions on the extended time scale is only
possible if they are stable, i.e., non-decomposing, and this is in accordance with our
previous definition of ion stability in terms of being just below threshold for
dissociation during their dwell time in the instrument. Without the use of extremely
soft ionization techniques (such as electrospray ionization), those ion-storing
instruments would not have any ions to store nor to be analyzed.
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2.7 Internal Energy - Practical Implications

Even comparatively small molecular ions can exhibit a substantial array of first-,
second-, and higher-generation fragmentation pathways due their internal energy in
the order of several electronvolts [53]. Typically, ion dissociations are endothermic,
and thus each fragmentation step consumes some of the ions’ internal energy.
Highly excited ions may carry enough internal energy to allow for several consec-
utive cleavages, whereas others may just undergo one or even none (Sect. 2.4.2).
The latter reach the detector as still intact molecular ions. The fragmentation
pathways of the same generation compete with each other, their products being
potential precursors for the next generation of fragmentation processes.

Branching pathways Imagine the hypothetical molecular ion ABYZ"™
undergoing three competing first-generation fragmentations, two of them
rearrangements, one a homolytic bond cleavage (Fig. 2.14). Next, three first-
generation fragment ions have several choices each, and thus the second-generation
fragment ions Y™ and YZ* are both formed on two different pathways. The
formation of the same higher-generation fragment ion via two or more different
pathways is even more common. There are, for example, two pathways leading to
an ion of composition Y. A closer look reveals that one of the composition Y ions
occurs as Y*" and another as Y™. It is important to understand that Y*" and Y* are
different species despite having identical empirical formulas, because Y is an
odd-electron ion while Y* is an even-electron ion. Nevertheless, they would both
contribute to one common peak at the same nominal m/z in a mass spectrum of
ABYZ (Sect. 3.1.4).

In an EI mass spectrum of ABYZ, all ionic species would be detected which are
formed as a result of numerous competing and consecutive reactions, but there is no
simple rule which of them should give rise to intensive peaks and which of them
would be hardly noticed.

ABYZ"

7 -A
ABY* AYZ™ BYZ"
|
A g7
-AZ -B -BZ
v \7A y*

BY

+

AB™ BY”

Fig. 2.14 Possible fragmentation pathways for hypothetical molecular ions ABYZ"" having
internal energies typical for EI. Simple bond cleavages cause radical losses, while rearrangement
fragmentations (circled arrows) typically lead to losses of intact neutral molecules. Loss of a
molecule preserves electronic state and charge state of the ion
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Obviously, the first-generation fragment ions should be more closely related to
the initial structure of ABYZ than those of the second or even third generation.
Fortunately, such higher generation (and therefore low-mass) fragment ions can
also reveal relevant information on the constitution of the analyte. In particular,
they yield reliable information on the presence of functional groups (Chap. 6).

Fragmentation trees similar to that shown here can be constructed from any EI
mass spectrum, providing ten thousands of examples for the sixth assumption of
QET, that fragment ions may again be subject to dissociation, provided their
internal energy suffices.

QET is realistic

The assumptions of QET have turned into basic statements governing the
behavior of isolated ions in the gas phase and thus, in mass spectrometry in
general.

2.8 Reverse Reactions - Activation Energy and Kinetic Energy
Release

2.8.1 Activation Energy of the Reverse Reaction

By merely considering thermodynamic and kinetic models we may be able to
understand how ions are formed and what parameters are effective to determine
their further fate in the mass spectrometer. However, the potential energy surfaces
considered in this context only reached up to the transition state (Fig. 2.6). Without
explicitly mentioning it, we assumed the curves to stay on the same energetic level
between transition state and the products of ion dissociation, i.e., the sum of heats of
formation of the products would be equal to the energy of the transition state. This
assumption is almost correct for homolytic bond cleavages in molecular ions
because the recombination of an ion with a radical proceeds with almost negligible
activation energy [5, 6]. In other words, the activation energy of the reverse
reaction, Ey, (or often simply called reverse activation energy) is then close to
zero. This explains why the result of our simple estimation of the activation energy
for hydrogen radical loss from the molecular ion of methane could be realistic
(Sect. 2.4.3).

In case of rearrangement fragmentations the situation is quite different, because
one of the products is an intact neutral molecule of comparatively high thermo-
dynamic stability, i.e., having negative or at least low values of AH; (Table 2.5).
Once the transition state is passed, the reaction proceeds by formation of products
energetically much lower than the transition state. In case of the reverse reaction,
this would require some or even substantial activation energy transfer to the
fragments to allow their recombination, and thus Ey. > 0 (Fig. 2.15).
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Table 2.5 Gas phase heats of formation, AHy, of some frequently eliminated molecules®

Molecule AH; [kJ mol™11° Molecule AH; [kJ mol™']®
CO, —393.5 HCl -92.3
HF —272.5 NH; —45.9
H,O —241.8 HBr —36.4
CH;0H —201.1 C;Hg (propene) 20.4
H,CO —115.9 C,H, 52.5
co —110.5 HCN 135.1

IE data extracted from Ref. [25] with permission. © NIST 2002
PAll values have been rounded to one digit
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2.8.2 Kinetic Energy Release

The total excess energy, Eqxor, Of the precursor ion relative to the heats of formation
of the products in their ground state, comprises the excess energy in the transition
state, E.x, plus the activation energy of the reverse reaction, E,:

Eextot = Eex + Eo; (222)

Although most ion fragmentations are endothermic, there is still a significant
amount of energy to be redistributed among the reaction products. Much of E, is
redistributed as vibrational energy, E,;,, among the internal modes, thereby supply-
ing the energy for consecutive fragmentation of the fragment ion. Nonetheless,
some of the energy is converted into translational motion of the fragments relative
to their center of gravity. This portion of E.y, is released in the direction of the
bond that is being cleaved, in other words, into separation from each other. This is
termed kinetic energy release, KER (Fig. 2.14) [5, 6, 10, 56, 57].

The larger the sum of E., + E, the larger is the expected KER. Large reverse
activation energy, especially when combined with repulsive electronic states in the
transition state, will cause significant KER that has been observed up to 1.64 eV
[58-61]. Significant KER also has been measured in the rare case of exothermic
fragmentations [62]. On the other hand, homolytic cleavages and ion—neutral
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Fig. 2.16 Influence of the reverse activation energy on KER and, thus, on peak shapes in
metastable ion decompositions (suitable experimental setup being a prerequisite). From left: no
or small reverse barrier causes Gaussian peak shape, whereas medium E|, yields flat-topped peaks
and large E, causes dish-shaped peaks

complex-mediated reactions tend to proceed with very small KER in the range of
1-50 meV (Fig. 2.16).

KER allows us to look beyond

The importance of KER measurements results from the fact that the potential
energy surface between transition state and products of a reaction can be
reconstructed [56]. Thus, KER and AE data are complementary in determin-
ing the energy of the transition state.

2.8.3 Energy Partitioning

The observed KER consists of two components, one from E., and one from E,.
This splitting becomes obvious from the fact that even if there is no Eq,, a small
KER is always observed, thus demonstrating partitioning of E., between E.;, and
Etrans* (KER)

Eex = Evip + Etrans* (223)

Diatomic molecular ion dissociations represent the only case with clear energy
partitioning, as all excess energy of the decomposition has to be converted to
translational energy of the products (E.x = FEyans+). For polyatomic ions the
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partitioning of excess energy can be described by a simple empirical relationship
between E., and the number of degrees of freedom, s [7, 63]:

Eransx = i (224)
axs
with the empirical correction factor a = 0.44 [63]. According to Eq. 2.24 the ratio
E\rans+/Eex decreases as the size of the fragmenting ion increases. This influence has
been termed degrees of freedom effect (DOF) [64—66].

Consequently, Ei.n+ becomes rather small for substantial values of s, e.g.,
0.3 eV/(0.44 x 30) = 0.023 eV. Therefore, any observed KER in excess of E s+
must originate from Eq, being the only alternative source [62]. The analogous
partitioning of E, is described by:

Etrans = ﬂEor (225)

with # = 0.2-0.4 and '/ being a good approximation in many cases.

Partitioning factor

In practice, most of the observed KERs (except at <50 meV), can be
attributed to E\,,, from E, [62], and as a rule of thumb, the ratio E,.,,s ~ 0.33
E,. may be assumed as the partitioning factor.

29 Isotope Effects

Most elements are composed of more than one naturally occurring isotope, i.e.,
having nuclei of the same atomic number but different mass numbers due to different
numbers of neutrons [67]. The mass number of an isotope is given as a superscript
preceding the element symbol, e.g., 'H and 2H (D) or '*C and °C (Sect. 3.1).

Obviously, mass spectrometry is ideally suited for distinguishing between isoto-
pic species, and isotopic labeling is used for mechanistic as well as analytical
applications (Sect. 3.3). However, isotopic substitution not only affects ionic
mass, but rather “isotopic substitution can have several simultaneous effects, and
this complication sometimes produces results which are at first sight curious” [68].

Any effect exerted by the introduction of isotopes are termed isotope effects.
Isotope effects can be intermolecular, e.g., upon D" loss from CD4 " vs. H' loss from
CH,™, or intramolecular, e.g., upon H' loss versus D loss from CH,D,*".

29.1 Primary Kinetic Isotope Effects

Kinetic isotope effects represent one particular type of isotope effect. They are best
rationalized when considering the potential energy diagram of both H" and D" loss
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from equivalent positions in the same isotopically labeled (e.g., deuterated) molec-
ular ion (Fig. 2.17) [5, 6, 69]. The diagram is essentially symmetric, with the only
differences arising from the zero-point energy (ZPE) terms. Since H™ and D" are
being lost from the same molecular ion, the single ZPE to start from is defined by
this species. The transition states leading up to H™ and D’ loss possess ZPE terms
associated with all the degrees of freedom of the dissociating ion except the one
involved in that particular reaction. The transition state corresponding to H' loss
must therefore have a lower ZPE because it contains a C—D bond that is not
involved in the actual cleavage. This corresponds to a lower ZPE than is provided
by the C-H bond-retaining transition state that leads to D" loss. Therefore, an ion
with an internal energy Ej, has a larger excess energy E..y when it is about to
eliminate H' than if it cleaved off a D". The activation energy for H" loss is thereby
lowered making it proceed faster than D" loss (ky/kp > 1).

The reason for the lower ZPE of the deuterium-retaining species is found in its
lower vibrational frequencies due to the double mass of D as compared to H at
almost identical binding forces. According to classical mechanics the vibrational
frequency vp should therefore be lower by the inverse ratio of the square roots of
their masses, i.e., vp/vyg ~ 1/1.41 ~ 0.71 [70].

The term primary kinetic isotope effect applies if the effect is exerted on a bond
where the isotope itself is involved during the reaction. It seems clear that there is
no single well-defined value of the kinetic isotope effect of a reaction (Fig. 2.17)
and that it strongly depends on the internal energy of the decomposing ions. In the
rare case when E;, is just above the activation energy for H" loss but still below that
for D" loss, the isotope effect would be infinite. As ions in a mass spectrometer
usually exhibit comparatively wide distributions of Ej,, the probability for such a
case is extremely low. However, kinetic isotope effects can be large in case of
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Fig. 2.17 Origin of kinetic isotope effects [5, 6, 69]. The change in vibrational frequencies, and
thus in density of states causes somewhat higher activation energy and consequently smaller
excess energy for the reaction of the deuterated bond, and thus reduces kp
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decomposing metastable ions (ky/kp ~ 2—4) because these ions possess only small
excess energies. Such circumstances make them sensitive to the difference between
E.xp and E.y. On the other hand, ions that decompose in the ion source usually
have high internal energies, and thus smaller isotope effects are observed (ky/kp =~
1-1.5).

While the mass of H remarkably differs from that of D (2 u/1 u = 2), the relative
increase in mass is much lower for heavier elements such as carbon (13 u/12 u ~
1.08) [71] or nitrogen (15 u/14 u = 1.07). In consequence, kinetic isotope effects of
those elements are particularly small and special attention has to be devoted for
their proper determination.

Revealing the rate-determining step Isotopic labeling does not only reveal the
original position of a rearranging atom, but can also reveal the rate-determining step
of multi-step reactions by its marked influence on reaction rates. Thus, the exami-
nation of H/D and '*C/"*C isotope effects led to the conclusion that the McLafferty
rearrangement of aliphatic ketones (Sect. 6.8) rather proceeds stepwise than
concerted [71].

Facts about isotope effects

» Isotope effects dealt with in mass spectrometry are usually kinetic isotope
effects resulting from different rate constants of bond breaking and bond
formation without (ky) or with (kp) a heavier isotope involved,
respectively.

+ Unimolecular reactions involve intramolecular kinetic isotope effects, i.e.,
there are two competing fragmentations only differing in the isotopic
composition of the products exhibit different rate constants ky and kp [72].

» Kinetic isotope effects are called normal if ky/kp > 1 and inverse if
ku/kp < 1. Inverse kinetic isotope effects are rarely observed.

» Isotope effects can also be observed on KER [61, 73], e.g., the KER
accompanying H, loss from methylene immonium ion varies between
0.61 and 0.80 eV upon D labeling at various positions [61].

2.9.2 Measurement of Isotope Effects

Mass spectrometry measures the abundance of ions vs. their m/z ratio, and it is
common practice to use the ratio I,,y/I;,p = ku/kp as a direct measure of the isotope
effect. The typical procedure for determining isotope effects from intensity ratios is
to solve a set of simultaneous equations [74—77].

Isotope effect on propene loss The transfer of a D compared to the transfer of an
H during propene loss from partially labeled phenylpropylethers is accompanied by
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an isotope effect, the approximate magnitude of which was estimated as follows
[77]:

[CeHsO"  ai
[CeHsOD]" 1 —a

[1,1-D,): (2.26)

HsO]" 1 —a)i
2.2.3.3.3 — Dy] : 1C6H60] . _(-a)i (2.27)
[C6H50D] a

where «a is the total fraction of H transferred from positions 2 and 3 and i is the
isotope effect favoring H over D transfer. Unfortunately, the situation is more
complicated if more than just one complementary pair is being studied, and an
exact solution will no longer be feasible. Then, a numerical approach is required to
approximate the i value [77, 78].

Also, a rigorous treatment of isotope effects within the framework of QET
reveals that the assumption I,,u/l,p = ku/kp represents a simplification [72]. It is
only valid for when the studied species populate a small internal energy distribu-
tion, e.g., as metastable ions do, whereas wide internal energy distributions, e.g.,
those of ions fragmenting in the ion source after 70 eV electron ionization, may
cause erroneous results. This is because the k) functions of isotopic reactions are
not truly parallel [79], but they do fulfill this requirement over a small range of
internal energies (Figs. 2.17 and 2.18).

12.0

0
0.0 200.0 400.0 600.0 800.0 1000.0 1200.0
Energy/(kJ mol™")

Fig. 2.18 Calculated k) and kp, curves for the a-cleavage of deuterated amine molecular
ions. The curves can be regarded as parallel over a small range of internal energies, but they are not
in the strict sense. They may even cross to cause inverse isotope effects in the domain of highly
excited ions (Reproduced from Ref. [79] with permission. © Wiley & Sons, 1991)
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2.9.3 Secondary Kinetic Isotope Effects

Secondary kinetic isotope effects are observed if an isotopic label is located
adjacent to or remote from the bond that is being broken or formed during the
reaction. Again, these depend on the internal energy of the decomposing ions.
Secondary kinetic isotope effects, iy .., are generally much smaller than their
primary analogs.

Isotope effects depend on internal energy The ratio [M—CH3]*/[M-CDs]* from
isopropylbenzene molecular ions decomposing by benzylic cleavage (Sect. 6.4)
vary from 1.02 when fragmenting within the ion source (70 eV EI) over 1.28 for
metastable ions in the 1st FFR to 1.56 in the 2nd FFR. This clearly demonstrates the
dependence of the secondary kinetic isotope effect on ion internal energy [80].

It is convenient to specify the value normalized per heavier isotope present,
Isecnorms Decause of the possible presence of a number of heavier isotopes, np
[69, 79]:

I secnorm = “DV Isec (228)

Competing a-cleavages Secondary kinetic isotope effects on the a-cleavage of
tertiary amine molecular ions occur with deuterium labels either adjacent to or remote
from the cleaved bond (Sect. 6.2). The label reduces the fragmentation rate relative to
the non-labeled chain by factors of 1.08-1.30 per D in case of metastable ion
decompositions (Fig. 2.19), but the isotope effect vanished for ion source processes
[81]. The reversal of these kinetic isotope effects for short-lived ions ( 1071210710 )
could be demonstrated by field ionization kinetic measurements, i.e., then the
deuterated species decomposed slightly faster than their non-labeled isotopologs
[69, 79].

Fig. 2.19 Observation of 89
secondary H/D isotope effects \N/ .
on the a-cleavage of tertiary —CH,CH
amine molecular ions. For \)\/CDS ’
convenience, m/z labels have M+ =118 86
been added to the original

energy scale of the MIKE —CH20D3
spectrum (Adapted from Ref.

[81] with permission.

© American Chemical

Society, 1988)
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2.10 Determination of lonization Energies
2.10.1 Conventional Determination of lonization Energies

Ionization energies [82] can comparatively easily be determined — one simply needs
to read out the lower limit of the electron energy at a vanishing molecular ion
signal. Unfortunately, doing so yields only coarse approximations of the real
ionization energy of a molecule. The accuracy of /E data obtained by this simple
procedure will be about &= 1 eV. One of the associated problems is measuring the
electron energy itself. The electrons are thermally emitted from a hot metal filament
(1600-2000 °C), and therefore, their total kinetic energy is not only defined by the
potential applied to accelerate them, but also by their thermal energy distribution
[24]. In addition, electron ionization preferably creates vibrationally excited ions
(Sect. 2.1), because ionization is a threshold process, i.e., it will take place not just
when the energy needed to accomplish the process is reached, but also for all higher
energies [83]. This causes a systematic error in that vertical /Es are obtained being
higher than the adiabatic /Es one would like to measure. Further drawbacks are:

¢ Due to inhomogeneous electric fields within the ionization volume, the actual
electron energy also depends on the location where ionization takes place.

e The fact that the low electron acceleration voltages of 7 — 15 V have to be
superimposed on the ion acceleration voltage of several kilovolts causes low
precision of the voltage settings in commercial magnetic sector instruments.

¢ There is additional thermal energy of the neutrals roughly defined by the
temperature of the inlet system and the ion source.

2.10.2 Improved /E Accuracy from Data Post-processing

The slightly diffuse energy of the electrons effects that the ionization efficiency
curves do not approach zero in a straight line; they rather bend close to the
ionization threshold and exponentially approximate zero. Even if the electron
energy scale of the instrument is properly calibrated against /Es of established
standards, the accuracy of the /E data obtained from direct readout is only 0.3 eV
(Fig. 2.20a).

To overcome the unpredictability of the actual onset of ionization, the critical
slope method has been developed [24, 84], among several other methods [85]. It
makes use of the fact that, according to theory, realistic values of /E are expected at
the position of the ionization efficiency curve where the slope of a semilog plot of
the curve is

d n 1
= (InN;) = — —
(nNi) =7

v (2.29)
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Fig. 2.20 Ionization efficiency curve of argon plotted on a linear scale (a) and as semilog plot (b).
Extrapolation of the linear portion of (a) gives erroneous /Es, whereas the x-position of the tangent
of an empirical critical slope to the semilog plot yields accuracies of & 0.05 eV (Reproduced from
Ref. [24] by permission. © American Chemical Society, 1948)

with N, being the total number of ions produced at an electron acceleration voltage
V, and with an empirical value of n = 2 (Fig. 2.20b).

2.10.3 IE Accuracy - Experimental Improvements

If reliable thermochemical data [25, 86] is required, the above disturbing effects
have to be substantially reduced [82]. One way is to use an electron monochromator
(accuracy up to +0.1 eV) [87, 88]. An electron monochromator is a device for
selecting nearly monoenergetic electrons from an electron beam [89]. Alternatively,
photoionization (PI) may be employed instead of EI. Photoionization yields even
more accurate results (£0.05 eV) than the electron monochromator [90]. In any
case, the half width of the electron or photon energy distribution becomes small
enough to detect detailed structural features of the ionization efficiency curves such
as electronic transitions. Both techniques have been widely employed to obtain /E
data (Table 2.1).

2.10.4 Photoionization Processes

The absorption of UV light by a neutral can result in electronically excited states
that undergo relaxation either by emission of light or by emission of an electron.
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Thus, the photon in photoionization (PI) serves the same purpose as the energetic
electron in EI:

M+ hv —M* =M™ + e~ (2.30)

Of course, the energy absorbed must lead into in a continuum state, i.e., at least
provide the ionization energy of the neutral. Typical photon sources for PI are
frequency-quadrupled Nd:Yag lasers delivering photons at 266 nm wavelength
(4.6 eV) and ArF excimer lasers at 193 nm (6.3 eV). Both light sources clearly
deliver photons well below the /E of most molecules. Fortunately, the absorption of
energy has not to be a one-photon process. Instead, stepwise accumulation of
energy from less energetic photons is also feasible. Thus, the normal procedure to
achieve PI is multiphoton ionization (MUPI) [91].

The next stepping-stone to photoionization is finding the electronic levels of the
neutral, because nonresonant ionization has rather low cross-sections that translate
into poor ionization efficiencies along with high photon flux requirements. Reso-
nant absorption of photons is more effective by several orders of magnitude
[92]. Ideally, resonant absorption of the first photon leads to an intermediate state
from where absorption of a second photon can forward the molecule into a
continuum. This technique is known as 1 + 1 resonance-enhanced multiphoton
ionization (REMPI). From a practical point of view, the second photon should be,
but not necessarily has to be, of the same wavelength (Fig. 2.21) [93]. Proper
selection of the laser wavelengths provides compound-selective analysis at
extremely low detection limits [91, 92, 94, 95].

Ultrashort laser pulses in the picosecond rather than the conventional nanosec-
ond regime prevent the molecules from unwanted relaxation or fragmentation prior
to molecular ion formation. The REMPI mass spectra of diphenylmercury, for
example, only exhibit a molecular ion peak when sub-picosecond laser ionization
is employed [96].

Fig. 2.21 Photoionization a S;>121P, b s,<121pP,
schemes. (a) Resonant 1 +

1 REMPL (b) nonresonant IP 1Py — A I
MPI, resonant 1 + 2 REMPI, Vuv
and resonant 1 + 1° REMPI Vuv
with two different

wavelengths (Adapted from = A Vuv
Ref. [93] with permission.
© The Vacuum Society of
Japan, 2007)
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2.10.5 Photoelectron Spectroscopy and Derived Methods

Photoelectron spectroscopy (PES, a non-mass spectral technique) [97] has proven
to be very useful in providing /Es, but also to reveal the electronic and vibrational
structure of atoms and molecules. Energy resolutions reported from PES are in the
order of 10—15 meV. The low resolution of PES still prevents the observation of
rotational transitions [83], and to overcome these limitations, PES has been further
improved. In brief, the principle of zero kinetic energy photoelectron spectroscopy
(ZEKE-PES or just ZEKE, also a non-mass spectral technique) [98—100] is based
on distinguishing excited ions from ground state ions.

First, imagine a neutral interfering with a photon carrying some meV more than
its IE. The neutral is going to expel a kinetic electron moving away due to this slight
excess energy, Eyinel, defined by:

Ekinel =hv—IE (231)

Next, consider the situation for #iv = [E. Here, the electron can merely be
released, but it cannot move away from the freshly formed ion. After a short
moment (1 ps) it is possible to separate zero kinetic energy electrons from others
in space. Applying an extraction voltage along a given drift direction will then add a
different amount of kinetic energy to the kinetic electrons (as these have traveled
further) than to those ejected at threshold, i.e., they differ in speed. A time-of-flight
measurement of the electrons therefore produces one signal for each group of
electrons. (For another application of this concept cf. Sect. 4.2.5).

Photoelectron spectroscopy of O, The electronic and vibrational states of the
oxygen molecular ion has been perfectly resolved by PES (Fig. 2.22), thus allowing
to directly read out the Franck-Condon factors and to identify the (0 < 0)
transitions corresponding to adiabatic ionization [101].

2.10.6 Mass-Analyzed Threshold lonization

The main disadvantage of PES and ZEKE experiments lies in the detection of
electrons making the measurements sensitive to impurities, because the electrons
could arise from these instead of the intended sample. This can be avoided by
detecting the produced ions instead — the corresponding technique is known as
mass-analyzed threshold ionization (MATI) [102]. In MATI experiments, the
neutrals are excited in a field-free environment by means of a tunable light source
(usually a multi-photon laser process) very close to the ionization threshold. Often,
a two-photon scheme is employed where the first photon is used to arrive at an
electronically excited state of the neutral (Fig. 2.20) by adjusting the wavelength
appropriately. Keeping the wavelength of the first photon constant, the wavelength
of the second photon is then scanned as to just ionize this excited species (the
spectra shown in Fig 2.23 only refer to the second photon’s wavelength).
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Fig. 2.22 High-resolution photoelectron spectrum of O,, showing overlapping vibrational
progressions from transitions to different electronic states of the ion. The range of /E is not
shown. The two peaks on the right are from argon used for calibration of the energy scale
(Reproduced from Ref. [101] with permission. © Royal Swedish Academy of Sciences, 1970)

Possible prompt ions are removed after about 0.1 ps by a weak positive electric
field. Then, the near-threshold Rydberg species are ionized by applying a negative
electric field pulse. The purpose of the external electric field is to create a potential
gradient that affects the weekly bound electron at an energy level very close to the
ionization threshold in a way that this electron is stripped of the excited molecule to
effect its ionization (cf. field ionization process, Sect. 8.2). In addition, the electric
field accelerates those ions towards a time-of-flight mass analyzer [102—104]. Thus,
we are finally back to a real mass spectral technique. In contrast to ZEKE, the mass
selectivity of MATTI allows not only for the study of molecules [102, 104], but
permits consideration of dissociating complexes and clusters [83, 105, 106].

Comparison of PI, MATI and ZEKE-PES The ionization spectra at the first
ionization threshold of pyrazine, C4H4N,, as obtained by PI, MATI, and ZEKE-
PES look clearly different (Fig. 2.23) [102]. The PI spectrum is a plot of ion current
versus wavelength of the probe laser. PI spectra show a simple rise of the curve at
IE, while MATI and ZEKE yield a sharp peak at ionization threshold plus addi-
tional signals from lower vibrational ionization thresholds.

Using the relationship AE = hv and substituting v = ¢/A allows to calculate
the energy of the absorbed second photon. In case of pyrazine the wavelength
for ionization of the electronically excited 0, state is A = 227 nm. Thus,
using A = 4.14 x 107" eVs (= 6.63 x 10* Js) yields for the second step
AE = 4.14 x 107 eVs x (2.99 x 10®* m s7'/2.27 x 107" m) = 5.45 eV. The


http://dx.doi.org/10.1007/978-3-319-54398-7_8#Sec2

70 2 Principles of lonization and lon Dissociation
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adiabatic ionization energy of pyrazine can be obtained by adding the energy of
the first photon. Overall, this delivers IE,, = 9.29 eV [107].

2.11 Determining the Appearance Energies

The techniques used for the determination of appearance energies are essentially
identical to those described above for /Es. However, even when using the most
accurately defined electron or photon energies, great care has to be taken when
determining AEs because of the risk of overestimation due to kinetic shift. Provided
that there is no reverse activation energy for the particular reaction, the AE value
also delivers the sum of heats of formation of the dissociation products. If substan-
tial KER is observed, the AE may still be used to determine the activation energy of
the process.

2.11.1 Kinetic Shift

Fragment ion abundances observed by means of any mass spectrometer strongly
depend on ion lifetimes within the ion source and on ion internal energy
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Fig. 2.24 Kinetic shift. The A N
excess energy in the transition M* —> my+n’
state affects AE
measurements such that it T
always causes experimental
. E
values to be overestimated ©
due to the need for some v
excess energy in the transition I
E

state Eint
n

M*

Reaction coordinate

distributions, i.e., kinetic aspects play an important role for a mass spectrum’s
appearance. As explained by QET the rate constant of an ion dissociation is a
function of excess energy in the transition state of the respective reaction, and there
is a need of substantial excess energy to make the rate constant exceed the critical
10° s needed to dissociate during the residence times within the ion source.
Therefore, appearance and activation energies are always in excess of the true
values by the above amount. This phenomenon is known as kinetic shift (Fig. 2.24)
[41, 55]. Often, kinetic shifts are almost negligible (0.01-0.1 eV), but they can be as
large as 2 eV [41], e.g., an activation energy of 2.07 eV for C3Hg"" — C3Hs™ + H' is
accompanied by a kinetic shift of 0.19 eV [82]. As kg, functions greatly differ
between reactions and especially between homogeneous bond cleavages and rear-
rangement fragmentations, it is not an easy task to correct the experimental AEs by
subtraction of E.,. The influence of the kinetic shift can be minimized by increasing
the ion source residence time and/or by increasing the detection sensitivity of the
instrument.

Kinetic shift

The kinetic shift denotes the overestimation of AEs due to the contribution of
excess energy in the transition state necessary to yield rate constants larger
than 10° s™'. The determination of /Es is not negatively affected by kinetic
shift as kinetics is not involved in electron or photon ionization.

2.11.2 Breakdown Graphs

Employing the above techniques, one can examine the fragmentations of a molecu-
lar ion as a function of internal energy by constructing a so-called breakdown graph.
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This involves plotting the ion intensities of interest, i.e., those of a certain m/z,
vs. electron energy or vs. ion internal energy if the /E has been subtracted before
[108]. Typically, amolecular ion can access a considerable number of fragmentation
pathways as soon as there are some 1-3 eV of internal energy available. Breakdown
graphs can be used to compare the energetic demands of those different fragmenta-
tion pathways. In addition, breakdown graphs help to correlate ion internal energy
distributions derived from other methods such as photoelectron spectroscopy [109]
with mass spectral data.

Breakdown graph of 4-methyl-1-pentene For 4-methyl-1-pentene, the break-
down graph, the internal energy distribution from the photoelectron spectrum, and
the 70-eV El mass spectrum are compared (Fig. 2.25) [110]. From the fragmentation
threshold to about 2 eV of internal energy the breakdown graph is dominated by the
[C4Hg]*" ion, m/z 56. In the range 2—4.5 eV the [CsH;]" ion, m/z 43, becomes most
prominent. However, [C4Hg]*" only has 60% of the intensity of [C3H;]*. Itis obvious
from the graphs that the 0.5-1 eV internal energy region, where [C4Hg]™" is the

Fig. 2.25 4-Methyl-1- a
pentene: relationship of 10E =
breakdown graph (a), internal
energy distribution from PES
(b), and mass spectrum (c) 08— I
(Adapted from Ref. [110] by
permission. © Wiley & Sons, .6 —
1982)
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predominating fragment ion, corresponds to a region of the internal energy distribu-
tion having a low ion population. This explains why [C3H;]* constitutes the base
peak of the spectrum. Beyond 5 eV of internal energy, the [CsHs]" ion, m/z
41, becomes the most prominent fragment ion.

2.12 Gas Phase Basicity and Proton Affinity

Not all ionization methods rely on unimolecular conditions as strictly as EI does.
Chemical ionization (CI, Chap. 7), for example, makes use of reactive collisions
between ions generated from a reactant gas and the neutral analyte to achieve its
ionization by some bimolecular process such as proton transfer. The question which
reactant ion can protonate a given analyte can be answered from gas phase basicity
(GB) or proton affinity (PA) data. Proton transfer, and thus the relative proton
affinities of the reactants, also play an important role in many ion—neutral
complex-mediated reactions (Sect. 6.13). In the last decade, proton transfer reac-
tion (PTR) MS has emerged as a tool for analyzing volatile organic compounds
(VOCs) in air (Sect. 7.3) [111, 112]. Therefore, PTR-MS is in the focus of interest
for analytical work concerning environmental issues and in occupational health and
safety.

Here, we deal with proton affinity and gas phase basicity as thermodynamic
quantities. Consider the following gas phase reaction of a (basic) molecule, B:

B, + H," — [BH]," (2.32)

The tendency of B to accept a proton is then quantitatively described by
—AG,” =GB and — AH," = PAg,), (2.33)
i.e., the gas phase basicity GB g, is defined as the negative free energy change for

the proton transfer, —AG,’, whereas the proton affinity PA, is the negative
enthalpy change, —AHrO, for the same reaction [113, 114]. From the relation

AG® = AH® — TAS® (2.34)
we obtain the expression
PA(s) = GB(s) — TAS’ (2.35)

with the entropy term TAS usually being relatively small (25-40 kJ mol™).
Furthermore, in case of an equilibrium

[AH" +B= A+ [BH]" (2.36)

with the equilibrium constant K4 for which we have
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Table 2.6 Seclected proton affinities and gas phase basicities [25, 113, 117]

Molecule PA, [kJ mol™'] GBg) [kJ mol™']
H, 424 396
CH,4 552 527
C,Hg 601 558
H,O 697 665
H,C=0 718 685
CH;CH=CH, 751 718
C¢Hg (benzene) 758 731
(CH3),C=CH, 820 784
(CH;),C=0 823 790
C4H;0 (phenanthrene) 831 802
C4HgO (tetrahydrofurane) 831 801
C,HsOC,Hs 838 805
NH; 854 818
CH;NH, 896 861
CsH;sN (pyridine) 924 892
(CH;)3N 942 909
Koo = [BH']/[AH'] x [A]/[B] (2.37)

the gas phase basicity is related to Kqq by [115, 116]

GBp) = —AG” =RT In K¢ (2.38)

For the experimental determination of GBs and PAs refer to Sect. 9.17. Some
representative values are compiled in Table 2.6.

2.13 lon-Molecule Reactions

Most of what we have dealt with in gas phase ion chemistry so far has been referring
to properties and unimolecular reactions of isolated ions. While these conditions
are typical for ions formed by electron ionization and for ions during their transit
through mass analyzers in general, intermolecular reactions may nonetheless occur
within an ion source or some other (dedicated) part of a mass spectrometer.
Intermolecular reactions require multiple soft collisions to occur between the
reactants — such conditions are normally enabled as the vacuum is reduced to
0.01-1 mbar. Coulombic repulsion prevents an ion from reacting with an ion of
equal charge sign; nevertheless, an ion may react with a neutral molecule. In the
most simple case, the neutrals just belong to the same molecular species that is
currently being introduced for ionization. Molecular ions may thus react with their
corresponding neutral molecules, e.g.:
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CH,"" + CH; — CH5Jr + CH3® (239)
H20+. + H,0 — H3O+ + OH’ (240)

In fact, both reactions shown here are of high relevance. The reaction of methane
(Eq. 2.39) was discovered early by mass spectrometry [118] and led to the devel-
opment of chemical ionization mass spectrometry (CI, Chap. 7) [119]. The analo-
gous reaction with water (Eq. 2.40) presents a crucial step towards protonation of
analyte molecules in atmospheric pressure chemical ionization (APCI) and direct
analysis in real time (DART, Sect. 13.8).

2.13.1 Reaction Order

Isolated ions only undergo unimolecular reactions like isomerization (Eq. 2.41) or
ion dissociation (Eq. 2.42):

ABC' — CAB* (2.41)
ABCT — ABT +C (2.42)

This type of reaction is referred to as first-order reaction. The rate of a first-order
reaction, i.e., the change of the concentration of the precursor ion [ABC"] as a
function of time, is solely determined by the concentration of this precursor ion,
[ABC"], and its internal energy. This is why the rate constant, k, of a reaction of first
order has the dimension of s™' (or Hz, like a frequency). Thus we have the
relationship:

—d[ABC"]/dr = k[ABC*] (2.43)

The rates of the reactions of methane and water molecular ions with their
corresponding neutrals as described in the preceding paragraph (Eqgs. 2.39 and
2.40) depend on both the concentration of the respective molecular ions and that
of the neutrals. In a generalized form, a bimolecular reaction can be written as:

AB* 4+ C — ABC* (2.44)

Accordingly, its rate is now determined by:

—d[AB*]/dt = k[AB*] [C] (2.45)

The last type of reaction that may occur in the gas phase requires a third body, N,
as inert collision partner. The role of N is to carry away some of the reaction
enthalpy, and thus, to stabilize the product by cooling it down a bit. A termolecular
reaction (or trimolecular reaction) is represented as:
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AB* 4+ C+N — ABC' + N* (2.46)

Now, the rate is affected by the concentration of three partners:

—d[AB*]/dt = k[AB*] [C] [N] (2.47)

An example of a termolecular reaction is given by the dimerization of nitrogen
molecular ions in an excess of nitrogen gas to form the short-lived N4** ion:

N2+. + N2 =+ Nz i N4+. + Ng* (248)

In this special case, nitrogen molecules serve as both reactant and inert collision
partner. Thus, the reaction rate can be represented as follows:

—d[N,**]/dt = k[N, T ] [No)? (2.49)

Again, this reaction is key to analyte ion formation in atmospheric pressure
chemical ionization (APCI, Sect. 7.8) and direct analysis in real time (DART, Sect.
13.8). Actually, it is the step before H,O™ formation via charge transfer to neutral
water.

2.13.2 Solution Phase Versus Gas Phase Reactions

The thermochemistry of gas phase ion—-molecule reactions greatly differs from
what is common in solution phase [2, 51, 67], Sect. 3.3 in [120] and Chap. 7 in
[4]. In solution phase, ions are surrounded by solvent molecules which, in polar
solvents, align towards the ion as to compensate some of its charge by solvation. In
order to interact with a substrate molecule, the ion needs to overcome the energy
barrier of solvation, which in turn necessitates some activation energy.

From hydrated to isolated OH™ The nucleophilic displacement reaction between
OH™ and CH;3Br to yield CH30H and Br™ has been studied at various degrees of
hydration of the OH ™ ion. [(H,O),OH] ions, n = 0, 1, 2, 3, n, were generated in a
H,O/H, flowing plasma and allowed to react with CH3Br [50]. The rate constant of
the SN2 reaction decreased by four orders of magnitude upon transition from
nonsolvated to triply solvated OH™ ions. Semiquantitative reaction coordinate
profiles reveal the typical transition from a solution phase reaction with substantial
activation energy of 96 kJ mol™' (23 kcal mol™) to a double minimum profile for
the gas phase reaction of isolated ions that exhibits an exothermal formation of the
encounter complex [OH™ "CH;Br] (Fig. 2.26).

Obviously, isolated gas phase ions have no desolvation barrier to be overcome.
Any approaching neutral is attracted by ion—dipole interactions. In other words, the
initially isolated ion tends to build up some sort of solvation sphere in the gas phase.
Provided the ion collides gently with the molecule, i.e., at or slightly above thermal
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Fig. 2.26 Possible OH~+CH3Br == OH".CH4Br == CH5OH.Br == CH,OH+Br-
semlquantltatlve reaction
coordinate profiles for the W

nucleophilic displacement
reaction between OH™ and
CHj;Br at various degrees of
hydration of the OH™ ion. The -20
activation energy in case of
the hydrated hydroxide
(bottom) is drastically
diminished as the solvation is
removed and finally turns into
exothermal formation of the
encounter complex (top)
(Adapted from Ref. [50] with
permission. (© American
Chemical Society, 1981)
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energy (0.1-2 eV), the attractive forces trap the reactants into an ion—neutral
complex (the term ion—-molecule complex is also used). The ion—neutral complex
may either persist as such or it may present the encounter complex of the reactants
undergoing an ion—molecule reaction. Formation of this first intermediate is exo-
thermal (Fig. 2.27) [2, 51, 67], Sect. 3.3 in [120] and Chap. 7 in [4]. If the activation
energy towards some products is lower than the energy required for the reverse
reaction, i.e., dissociation back into the substrates, the product complex can be
formed. The excess energy of the product complex will then result in dissociation of
this second ion—molecule complex to liberate the product ion and product neutral
[51]. Overall, this kind of process is exothermal and very fast.

Wealth of information

Isolated gas phase ions and their reactions are free from obscuring factors like
counterions, aggregates, and solvent effects. With mass spectrometry one can
thus examine reaction pathways and steering factors of reactions, to reveal
basic aspects of acidity and basicity, and moreover, to compare an established
condensed phase reaction to its counterpart in the gas phase, thereby reveal-
ing the role of solvent effects on the process. Therefore, the intrinsic
properties of “naked” ions and reactions are revealed by the toolbox of
mass spectrometry [2].
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(A-B)* (C-D)*

K4 k

At+B== (A-Bf=Z=(C-D*==Ct+D
k k
_1 ,p

Fig. 2.27 Potential energy versus reaction coordinates of typical gas phase ion-molecule
reactions. (a) Proton transfer reaction, (b) electrophilic displacement via SN2 reaction. Note that
both reactions can proceed without activation of the substrate and that both are exothermal
(Reproduced from Ref. [51] with permission. © Elsevier Science, 1991)

2.14 Summary of Gas Phase lon Chemistry

Line of Thoughts

This chapter started from basic considerations on how ionization of atoms and
molecules is brought about and on why this partly determines the further fate of the
incipient ionic species. Based on electron ionization, we learned about such key
topics as ionization energy, ionization cross section, ion internal energy and its
dissipation within the ion as well as appearance energy of fragmentation reactions.
The quasi-equilibrium theory explains how these energetic parameters translate
into competing ion dissociation pathways. From there, we went to the mass
spectrometric time scale and the concept of stable, metastable, and unstable ions
and moved from the classical instrumentation to some recent types of ion-trapping
mass analyzers. Then, some dedicated topics were focused on, such as kinetic
isotope effects, the estimation of the activation energy of reverse reactions from
kinetic energy release, and the determination of ionization energies by several
advanced techniques. Finally, we moved from the realm of isolated ions and their
unimolecular reactions and further expanded on topics of gas phase proton affinity,
basicity, and ion—-molecule reactions.

Relevance

From a merely analytical point of view, the importance of gas phase ion chemistry
studies may not immediately become evident. Nonetheless, we have to keep in
mind that all the established fragmentation pathways used in structure elucidation
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were discovered and characterized by using the gas phase ion chemistry toolbox of
mass spectrometry. Additionally, these techniques have revealed intrinsic
properties of ions and reactions and have provided new insights in processes of
industrial relevance. Furthermore, gas phase ion chemistry elucidates ion formation
processes and crucial factors influencing ion yield not only for the manifold
established ionization techniques but it may eventually also lead to the development
of new capable methods.
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Learning Objectives

 Isotopic composition of elements and their effect on mass spectra

» Translation of isotopic abundances into mass spectral patterns

+ Analytical information from isotopic patterns

» Nominal and accurate mass of molecules and ions

» Mass resolution and its effects on isotopic patterns and mass accuracy
» Accurate mass as a tool for determining molecular formulas

» Ultrahigh resolution — aspects and applications

» Relevance of these topics for all types of mass spectral analyses

In the context of general chemistry we rarely pay attention to the different isotopes
of the individual elements involved in a reaction. For instance, the molecular mass
of tribromomethane, CHB13, is usually calculated as 252.73 g mol~! on the basis of
relative atomic mass from the Periodic Table. In mass spectrometry, however, we
need to more accurately consider individual isotopes, because mass spectrometry is
based upon the separation of ions by mass-to-charge ratio, m/z [1-3]. Thus, there
actually is no molecular ion peak at m/z 252.73 in the mass spectrum of
tribromomethane. Instead, major peaks occur at m/z 250, 252, 254, and
256 accompanied by some minor other ones.

In order to successfully interpret a mass spectrum, one needs to understand
isotopic masses and their relation to the atomic weights, isotopic abundances, and
the resulting isotopic patterns, and finally, high-resolution and accurate mass
measurements. These issues are closely related to each other, offer a wealth of
analytical information, and are valid for any type of mass spectrometer and any
ionization method employed. Therefore, the content of this chapter is of highest
relevance for the interpretation of any kind of mass spectral data.
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86 3 Isotopic Composition and Accurate Mass

3.1 Isotopic Classification of the Elements

An element is specified by the number of protons in its nucleus. This equals the
atomic number Z of the respective element and determines its place within the
periodic table of the elements. The atomic number is given as a subscript preceding
the elemental symbol, e.g., <C in case of carbon. Atoms with nuclei of the same
atomic number differing in the number of neutrons are termed isotopes. One isotope
differs from another isotope of the same element in that it possesses a different
number of neutrons N, i.e., by the mass number A or nucleon number. The mass
number of an isotope is given as a superscript preceding the elemental symbol, e.g.,
'2C. The mass number A is the sum of the total number of protons and neutrons in
an atom, molecule, or ion [4].

A=Z+N (3.1)

Mass and order

The mass number must not be confused with the atomic number of an
element. For the heavier atoms there can be isotopes of the same mass number
belonging to different elements, e.g., the most abundant isotopes of both ;gAr
and ,,Ca have mass number 40.

3.1.1 Monoisotopic Elements

Among 83 naturally occurring stable elements, 20 elements do exist in the form of
only one single naturally occurring stable isotope. Therefore, they are termed
monoisotopic elements, i.e., all of their atoms have equal A. Among the
monoisotopic elements, fluorine (*F), sodium (**Na), phosphorus (*'P), and iodine
("*"I) belong to the more prominent examples in organic mass spectrometry.
Nonetheless, there are many more such as beryllium (9Be), aluminum (27A1),
manganese (55Mn), cobalt (59C0), arsenic (75 As), niobium (93Nb), rhodium (103Rh),
cesium (133Cs), and gold (197Au). The monoisotopic elements are also referred to
as A or X elements [5, 6]. If radioactive isotopes were also taken into account, not a
single monoisotopic element would remain.

3.1.2 Di-isotopic Elements

Several elements exist naturally in two isotopes and within the context of mass
spectrometry it is useful to deal with them as a class of their own. Nevertheless, the
term di-isotopic element is not an official one, i.e., not part of [UPAC nomenclature.
These elements can even be sub-classified into those having one isotope that is 1 u
heavier than the most abundant isotope and those having one isotope that is 2 u
heavier than the most abundant isotope. The first group has been termed A + 1 or
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X + 1 elements, the latter ones have been termed A + 2 or X + 2 elements,
respectively [5, 6]. If we do not restrict our view to the elements typically encoun-
tered in organic mass spectrometry, one should add the class of X—1 elements with
one minor isotope of 1 u lower mass than the most abundant one.

Prominent examples of X + 1 elements are hydrogen (lH, H= D), carbon (12C,
13C), and nitrogen (14N, 15N). Deuterium (D) is of low abundance (0.0115%) and
therefore, hydrogen is usually treated as a monoisotopic or as an X element, which
is a valid approximation, even if a hundred hydrogens are contained in a molecule.

Among the X + 2 elements, chlorine (35Cl, 37Cl) and bromine (79Br, 81Br)
are relatively common, but copper (**Cu, ®>Cu), gallium (*Ga, 'Ga), silver ('*’Ag,
1A g), indium (*"’In, '*°In), and antimony ('*'Sb, '**Sb) also belong to this group.
Even though occurring in more than two isotopes, some other elements such as
oxygen, sulfur, and silicon, can be dealt with as X + 2 elements for practical
reasons. As long as only a few oxygens are part of a formula, oxygen might even
be treated as an X element because of the low abundances of '’O and '*O.

Finally, the elements lithium (6Li, 7Li), boron (IOB, llB), and vanadium (50\/, 51V)
come along with a lighter isotope of lower abundance than the heavier one and thus,
they can be grouped together as X—1 elements.

Atomic numbers, mass numbers, and isotopes Let us apply the notation of
Eq. (3.1) to the elements contributing to a molecule of tribromomethane that has
already been mentioned in the introductory paragraph of this chapter. The molecule
is composed of carbon, hydrogen, and bromine, the latter occurs naturally as two
isotopes of almost equal abundance. Thus, these four species are most relevant for
the CHBr; molecule (Fig. 3.1). Now we get an idea of why tribromomethane
molecular ions appear split into several peaks in a mass spectrum. We will return
to this topic shortly.

3.1.3 Polyisotopic Elements

The majority of elements are grouped as polyisotopic elements because they consist
of three or more isotopes showing a wide variety of isotopic distributions.

3.1.4 Representation of Isotopic Abundances

Isotopic abundances are listed either as their sum being 100% or with the abun-
dance of the most abundant isotope normalized to 100%. The first normalization is

. o - Br Br

4 6

Fig. 3.1 Atomic numbers and mass numbers relevant for the elements contributing to
tribromomethane, CHBr;
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obvious as it reflects all isotopes as contributing to 100% of an element. The second
normalization (also used throughout this book) is commonly applied in mass
spectrometry: mass spectra are customarily reported as normalized to the base
peak or at least to the most intensive peak within the m/z range of interest
(Chap. 1). The isotopic classifications and isotopic compositions of some common
elements are listed below (Table 3.1).

Check mode of normalization

Care has to be taken when comparing isotopic abundances from different
sources as they might be compiled using one or the other procedure of
normalization. Never mix normalization modes in your calculations!

Bar graph representations are much better suited for visualization of isotopic
compositions than tables, and in fact they exactly show how such a distribution
would appear in a mass spectrum (Fig. 3.2). This appearance coined the term
isotopic pattern or isotope pattern.

Note

Some authors use the term isotopic cluster, which is incorrect, as cluster
refers to an associate of more atoms, molecules, or ions of the same species,
sometimes associated with one other species, e.g., [Ar,]*", [(H,0),H]*, and
[I(CsI),]  are cluster ions.

3.1.5 Calculation of Atomic, Molecular, and lonic Mass

3.1.5.1 Nominal Mass

In order to calculate the approximate mass of a molecule we usually sum up integer
masses of the elements encountered, e.g., for CO, we calculate the mass as
12 u + 2 x 16 u = 44 u. The result of this simple procedure is not particularly
precise but provides acceptable values for simple molecules. This is called nominal
mass [6].

More precisely, the nominal mass of an element is defined as the integer mass of
its most abundant naturally occurring stable isotope [6]. The nominal mass of an
element is often equal to the integer mass of the lowest mass isotope of that
element, e.g., for H, C, N, O, S, Si, P, F, Cl, Br, I (Table 3.1). The nominal mass
of an ion is the sum of the nominal masses of its constituent elements.

Nominal mass of trifluoroacetic acid The nominal mass of trifluoroacetic acid,
CF;COOQOH, is calculated based on the mass number of the most abundant isotopes
of the contributing elements. Using 'H, 12C, '60, and "°F we obtain 1 u +2 x 12
u+2x16u+3 x19u=114u.
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Table 3.1 Isotopic classifications and isotopic compositions of some common elements
Mass Relative
Atomic Atomic number Isotopic Isotopic atomic mass
Classification | symbol numberZ | A composition | mass [u] [u]
x)* H 1 1 100 1.007825 1.00795
2 0.0115 2.014101
X F 9 19 100 18.998403 18.998403
X Na 11 23 100 22.989769 22.989769
X P 15 31 100 30.973762 30.973762
X I 53 127 100 126.904468 126.904468
X+1 C 6 12 100 12.000000° 12.0108
13 1.08 13.003355
X+1 N 7 14 100 14.003074 14.00675
15 0.369 15.000109
X+2)?* (¢} 8 16 100 15.994915 15.9994
17 0.038 16.999132
18 0.205 17.999161
X+2)? Si 14 28 100 27.976927 28.0855
29 5.0778 28.976495
30 3.3473 29.973770
X +2)* S 16 32 100 31.972071 32.067
33 0.80 32.971459
34 4.52 33.967867
36 0.02 35.967081
X+2 Cl 17 35 100 34.968853 35.4528
37 31.96 36.965903
X+2 Br 35 79 100 78.918338 79.904
81 97.28 80.916291
X-1 Li 3 8.21 6.015122 6.941
7 100 7.016004
X-1 B 5 10 24.8 10.012937 10.812
11 100 11.009306
poly Xe 54 124 0.33 123.905896 131.29
126 0.33 125.904270
128 7.14 127.903530
129 98.33 128.904779
130 15.17 129.903508
131 78.77 130.905082
132 100 131.904154
134 38.82 133.905395
136 32.99 135.907221

A complete table is provided in the Appendix. © IUPAC 2001 [7, 8]
Classification in parentheses means “not in the strict sense”
®Standard of atomic mass scale
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Fig. 3.2 Isotopic patterns of chlorine, bromine, and xenon. The bar graph representations of the
isotopic distributions have the same optical appearance as mass spectra. You should compare these
graphical representations to the compositions listed in Table 3.1. Afterwards, you may decide for
yourself which type you would consider to be easier to perceive and to compare

Nominal mass of SnCl, To calculate the nominal mass of SnCl,, the masses o

120
f

Sn and *>CI have to be used, i.e., 120 u + 2 x 35 u = 190 u. While the **Cl isotope
represents the most abundant as well as the lowest mass isotope of chlorine, '2°Sn is

the most abundant but not the lowest mass isotope of tin which is ''*Sn.

Mass versus mass number

When dealing with nominal mass, mass number and nominal mass both have
the same numerical value. However, the mass number is dimensionless and

must not be confused with nominal mass in units of u.

3.1.5.2 Isotopic Mass

The isotopic mass is the exact mass of an isotope. It is very close to but not equal to
the nominal mass of the isotope (Table 3.1). The only exception is the carbon

isotope '2C which has an isotopic mass of 12.000000 u.

The unified atomic mass [u] is defined as l/12 of the mass of one atom of nuclide
'2C which has been assigned precisely 12 u, where 1 u = 1.660538 x 10~*" kg [4, 6,

9, 10]. This convention dates back to 1961 [2].

Avoid using outdated masses

The unified atomic mass [u], defined as '/, of the mass of one atom of nuclide
12C is the only valid unit for atomic mass. Mass values from dated literature
can be ambiguous. Prior to 1961, physicists defined the atomic mass unit
[amu] based on L 16 of the mass of one atom of nuclide 180. The definition of
chemists was based on the relative atomic mass of oxygen which is somewhat
higher due to the nuclides '’O and '®O that also occur in natural oxygen
[2]. Thus, the oxygen-based mass scales are neither compatible among each
other nor are the mass values equal to the actual '*C—based scale. You always

should be using u and never amu.



3.1 Isotopic Classification of the Elements 91

3.1.5.3 Relative Atomic Mass

The relative atomic mass or the atomic weight as it is also often imprecisely termed
is calculated as the weighted average of the naturally occurring isotopes of an
element [6]. The weighted average M, is calculated from

M= (3.2)

with A; being the abundances of the isotopes and m; their respective isotopic
masses [11]. For this purpose, the abundances can be used in any numerical form or
normalization as long as they are used consistently.

Atomic mass of chlorine The relative atomic mass of chlorine is 35.4528
u. However, there is such atom. Instead, chlorine is composed of el (34.968853
u) and el (36.965903 u), the former making up 75.78% and the latter 24.22% — or
having relative abundances of 100% and 31.96%, respectively (Table 3.1 and
Fig. 3.2). According to Eq. (3.2), we would calculate the relative atomic mass of
chlorine as M, = (100 x 34968853 u + 3196 x 36.965903 u)/
(100 + 31.96) = 35.4528 u.

3.1.5.4 Monoisotopic Mass

The exact mass of the most abundant isotope of an element is termed monoisotopic
mass [6]. The monoisotopic mass of a molecule is the sum of the monoisotopic
masses of the elements in its empirical formula. As mentioned before, the mono-
isotopic mass is not necessarily the naturally occurring isotope of lowest mass.
However, for the common elements in organic mass spectrometry the monoisotopic
mass is obtained using the mass of the lowest mass isotope of that element, because
this is also the most abundant isotope of the respective element (Sect. 3.1.5.1).

Monoisotopic mass of trifluoroacetic acid The monoisotopic mass of
trifluoroacetic acid, CF3COOH, is calculated based on the isotopic masses of the
most abundant isotopes of the contributing elements. Using 'H, '*C, '°0, and '°F
we obtain 1.007825 u + 2 x 12.000000 u + 2 x 15.994915 u + 3 x 18.998403
u = 113.992864 u. While the result is very close to the nominal mass 114 u, it still
differs by 0.007136 u from that value.

3.1.5.5 Relative Molecular Mass

The relative molecular mass, M., or molecular weight is calculated from the
relative atomic masses of the elements contributing to the empirical formula
[6]. With the exception of very large molecules of say >10> u the relative molecular
mass is rarely useful in mass spectrometry.
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Molecular weight of tribromomethane Let’s once more revisit
tribromomethane. Using the relative atomic mass of H, C, and Br from Table 3.1
the molecular mass of CHBrj3 is calculated as 1.0079 u + 12.0108 u + 3 x 79.9040
u = 252.7307 u.

3.1.5.6 Exact lonic Mass

The exact mass of a positive ion formed by the removal of one or more electrons
from a molecule is equal to its monoisotopic mass minus the mass of the electron(s),
me [4]. For negative ions, the electron mass (0.000548 u) has to be added
accordingly.

Exact mass of a CO,*" ion The exact mass of the carbon dioxide molecular ion,
CO,*", is calculated as 12.000000 u + 2 x 15.994915 u — 0.000548 u
= 43.989282 u.

3.1.5.7 Role of the Electron Mass When Calculating Exact Mass

The question remains whether the mass of the electron m, (5.48 X 10~*u) has really
to be taken into account. This issue was of almost pure academic interest as long as
mass spectrometry was limited to mass accuracies of several 10> u. As FT-ICR,
Orbitrap, and even recent 0aTOF instruments deliver mass accuracies in the order
of <1073 u, one should routinely include the electron mass in calculations
[12, 13]. Here, neglecting the electron mass would cause a systematic error of the
size of m., which is unacceptable when mass measurement accuracies in the order
of <10~ u are to be achieved.

3.1.5.8 Number of Decimals When Calculating Exact Mass

The isotopic masses provided in this book are listed with six decimal places
corresponding to an accuracy of 107® u (Table 3.1 and Appendix A.2), which
is about three orders of magnitude below typical mass errors in mass spectrometry
(£ 0.001 u).

The number of decimal places one should employ in mass calculations depends
on the purpose they are used for. In the m/z range of up to about 500 u, the use of
isotopic mass with four decimal places may provide sufficient accuracy. Above
that, at least five decimal places are required, because the increasing number of
atoms results in an unacceptable multiplication of many small mass errors. The
results of those calculations may again be reported with only four decimal places (£
0.0001 u), because this is sufficient for most applications.

Exact mass of mellitin [M + H]" ions Mellitin is the major active component of
the honey bee venom. Mellitin is a peptide consisting of 26 amino acids with a
molecular formula of Ci3;H»,9N3905;. Let us calculate the exact mass of the
protonated molecule, [M + H]J*, based on isotopic masses rounded to three and
four decimals, respectively, and finally, based on full six decimals (Table 3.2). The
resulting mass based on four decimals already deviates from the accurate result by
0.0051 u, the mass based on only three decimals is off by unacceptable 0.0405 u.
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Table 3.2 Calculation of the exact mass of [M + H]" ions of the peptide mellitin based on
different levels of accuracy

Mass, three Mass, four Number of
Element decimals [u] decimals [u] Mass exact [u] atoms
C 12.000 12.0000 12.000000 131
H 1.008 1.0078 1.007825 230
N 14.003 14.0031 14.003074 39
(6] 15.995 15.9949 15.994915 31
Summed mass 2845.802 2845.7563 2845.761453

minus .

3.1.6 Natural Variations in Relative Atomic Mass

The masses of isotopes can be measured with accuracies better than parts per
billion (ppb), e.g., myoar = 39.9623831235 £ 0.000000005 u. Unfortunately,
determinations of abundance ratios are less accurate, causing errors of several
parts per million (ppm) in relative atomic mass. The real limiting factor, however,
comes from the variation of isotopic abundances from natural samples, e.g., in case
of lead (Pb) which is the final product of radioactive decay of uranium, the atomic
weight varies by 500 ppm depending on the Pb/U ratios in the lead ore
[11]. Variations in natural isotopic distributions are also responsible for the varying
number of decimal places stated with the relative atomic masses in Table 3.1.

For organic mass spectrometry the case of carbon is of highest relevance. Carbon
is ubiquitous in metabolic processes and the most prominent example of variations
in the '*C/"?C isotopic ratio is presented by the different pathways of CO, fixation
during photosynthesis, causing '>C/*C ratios of 0.01085-0.01115. Petroleum, coal,
and natural gas yield very low '*C/'C ratios of 0.01068-0.01099 and carbonate
minerals, on the other side, set the upper limit at about 0.01125 [11]. Even proteins
of different origin (plants, fish, mammals) can be distinguished by their >C/"*C
ratios [14, 15].

Isotope ratio mass spectrometry (IR-MS) makes use of these facts to determine
the origin or the age of a sample (Chap. 15). For convenience, the minor changes in
isotopic ratios are expressed using the delta notation stating the deviation of the
isotopic ratio from a defined standard in parts per thousand (%o) [11, 16]. The delta
value of carbon, 613C, for example, is calculated from:

§13C(%o) = {(13C/12Csample)/(13C/12C31andard) - 1} % 1000 (3.3)

The internationally accepted standard value for BC/"Cyandara 18 0.0112372 as
represented by belemnite from the Pee Dee formation, i.e., for PDP 813C = 0%o
(PDB standard). PDB is a well-defined belemnite fossil from the Pee Dee formation
of South Carolina, USA. For example, to calculate 8'°C by use of Eq. (3.3) for a
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compound having "*C/"*Cgmple = 0.0109800 we obtain §'°C = [(0.0109800/
0.0112372) — 1] x 1000 = —22.88%eo.

Stable carbon isotope ratios of most natural materials of biological interest range
from 8'*C = —100%o to about 8'°C = 0%o versus PDB (Fig. 3.3). These natural
variations result from isotopic fractionation during physical, chemical, and
biological processes. Inorganic carbon in seawater, freshwater, and carbonates
has a rather high proportion of '*C. Organic carbon, on the other side, is generally
depleted of '*C as a result of biological isotope fractionation, mostly due to kinetic
isotope effects during photosynthesis [17]. Thus, the origin of food can be deter-
mined by employing 8'°C measurements, e.g., fruit/vegetables by country or
whether the source of ethanol in alcoholic beverages is sugar cane, sugar beet,
cereal starch, or obtained by synthetic processes [14, 16, 18].

Wool from western or eastern Ireland? Among numerous other applications, the
4$/328 isotope ratio has been exploited to determine whether wool originated from
sheep living at or close to the west or east coast of Ireland [19]. The distance from
the west coast at which Irish farm sheep were kept was found to be negatively
correlated to the §**S values. The values changed from +15.8%o for west coast wool
to as low as +5.3%o for east coast wool. In IR-MS, differences of >10%o 84S are
considered highly significant.

B¥c/eC 0.01078 0.01101 0.01124 0.01146
| 1 |

e (4 Plants
m— CAM Plants | === Atmospheric CO;

C3 Plants
Soil CO;

Freshwater Carbonates
Groundwater DIC

Oceanic Dissolved Inorganic Carbon (DIC) ==
Marine Limestone

Coal e— s Volcanic (mantle) CO,
Petroleum m— Metamorphic CO; mmmm—
t0-80 Atmospheric CHy
Biogenic CH4
I 1 Thermogenic CH,4
-50 -40 -30 -20 -10 0 10 20

8"°C %o PDB

Fig. 3.3 Compilation of 8'*C values of different sources of carbon relative to PDB. The ratios of
13C/'2C (rounded to five decimals) at 8'*C = —40%o, —20%o, 0%o, 20%o are shown for comparison
to a more common scale (Adapted with kind permission from a figure by James Wittke, Northern
Arizona University)



3.2 Calculation of Isotopic Distributions 95

Common practice

Assuming an average '>C content of 1.1%, equaling a '*C/"*C ratio of 0.0111
has proven to be most useful in the majority of mass spectrometric
applications.

3.2 Calculation of Isotopic Distributions

As long as we are dealing with molecular masses in a range of up to some 10° u, it is
possible to separate ions which differ by 1 u in mass. The upper mass limit for their
separation depends on the resolution of the instrument employed. Consequently, the
isotopic composition of the analyte is directly reflected in the mass spectrum — it
can be regarded as an elemental fingerprint.

Even if the analyte is chemically perfectly pure it represents a mixture of
different isotopic compositions, provided it is not solely composed of monoisotopic
elements. Therefore, a mass spectrum normally superimposes the mass spectra of
all isotopic species involved [20]. The isotopic distribution or isotopic pattern of
molecules containing one chlorine or bromine atom is listed in Table 3.1. But what
about molecules containing two or more di-isotopic or even polyisotopic elements?
While it may seem, at the first glance, to complicate the interpretation of mass
spectra, isotopic patterns are in fact an ideal source of analytical information.

3.2.1 Carbon: An X + 1 Element

In the mass spectrum of methane (Fig. 1.6), there is a tiny peak at m/z 17 that has not
been mentioned in the introduction. As one can infer from Table 3.1 this should
result from the '*C content of natural carbon which is an X + 1 element according to
our classification.

How isotope patterns come about Imagine a total of 1000 methane molecules,
CH,. Due to a content of 1.1% 13C, there will be 11 molecules containing B¢
instead of 12C; the remaining 989 molecules are '2CH4. Therefore, the ratio of
relative intensities of the peaks at m/z 16 and m/z 17 is defined by the ratio 989/11 or
by usual normalization 100/1.1.

In a more general way, carbon consists of '*C and '2C in a ratio r that can be
written as 7 = ¢/(100 — ¢) where c is the abundance of '*C. Then, the probability to
have only '2C in a molecular ion M consisting of w carbons, i.e., the probability of
monoisotopic ions Py, is given by [21]:
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100 — ¢\ "
Py = 34
’ ( 0 ) (3.4)
The probability of having exactly one *C atom in an ion with w carbon atoms is
therefore
c 100 — ¢\ "
Purt=w( ) 3.5
M= Y100 — ¢ ( 100 ) (3:3)
and the ratio Py, /Py is given as
Py ( ¢ )
= 3.6
Py " \l00—c (3.6

In case of a carbon-only molecule such as the buckminster fullerene Cgg, the
ratio Py, 1/Py becomes 60 x 1.1/98.9 = 0.667. If the monoisotopic peak at m/z
720 due to *Cqp is regarded as 100%, the M + 1 peak due to 12C456"3C will have
66.7% relative intensity.

Estimate the intensity of the 3C peak

For the '*C/'C ratio, the M + 1 peak intensity can be easily estimated in
percent in a simplified manner, and with an insignificant error, by multiplying
the number of carbon atoms by 1.1%, e.g., 60 x 1.1% = 66%.

There is again a certain probability for one of the remaining 59 carbon atoms to
be '*C rather than '*C. After simplification of Beynon’s approach [21] to be used
for one atomic species only, the probability that there will be an ion containing two
13C atoms is expressed by:

Pﬁ; -5 (1006_ ) (w—1) (1006_ ) = ;V((::)O__l );)2 (3.7)

For Cgo the ratio Pyj,o/Py now becomes (60 x 59 x 1.1%)/(2 x 98.9%) = 0.219,
i.e., the M + 2 peak at m/z 722 due to '*Csg'>C, ions will show as 21.9% relative to
the M peak, which definitely cannot be neglected. By extension of this principle,
equations for the Py, 3/Py ratio representing the third isotopic peak can be derived
and so forth.

The calculation of isotopic patterns as just shown for the carbon-only molecule
Ceo can be done analogously for any X + 1 element. Furthermore, the application of
this scheme is not restricted to molecular ions, but can also be used for fragment
ions (Fig. 3.4). Nevertheless, care should be taken to assure that the presumed
isotopic peak is not partially or even completely due to a different fragment ion,
e.g., an ion containing one hydrogen more than the presumed X + 1 composition.
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Fig. 3.4 Calculated isotopic patterns for carbon. Note the steadily expanding width of the pattern
as X +2, X +3, X +4,... become visible. At about Cg, the X + 1 peak reaches the same intensity as
the X peak. At higher carbon numbers it becomes the base peak of the pattern

Estimate the number of carbon atoms

It is very helpful to read out the Py, /Py ratio from a mass spectrum to
calculate the approximate number of carbon atoms. Provided no other ele-
ment contributing to M + 1 is present, an M + 1 intensity of 15%, for example,
indicates the presence of 14 carbons. (For possible overestimation due to
autoprotonation cf. Sect. 7.2).

It is interesting how the width of the isotopic pattern increases as X + 2, X + 3,
X + 4, ... become detectable. In principle, the isotopic pattern of C,, expands up to
X + w, because even the composition *C,, is possible. As a result, the isotopic
pattern of w atoms of a di-isotopic element consists at least theoretically of w + 1
peaks. However, the probability of extreme combinations is negligible and even
somewhat more probable combinations are of no importance as long they are below
about 0.1%. In practice, the interpretation of the carbon isotopic pattern is limited
by experimental errors in relative intensities rather than by detection limits for
peaks of low intensity. Such experimental errors can be due to poor signal-to-noise
ratios (Sect. 1.6.3), autoprotonation (Sect. 7.2), or interference with other peaks.

At about Cyg the X + 1 peak reaches the same intensity as the X peak, and at
higher carbon number w, it becomes the base peak of the pattern, because the
probability that an ion contains at least one '*C becomes larger than that for the
monoisotopic ion. A further increase in w makes the X + 2 signal stronger than the
X and X + 1 peak and so on. A table with representative carbon isotopic abundances
is provided in the Appendix.

3.2.2 Terms Related to Isotopic Composition

Molecules and ions of identical elemental composition but differing in isotopic
composition are termed isotopic homologs or simply isotopologs. For example,
H;C-CHj; and H;C-">CHj are isotopologs. Molecules and ions of identical isotopic
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composition but differing in position of the isotopes are termed isotopomers. For
example, H,C = CD, and HDC = CHD are isotopomers.

The isotopic molecular ion (M + 1, M + 2, ...) is a molecular ion containing one
or more of the less abundant naturally occurring isotopes of the atoms that make up
the molecular structure [4]. This term can be generalized for any non-monoisotopic
ion. Thus, isotopic ions are those ions containing one or more of the less abundant
naturally occurring isotopes of the atoms that make up the ion.

The position of the most intensive peak of an isotopic pattern is termed most
abundant mass [6], and the corresponding ion should be named most abundant
isotopolog (ion). For example, the most abundant mass in case of Cyyg is 1441 u
corresponding to M + 1 (Fig. 3.4). The most abundant mass is relevant in the case of
large ions (Sect. 3.4.3).

3.2.3 Binomial Approach

The above stepwise treatment of X + 1, X + 2, and X + 3 peaks has the advantage
that it can be followed easier, but it bears the disadvantage that an equation needs to
be solved for each individual peak. Alternatively, one can calculate the relative
abundances of the isotopic species for a di-isotopic element from a binomial
expression [5, 22, 23]. In the term (a + b)" the isotopic abundances of both isotopes
are given as a and b, respectively, and n is the number of this species in the
molecule.

(a+b)" =d"+nd"'b+n(n—1)a"2b*/(2!)

+n(n—1)(n—=2)a"3p*/(3!) + ... (38)

For n = 1 the isotopic distribution can of course be directly obtained from the
isotopic abundance table (Table 3.1 and Fig. 3.2) and in case of n = 2, 3, or 4 the
expression can easily be solved by simple multiplication, e.g.,

(a+b)’ =d +2ab+ b
(a+b)’ = a® + 3d®b + 3ab* + b* (3.9)
(a+b)* = a* + 4a*b + 6a*b* + 4ab® + b*

Again, we obtain w + 1 terms for the isotopic pattern of w atoms. The binomial
approach works for any di-isotopic element, regardless of whether it is of X + 1,
X + 2, or X-1 type. However, as the number of atoms increases, any manual
calculation will grow more tedious and become more prone to error.

3.2.4 Halogens

The halogens Cl and Br occur in two isotopic forms, each of them being of
significant abundance, whereas F and I are monoisotopic (Table 3.1). In most
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cases there are only a few Cl and/or Br atoms in a molecule and this predestinates
the binomial approach for this purpose.

Isotopic pattern by two chlorines The isotopic pattern of Cl, is calculated from
Eq. (3.9) with the abundances a = 100 and b = 31.96 as (100 + 31.96)2
= 10,000 + 6392 + 1019. After normalization we obtain 100 : 63.9 : 10.2 as the
relative intensities of the three peaks. Any other normalization for the isotopic
abundances would give the same result, e.g., a = 0.7578, b = 0.2422. The
calculated isotopic pattern of Cl, can be understood from the following practical
consideration: The two isotopes *°Cl and *’Cl can be combined in three different
ways: (i) *>Cl, giving rise to the monoisotopic composition, (ii) *>CI*’Cl yielding
the first isotopic peak which is here X + 2, and finally (iif) >’Cl, giving the second
isotopic peak X + 4. Thus, two chlorines cause three peaks in total. The
combinations with a higher number of chlorine atoms can be explained accordingly.

Expect w + 1 peaks

As already mentioned, the isotopic pattern of C,, expands up to X + w,
because in theory even the composition '*C,, is possible. In fact, for any
di-isotopic element, the isotopic pattern of w atoms comprises w + 1 peaks,
e.g., Cypyields 11 peaks, Cl, yields 3 peaks, and Br, yields 5 peaks (check by
yourself in Figs. 3.4 and 3.5). Not all peaks may be clearly visible in the
spectrum because the probability of some isotopic combinations can be
negligible.

It is helpful to have frequent isotopic distributions at hand. For some Cly, Br,,
and Cl,Br, combinations these are tabulated in the Appendix. Tables are useful for
the construction of isotopic patterns from “building blocks”. Nevertheless, as visual
information is easier to compare with a plotted spectrum, these patterns are also
shown below (Fig. 3.5). In case of Cl and Br the peaks are always separated from
each other by 2 u, i.e., the isotopic peaks are located at X + 2, 4, 6 and so on.

If there are two bromine or four chlorine atoms contained in the formula, the
isotopic peaks become stronger than the monoisotopic peak, because the second
isotope is of much higher abundance than in case of the '*C isotope.

Quick estimate of Cl and Br patterns

Rapid estimation of the isotopic patterns of chlorine and bromine can be
achieved with good results by using the approximate isotope ratios *>Cl/*’
Cl=3:1and "Br/*'Br = 1: 1. Visual comparison with calculated patterns is
also suitable (Fig. 3.5).

Decision-making help One may want to seek advice on how to distinguish
between those patterns. For example, the patterns of Cl,Br and Cl;Br or of
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Fig. 3.5 Calculated isotopic patterns for combinations of bromine and chlorine. The peak shown
at zero position corresponds to the monoisotopic ion at m/z X. The isotopic peaks are then located
at m/z =X+ 2,4, 6, ... The numerical value of X is given by the mass number of the monoisotopic
combination, e.g., 70 u for Cl,

CL,Br3 and Cl3Br; closely resemble each other. To distinguish such pairs it is
helpful to construct orientation lines between signal peak tips of comparable
intensity. Generally these will decline with one pattern but can be positively
inclined or even close to horizontal in others (Fig. 3.6).

Six bromine patterns united The EI mass spectrum of hexabromobenzene, C¢Brsg,
is particularly illustrative in that it provides the complete series of isotope patterns
from Br, to Brg in a row (Fig. 3.7). The series starts with the molecular ion, [C¢Brg] ™,
and proceeds via [M—Br]" and [M—-Br,]*" down to the signals for [C¢Br]*. This also
shows that such patterns are not rare exceptions but have to be expected in real-
world samples. For practicing purposes, you might want to compare the patterns in
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the spectrum to those in Fig. 3.5. (For explanations on how these numerous ions
come about refer to Chap. 6.)

3.2.5 Combinations of Carbon and Halogens

So far we have treated the X + 1 and the X + 2 elements separately, admittedly a
rather artificial approach. The combination of C, H, N, and O with the halogens F,
CL, Br, and I covers a large fraction of the molecules one usually has to deal with.
When regarding H, O, and N as X elements, which is a valid approximation for not
too large molecules, the construction of isotopic patterns can be conveniently
accomplished. By use of the isotopic abundance tables of the elements or of tables
of frequent combinations of these as provided in this chapter or in the Appendix, the
building blocks can be combined to obtain more complex isotopic patterns.

Construction of an isotopic pattern Let us construct the isotopic pattern of
CyN;Cl; restricting ourselves to the isotopic contributions of C and Cl, i.e., with
N as an X element. Here, the isotopic pattern of chlorine can be expected to be
dominant over that of carbon. First, from the cubic form of Eq. (3.9) the Cl; pattern
is calculated as follows: (0.7578 + 0.2422)* = 0.435 + 0.417 + 0.133 + 0.014 and
after normalization this becomes 100 : 95.9 : 30.7 : 3.3. Of course, using the
tabulated abundances of the Cl; distribution (Appendix) would be faster. The result
is then plotted with 2 u distance, beginning at the nominal mass of the monoisotopic
ion,ie.,9 x 12u+3 x 14 u+ 3 x 35u = 255 u. The contribution of Cy to the
pattern is mainly at X + 1 where we have 9 x 1.1% = 9.9%, whereas its contribu-
tion to X + 2 (0.4%, Appendix) is negligible in this simple estimation. Finally, the
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Fig. 3.7 70-eV EI mass spectrum of hexabromobenzene in the range m/z 100-580. The lower m/z
range is omitted to allow for a clearer presentation of the bromine patterns. The number of
bromines is annotated for convenience. The m/z labels provide accurate mass (Sect. 3.5) and
refer to the most abundant signal of the respective isotope pattern. Watch how and where the
pattern of the doubly charged molecular ion, M?*, is displayed on the m/z scale next to the singly
charged ion with a Brj pattern (inser)

X + 1 contribution of Cy is placed into the gaps of the Cl; pattern each with 9.9%
relative to the preceding peak of the chlorine isotopic distribution (Fig. 3.8).

3.2.6 Polynomial Approach

The polynomial approach is the logical expansion of the binomial approach. It is
useful for the calculation of isotopic distributions of polyisotopic elements or for
formulas composed of several non-monoisotopic elements [22, 23]. In general, the
isotopic distribution of a molecule can be described by a product of polynominals

(a] +ax + a3 + ...)m (b] + by + b3 + )n (Cl +c+c3+ )0 4+ ... (310)

where a1, a,, as etc. represent the individual isotopes of one element, by, b,, bs etc.
represent those of another and so on until all elements are included. The exponents
m, n, o etc. give the number of atoms of these elements as contained in the empirical
formula.

Calculating a complete pattern The complete isotopic distribution of stearic acid
trichloromethylester, C;9H350,Cl; is obtained according to Eq. (3.10) from poly-
nomial expression
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with A, representing the relative abundances of the isotopes involved for each
element. The problem with the calculation of isotopic patterns resides in the
enormous number of terms obtained for larger molecules. Even for this simple
example, the number of terms would be (2)19 X (2)35 X (3)2 X (2)3 =1.297 x 10'%.
The number is dramatically reduced if like terms are combined which describe the
same isotopic composition regardless where the isotopes are located in the mole-
cule. However, manual calculations are prone to become tedious if not impractical;
computer programs now simplify the process [24, 25].

Software-based calculation of C19H350,Cl; isotope pattern Let us apply IsoPro
3.1, a freely available software program, to calculate the isotopic pattern of stearic
acid trichloromethylester, C9H350,Cl;. After entering the composition, it is just a
matter of a mouse click to get the pattern either as a graphical display or as a mass
list (Fig. 3.9). Obviously, the three chlorine atoms are dominating the appearance of
the pattern and it is thus not surprising that the relative intensities are very similar to
what we had in the case of CoN;Cl; (Fig. 3.8).

Knowing your software

Mass spectrometers usually are delivered with the software for calculating
isotopic distributions. Similar programs are also offered as internet-based or
shareware solutions [26, 27]. While such software is readily accessible, it is
still necessary to obtain a thorough understanding of isotopic patterns as a
prerequisite for adequately interpreting mass spectra.
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Fig. 3.9 Results from entering the formula C,9H350,Cl; into IsoPro 3.1 isotopic distribution
calculator [26]. The program provides either a customizable plot (/eft) or a peak list (right). Note
that the list is normalized to 100% as equal to all species and that the m/z values provide accurate
mass (Sect. 3.5)

3.2.7 Oxygen, Silicon, and Sulfur

Oxygen, silicon, and sulfur are polyisotopic elements in the strict sense — oxygen as
'°0, 70, and "0, sulfur as *>S, **S, **S, and *°S, and silicon as **Si, *Si, and *°Si.
The isotopic patterns of sulfur and silicon are by far not as prominent as those of
chlorine and bromine, but still important.

70 (0.038%) and '"*0 (0.205%) are so rare that the occurrence of oxygen
usually cannot be detected from the isotopic pattern in routine spectra because
the experimental error in relative intensities tends to be larger than the contribution
of '80. Therefore, oxygen is frequently treated as an X type element although X + 2
would be a more appropriate but practically rather useless classification. In
oligosaccharides, for instance, a substantial number of oxygen atoms contribute
to the X + 2 signal.

Sulfur can be classified as an X + 2 element as long as only a few sulfur atoms
are present in a molecule. However, the 0.8% contributed by 338 to the X + 1 is
almost comparable to the situation with '>C (1.1% per atom). If the X + 1 peak is
used for estimating the number of carbons present, then for *>S this would cause an
overestimation of the number of carbon atoms by roughly one carbon per sulfur
(Fig. 3.10).

In the case of silicon the *°Si isotope contributes a “mere” 3.4% to the X + 2
signal, and ?°Si even 5.1% to X + 1. So, neglecting 2°Si would cause an overesti-
mation of the carbon number by 5 per Si present, which is unacceptable (Fig. 3.11).



3.2 Calculation of Isotopic Distributions

S,

S

2

0 2 4 6

0

4
4

6

0

2

4

105

6

Fig. 3.10 Calculated isotopic patterns for combinations of elemental sulfur. The peak shown at
zero position corresponds to the monoisotopic ion at m/z X. The isotopic peaks are then located at
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Fig. 3.11 Calculated isotopic patterns for combinations of elemental silicon. The peak shown at
zero position corresponds to the monoisotopic ion at m/z X. The isotopic peaks are then located at

mz=X+1,2,3, ...

Identifying S and Si
The presence of S and Si in a mass spectrum is best revealed by carefully
examining the X + 2 intensity: this signal’s intensity will be too high to be
caused by the contribution of 13C2 alone, even if the number of carbons has
been obtained from X + 1 without prior subtraction of the S or Si contribution.

Isotopic pattern of a thioether The isotopic pattern calculated for ethyl propyl
thioether, CsH,S, with the relative contributions of 338 and "3C to the M + 1 and of
S and '°C, to the M + 2 signal are shown below (Fig. 3.12 and Sect. 6.13). If the
M + 1 peak resulted from B alone, this would rather indicate the presence of
6 carbon atoms, which in turn would imply an M + 2 intensity of only 0.1% instead
of the actually observed 4.6%. Consideration of Si for explaining the isotopic
pattern would still fit the M + 2 intensity, however with relatively low accuracy,
while for M + 1 the situation would be quite different. As >°Si itself demands 5.1%
at M + 1, there would be no or one carbon maximum allowed to explain the

observed M + 1 intensity.
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3.2.8 Polyisotopic Elements

The treatment of polyisotopic elements does not require other techniques as far as
calculation or construction of isotopic patterns are concerned. However, isotopic
patterns can differ largely from what has been considered so far and it is worth

mentioning their peculiarities.

The polyisotopic element tin The presence or absence of tin, a polyisotopic
element, can readily be detected from its characteristic isotopic pattern. For
tetrabutyltin, C;¢H3Sn, the lowest mass isotopic composition is l2C16H36“28n,
340 u. Regarding the 16 carbon atoms, the '*C isotopic abundance is about 17.5%.
This is superimposed on the isotopic pattern of elemental Sn, which becomes
especially obvious at 345 and 347 u (Fig. 3.13). The bars labeled with a tin isotope
alone are almost solely due to *Sn'*C species. Tin neither has an isotope '*'Sn nor
'23Sn, and therefore the contributions at 349 and 351 u must be due to '*°Sn'>C and

1228n"3C, respectively.

3.2.9 Practical Aspects of Isotopic Patterns

The recognition of isotopic patterns bears some potential pitfalls. Particularly, if
signals from compounds differing by two or four hydrogens are superimposed or if
such a superimposition can not a priori be excluded, the observed pattern has to be
stepwise carefully checked to avoid misinterpretation of mass spectral data. When
isotopically labeled compounds are involved similar care also becomes necessary.
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Fig. 3.14 EI mass spectrum of ibuprofen showing some signals that can be misinterpreted as a
bromine isotopic pattern (Adapted with permission. © NIST, 2011)

A clear-cut bromine pattern! Or maybe not? The EI spectrum of ibuprofen
shows some “fake” isotopic patterns. Supposing it to be an unknown, the peak pairs
at m/z 161, 163 and also at m/z 117, 119 could easily be misinterpreted as isotopic
patterns due to bromine, more exactly Br; (Fig. 3.14). However, a closer examina-
tion reveals that both pairs do not have the required intensity ratio of about 100 : 98.
Instead, the peak at m/z 163 is merely at a relative intensity of 89% of m/z 161. In
case of the m/z 117, 119 pair the intensity ratio is even reversed. Also, a look at the
molecular ion peak at m/z 206 reveals that there is no bromine isotopic pattern at all.
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Fig. 3.15 Tribromomethane EI mass spectrum (Adapted with permission. © NIST, 2011)

If bromine was present, it necessarily had to cause the isotopic pattern for the M™
ion, too. The true reason for ions of m/z 163 is loss of C3H;", 43 u, from M*" ions
whereas ions at m/z 161 are due to a loss of COOH’, 45 u. Furthermore, there should
be some peaks by Br" at m/z 79, 81 and by HBr"", m/z 80, 82, which are absent,
however. This case shows us that many patterns that superficially appear to be
clear-cut and straight forward at first sight may require reinterpretation. Relative
intensities need to be compared with tabulated data and all information of a
spectrum needs to be considered.

3.2.10 Bookkeeping with Isotopic Patterns in Mass Spectra

Proving the identity of isotopic patterns requires careful comparison with calculated
patterns. The mass differences must be consistent with the mass of the presumed
neutral losses. In order to hold true, a pattern can only be assigned to signals at or
above the mass given by the sum of all contributing atoms.

In calculating the mass differences between peaks from different isotopic
patterns it is strongly recommended to proceed from the monoisotopic peak of
one group to the monoisotopic peak of the next. Accordingly, the mass difference
obtained also owes to the loss of a monoisotopic fragment. Otherwise, one bears the
risk of erroneously omitting or adding hydrogens in a formula.

Tricky tribromomethane The EI mass spectrum of tribromomethane is dominated
by the bromine isotopic distribution (Fig. 3.15). At first, there is no need to wonder
why tribromomethane fragments like it does upon EI (Sect. 6.1). Let us simply accept
this fragmentation and focus on the isotopic patterns. By referring to Fig. 3.5 one can
identify the patterns of Brs, Br,, and Br. As a matter of fact, the molecular ion must
contain the full number of bromine atoms (m/z 250, 252, 254, 256).

The primary fragment ion due to Br’ loss will then show a Br, pattern (m/z
171, 173, 175). A mass difference of 79 u is calculated between m/z 250 and m/z
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171, owing to "°Br, and thus identifying the process as a loss of Br". Starting from
the CH”’Br,*'Br isotopic ion at m/z 252 would yield the same information if *'Br
was used for the calculation. Here, "*Br would wrongly indicate loss of H,Br.

Subsequent elimination of HBr leads to CBr* at m/z 91, 93. Alternatively, the
molecular ion can eliminate Br, to form CHBr™, m/z 92, 94, overlapping with the
m/z 91, 93 doublet, or it may lose CHBr to yield Br,*", causing the peaks at m/z
158, 160, 162. The peaks at m/z 79, 81 are due to Br* and those at m/z 80, 82 result
from HBr"™" formed by CBr; loss from the molecular ion.

3.2.11 Information from Complex Isotopic Patterns

If the isotopic distribution is very broad and/or there are elements encountered that
have a lowest mass isotope of very low abundance, recognition of the monoisotopic
peak would become rather uncertain. However, there are ways to cope with that
situation.

Find a checkpoint The ''*Sn isotopic peak of tin compounds can easily be
overlooked or simply could be superimposed by background signals (Fig. 3.13).
Here, one should identify the '°Sn peak from its unique position within the
characteristic pattern before screening the spectrum for Sn patterns from peak to
peak. For all other elements contained in the respective ions still the lowest mass
isotope would be used in calculations.

Assign a marker isotope Ruthenium exhibits a wide isotopic distribution of
which the '"?Ru isotope can be used as a marker during assignment of mass
differences. Moreover, the strong isotopic fingerprint of Ru makes it easily detect-
able from mass spectra and even compensates for a lack of information resulting
from moderate mass accuracy (Fig. 3.16).

Refer to an abundant isotope

If the isotopic distribution is broad and/or there are elements encountered that
have a lowest mass isotope of very low abundance, it is recommended to base
calculations on the most abundant isotope of the respective element.

3.2.12 Systematic Approach to Reading Isotopic Patterns

Most mass spectra exhibit some sort of isotopic pattern. Especially those of organic
molecules never come without at least a contribution from '*C. It is thus good
practice to carefully examine mass spectra for isotopic patterns, some of which may
be obvious like those of Br and Cl, while others can be less apparent like those from
Si, S, or Li, for example. When starting to interpret a mass spectrum, you are well
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Fig. 3.16 Ruthenium carbonyl porphyrin complex — calculated and experimental isotopic pattern
(FD-MS, cf. Sect. 8.6). The isotopic pattern supports the presumed molecular composition. The
labeled peak corresponds to the '*Ru-containing ion (Adapted from Ref. [28] with permission.
© IM Publications, 1997)

advised to begin by carefully looking for isotopic patterns. A guideline is provided
below (Fig. 3.17).

3.3  Isotopic Enrichment and Isotopic Labeling
3.3.1 Isotopic Enrichment

If the abundance of a particular nuclide is higher than the natural level in an ion, the
term isotopically enriched ion is used to describe any ion enriched in the isotope
[4]. The degree of isotopic enrichment is best determined by mass spectrometry.

Fullerenes enriched in '*C Isotopic enrichment is a standard means to enhance
the response of an analyte in nuclear magnetic resonance (NMR). Such measures
gain importance if extremely low solubility is combined with a large number of
carbons, as is often the case with [60]fullerene compounds [29]. The molecular ion
signals, M*", of Cg, with natural isotopic abundance and of 13C—enriched Ceo are
shown below (Fig. 3.18); for EI-MS of [60]fullerenes cf. Refs. [30-32]). From these
mass spectra, the 13C enrichment can be determined by use of Eq. (3.2). For C¢q of
natural isotopic abundance we obtain M,ceo = 60 x 12.0108 u = 720.65 u. Applying
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Eq. (3.2) to the isotopically enriched compound yields M;3c.ce0 =
(35 x 720 + 65 x 721 + 98 x 722 + 100 x 723 + 99 x 724 + 93 x 725 + ...)
u/(35+65+98+ 100 +99 + 93 +...) = 724.10 u. (Integer mass and intensity values
are used here for clarity.) This result is equivalent to an average content of 4.1 '*C
atoms per [60]fullerene molecule which on the average means 3.45 '*C atoms more
than the natural content of 0.65 '*C atoms per molecule.

3.3.2 Isotopic Labeling

If the abundance of a particular nuclide is higher than the natural level at one or
more (specific) positions within an ion, the term isotopically labeled ion is used to
describe such an ion. Among other applications, isotopic labeling is used in order to
track metabolic pathways, to serve as internal standard for quantitative analysis, or
to elucidate fragmentation mechanisms of ions in the gas phase. In mass spectrom-
etry, the nonradiating isotopes “H (deuterium, D), '*C, and '®O are preferably
employed and thus, a rich methodology to incorporate isotopic labels has been
developed [33]. Isotopic labeling is rather a mass spectrometric research tool [34]
than mass spectrometry being a tool to control the quality of isotopic labeling. As a
result, isotopic labeling is used in many applications; examples are given through-
out the book.

3.4 Resolution and Resolving Power
3.4.1 Definitions

So far, we have taken for granted that mass spectra separate isotopic patterns; now
we want to quantify this degree of separation. The separation observed in a mass
spectrum is termed mass resolution, R, or simply resolution [35]. Mass resolution is
given as the smallest difference in mi/z , i.e., A(m/z) that can be separated for a given
signal, i.e., at a given m/z value:

_m _ m/z
Am  A(m/z)

(3.11)

Accordingly resolution is dimensionless. The ability of an instrument to resolve
neighboring peaks is called its mass resolving power or simply resolving power. It
is obtained from the peak width at a specific percentage of the peak height
expressed as a function of mass [4, 35].

Two neighboring peaks are assumed to be sufficiently separated when the valley
separating their maxima has decreased to 10% of their intensity. Hence, this is
known as 10% valley definition of resolution, Ryq,. The 10% valley conditions are
fulfilled if the peak width at 5% relative height equals the mass difference of the
corresponding ions, because then the 5% contribution of each peak to the same
point of the m/z axis adds up to 10% (Fig. 3.19).
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Fig. 3.19 The 10% valley
and full width at half
maximum (FWHM)
definitions of resolution. Peak
heights are not to scale FWHM —

5%~

—| Am |=

With the advent of linear quadrupole analyzers the full width at half maximum
(FWHM) definition of resolution became widespread especially among instruments
manufacturers. It is also commonly used for time-of-flight and quadrupole ion trap
mass analyzers. With Gaussian peak shapes, the ratio of Rgwpm to R1og, is 1.8. The
resolution for a pair of peaks at different m/z and its practical implications are
illustrated below (Fig. 3.20).

Resolution affects spectrum of residual air The changes in the electron ioniza-
tion spectra of residual air nicely show the effect of higher resolution (Fig. 3.21).
Setting R = 1000 yields a peak width of 0.028 u for the signal at m/z 28. An increase
to R = 7000 perfectly separates the minor contribution of CO™, m/z 27.995, from the
predominating N, at m/z 28.006 (The CO" ion rather results from fragmenting
CO," ions than from carbon monoxide in laboratory air.)

LR and HR

The attributive low resolution (LR) is generally used to describe spectra
obtained at R < 3000. High resolution (HR) is appropriate for R > 5000.
However, there is no exact definition of these terms.

3.4.2 Resolution and Its Experimental Determination

In principle, resolution is always determined from the peak width of some signal at
a certain relative height and therefore, any peak can serve this purpose. As the exact
determination of a peak width is not always easy to perform, certain doublets of
known Am are being used.

The minimum resolution to separate CO* from N,*" is 28/0.011 ~ 2500. The
doublet from the pyridine molecular ion, CsHsN*", m/z 79.0422, and from the first
isotopic peak of the benzene molecular ion, "?*CCsHg"", m/z 79.0503, necessitates
R = 9750 to be separated. Finally, the doublet composed of the first isotopic ion of
[M—CH;]*" from xylene, '*CC¢H;*, m/z 92.0581, and toluene molecular ion,
C,Hg*", m/z 92.0626, requires R = 20,600 for separation (Fig. 3.22).
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Fig. 3.20 Simulated signals of simplified triangular shape at m/z 50, 500, and 1000 as obtained at
R = 500. At m/z 1000 the peak maxima shift towards each other due to superimposing peaks; this
also approximates the result of Rgwyy = 900

Report resolution rounded

There is no need to use a more accurate value of m/z than nominal and
likewise, there is no use of reporting R = 2522.52 exactly as obtained for
the CO*/N,*" pair. It is fully sufficient to know that setting R = 3000 is
sufficient for one specific task or that R = 10,000 is suitable for another.

With magnetic sector instruments a resolving power of up to R = 10,000 can
routinely be employed, even R = 15,000. In practice, those instruments are rarely
adjusted to resolve beyond R = 10,000, e.g., only when interferences of ions of the
same nominal m/z need to be excluded. With an instrument in perfect condition, it is
possible to achieve higher resolving power; typically they are specified to deliver
about R ~ 60,000 (on intensive peaks).

3.4.3 Resolving Power and Its Effect on Relative Peak Intensity

Increasing resolution does not affect the relative intensities of the peaks, i.e., the
intensity ratios for m/z 28 : 32 : 40 : 44 in the spectrum of air generally remain
constant (Fig. 3.22). However, increased settings of resolving power are often
obtained at the cost of transmission of the mass analyzer, thereby reducing the
absolute signal intensity. Accordingly, isotopic patterns are not affected by increas-
ing resolution up to R ~ 10,000; beyond, there can be changes in isotopic patterns
due to the separation of different isotopic species of the same nominal mass (Sect.
3.7).
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Fig. 3.21 EI mass spectra of residual air (a) at R = 1000 and (b) at R = 7000. The relative

intensities are not affected by different resolution. The decimal digits of the mass labels indicate
achievable mass accuracies under the respective conditions

3.5 Accurate Mass

The section on high resolution (HR) already anticipated accurate mass to a certain
extent. In fact, HR and accurate mass measurements are closely related and depend
on each other, because mass accuracy tends to improve as peak resolution is



116 3 Isotopic Composition and Accurate Mass

92.1 92.061 92.0626
— |~ 0.0045u
£ |
© 92.0581
0.09u 0.009 u m
ey S— ; s “-‘-'J ausebmishe Lm_wﬁ_r miz
R = 1000 R =10.000 R =20.000

Fig. 3.22 The m/z 92 peak from a mixture of xylene and toluene at different resolving power.
At R = 10,000 some separation of the lower mass ion can already be presumed from a slight
asymmetry of the peak. R = 20,600 is needed to fully separate 13CCeH,*, m/z 92.0581, from C;Hg",
m/z 92.0626. The m/z scale is the same for all of the signals

improved. Nevertheless, they should not be confused, as performing a measurement
at high resolution alone does not equally imply measuring the accurate mass. High
resolution separates adjacent signals, accurate mass can deliver molecular formulas
[36-38].

Until the early 1980s, accurate mass measurements were nearly restricted to
electron ionization, and for a while, the technique even seemed to become aban-
doned. New options available through FT-ICR instrumentation then revived the
value of accurate mass measurements. The newly developed Orbitrap and a new
generation of 0aTOF analyzers contributed to an increased demand for accurate
mass data. Nowadays, formula elucidation can be performed using any ionization
method [39], their widespread application thus demanding a thorough understand-
ing of their potential and limitations [37].

3.5.1 Exact Mass and Molecular Formulas

Let us briefly summarize some important definitions and terms related to ionic
mass:

e The isotopic mass is the exact mass of an isotope.

« The isotopic mass is very close but not equal to the nominal mass of that isotope.

e The calculated exact mass of a molecule or of a monoisotopic ion equals its
monoisotopic mass.

« The definition of our mass scale will imply that the isotope '“C represents the
only exception from non-integer isotopic mass.
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As a consequence of these individual non-integer isotopic masses, no combina-
tion of elements in a molecular or ionic formula has the same calculated exact mass,
or simply exact mass as it is often referred to, as any other one [40]. In other words,
any elemental composition has its unique exact mass. Infinite accuracy provided,
any formula can be identified by the accurate mass of the ions.

Isobaric ions of m/z 28 The molecular ions of nitrogen, N,**, carbon monoxide,
CO™, and ethene, C,H,*", have the same nominal mass of 28 u, i.e., they are
so-called isobaric ions. The isotopic masses of the most abundant isotopes of
hydrogen, carbon, nitrogen, and oxygen are 1.007825 u, 12.000000 u, 14.003074
u, and 15.994915 u, respectively. Thus, the calculated ionic masses are 28.00559 u
for N,**,27.99437 u for CO*", and 28.03075 u for C,H,™". This means they differ by
several 107> u, and none of these isobaric ions has precisely 28.00000 u (Sects.
3.1.5 and 6.10.6).

The “mmu”

Historically, 1073 u was referred to as 1 millimass unit (mmu). There is still
some use of mmu in the MS community because of its convenience in dealing
with small differences in mass. However, using the SI prefix m for milli, the
correct way of writing 10> u would be as 1 mu or 1 mDa (non IUPAC).

3.5.2 Relativistic Mass Defect

Mass—energy equivalence is a key postulate of Einstein’s theory of relativity as
expressed by his famous eq. E = mc?. It describes the conversion of mass into
energy during nucleation. The binding energy per nucleon steeply increases along
the mass numbers from H to its maximum around *°Fe and then decreases again
somewhat up to **U (Fig. 3.23). Translation into isotopic mass reveals that mass is
by some 10> u above the nominal value for light elements (‘H, “He, "Li, ''B, "N),
while being some 1072 u (*F) to almost 107! u (**’I) below that for heavier
elements [38]. This also complies with the fact that the radioactive isotopes of
thorium and uranium have isotopic masses above the nominal value, thus reflecting
their comparatively unstable nuclei (Appendix).

3.5.3 Role of Mass Defect in Mass Spectrometry

The term mass defect, mgegect, 1 defined as the difference between integer mass,
Mpominal, ANd €Xact mass, My i, and is used to describe this deviation [6].

Mdefect = Mnominal — Mexact (3 12)
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Fig. 3.23 Plot of binding 0 T .
energy per nucleon vs. mass
number (Reproduced from
Ref. [1] by permission.

© John Wiley & Sons, 1992)
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Application of this concept leads to positive and negative mass defects. The
hydrogen atom, for example, has a negative mass defect, mgefecy = —7.825 X 1073
u. In addition, the assumption that things appearing to be “defective” are associated
with certain isotopic masses can be misleading. The mass defect was unveiled by
Aston [2, 3] who already had discovered 212 of the total 287 stable isotopes.
Obviously, the deviation of exact mass from nominal mass can be either to the
higher or lower side, depending on the isotopes encountered. While the issue itself
is easy to understand, the current terminology here can be somewhat deceptive.

The term mass deficiency better describes the fact that the exact mass of an
isotope or a complete molecule is lower than the corresponding nominal mass. In
case of 16O, for example, the isotopic mass is 15.994915 u, being 5.085 x 103 u
deficient as compared to the nominal value (Mgefecco = 5.085 X 1072 u). Most
isotopes are more or less mass deficient with a tendency towards larger mass defect
for the heavier isotopes, e.g., M3sc; = 34.96885 u (—3.115 x 1072 u) and
M7 = 129.90447 u (—9.553 x 102 u).

Among the elements frequently encountered in mass spectrometry, only H, He,
Li, Be, B, and N exhibit isotopic masses larger than their nominal value. Among the
isotopes with negative mass defect, 'H is the most important one, because each
hydrogen adds 7.825 x 10~ u. Thereby, it significantly contributes to the mass of
larger hydrocarbon molecules [41]. In general, the ubiquitous occurrence of hydro-
gen in organic molecules causes most of them to exhibit considerable negative mass
defects, which again decreases with the number of mass-deficient isotopes, e.g.,
from halogens, oxygen, or metals.

Mass deficiency as first indication Plotting the deviations from nominal mass of
different oligomers as a function of nominal mass, one finds only pure carbon
molecules (such as fullerenes) to be located on the x-axis. Hydrocarbons, due to
their large number of hydrogens, receive roughly 1 u from negative mass defect per
1000 u in molecular mass. Halogenated oligomers, on the other hand, are more or
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Fig. 3.24 Deviation from nominal mass for some oligomers as a function of nominal mass. PE
polyethylene, PEG polyethyleneglycol, PTFE polytetrafluoroethylene, PVC polyvinylchloride

less mass deficient and those oligomers containing some oxygen are located in
between (Fig. 3.24).

Limits of nominal mass

The use of nominal mass is limited to the low mass range. Above about
400-500 u the first decimal of isotopic mass can be larger than 0.5 causing it
to be rounded up, e.g., to 501 u instead of the expected value of 500 u. This, in
turn, will lead to severe misinterpretation of a mass spectrum (Chap. 6). One
should write m/z values above m/z 400 with at least one decimal, e.g., as m/z
474.5 for [C34H66]+.~

3.5.4 Mass Accuracy

The absolute mass accuracy, A(m/z), is defined as the difference between measured
accurate mass and calculated exact mass:

A(m/z) = m/zexperimental - m/anlcu]ated (3 13)

Instead of stating the absolute mass accuracy in units of u, it can also be given as
relative mass accuracy, dm/m, i.e., absolute mass accuracy divided by the mass it is
determined for:


http://dx.doi.org/10.1007/978-3-319-54398-7_6
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dm/m = A(m/z)/(m/z) (3.14)

The relative mass accuracy, dm/m, is normally given in parts per million (ppm).
As mass spectrometers tend to have similar absolute mass accuracies over a
comparatively wide range, absolute mass accuracy represents a more meaningful
way of stating mass accuracies than the use of ppm.

Use of ppm and ppb

Part per million (1 ppm = 10~°) is simply a relative measure as are percent
(%) or permill (parts per thousand, %o). In addition, parts per billion
(1 ppb = 107, and parts per trillion (1 ppt = 10~ '?) are in use.

Accuracy or just the impression thereof A magnetic sector mass spectrometer
allows for an absolute mass accuracy of A(m/z) = 0.002-0.005 u in scanning mode
over a range of about m/z 50-1500. At m/z 1200 an error of A(m/z) = 0.003 u
corresponds to inconspicuous dm/m = 2.5 ppm, whereas the same error yields
60 ppm at m/z 50, which appears to be unacceptably high.

3.5.5 Accuracy and Precision

The concepts of accuracy and precision can best be illustrated using the analogy to
a target where the center represents the true value of some physical quantity
[42]. Accuracy describes the deviation of the experimental value from the true
value, which normally is rather an accepted reference value than a “true” one in the
strict sense. Accuracy is high (A+ in Fig. 3.25) if the values from several
measurements are close to the reference value. Accuracy depends on systematic
errors of an experiment. Precision describes the deviation within a group of
determinations and it is high (P+ in Fig. 3.25) if the values from several
measurements are in close proximity to but not necessarily identical with the
reference value. Precision is an expression of random error, e.g., as introduced by
noise, variation in injection volumes or times. Repeatability and reproducibility are
two aspects of precision. Repeatability is connected to the repetition of the same
measurement on the same setup within a short time frame while reproducibility is
related to long term stability of a setup and inter-platform or inter-operator effects.
Suitable statistical evaluation of a widespread dataset can result in an accurate
determination of a quantity at the cost of lower precision (P— A?), e.g., root-mean-
square deviation (Sect. 3.6.4) [43, 44].
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Fig. 3.25 Precision (P) and accuracy (A), along with seven hits on a target

3.5.6 Mass Accuracy and the Determination of Molecular Formulas

Assuming infinite mass accuracy, we should be able to identify the molecular
formula of any ion merely on the basis of its exact mass — the emphasis is on
infinite mass accuracy (Sect. 3.5.1). In reality we are dealing with errors in the order
of one to several ppm depending on the type of instrument and the mode of its
operation.

Number of formulas to be considered The number of possible even-electron
ionic formulas based on an unrestricted selection among the elements C, H, N, and
O as a function of relative mass error strongly depends on the m/z value of the ion.
Here, the formulas proposed for the measured signals from [(arginine);_s + H]*
cluster ions, m/z 175.1189, 349.2309, 523.3427, 697.4548, and 871.5666 were
counted for different relative mass error. While the lowest-mass ion is undoubtedly
identified up to 5 ppm, the second ion is only unambiguously identified up to 2 ppm
(Fig. 3.26). Allowing sulfur (Sq_;) in addition would already result in 18 rather than
the 7 hits shown for the [(arginine)s; + H]* ion, m/z 523.3427, at 2 ppm error. Taking
also odd-electron ions into account would contribute another 15 compositions to
this selection. In case of the [(arginine)s + H]" ion, m/z 871.5666, the number of C,
H, N, O hits reaches 26 at 1 ppm error and even 232 at 10 ppm.

Unequivocal formula assignment by accurate mass alone only works in a range
up to about m/z 500 depending on the particular restrictions [45]. Obviously, for
ions of larger m/z the number of hits rapidly increases beyond a reasonable limit.
Even at a high mass accuracy of 1 ppm and with the particular case of peptides the
elemental composition can only be unambiguously identified up to about 800 u [46—
48]. Determining the formula of a peptide among all natural peptide compositions
possible at m/z 1005.4433 requires dm/m = 0.1 ppm [49].

The situation becomes more complicated as more elements and fewer limitations
of their number must be taken into account. In practice, one must try to restrict
oneself to certain elements and a maximum and/or minimum number of certain
isotopes to assure a high degree of confidence in the assignment of formulas.
Isotopic patterns provide a prime source of such additional information. Combining
the information from accurate mass data and experimental peak intensities with
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Fig. 3.26 Number of possible even-electron ionic formulas based on a free selection among the
elements C, H, N, O as a function of relative mass error vs. m/z. The data points correspond to

[(arginine);_s + H]" cluster ions, m/z 175.1189, 349.2309, 523.3427, 697.4548, and 871.5666. The
lines are meant as visual guides

calculated isotopic patterns allows to significantly reduce the number of potential
elemental compositions of a particular ion [50, 51].

3.5.7 Extreme Mass Accuracy: Special Considerations

Even when we have determined a molecular formula, it does not tell us much about
the structure of the molecule. According to the mass—energy equivalence
(1u=931.5 MeV), a mass accuracy of 1 ppm (8m/m = 10~°) roughly corresponds
to an energy of 100 keV if an ion of m/z 100 is considered. A mass accuracy of
1 ppb (m/m = 10~°) still corresponds to an energy of 100 eV, and thus, 1 ppt
(&m/m = 10~'%) would be required to approach energy differences of 0.1 eV, i.e.,
between isomers. Obviously, isomers are (almost) perfect isobars [52]. Nonetheless,
it is worth noting that physicist are approaching 10 ppt, at least in the case of single
atomic species (Fig. 3.27).



3.6 Applied High-Resolution Mass Spectrometry 123

103 s T x ) . 1 > L) ' ) ¥ ) o 1 &
10'] “~ .0 28S| 1
10° i - mass ]
E ] 2 spectrometer ol 1
£ 10 mass T reactions 1
.'E:,'- spectrograph e . —— p ]

£ 10" Tants enning traps
= 107 . — " 2 e e 1
=i radiofrequency ~1 O ¢ ]
8 10% - ¢ 1
g spectrometer "~ Nion cloud
9 . 0

7 104 o 1
&, <0 ~hae
= 107 ® P __.!
9
10" YT
single ion }

1012 X T 3 ) % 1 J L) L ) 4 ) L7 1 i

1930 1940 1950 1960 1970 1980 1990 2000 2010
year

Fig. 3.27 Relative mass uncertainty Sm/m for *Si as a function of time. The most accurate mass
of %8Si so far is Mmgsiy = 27.876926534 96(62) u corresponding to an uncertainty of 0.2 ppt. The
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3.6 Applied High-Resolution Mass Spectrometry

Generally, high-resolution mass spectrometry (HR-MS) aims to achieve both high
mass resolution and high mass accuracy. These quantities have been introduced
without considering the means by which they can be measured. The key to this
problem is mass calibration. Resolution alone can separate ions with m/z in close
proximity, but it does not automatically reveal where on the m/z axis the respective
signals are located. This section deals with the techniques for establishing accurate
mass data and their analytical evaluation [36, 37].

3.6.1 Mass Calibration

All mass spectrometers require mass calibration before they are put to use. How-
ever, proper procedures and the number of required calibration points may largely
differ between different types of mass analyzers. Typically, a robust mass calibra-
tion necessitates several peaks of well-known mi/z values evenly distributed over the
mass range of interest. These are supplied from a well-known mass calibration
compound or mass reference compound.
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3.6.1.1 Compiling Mass Reference Lists

A mass reference list can be compiled once the mass spectrum of a calibration
standard is known and the elemental composition of the ions that are to be included
in the mass reference list are established by an independent measurement. For this
purpose, the listed reference masses should be calculated down to six decimals.
Otherwise, one runs a chance of obtaining erroneous reference values, especially
when masses of ion series are calculated by multiplication of a subunit. This can
easily be done using conventional spreadsheet applications.

Cluster ions as mass reference Cluster ions are frequently employed for mass
calibration as they provide series of ions that are equidistant on the m/z axis [53—
58]. For example, CsI and Cslj, respectively, can be used for mass calibration in
fast atom bombardment (FAB, Chap. 10) and matrix-assisted laser desorption/
ionization (MALDI, Chap. 11) mass spectrometry because they yield cluster ions
of the general formula [Cs(Csl),]" in positive-ion and [I(CsI),]” in negative-
ion mode.

3.6.2 Performing an External Mass Calibration

Mass calibration is performed by recording a mass spectrum of the calibration
compound and subsequent correlation of experimental m/z values to the mass
reference list [37, 59, 60]. Usually, this conversion of the mass reference list to a
calibration is accomplished by the mass spectrometer’s software. Thus, the mass
spectrum is recalibrated by interpolation of the m/z scale between the assigned
calibration peaks to obtain the best match. The mass calibration obtained may then
be stored in a calibration file and used for future measurements without the
presence of a calibration compound. This procedure is termed external mass
calibration.

The numerous ionization methods and mass analyzers in use have created a
demand for a large number of calibration compounds to suit their specific needs.
Therefore, mass calibration will variously be addressed at the end of the chapters on
ionization methods.

Classical standard PFK Perfluorokerosene (PFK) is a well-established mass
calibration standard in electron ionization. It provides evenly spaced C,F," frag-
ment ions over a wide mass range (Figs. 3.28 and 3.29). The major ions are all mass
deficient, with CHF,*, m/z 51.0046, being the only exception. PFK mixtures are
available from low-boiling to high-boiling grades which may be used up to m/z
700-1100. Apart from the highest boiling grades, PFK is suitable to be introduced
by the reference inlet (Sect. 5.2.1), a property making it very attractive for internal
calibration as well.

Calibration with perfluorotributylamine Perfluorotributylamine (PFTBA, also
termed FC-43), is another frequently used calibrant in EI-MS. This single
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Fig. 3.28 Perfluorokerosene, PFK: partial 70-eV EI mass spectrum. The peaks are evenly
distributed over a wide m/z range. Also, peaks from residual air occur in the low m/z range

No. STD-m/z Int . Pos.
1 1.0078 0.0
2 4.0026 0.0 0
calculated m/z 3 18.0106 1.1 155289
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. . 457947
7 43.9898 0.0 0/
51 .0046 4.4 578153
9 68.9952 100.0 749596
10 92 . 9952 3.1 947601
11 99 . 9936 8.9 1000568
12 118.9920 45.4 1136056
13 130.9920 46.5 1216350
14 142 . 9920 3.8 1293209
15 154 . 9920 2.8 1367064
16 168.9888 40.6 1449851
17 180.9888 36.1 1518276
18 192. 9888 r.2 1584564 assigned value of
et ; 19 204 . 9888 4.3 1648914
relative intensity 20 218.9888 21.5 1721755 magnet current
of peaks 21 230 . 9856 22 .2 1782476 in arbitrary units
42 . 9856 11.0 1841691 /
23 254 . 98 4.2 1899529
24 268 . 9824 10.9 1965392
25 280 .9824 18.4 2020563
26 292 .9824 9.5 2074630
27 304 . 9824 3.7 2127653
28 318.9792 5.8 2188219
29 330.9792 12.6 2239166
30 342 . 9792 7.5 2289210
31 354 .9792 3.1 2338447
32 366 . 9792 2.2 2386888
33 380 . 9760 10.1 2442422
34 392 . 9760 5.8 2489260
35 404 . 9760 4.0 2535438

Fig. 3.29 Reproduction of a partial PFK calibration table (m/z 1-305 range) of a magnetic sector
instrument. In order to expand the PFK reference peak list to the low m/z range, 'H, *He, and peaks
from residual air are included, but for intensity reasons H, 4He, and CO; have not been assigned in
this particular case
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Fig. 3.30 EI mass spectrum of PFTBA with the composition of the most significant reference
ions assigned. The calibration has already been performed, and thus, the m/z values are accurate

compound yields peaks up to m/z 614 [44, 60]. Like PFK, PFTBA is admitted via
the reference inlet. The spectrum of PFTBA shows a reasonable number of peaks to
be used for mass calibration (Fig. 3.30). How many of them are actually being used
depends on the mass reference list. Also, the operator will normally check the
automated assignment of reference peaks and may remove outliers. Such outliers
are often due to overlap with background or sample peaks, e.g., in case of internal
calibration (next paragraph). Their deletion can substantially improve the final
calibration curve in that it reduces the average mass error of the calibration points,
i.e., this measure reduces the standard deviation of the curve. While calibration
curves can in principle be straight lines, actual instrument characteristics are often
better approximated by using higher-order polynomials to fit the data. For example,
based on the same spectrum of PFTBA a 3rd-order polynomial calibration yielded a
gently bent curve (Fig. 3.31a). Among 19 assigned peaks, three outliers were
identified and deleted. Repetition of the calibration using the corrected set of
16 peaks and a 4th-order polynomial (Fig. 3.31b) resulted in a notable reduction
of average error.

3.6.2.1 Mass Accuracy Depends on Many Variables

Mass accuracy strongly depends on various parameters such as resolving power,
scan rate, scanning method, signal-to-noise ratio of the peaks, peak shapes, overlap
of isotopic peaks at same nominal mass, mass difference between adjacent refer-
ence peaks, calibration method etc. For instance, there is a marked effect of ion
statistics on mass accuracy (Fig. 3.32). While peaks based on 10° to 10° ions yield
results in a 1-5 ppm window, losses in accuracy occur due to Coulombic repulsion
above 10° ions and due to poor ion statistics below 10° ions. Even though
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Fig. 3.31 Calibrations based on PFTBA. (a) 3rd-order polynomial calibration yields a gently bent
curve. Three outliers (red) were identified and deleted. (b) Repetition of calibration using the
corrected set of peaks and a 4th-order polynomial. Upon these measures, the correlation
coefficients improve from the order of 10> to 10~°. Figure composed of screenshots of JEOL
AccuTOF GCx calibration software

determined for a specific Agilent GC-Q-TOF mass spectrometer, the basic
characteristics of this graph can be assumed to be representative for most
instruments.

It is also not possible to specify a general level of mass accuracy with external
calibration. Depending on the type of mass analyzer and on the frequency of
recalibration (monthly, weekly, daily, per sample), mass accuracy can vary from
mediocre 0.5 u to perfect 107> u.
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Fig. 3.32 Dependence of mass accuracy versus ion statistics as determined of a GC-Q-TOF
instrument (Reproduced with kind permission of Bill Russ, Agilent Technologies)

3.6.3 Internal Mass Calibration

In principle, highest mass accuracy is achieved via internal mass calibration. The
calibration compound can be introduced from a second inlet system or be mixed with
the analyte prior to analysis. Mixing calibration compounds with the analyte requires
some operational skills in order for it not to modify the analyte or to be modified itself.
Therefore, a separate inlet for introducing the calibration compound is preferred. This
can be done by introducing volatile standards such as PFK from a reference inlet system
in electron ionization, by use of a dual-target probe in fast atom bombardment, or by
use of a second sprayer in electrospray ionization. Internal mass calibration typically
affords mass accuracies in the order of 0.1-0.5 ppm with FT-ICR, 0.5-1 ppm with
Orbitrap, 0.5-5 ppm with magnetic sector, and 1-10 ppm with time-of-flight analyzers.

Overlap of PFK and sample For zirconium complexes the molecular ion range of
an HR-EI spectrum is typified by the isotopic pattern of zirconium and chlorine
(Fig. 3.33). *°Zr represents the most abundant zirconium isotope which is
accompanied by 91er, QZZr, 94Zr, and 96Zr, all of them having considerable
abundances. If the peak at m/z 414.9223 represents the monoisotopic ion, then the
elemental composition containing *°Zr and *>Cl is the only correct interpretation.
Thus, the formula C;gH4NCl3Zr can be identified from the composition list
(Fig. 3.34). Next, the X + 2 and X + 4 compositions should mainly be due to *°Cl,
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414.9223
1 418.9188
1 PFK
416.9760
S /
E
o | 420.9207
PFK ‘
| e |‘
1 . | . | ! |I
| A I | N PAN A JI_ . I\ J‘L JU'.

415 416 417 418 419 420 421 422 m/z

Fig. 3.33 Partial high-resolution EI mass spectrum in the molecular ion region of a zirconium
complex. At R = 8000 the PFK ion can barely be separated from the slightly more mass-deficient
analyte ion (By courtesy of M. Enders, Heidelberg University)

37C1 and *>Cls;Cl,, respectively, leading to their identification. All formulas must
have a remainder of C;gH 4N in common. In this example, R = 8000 is the
minimum to separate the PFK reference peak at m/z 417 from that of the analyte.
Otherwise, the mass assignment would have been wrong because the peak at mi/z
417 would then be centered at a weighted mass average of its two contributors.
Alternatively, such a peak may be omitted from both reference list and composition
list.

3.6.4 Specification of Mass Accuracy

Measured accurate masses, when used to assign molecular formulas, should always
be accompanied by their mass accuracies [61]. Ideally, this can be done by giving
the mean mass value and the corresponding error in terms of standard deviation
through several repeated measurements of the same ion [44]. This is definitely not
identical to the error usually provided with a mass spectrometer’s software, where
the error is based on the difference of a single pair of calculated and measured
values. The reduction of the average mass error goes with the square root of the
number of determinations (Sect. 3.5.4) [43].

Identifying the [M-CI]® ion of chloroform The [M-CI|" ion, [CHCI,],
represents the base peak in the EI spectrum of chloroform. The results of three
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Inlet : Direct Ion Mode : EI+

RT : 1.94 min Scan#: S

Elements : C 40/0, H 40/0, N 2/0, C1 3/0(35Cl 3/0, 37Cl 3/0), Zr 1/0
Mass Tolerance : Smmu

Unsaturation (U.S.) : 0.0 - 100.0
Observed m/z Int% Err(ppm / mmu] U.S. Composition
414 .9223 T B -0.4 / -0.2 22.5 C23 H2 N2 35C1 37C1 2
——>» -3.9/ -1.6 10.0 C 16 H 14 N 35C1 3 Zr
-15.3 / -6.3 15.0 C 19 H 11 N 35C1 37Cl Zr
-0.8 / -0.3 15.5 C 20 H 11 37Cl1 2 Zr
416.9169 8.9 -6.2 / -2.6 22.5 C23 H2N2 37C1 3
+3.1/ +1.3 28.0 C 26 HN Z2r
—_—> -9.7 / -4.0 10.0 C 16 H 14 N 35Cl1 2 37Cl Zr
+9.1 / +3.8 15.5 C 18 H 9N 2 37Cl 2 Zr
+4.8 / +2.0 10.5 C 17 H 14 35Cl1 37Cl 2 Zr
418.9188 7.5 -8.2 / -3.4 24.5 C 26 H 2 35C1 3
+0.2 / +0.1 27.5 C25 HN 2 Zr
-4.2 / -1.7 22.5 C 24 H 6 35Cl Zr
—> +1.8 / +0.8 10.0 C 16 H 14 N 35Cl1 37C1 2 Zr

Fig. 3.34 Possible elemental compositions of the zirconium complex shown in the preceding
figure. The error for each proposal is listed in units of ppm and “mmu” (0.001 u). U.S. =
“unsaturation”, i.e., the number of rings and/or double bonds (Sect. 6.4.4). For simplicity, here
the correct assignments are highlighted with an arrow (By courtesy of M. Enders, Heidelberg
University)

subsequent determinations for the major peaks of the isotopic pattern are listed
below (Fig. 3.35). The typical printout of a mass spectrometer’s data system
provides experimental accurate mass and relative intensity of the signal along
with absolute and relative mass error as calculated for a set of suggested formulas.
Here, the experimentally accurate mass values yield a root-mean-square of
82.9442 =+ 0.0006 u for the ['*CH?Cl,]* ion. The comparatively small standard
deviation of 0.0006 u corresponds to a relative error of 7.5 ppm.

Balanced settings for best results

There is always a trade-off between resolving power, signal intensity, and
mass accuracy. Mass accuracy may even suffer from overly ambitious
settings of resolving power if this ends up in causing noisy peaks. Often,
centroids are determined more accurately from smooth and symmetrically
shaped peaks at somewhat lower resolving power. One should be aware of the
fact that the position of a peak of 0.1 u width, for example, has to be
determined to /s, of its width to obtain 0.002 u accuracy [36].
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[ Elemental Composition ]

Data : JMS18120 0039 Date : 14-May-2002 08:20

Sample: CHC13

Elements : C 10/1(12C 10/0, 13C 1/0), H 10/0, Cl 4/0(35CLl 4/0, 37Cl 4/0)
Mass Tolerance : 10mmu

Unsaturation (U.S.) : -200.0 - 200.0

Observed m/z Int% Err([ppm / mmu] U.S. Composition

86.9391 10.8 +45.1
-6.3

/
82.9433 100.0 +27.5 / +2.3 1.0 13C 35C1 2
-26.4 / -2.2 0.5 12C H 35C1 2
84,9406 62.5 +29.5 / 42.5 1.0 13C 35Cl 37C1
-23.2 / -2.0 0.5 12C H 35C1 37C1
86.9379 10.1 +31.6 / +2.7 1.0 13C 37C1 2
-19.9 / -1.7 0.5 12C H 37C1 2
Observed m/z Int% Err (ppm / mmu] U.S. Composition
82.9449 100.0 +45.8 / +3.8 1.0 13C 35C1 2
-8.1/ -0.7 0.5 12C H 35C1 2
84,9422 66.0 +48.0 / +4.1 1.0 13C 35C1 37C1
-4.7 / -0.4 0.5 12C H 35C1 37Cl
86.9404 11.2 +60.3 / 45.2 1.0 13C 37C1 2
+8.9 / +0.8 0.5 12C H 37C1 2
Observed m/z Int% Err [ppm / mmu] U.S. Composition
82.9447 100.0 +43.7 / +3.86 1.0 13C 35C1 2
-10.2 / -0.8 0.5 12C H 35C1 2
84.9419 65.1 +44.6 / +3.8 1.0 13C 35C1 37Cl1
-8.1 / -0.7 0.5 12C H 35C1 37C1
/
/

+3.9 1.0 13C 37Cl1 2
5

-0.6 0. 12C H 37C1 2

Fig. 3.35 Printout of elemental compositions of the [M—CI]* ion of chloroform as obtained from
three subsequent measurements (70 eV EI, R = 8000). The error for each proposal is listed in units
of ppm and “mmu” (outdated for mu). U.S. (“unsaturation”) is the number of rings and/or double
bonds (Sect. 6.4.4)

3.6.5 Identification of Formulas from HR-MS Data

The experimentally determined accurate mass of an ion should lie within a reason-
able error range independent of the ionization method and the instrument used
[62]. The correct (expected) composition is not necessarily the one with the least
error but just one within the experimental error interval. You should examine the
examples in Figs. 3.34 and 3.35 to verify that the correct formulas can have a larger
mass error than illogical ones.

Often, computer-generated formula lists contain suggested formulas that are not
reasonable from a chemical point of view or are in contradiction to mass spectro-
metric rules. When searching for the correct formula of an ion you need to consider
some basic rules:
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» All elements that have to be taken into account have to be admitted in suitable
numbers when the list is being created.

» Depending on the ionization method, even-electron or odd-electron ions may be
formed. This criterion can rule out some compositions.

+ Also, dependent on the ionization method, molecules may form M*", [M + H]",
[M + NH,4]*, [M + alkali]* ions and others. Therefore, reasonable adducts have to
be taken into account.

¢ The assigned formula must be in accordance with the experimentally observed
and the calculated isotopic pattern for the assumed composition.

e The formula has to obey the nitrogen rule (Sect. 6.2.7)

» Formulas in contradiction to one of these points are erroneous.

The latest software packages for formula generation from accurate mass tend to
imply such rules by offering selections not only on error interval, elements, and
number thereof to be taken into account but also of odd-electron and/or even-
electron species, ranges of H/C ratio, ranking by correlation to calculated isotopic
pattern etc. [63]. Additionally, A(m/z) between isotopic peaks of the same element
should be used as a source of information [64] (Sect. 3.7.2.1). Whatever the level of
sophistication of such software tools, obtaining correct results still requires knowl-
edgeable operator input and eventually refinement after communicating with the
person who provided the sample.

Formula calculation for a silicone Silicone oligomers as present in silicone oil
and rubber can readily be analyzed using direct analysis in real time (DART) mass
spectrometry in positive-ion mode on a Fourier transform-ion cyclotron resonance
(FT-ICR) instrument [65, 66]. Under these conditions, the silicone oligomers form
ammonium adduct ions where the number of O atoms equals that of Si atoms. The
signals also exhibit marked Si isotope patterns (Fig. 3.11). The example shows a
screenshot of a formula calculation for a 13mer silicone ion with the monoisotopic
ion at m/z 980.27736 (Fig. 3.36). The formula list is calculated within restrictive
limits for elemental composition Cyy_30Hg0_00010-145110-14, Mass error of 5 ppm,
and for even-electron ions only. Nonetheless, there is still a selection among ten
candidates; a tighter error interval would have further reduced the number (Sect.
3.5.6). In this case, the assignment was assisted by the fact that the ion belongs to a
homologous series. The correct composition, [CsHgyO13Si13]", is highlighted by a
blue bar [66].

3.7 Resolution Interacting with Isotopic Patterns
3.7.1 Multiple Isotopic Compositions at Very High Resolution
We started our lesson on isotopic patterns with the unspoken assumption of nominal

mass resolution, which makes it much easier to understand how isotopic patterns
are formed. The procedure of summing up all isotopic abundances contributing to
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| SmartFormula Manually @ 980.27736
Lower formua: [C4gHeg010Siro
Wpper formula: | CagHgo 014814 [ Help ]
C 20-30, H 60-50, O 10-14, Si 10-14
Note: for m < 2000 the elements C, H, N, and O are considered implicitly. —
L
Adducts, pgs.  M+bi4 v []Collect adducts
Adducts, neg. -
Measuredmfz  980.27736 Tolerance: 5 ppm ¥ Charge: 1
Meas. mfz  Ion Formula mfz e [mDa] err[ppm] mSigma rdb NR
$80.27736 C20H7AN11011SI12 980.27950 214 2.18 716 L5 982.27626
C2IH70N11014510 580.27909 L73 L7 235 25
C22H66N 15010510 580.28043 3.07 313 195 75
C2HTBNTOL1S13  980.27543 -1.93 <197 1206 0.5
CIHTNP014511  980.27502 -.34 239 %%6.1 15
C24H70N110105i11 980.27635 -1.00 -1.02 53.5 6.5
C24H7BNSO13%12  980.28218 4.82 4.92 85.6 0.5
C2BHENO13513  980.27811 0.75 0.77 1362 4.5
CIBH7SNS012511  980.27904 168 Ln 68.0 5.5
C30H7BNO125i12 580.27457 .39 244 1127 45
583.27521
‘ n L]
7] Automaticaly locate monoisotopic peak  Maximum number of formulae 500
+/| Check rings plus double bonds Moimum 0.5 Magmum 40 934,27483
Electron configuration even ';:
[TFiter H/C lementratic  Minmum H/C: | O Madmum HC: | 3
: 985.27256
| Estimate carbon number |¥| Generate immediately
| Copy to SmartFormula Parameters ] [Slwﬁmsn i I'i" 'Ih IJ
980 985 mfz

Fig. 3.36 Screenshot of formula calculation for a silicone ion using Bruker SmartFormula
software (left) and the corresponding signal (right) as obtained by DART-FT-ICR-MS. The
formula list is calculated within restrictive limits for elemental composition
C50-30H60-90010-14S110-14, mass error of 5 ppm, and even-electron ions only. The correct compo-
sition of the NH," adduct ion, m/z 980.27736, is highlighted by a blue bar

the same nominal mass is correct as long as very high resolution is not employed. In
that case, following such a simplified protocol is acceptable, because generally
isobaric isotopolog ions are very similar in mass [25].

In the earlier introduction of resolution it should have become clear that very
high resolution is capable of separating different isotopic compositions of the same
nominal mass, thereby giving rise to multiple peaks on the same nominal m/z
(Figs. 3.21, 3.22, and 3.32). In molecules with masses of around 10,000 u, a single
unresolved isotopic peak may consist of as many as 20 different isotopic
compositions (also cf. Fig. 3.39) [67, 68].

Imagine infinite resolution Numerous isotopologs contribute to the isotopic
pattern of C;¢H,(OSi. Among them the monoisotopic ion at m/z 256.1283 is the
most abundant (Fig. 3.37). For the first isotopic peak at m/z 257 the major contribu-
tion derives from *C, but ?°Si and 'O also play a role. Actually, H should also be
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m/z composition rel.int. [%]
256.12836 C16.H20.0.81i 100.00000 monoisotopic
257.12790 C16.H20.0.2981i 5.10957 1st isotopic
257.13171 C15.13C.H20.0.8i 17.92663
257.13257 C16.H20.170.81 0.03709
258.12518 C16.H20.0.3081 3.38468 2nd isotopic
258.13126 C15.13C.H20.0.2951 0.91597
258.,13214 C16.H20.170.2981 0.00190
258.13260 Cl16.H20.180.81 0.20449
258.13507 C14.13C2.H20.0.51i 1.50639
258.13593 C15.13C.H20.170.81 0.00665
259.12854 C15.13C.H20.0.3081 0.60676 3rd isotopic
259.12939 C16.H20.170.3081 0.00126
259.13214 C16.H20.180.2981 0.01045
259.13461 Cl4.13C2.H20.0.2981 0.07697
259.13550 C15.13C.H20.170.2981 0.00034
259.13596 C15.13C.H20.180.81 0.03666
259.13843 C13.13C3.H20.0.81 0.07876
259.13928 C14.13C2.H20.170.81 0.00056
260.12943 C16.H20.180.3081 0.00692 4th isotopic
260.13190 C14.13C2.H20.0.3081 0.05099
260.13275 C15.13C.H20.170.3081 0.00023
260.13550 C15.13C.H20.180.2951 0.00187
260.13797 C13.13C3.H20.0.2981 0.00402
260.13885 C14.13C2.H20.170.2981 0.00003
260.13931 C14.13C2.H20.180.81 0.00308
260.14175 C12.13C4.H20.0.51 0.00287
260.14264 C13.13C3.H20.170.581 0.00003

Fig. 3.37 Tabular representation of the theoretical isotopic distribution of C;¢H,0OSi at infinite
resolution. The contribution of H is not considered, and isotopic peaks above m/z 260 are omitted
due to their minor intensities

considered, but has been omitted due to its extremely low isotopic abundance. As
the isotopologs of the same nominal m/z are not true isobars, their intensities will
not sum up in one common peak. Instead, they are detected side by side provided
sufficient resolving power is available. The pair '*C'*C,sH,,'°OSi, m/z 257.13171,
and 12C16H2017OSi, m/z 257.13257, roughly necessitates 3 X 10° resolution
(R = 257/0.00086 = 299,000). There are six different compositions contributing
to the second isotopic peak at m/z 258 and even eight for the third isotopic peak at
m/z 259. Again, it is the merit of FT-ICR-MS that resolutions in the order of several
10° are now available although ultrahigh resolution, as this is termed, is still not
fully routine on those instruments (Sect. 4.7).

Telling >C, and **S peaks apart Peptides often contain sulfur from cysteine.
Provided there are at least two cysteines in the peptide molecule, sulfur can be in the
form of thiol group (SH, reduced) or sulfur bridges (S-S, oxidized). Often, both
forms are contained in the same sample. At ultrahigh resolution, the contributions


http://dx.doi.org/10.1007/978-3-319-54398-7_4#Sec49

3.7 Resolution Interacting with Isotopic Patterns 135

Fig. 3.38 [D-Pen™”] IM+H+ 0 o

Enkephalin — Ultrahigh- [D-Pen2.5]-Enkephalin Tyr-NH-(_)H—C-GIy-Phe—NH-(I:H-b-OH
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of these compositions to the same nominal m/z can be distinguished. The ultrahigh-
resolution matrix-assisted laser desorption/ionization (MALDI) FT-ICR mass
spectrum of native and reduced [D-Pen*’Jenkephalin is an example of such a
separation (Fig. 3.38) [69]. The left expanded view shows fully resolved peaks due to
343 and '°C, isotopologs of the native and the all-'>C peak of the reduced compound
at m/z 648. The right expansion reveals the '>C;>*S peak of the native plus the '*C,
signal of the reduced form at m/z 649. Here, Rpwpw 1s more than 9 x 10°.

3.7.2 Isotopologs and Accurate Mass

It has been pointed out that routine accurate mass measurements are conducted at
resolutions which are normally too low to separate isobaric isotopologs. Unfortu-
nately, multiple isotopic compositions under the same signal tend to distort the peak
shape (Fig. 3.39) [68]. This effect causes problems when elemental compositions
have to be determined from such multi-isotopolog peaks, e.g., if the mono- isotopic
peak is too weak as in case of many transition metals. Generally, the observed
decrease in mass accuracy is not dramatic and is somewhat counterbalanced by the
information derived from the isotopic pattern. However, it can be observed that
mass accuracy decreases by about 50% on such unresolved signals.

3.7.2.1 Information from Accurate Mass Differences Between Isotopes
If isotopolog ions are resolved or if certain isotopologs are free from interference,
and provided sufficient mass accuracy is available, A(m/z) between isotopic peaks
can yield adequate analytical information [64]. As are the isotopic masses them-
selves, the differences between isotopic masses are characteristic for certain
elements. Boron for example, has a small mass difference of just 0.9964 u between
9B and ''B, whereas the pair of '*'Ir and '*’Ir presents a rare example of a
difference clearly above 2 u, which is still distinguishable from hydrogenation.
Determination of A(m/z) values can thus help to distinguish between hydrogenation
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Fig. 3.39 Arg® vasopressin —
Theoretical effect of
resolution on the shape of the
M + 2 peak at m/z 1086.4.
Theoretical mass spectra of
the [vasopressin + H]" ion and
the five indicated resolution
values (FWHM) have been
superimposed and the bar
spectrum corresponds to
infinite resolution (Adapted
from Ref. [68] with
permission. © John Wiley 500000
and Sons Ltd., 1994)
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and X + 2 element isotopic peaks can ascertain the presence of boron vs. loss of a
hydrogen radical etc. Some helpful values are compiled in Table 3.3. Obviously,
there are also limits to this approach, for example, when a decision between M + 2
due to *Cl or ®Cu is called for, in particular, as their isotopic abundances are also
similar.

Isotopic pattern of substance P at R = 4 million Werlen (Fig. 3.39) [68] had
anticipated that ultrahigh resolution would reveal multiple peaks. Modern FT-ICR
instruments are, in fact, able to resolve these peaks [70, 71]. The peaks contributing
to the isotopic pattern of doubly protonated substance P, a peptide ion of the
composition [C63H100013N185]2+, have been measured one by one at
R = 4,000,000. (To avoid space charge effects and to operate at optimum ion
population — a limitation inherent to FT-ICR-MS - the ultimate resolving power
was achieved via the measurement of isolated isotopologs.)

The set of four partial spectra in Fig. 3.40 reflects the increasing complexity of
the isotopic composition as one moves from [M + 1] (Fig. 3.40a) to [M + 4]
(Fig. 3.40d). The most relevant contributions to the [M + 4] ion in order of rising
mass are formed by combinations of 13CISNMS, 345180, 13’CZ‘MS, 13’CISN“‘O, 13C3
5N, 13C333S, 13CQIXO, and finally 13C4. The masses of these ions spread across just
8.63 mu between the lightest and the heaviest of the group. Note that the pure *Cx
isotopic ion is always that of highest m/z within the respective [M + X] ion provided
that only C, H, N, O, and S are involved (some peaks of very low intensity may
occur above).

Ultrahigh resolving power alone is merely able to separate the various isotopic
contributions belonging to [M + 1] to [M + 4] ions. Key to the assignment of these
compositions is the knowledge of the accurate mass differences between certain
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Table 3.3 Characteristic

mass differences to identif Pair of isotopes or modification Am [u]
i identi - :

the presence of elements ’ TOLI VS 711;1 1.0009
Bvs. 'B 0.9964

2Cvs. PC 1.0033

25 vs. 'S 1.9958

Clvs. ¥Cl 1.9970

*Ni vs. ©Ni 1.9955

%Cu vs. ®Cu 1.9982

"Br vs. *'Br 1.9980

B R 2.0023

gain or loss of H 1.0078

gain or loss of H, 2.0156

pairs of isotopologs (Table 3.3). The '*Cx peak, for example, will be located at
M/ Zmonoisotopic T 1.0033 X X (note that Am/z is half of the mass difference in case of
a doubly charged ion as z = 2, Sect. 3.8). Thus, assignment of isotopic peaks is
achieved by their accurate mass differences. Vice versa, the reliability of the
assignment of elemental compositions increases the better the suggested formula
complies with the measured isotopic fine structure; modern data analysis software
packages exploit this to their advantage.

3.7.3 Large Molecules - Isotopic Patterns at Sufficient Resolution

Terms such as large molecules or high mass are subject to steady change in mass
spectrometry as new techniques for analyzing high-mass ions are being developed
or improved [72]. Here, the focus is on masses in the range of 10°~10* u.

With increasing mi/z the center of the isotopic pattern, i.e., the average molecular
mass, is shifted to values higher than the monoisotopic mass. The center, i.e., the
average mass, may not be represented by a real peak, but it tends to be close to the
peak of most abundant mass (Fig. 3.41). The monoisotopic mass is of course still
related to a real signal, but it may be of such a low intensity that it is difficult to
recognize. Finally, the nominal mass becomes a mere number which is no longer
useful to describe the molecular weight [41, 67].

The calculation of isotopic patterns of molecules of several 10° u is not a trivial
task, because slight variations in the relative abundances of the isotopes encoun-
tered gain relevance and may shift the most abundant mass and the average mass up
or down by 1 u. In a similar fashion the algorithm and the number of iterations
employed to perform the actual calculation affect the final result [25].



138

3 Isotopic Composition and Accurate Mass

a
Substance P + 2H*

First '°C peak
Fine Structure

Measured

Simulated

180

b

Substance P + 2H*

Second °C peak
Fine Structure

Measured *'S

15N

2

Simulated

13C15N %0
13C3g

674 866 674 868 674870 674872 674874 674876 674878 m/z

C
Substance P + 2H*

Third "*C peak
Fine Structure

18034G

Measured
38BN 135N
—n

Simulate

18C18Q
130215N

aczaas

2Hiac2

f

675 368

ISC
Substance P + 2H*

Fourth *C peak
Fine Structure

Measured
2H15N SSS
2

18C15N34S

35180
5N,70 ‘

675370 675372

34g

ZH‘SC‘SNZ 13G 180
2
1BCI5N 180

15N17Q180

‘303‘5N

N/

675374 675376 675378

m/z

130

E 2Hw$CS

C

S

675866 675868 675870 675872 675874 675876 675878 675880

676 368 676 370 676 372 676 374 676 376 676 378 676 380 676 382

m/z

Fig. 3.40 Isotope peaks of doubly protonated substance P, [C63H100013N185]2+, as measured
individually by FT-ICR-MS at R = 4,000,000. (a) First isotopic peak, [M + 1], (b) [M + 2], (¢)
[M + 3], and (d) [M + 4]. The most relevant contributions are due to 13C, 3 4S, and '*0. The M +4]
signal splits into eight major and several very minor peaks (Reproduced from Ref. [70] by
permission. © American Chemical Society, 2012)
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Fig. 3.41 Polystyrene. Calculated isotopic patterns of large ions (Adapted from Ref. [67] with
permission. © American Chemical Society, 1983)

Mass of large molecules
The calculation of relative molecular mass, M, of organic molecules exceed-
ing 2000 u is significantly influenced by the basis it is performed on. Both the
atomic weights of the constituent elements and the natural variations in
isotopic abundance contribute to the differences between monoisotopic- and
relative atomic mass-based M, values. In addition, they tend to characteristi-
cally differ between major classes of biomolecules. This is primarily because
of molar carbon content, e.g., the difference between polypeptides and
nucleic acids is about 4 u at M, = 25,000 u. Considering terrestrial sources
alone, variations in the isotopic abundance of carbon lead to differences of
about 10-25 ppm in M, which is significant with respect to mass measurement
accuracy in the region up to several 10° u [41].

3.7.4

Isotopic Patterns of Macromolecules Versus Resolution

It is certainly desirable to have at least sufficient resolution to resolve isotopic
patterns to their nominal mass contributions. However, not every mass analyzer is
capable of doing so with any ion it can pass through. Such conditions often occur
when ions of several thousand u are being analyzed by quadrupole, time-of-flight or
quadrupole ion trap analyzers, and hence it is useful to know about the changes in
spectral appearance and their effect on peak width and detected mass [68].
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Fig. 3.42 Bovine insulin — the isotopic pattern calculated for [M + H]" at different resolutions
(R109,)- Note that the envelope at R = 1000 is wider than the real isotopic pattern

Isotopic pattern of bovine insulin The isotopic pattern of the [M + H]" ion of
bovine insulin, [C,54H375N6507556]", has been calculated for R1oq, = 1000, 4000,
and 10,000. At R = 1000 the isotopic peaks are not resolved (Fig. 3.42) and an
envelope smoothly covering the isotopic peaks is observed instead; it is even
slightly wider than the real isotopic pattern. The maximum of this envelope is in
good agreement with the calculated average mass, i.e., the molecular weight
(Eq. 3.2). At R = 4000 the isotopic peaks become sufficiently resolved to be
recognized as such. The m/z values are very close to the corresponding isotopic
masses; however, there can be some minor shifts due to their still significant
overlap. Finally, at R = 10,000 the isotopic pattern is well resolved and
interferences between isotopic peaks are avoided. The next step, i.e., to resolve
the multiple isotopic contributions to each of the peaks would require R > 10°.

Fading separation at high m/z Dendrimers are a class of synthetic
macromolecules that can be synthesized at various sizes. A special set of monodis-
perse dendrimers has thus been developed for mass calibration in MALDI-MS, in
particular with time-of-flight (TOF) analyzers in mind [73]. Depending on the
actual MALDI-TOF instrument some of the higher m/z dendrimers are at or just
beyond the limits of resolving power, i.e., the isotopic separation is fading away as
one moves along the series of peaks. The positive-ion MALDI-TOF spectrum of
such a SpheriCal mixture (C308H4680138, Cs20Hs200184, Co60H7720230,
Cr96Ho3405,77) exemplifies this behavior upon transition from about m/z 7600 to
15,000 (Fig. 3.43) [74].

3.8 Charge State and Interaction with Isotopic Patterns

Even though singly charged ions seem to be the dominant species in mass spec-
trometry at first sight, there are many applications where doubly and multiply
charged ions are of utmost importance. In electrospray ionization (Chap. 12) even
extremely high charge states can be observed, e.g., up to 60-fold in case of proteins
of about 60,000 u molecular weight. Doubly and triply charged ions are also
common in electron ionization (Chaps. 5 and 6) and field desorption (Chap. 8).
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Fig. 3.43 Positive-ion MALDI-TOF spectrum of a SpheriCal kit (PFS-14) as obtained in the
presence of Na* and Cs* ions where each of the four dendrimers forms [M + Na]* and [M + Cs]*
ions leading to eight reference peaks in total. The insets show expanded views of the isotopic
patterns of the respective [M + Cs]* ion signals. As m/z increases, resolution of isotopic peaks can
no longer be achieved (Adapted from Ref. [74] with permission. © Springer-Verlag, Heidelberg,
2016)

The effect of higher charge states are worth considering. As z increases from 1 to
2, 3 etc., the numerical value of m/z is reduced by a factor of 2, 3 etc., i.e., the ion
will be detected at lower m/z than the corresponding singly charged ion of the same
mass. In general, the entire m/z scale is compressed by a factor of z if z > 1.

Consequently, the isotopic peaks are then located at A(m/z) = '/.. Vice versa, the
charge state is obtained from the reciprocal value of the distance between adjacent
peaks, e.g., peaks at Am/z = '/3 correspond to z = 3, i.e., triply charged ions. The
reasons for the compression of the m/z scale are discussed later (Sect. 4.2).

Isotopic patterns of M*", M?**, and M>** The EI mass spectrum of Cg also shows
an abundant doubly charged molecular ion, C602+, at m/z 360 with its isotopic peaks
located at A(m/z) = 0.5 and a C603+° signal at m/z 240 of very low intensity
(Fig. 3.44) [32]. The isotopic pattern remains unaffected by the charge state. As a
consequence of the compressed m/z scale, the doubly charged Css>* fragment ion is
detected at m/z 348.

Isotopic distribution and charge state

Isotopic distributions are of course not affected by the charge state of an ion.
Therefore, the relative intensities of the isotopic peaks are independent of the
charge state. However, Am/z between the isotopic peaks is reduced by '/,

(continued)
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Fig. 3.44 EIl mass spectrum of [60]Fullerene. The insets show the expanded signals of M™, M,
and M™**" ions. The signals of the patterns are at Am/z = 1, 0.5, and 0.33, respectively. The intensity
scale has been normalized in the insets to allow for easier comparison of the isotopic patterns
(By courtesy of W. Kridtschmer, Max Planck Institute for Nuclear Physics, Heidelberg)

thus allowing multiply charged ions to be easily distinguished from singly
charged ions. Furthermore, the charge state can be directly determined from
the reciprocal value of /..

3.9 Approaches to Visualize Complex HR-MS Data Sets
3.9.1 Deltamass

The term deltamass has been coined to define the mass value following the decimal
point [75] thereby elegantly circumventing the somewhat unfortunate terminology
related to the mass defect. The deltamass concept is only valid in the context for
which it has been developed, i.e., to describe mass deviations of peptides from
average values. Beyond this context, ambiguities arise from its rigorous application
because i) a mass defect would then be expressed the same way as larger values of
negative mass defect, e.g., in case of 1271* a5 0.9045 u and in case of Cs,H; 0" as
0.8608 u, respectively, and ii) deviations of more than 1 u would be expressed by
the same numerical value as those of less than 1 u.
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Peptide modifications by deltamass The magnitude of mass defect can provide
an idea of what compound class is being analyzed (Sect. 3.5.2). At a sufficient level
of sophistication, mass defect can even reveal more detail [47]. Peptides consist of
amino acids and therefore, their elemental compositions are rather similar indepen-
dent of their size or sequence. This results in a characteristic relationship of
formulas and deltamass values. Phosphorylation and more pronounced glycosyla-
tion cause lower deltamass, because they introduce mass-deficient atoms (P, O) into
the molecule. The large number of hydrogens associated with lipidation, on the
other side, contributes to a deltamass above normal level. On the average, an
unmodified peptide of 1968 u, for example, shows a deltamass of 0.99 u, whereas
a glycosylated peptide of the same nominal mass will have a value of 0.76
u. Therefore, the deltamass can be employed to obtain information on the type of
covalent protein modification [75].

3.9.2 Kendrick Mass Scale

The intention of the Kendrick mass scale is to provide data reduction in a way that
homologs can be recognized by their identical Kendrick mass defect (KMD). Due to
the steadily increasing resolution and mass accuracy of modern instrumentation this
issue is again gaining importance for complex mixture analysis by MS. The
Kendrick mass scale is based on the definition Mcpz) = 14.0000 u [76]. The
conversion factor from the IUPAC mass scale, mypac, to the Kendrick mass
scale, Mgendrick, 18 therefore 14.000000/14.015650 = 0.9988834:

Mgendrick = 0.9988834 myypac (3.15)
Next, we define the Kendrick mass defect, Myefectkendrick> a5
MdefectKendrick — MnomKendrick — M Kendrick — KMD (3 16)

where Myomkendrick 1S the nominal Kendrick mass, the closest integer to
Kendrick mass.

Kendrick mass of [C30H403] The IUPAC mass of [C3oH4905] is 457.3687
u. The Kendrick mass of this ion is calculated as 457.3687
u x 0.9988834 = 456.8580 u. From this it follows that m,,mkendrick = 457 u. The
Kendrick mass defect of this ion is thus obtained as Migefecikendrick = 457 U —
456.8580 u = 0.1419 u.

To translate spectral data into a useful Kendrick mass plot, a high-resolution
mass spectrum is broken into segments of 1 u, which are aligned on the abscissa.
Then, the Kendrick mass defect of the isobaric ions contained in the respective
segment is plotted onto the ordinate. The resulting graph preserves not only the
“coarse” spacing, e.g., about 1 u between odd and even mass values, but also the
“fine structure”, i.e., different Kendrick mass defects (KMDs) for different
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elemental compositions across each segment. Homologs are now easily recognized
as horizontal rows in the plot [77].

Kendrick plots are becoming increasingly important as more instruments are
able to provide ultrahigh resolution spectra of complex mixtures, and thus, create a
demand for tools to retrieve analytically useful information from such large data
sets [78—80]. Recently, Kendrick plots have been introduced as a tool for the
convenient visualization of tandem mass spectral data of synthetic polymers, e.g.,
by referring to the monomeric building block as the base unit upon which the
Kendrick mass defect is calculated [81].

Crude oil and diesel fuel In a Kendrick plot the composition of complex systems
can be conveniently displayed. Several thousand elemental compositions in the
ultrahigh resolution spectrum of petroleum crude oil [77] or diesel fuel [82] may be
resolved. Such samples consist of numerous compound classes and/or alkylation
series with some 30 homologs each that can be visually identified (Fig. 3.45). The
formula employed for the preceding example is marked in the plot by an arrow.

3.9.3 Van Krevelen Diagrams

There is yet another tool for the display of composition characteristics of complex
mixtures, the van Krevelen diagram [83]. The van Krevelen diagram is a plot of the
atomic H/C ratio against the atomic O/C ratio. This plot causes the products related
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Fig. 3.46 Van Krevelen diagrams of deep-sea DOM. (a) Presentation of all molecules in 3500 m
and 4600 m water depth. (b) Enlarged region of condensed polyaromatics where the members of
the homologous series (CH,), with n > 4 are shown as white circles and connected along a gray
line (Reproduced from Ref. [87] with permission. (© Elsevier Science Publishers, 2006)

by reactions such as decarboxylation, dehydration, dehydrogenation, or oxidation
to be displayed along straight lines. Along with KMD plots, the van Krevelen plot is
therefore a major tool for the assessment of complex organic mixtures such as crude
oil and its refinery products or the wide field of natural organic matter (NOM) that
represents the largest share of biomass on earth [84—88].

Dissolved organic matter (DOM) The van Krevelen diagrams of HR-MS data
obtained of deep-sea dissolved organic matter (DOM) show a group of molecules
having low H/C (<0.9) and low O/C (<0.25) ratios clearly separated from each
other (Fig. 3.46) [87]. An enlarged view of this group shows that it comprises
224 different molecular formulas corresponding to molecules that contain up to
35 rings and/or double bonds (r + d, Sect. 6.4.4). Homologous series can be
identified along straight lines. Still this does not tell the complete structure of
those molecules, but it delivers much more insight into the composition of DOM
than pure accurate mass data alone.

3.10 Vantage Point on the World of Isotopes and Masses

Isotopes

Atoms belonging to the same element but different in mass due to a different
number of neutrons in their nuclei are termed isotopes. Most elements occur
naturally in two or three isotopes, others are monoisotopic and many are
polyisotopic.

Isotopic Patterns
Mass spectrometry resolves matter by mass, and thus, separates atoms and
molecules of different isotopic composition due to their difference in mass.
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Consequently, the isotopic distribution is reflected by a mass spectrum as a set of
peaks at neighboring m/z values.

Resolution

Separation of peaks relies on the ability of a mass spectrometer to resolve the
signals corresponding to individual masses by virtue of its resolving power. Higher
resolution provides additional information as species close in m/z can be separated
in the spectrum. High resolution also results in more narrow peaks that can
potentially be located more accurately on the mi/z scale.

Accurate Mass

Accurate mass enables the assignment of molecular formulas due to the individual
exact isotopic masses and the resulting distinguished masses of ions of given
elemental composition. Besides sufficient resolving power to deliver sharp peaks,
accurate mass measurements require careful mass calibration. Mass calibration can
either be performed externally, i.e., prior to the analytical measurement, or inter-
nally by simultaneous admission of analyte and reference.

Ultrahigh Resolving Power

At ultrahigh resolving power, isotopic fine structure is resolved and different
isotopic compositions of equal nominal mass, i.e., isotopolog ions, become
separated. In addition, isobaric ions of different molecular formulas as present in
complex mixtures become separated. Ultrahigh resolving power is therefore useful,
or even a prerequisite, to analyze complex mixtures by MS.

Global Relevance of Mass Spectrometry

Understanding isotopic compositions of the elements, the way they are causing
isotopic distributions and how they become expressed as isotopic patterns in mass
spectra is absolutely essential for any use of mass spectral data. This also applies to
accurate masses and the process of their translation into molecular formulas.
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Learning Objectives

» Separating ions by m/z — basic principles

» Mass analyzers as designed from basic principles

» Types of mass analyzers and their modes of operation

* Guiding, collimating, and focusing ions along a path

» Hybrid instruments including ion mobility-mass spectrometry
» Detectors for mass-analyzed ions

» Vacuum generation for mass spectrometry

 Ability to judge fitness for purpose of commercial instruments

“A modern mass spectrometer is constructed from elements which approach the
state-of-the-art in solid-state electronics, vacuum systems, magnet design, precision
machining, and computerized data acquisition and processing” [1]. This statement
published in 1979 has always been and still is absolutely true in the context of mass
spectrometers.

Under the headline of instrumentation we shall mainly discuss the different types
of mass analyzers in order to understand their basic principles of operation, their
specific properties, and their performance characteristics. The order of treatment in
this chapter neither reflects their ever-changing individual predominance in mass
spectrometry nor does it follow a strictly historic time line. Rather, an attempt is
made to follow a trail of easiest understanding. Of course, this is only one aspect of
instrumentation; hence topics such as ion detection and vacuum generation will also
be addressed in brief. As a matter of fact, sample introduction is more closely
related to particular ionization methods than to the type of mass analyzer employed,
and therefore, this issue is treated in the corresponding chapters on ionization
methods.

© Springer International Publishing AG 2017 151
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Fig. 4.1 Mass spectrometer islands as presented in a cartoon by C. Brunnée in 1987. The actual
situation is quite different, however: much of the cliffs of the sector and quad islands have
vanished in the sea while all others have gained new land, and moreover, the Orbitrap island has
been given birth in the south east (Reproduced from Ref. [2] with permission. © Elsevier Science,
1987)

From the very beginning to the present almost any physical principle ranging
from time-of-flight to cyclotron motion has been employed to construct mass-
analyzing devices (Fig. 4.1). Some were extremely successful at the time of their
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Table 4.1 Common mass analyzers

Type Acronym | Principle

Time-of-flight TOF Time dispersion of a pulsed ion beam; separation by
time-of-flight

Magnetic sector B Deflection of a continuous ion beam; separation by
momentum in magnetic field due to Lorentz force

Linear quadrupole Q Continuous ion beam in linear radio frequency
quadrupole field; s due to instability of ion trajectories

Linear quadrupole ion LIT Continuous ion beam delivers ions for trapping;

trap storage, and eventually separation in linear radio
frequency quadrupole field by resonant excitation

Quadrupole ion trap QIT Trapped ions; separation in three-dimensional radio
frequency quadrupole field by resonant excitation

Fourier transform-ion FT-ICR Trapped ions in magnetic field (Lorentz force);

cyclotron resonance separation by cyclotron frequency, image current
detection and Fourier transformation of a transient
signal

Orbitrap Orbitrap Axial oscillation in inhomogeneous electric field;

detection of frequency after Fourier transformation of a
transient signal

invention, for others it took decades until their potential had fully been recognized.
The basic types of mass analyzers employed for analytical mass spectrometry are
summarized in Table 4.1.

A comparison of Brunnée’s cartoon with Table 4.1 reveals that linear ion traps
and Orbitraps had not yet been invented at the time of his writing said review. An
“updated version” of Brunnée’s map was presented 2014 in Geneva at the Interna-
tional Mass Spectrometry Conference (IMSC) during the Brunnée Award lecture by
Dimitris Papanastasiou (Fig. 4.2).

The properties of an ideal mass analyzer are well described [2], but despite the
tremendous improvements made, still no mass analyzer is perfect. There is a wealth
of articles and books that are highly recommended for those seeking a deeper look
at the evolution of mass spectrometers [3—13]. In recent years, there has been a
growing interest in employing miniature mass analyzers for in situ analysis [14, 15],
for instance in environmental [16] and biochemical applications [17], for process
monitoring, for detection of chemical warfare agents, and for space missions
[18, 19]. The most recent completely new type of mass analyzer, the Orbitrap,
was introduced in 2005 by Makarov [20].
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Fig. 4.2 The treasure islands of MS: The Brunnée map expanded to reflect latest advancements in
mass analyzers like Orbitrap, ionization methods such as ESI, MALDI and discharge-based
techniques, ion mobility spectrometry instrumentation, and the emerging role of intermediate
pressure RF ion optics. Low-pressure gas dynamics (LPGD) provides a new tool for atmospheric
pressure interface design. The expanded Brunnée map was presented at the IMSC 2014 Brunnée
Award lecture by Dimitris Papanastasiou

4.1 How to Create a Beam of lons

Consider an ion that is brought into or generated within an electric field between
two oppositely charged plates of a capacitor. Such an ion will be accelerated
towards the plate of opposite charge. If the attracting plate has a (round) orifice
or a slit, an ion beam is produced by this simple ion source. Assuming the spread in
ion kinetic energy to be small as compared to the total ion kinetic energy, i.e.,
AE ;<< Ey;,, the beam can be considered to be monoenergetic. The actual charge
of an ion may be either positive or negative depending on the ionization method
employed. Changing the polarity of the plates causes a switch from the extraction of
positive ions to negative ions or vice versa. For practical reasons, the attracting
electrode is usually grounded and the pushing plate is set to high voltage. Doing so
allows to keep the entire mass analyzer grounded, thereby contributing substan-
tially to safety of operation (Fig. 4.3). The extraction of ions and the shape of the ion
beam can largely be improved if the acceleration voltage is applied in two [21] or
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Fig. 4.3 Simple single-stage ion sources. (a) Ionization from a surface or probe where the
ionizing event is located on the charged plate; in reality ionizing events in a spatially confined
volume above the surface have to be taken into account. (b) Gas phase ionization, where the
effective accelerating voltage U.s depends on the actual position of the ion between the plates.
After a neutral has been ionized (positive in this illustration), it is attracted by the opposite
grounded plate. Those ions passing through a hole of the grounded electrode create an ion beam
emerging into the field-free region behind. The ion beam produced by such a primitive ion source
is not parallel, but has some angular spread

more successive stages instead of a single one and if ion optical lenses are part of
the ion acceleration assembly.

Keep it grounded

Apart from a few exotic exceptions, all mass spectrometers are — and always
have been — constructed in a way to ensure that most parts are electrically
grounded. Voltage, especially because this often means high voltage, is only
applied to comparatively small parts inside. This ensures safety of operation,
and in addition, low capacitive load simplifies rapid DC voltage changes,
enables high RF frequencies, and allows for quick polarity switching.

4.2 Time-of-Flight Instruments
4.2.1 Time-of-Flight: Basic Principles

The first time-of-flight (TOF) analyzer was constructed and published in 1946 by
W. E. Stephens [22]. The principle of TOF is quite simple: ions of different m/z are
dispersed in time during their flight along a field-free drift path of known length.
Provided all the ions start their journey at the same time or at least within a
sufficiently short time interval, the lighter ones will arrive earlier at the detector
than the heavier ones. This demands that they emerge from a pulsed ion source
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Fig. 4.4 Oscilloscope output
of the electron ionization TOF
spectrum of xenon on a
Bendix TOF-MS. The dark
horizontal lines are a grid on
the oscilloscopic screen. (For
the isotopic pattern of Xe

cf. Fig. 3.2.) (Adapted from
Ref. [26] with permission.
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which can be realized either by pulsing ion packages out of a continuous beam or
more conveniently by employing a true pulsed ionization method.

Soon, other groups embarked on Stephens’ concept [23] and increasingly useful
TOF instruments were designed and constructed [21, 24, 25] leading to their first
commercialization by Bendix in the mid-1950s. These first-generation TOF
instruments were designed for gas chromatography-mass spectrometry (GC-MS)
coupling [26, 27]. Resolution-wise, their performance was poor as compared to
modern TOF analyzers, but the specific advantage of TOFs over magnetic sector
instruments was the rate of spectral acquisition, i.e., the number of spectra per
second they provided (Fig. 4.4). In GC-MS the TOF analyzer soon became
superseded by linear quadrupole analyzers and it was not until the late 1980s that
development of TOF analyzers encountered a revival [28, 29] — the success of
pulsed ionization methods, especially of matrix-assisted laser desorption/ionization
(MALDI), made this possible (Chap. 11). Therefore, we will repeatedly refer to
MALDI in our discussion of TOF analyzers.

MALDI generated a great demand for mass analyzers which are suitable to be
used in conjunction with a naturally pulsed ion source and capable of transmitting
ions of extremely high mass up to several 10° u [30]. Since then, the performance of
TOF instruments has tremendously increased [31, 32]. TOF analyzers have been
adapted for use with other ionization methods and — together with Orbitraps and
FT-ICR instruments — have superseded the established magnetic sector instruments
in most applications [31, 33].

The main advantages of TOF instruments are:

* In principle, the m/z range of a TOF analyzer is unlimited [34, 35].

¢ Complete mass spectra are obtained of ions created during a short (nanoseconds)
ionizing event, e.g., from a laser shot in LDI or MALDI.

e TOF analyzers offer high ion transmission and thus contribute to high
sensitivity.

« The mass spectral acquisition rate of TOFs is very high, essentially >10* Hz.

e TOF instrument design and construction is comparatively straightforward.

¢ Modern TOF instruments allow for accurate mass measurements and tandem
MS experiments [36].
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4.2.2 TOF Instruments: Velocity of lons and Time-of-Flight

Independent of the ionization method, the electric charge g of an ion of mass m; is
equal to an integer number z of electron charges e, and thus ¢ = ez. The energy
uptake E.| by moving through a voltage U is given by

Eqg=qU=ezU (4.1)

Thereby, the former potential energy of a charged particle in an electric field is
converted into kinetic energy Ey,, i.e., into translational motion

1
Eg=ezU = Emivz = Exin (4.2)

Assuming that the ion was initially at rest, which holds by first approximation,
the velocity attained is calculated by rearranging Eq. (4.2) into

2ezU

m;

(4.3)

V=

i.e., v is inversely proportional to the square root of mass.

A racing soccer ball The velocity of the [60]fullerene molecular ion, Cgy*", after
acceleration by 19.5 kV is obtained from Eq. (4.3) as

=72,294m s”!

L [21:6022 % 107°C x 19,500V
B 1.1956 x 10~ **kg

An ion velocity of 72,294 m s~ ' appears rather high, but merely is 0.0024% of
the speed of light. The acceleration voltages and thus, the ion velocities are the
highest in TOF-MS, although magnetic sector instruments are operated with kilo-
electron-volt ion beams, too (Sect. 4.3). The other types of mass analyzers require
ions to enter at much lower kinetic energies.

Valid for any mass analyzer

Equation (4.3) describes the velocity of any ion after acceleration in an
electric field, and therefore it is valid not only for TOF-MS, but for any part
of a mass spectrometer handling beams of ions.

One now can quite easily imagine measuring the time for an ion of unknown m/z
in traveling a distance s after being accelerated by a voltage U. The relationship
between velocity and time ¢ needed for traveling the distance s is
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N

t= 4.4
: (44)
which upon substitution of v by Eq. (4.3) becomes
s
t= 4.5
2ezU (43)
m;

Equation (4.5) yields the time needed for the ion to travel the distance s at
constant velocity, i.e., in a field-free environment after the process of acceleration
has been completed. Rearrangement of Eq. (4.5) reveals the relationship between
the instrumental parameters s and U, the experimental value of ¢ and the ratio my;/z

m 2eUf
J_zt= 4.6
. 2 (4.6)
It is also obvious from Eq. (4.5) that the time to drift through a fixed length of
field-free space is proportional to the square root of m;/z

t= \/%_U \/g (4.7)

and thus, the time interval At between the arrival times of ions of different m/z is
proportional to s X ((m,—/zl)'/z— (m,-/zz)l/’).

Mass, not m/z

Here, the ratio m;/z denotes ion mass [kg] per number of electron charges. The
index i at the mass symbol is used to avoid confusion with the mass-to-charge
ratio, m/z, as used to specify the position of a peak on the abscissa of a mass
spectrum (Sect. 1.4.3).

Small differences in time-of-flight According to Eq. (4.7) the Cgo™ ion, m/z
720, dealt with in the preceding example will travel through a field-free flight path
of 2.0 m in 27.665 ps, while it takes slightly longer for its isotopolog '*C"*Cso*", m/z
721. The proportionality to the square root of m/z gives (use of my/z values yields
identical results as the dimension is cancelled):

21 _ V2L 00694

o V720

Thus, t7,1 = 27.684 ps. This corresponds to a difference in time-of-flight of 19 ns
under these conditions (cf. Fig. 4.9).
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The proportionality of time-of-flight to the square root of m/z causes At for a
given A(m/z) to decrease with increasing m/z: under otherwise the same conditions
At per 1 u is calculated as 114 ns at m/z 20, 36 ns at m/z 200, and just 11 ns at m/z
2000. Therefore, the realization of a time-of-flight mass analyzer depends on the
ability to measure short time intervals with sufficient accuracy [37-39]. At this
point it becomes clear that the performance of the early TOF analyzers — among
other reasons — suffered from the low-efficiency electronics of their time. It took
until the mid-1990s to overcome this barrier [32].

“Compressed” isotopic patterns of multiply charged ions The time-of-flight of
multiply charged ions (z > 1) explains the position and appearance of signals
caused by ions of higher charge states (Sect. 3.8). As z increases to 2, 3 etc., the
numerical value of m/z is reduced by a factor of 2, 3 etc., i.e., the ion will be
detected at lower m/z than the corresponding singly charged ion of the same mass.
According to Eq. (4.7), the time-of-flight is reduced by a factor of 1.414 (the square
root of 2) for doubly charged ions which is the same time-of-flight as for a singly-
charged ion of half of its mass. Accordingly, the time-of-flight is reduced by a factor
of 1.732 (the square root of 3), for triply charged ions corresponding to a single-
charged ion of one third of its mass, and so on for higher charge states.

Inferring the charge state

For multiply charged ions, the m/z scale is compressed by a factor of z equal
to the charge state of the ion. Isotopic patterns remain unaffected as far as the
relative intensities are concerned. As A(m/z) between isotopic peaks is
reduced inversely proportional to z, the charge state can readily be assigned,
e.g., doubly charged ions cause isotopic peaks at A(m/z) = 0.5, triply charged
ions cause them at A(m/z) = 0.333, and so on.

4.2.3 Linear Time-of-Flight Analyzer

Restricting its use to laser desorption/ionization (LDI) and matrix-assisted laser
desorption/ionization (MALDI, Chap. 11), a simple TOF instrument can be set up
as follows (Fig. 4.5): The analyte is supplied as a thin layer on a sample holder or
target upon which a pulsed laser is focused. The acceleration voltage U is applied
between this target and a grounded counter electrode. Ions formed and desorbed
during the laser pulse are continuously extracted and accelerated as they emerge
from the target into the gas phase. When leaving the acceleration region sy the ions
should possess equal kinetic energies. They drift down a field-free flight path s in
the order of 1-2 m and finally hit the detector. Typically, microchannel plate
(MCP) detectors are employed to compensate for the angular spread of the ion
beam (Sect. 4.12). A fast analog-to-digital converter (8 bit or 10 bit ADC)
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Fig. 4.5 Scheme of a linear TOF instrument designed for use in combination with a laser
desorption ion source. Once created during a laser pulse onto the sample layer, ions are continu-
ously accelerated by a voltage U. While drifting along the field-free drift path s, they are dispersed
in time. Lighter ions reach the detector first

transforms the analog output of the detector for computer-based data storage and
data processing. Such an instrumental setup where the ions are traveling on a
straight line from the point of their creation to the detector is called linear TOF.

In principle, any other ionization method can be combined with a TOF analyzer
even if it is not an intrinsically pulsed technique, provided there are means to extract
ions in a pulsed manner from such an ion source (Sect. 4.2.6).

The drift time #,4 as calculated by means of Eq. (4.7) is not fully identical to the
total time-of-flight. Obviously, the time needed for acceleration of the ions ¢, has to
be added. Furthermore, a short period of time 7y, may be attributed to the laser pulse
width and the process of desorption/ionization, which is typically in the order of a
few nanoseconds. Thus, the total time-of-flight 7., is given by

total = to + 1ty +1a (4.8)

A rigorous mathematical treatment of the TOF analyzers as needed for the
construction of such instruments of course has to include all contributions to the
total time-of-flight [32, 36-38, 40-42].

The transmittance of a linear TOF analyzer approaches 90% because ion losses
are solely caused by collisional scattering due to residual gas or by poor spatial
focusing of the ion source. With a sufficiently large detector surface located at a
short distance from the ion source exit, a very high fraction of the ions will be
collected by the detector.

Even metastable decompositions during the flight do not reduce the intensity of a
molecular ion signal, because the fragments formed conserve the velocity of the
fragmenting ion and are therefore detected simultaneously with their intact
precursors. In such a case, the ionic and the neutral fragment cause a response at
the detector. These properties make the linear TOF analyzer the ideal device for
analyzing easily fragmenting and/or high-mass analytes [43].
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Detection of neutrals

In linear TOF analyzers, neutrals formed by metastable fragmentation also
give rise to a signal. This is because they impinge on the detector after having
travelled down the flight tube side-by-side with the ionic product of ion
dissociation. As a result, nonfragmenting intact precursor ions plus both
ionic and neutral products of the metastable dissociation of precursor ions
will hit the detector simultaneously. Therefore, linear TOF analyzers are best
suited for the analysis of large and labile molecules, e.g., oligonucleotides
(Sect. 11.5). This presents a rare case where neutrals contribute to a useful
signal in mass spectrometry.

The example in Sect. 4.2.2 demonstrates that the differences in time-of-flight of
ions differing by 1 u in mass are in the order of about 10 ns at about m/z 1000. The
time elapsing during desorption/ionization is roughly 10-50 ns in case of standard
UV lasers, but can be longer with IR lasers. Consequently, the variation in starting
times for ions of the same m/z value is often larger than the difference in time-of-
flight of neighboring m/z values, thereby limiting the resolution.

4.2.4 Better Vacuum Improves Resolving Power

The mass resolution of a TOF analyzer is directly proportional to its total flight path
length [44]. Improved vacuum conditions result in an elongated mean free path for
the ions and thus reduce the risk of collisions in transit through the analyzer. The
resolving power of a TOF analyzer clearly depends on the background pressure
[45]. Despite improvements of resolving power in the order of a factor of two can be
realized (Fig. 4.6), enhanced pumping systems alone are not able to effect a
breakthrough in resolving power.

Only QITs use buffer gas

The quadrupole ion trap (Sect. 4.5) is the only type of mass analyzer that uses
buffer gas to damp ion trajectories. All other mass analyzers require the
highest possible vacuum for optimum performance.

4.2.5 Energy Spread of Laser-Desorbed lons

Laser-desorbed ions possess comparatively large initial kinetic energies of some
10 eV that are superimposed on the kinetic energy provided by the acceleration
voltage, which is typically in the order of 10-30 kV. Obviously, higher acceleration
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Fig. 4.6 Dependence of resolution on analyzer pressure: linear MALDI-TOF spectra of polyeth-
ylene glycol 4000 recorded at a pressure of 4 x 10~* Pa (leff) and 5 x 107> Pa (right) (Adapted
from Ref. [45] with permission. © John Wiley & Sons, 1994)
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Fig. 4.7 Effects of initial time, space, and kinetic energy distributions on mass resolution in
TOF-MS (Adapted from Ref. [39] with permission. © American Chemical Society, 1992)

voltages are advantageous in that they diminish the relative contribution of the
energy distribution caused by the ionization process. Figure 4.7 illustrates the
possible effects of deviations from the assumption that ions initially are at rest on
an equipotential surface [39]. All these effects together limit resolution to R ~ 500
for continuous extraction linear TOF analyzers.

Bothersome energy spread

The spread in ion kinetic energies from thermal energy as well as from
inhomogeneous acceleration presents a general problem in the construction
of mass analyzers. Accordingly, there are numerous approaches to narrow
down the kinetic energy distributions of ions or to compensate for their
effects.
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4.2.6 Reflector Time-of-Flight Analyzer

The reflector or reflectron was devised by Mamyrin in 1994 [46]. In the reflector
TOF analyzer — often abbreviated ReTOF — the reflector acts as an ion mirror that
focuses ions of different kinetic energies in time. Its performance is improved by
using two-stage or even multistage reflector designs.

Commonly, reflector instruments are also equipped with a detector behind the
reflector allowing linear mode operation simply by switching off the reflector
voltage. A complete mathematical treatment of single-stage and two-stage
reflectors is found in the literature [36-38, 42]. Here, we will restrict ourselves to
a qualitative explanation of the reflector.

A simple reflector consist of a retarding electric field located behind the field-
free drift region opposed to the ion source. In practice, a reflector is comprised of a
series of ring-shaped electrodes at increasing potential. The reflection voltage U, is
set to about 1.05-1.10 times the acceleration voltage U in order to ensure that all
ions are reflected within the homogeneous portion of the electric field of the device

sample laser

reflector
a holder

S
O
' I
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U -k \&—-O higher Ejn \ \ \ \ \ \
reflector
detector Uy
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& 0 5 L S linear
Y Pl
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Fig. 4.8 ReTOF analyzer. (a) Principle of operation, (b) potentials along the instrument. Ions of
different kinetic energy penetrate the reflector to different depths before they come to a halt and get
ejected into the opposite direction. Faster ions have to travel a longer path than slower ones, and
thus, time focus is achieved at some point on the return path. There, the detector receives ions of
the same mass at (about) the same time. A small angle between the axis of the flight path and the
reflector allows the detector to be placed beside the ion source
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(Fig. 4.8). The ions penetrate the reflectron until they reach zero kinetic energy and
are then expelled from the reflector in opposite direction. The kinetic energy of the
leaving ions remains unaffected, however their flight paths vary according to their
differences in kinetic energy. lons carrying more kinetic energy will fly deeper into
the decelerating field, and thus spend more time within the reflector than less
energetic ions. Thereby, the reflector achieves a correction in time-of-flight that
substantially improves the resolving power of the TOF analyzer [32, 37-39]. In
addition, the reflector provides (imperfect) focusing with respect to angular spread
of the ions leaving the source and it corrects for their spatial distribution
[37, 46]. Adjusting the reflector at a small angle with respect to the ions exiting
from the source allows the reflector—detector to be placed adjacent to the ion source
(Mamyrin design). Alternatively, a detector with a central hole to transmit the ions
leaving the ion source has to be used in coaxial reflectrons (cf. Sect. 9.5).

Although the reflector elongates the flight path and hence the dispersion in time-
of-flight, this effect is of lower importance than its capability to compensate for
initial energy spread. Simple elongation of the flight path can also be achieved with
longer flight tubes in linear instruments. However, too long flight paths may even
decrease the overall performance of TOF analyzers due to loss of ions by angular
spread of the ion beam and scattering of ions after collisions with residual gas.

Nonetheless, the remarkable improvements of resolving power delivered by
TOF analyzers with their very long flight paths have more recently led to the
development of TOF analyzers with folded ion paths and sophisticated ion optics
(Sect. 4.2.11).

The ability of the ReTOF to compensate for the initial energy spread of ions
largely increases the resolving power of TOF instruments. While a typical continu-
ous extraction TOF instrument in linear mode cannot resolve isotopic patterns of
analytes above about m/z 500, it will do when operated in reflector mode (Fig. 4.9).
At substantially higher m/z, the ReTOF still fails to resolve isotopic patterns, even
though its resolution is still better than that of a linear TOF analyzer.

Metastable ions in a ReTOF

In case of metastable fragmentations, ReTOF analyzers behave differently
from linear TOF analyzers. If fragmentation occurs between ion source and
reflector, the ions will be lost by the reflector due to their change in kinetic
energy. Transmission occurs only for fragments still having kinetic energies
close to that of the precursor due to the energy tolerance of the reflector, as,
for instance, [M + H-NH3]" in case of a peptide of about n/z 2000. However,
such ions are not detected at correct m/z, thereby giving rise to a “tailing” of
the signal. Ions fragmenting in transit from reflector to detector are treated the
same way as ions in the linear TOF. Thus, the elongated flight path of the
ReTOF analyzer also allows more time for fragmentation. This can compli-
cate the detection of very labile analytes in reflector mode.
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Fig. 4.9 Cy, molecular ion signal of at m/z 720 (a) and the [M + H]" ion signal of bovine insulin,
m/z 5734.6 (b), as obtained on a TOF instrument in linear mode (/eff) and reflector mode (right).
All other experimental parameters remained unchanged

4.2.7 Delay Before Extraction to Improve Resolving Power

In MALDI-TOF-MS, the energy spread of the emerging ions is of significant
magnitude as a result of the MALDI process, which in addition, creates a temporal
distribution of ion formation. The most successful approach of handling such
conditions is presented by ion sources allowing a delay between generation and
extraction/acceleration of the ions. Time-lag focusing dates back to 1955 [21] and
since then has been adapted to the needs of MALDI-TOF-MS by several groups
[47-50].

The advantage of pulsed acceleration is its capability to focus the ions in time
thereby reducing the effect of initial position and initial velocity on resolution. In
addition, the delay permits the plume generated upon laser irradiation to disperse
while still in a field-free region prior to acceleration. This avoids collisions of
energetic ions with neutrals in the initially dense plume that could broaden the
translational energy distribution and cause fragmentation due to CID (Sect. 9.3).
Continuous extraction MALDI ion sources had to be operated with laser fluences
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close to the threshold for ion formation in order not to sacrifice the limited
resolution any further. With pulsed acceleration, this effect is greatly reduced.

After allowing the ions to separate in space according to their different initial
velocities during a delay of some hundreds of nanoseconds the acceleration voltage
is switched on with a fast pulse. This procedure also ensures that laser-induced
reactions have terminated before ion acceleration begins. A delay of about 200 ns
was empirically found to be required to realize the desired effect [36, 42].

Longer delays allow to achieve very high resolving power at the focused mass,
but outside the optimized mi/z range resolution remains limited. More recently, the
so-called panoramic pulsed ion extraction (PAN) was introduced (Bruker Daltonik)
that makes use of a time-modulated extraction pulse to stretch the optimum
resolution over a wide m/z range.

Many names

Unfortunately, establishing patents and trademarks has caused redundant
names for almost the same thing: time lag focusing (TLF, Micromass);
delayed extraction (DE, Applied Biosystems); pulsed ion extraction (PIE),
and more recently panoramic pulsed ion extraction (PAN, Bruker Daltonik).

Using a two-stage acceleration ion source allows the electric field between target
(repeller) and extraction plate P, to be varied. The remaining fraction of the
acceleration voltage is applied in the second stage. At the onset of extraction,
ions with high initial velocities have traveled farther than slower ones, and therefore
experience only a fraction of the extraction voltage dV between target and extrac-
tion plate P;. The voltage of the second stage is the same for all ions. As a result, the
fastest ions receive less energy from the accelerating field than the slowest.
Thereby, such ion sources compensate for the initial energy distribution [50].

The optimum settings of the delay time and of the ratio of pulsed to fixed voltage
(V1/V,) depend on m/z with a tendency towards longer delays and/or a larger V/V,
ratio for heavier ions. In practice, the variation of potentials in pulsed ion extraction
with time can be handled as follows (Fig. 4.10): target and extraction plate P; are
maintained at the same potential during the delay time, thereby creating a field-free
region d;. After the delay has passed, P; switches from V; by a variable value dV to
V, causing extraction of the ions.

Impressive gain in resolving power Regardless of the manufacturer of the hard-
ware, the effect of a time lag on resolution is quite dramatic. The resolving power of
linear instruments is improved by a factor of 3—4 and reflector instruments become
better by a factor of about 2-3 [50]. The advantages are obvious by comparison of
MALDI-TOF spectra of substance P, a low mass peptide, as obtained in continuous
extraction mode and after PIE upgrade of the same instrument (Fig. 4.11). Modern
mid-class MALDI-TOF instruments easily deliver twice that resolution.
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Fig. 4.10 Variation of potentials in pulsed ion extraction with time. The lens stack acts as angular
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Fig. 411 MALDI-TOF spectra of substance P, a low-mass peptide, as obtained from a Bruker
Biflex ReTOF in continuous extraction reflector mode (in 1995, left) and after PIE upgrade of this
instrument (in 2001, right)

4.2.8 Orthogonal Acceleration TOF Analyzers

Up to here, the TOF analyzer has been under consideration bearing MALDI-TOF
equipment in mind, just because MALDI as a pulsed ionization method delivers
ions to a TOF analyzer in an ideal manner. In fact, MALDI initiated such tremen-
dous improvements of TOF analyzers that it became attractive to combine these
compact but powerful analyzers with other, inherently nonpulsed, ionization
methods. The major breakthrough for generalized use of TOF analyzers arose
from the design of the orthogonal acceleration TOF analyzer (0aTOF). In an
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Fig. 4.12 An orthogonal acceleration reflector TOF instrument. See text for discussion
(Reproduced from Ref. [55] by permission. © John Wiley & Sons, 2000)

0aTOF analyzer, pulses of ions are extracted orthogonally from a continuous ion
beam (Fig. 4.12) [51, 52]. The 0aTOF analyzer can be of linear or ReTOF type.
Although different problems have to be overcome for each ionization method, the
0aTOF analyzer is in principle suited for any of them [29, 53-55].

The main advantages of 0aTOF analyzers are:

¢ High sensitivity due to good duty cycle and high transmission of TOF analyzers.
e High spectral acquisition rate (spectra per second) even after pre-averaging.

¢ High mass-resolving power.

* Mass accuracies as good as 1 ppm for formula determination.

» Compact design and small footprint.

Therefore, it is not astonishing that 0aTOF instruments are currently widespread
in use for numerous kinds of applications. Electrospray ionization (ESI) oaTOF
instruments with accurate mass capabilities represent the majority of these systems
[56-58], but gas chromatography—mass spectrometry (GC-MS) instruments are



4.2 Time-of-Flight Instruments 169

also available. In particular for fast GC applications [59, 60] and for HR-GC-MS
[61] 0aTOF systems are advantageous. Today, a large portion of the instruments
incorporating 0aTOF analyzers are hybrids mostly of the quadrupole-0aTOF type.
We will therefore deal with them in the section on hybrid instruments.

4.2,9 Operation of the 0aTOF Analyzer

Ions leaving the ion source are focused to form an almost parallel ion beam, i.e., to
minimize ion motion orthogonal to the ion beam axis. Then, the ion beam enters the
orthogonal accelerator (x-axis) [29, 53, 55]. The ion kinetic energy in this beam is
only in the range of 10-20 eV. A package of ions of length /, is pushed out
orthogonally from its initial direction by a sharp pulse, and is thus accelerated
into the TOF analyzer (y-axis) by a voltage of 5-10 kV. From the TOF analyzer’s
point of view the orthogonal acceleration unit can be regarded as the ion source.
Usually, ions are accelerated through a two-stage setup analogous to the Wiley-
McLaren ion source [21].

The design of the TOF analyzer itself is similar to those discussed before, but its
diameter is much wider because the velocity of the ions in x-direction, Vpeam, i not
affected by the orthogonal push-out process. Therefore, the detector needs to be
comparatively wide in x-direction to enable ions extracted anywhere from the
whole path [, to hit its surface. In practice, the detector needs to be several
centimeters in length. The angle @ between the x-direction and the flight axis into
the TOF analyzer is given by

-V
0 =tan 'y /— — tan ! (—me ) (4.9)

beam Vbeam

where Vi.r and Vyean are the acceleration voltages for ion beam and orthogonal
accelerator, respectively, and vof and vpeam, are the corresponding ion velocities.
While one ion package travels through the TOF analyzer and is being dispersed
in time, the accelerator is refilled with new ions from the ion source (the time-of-
flight to cover an m/z range up to about 5000 by the 0aTOF is about 100 ps). During
the drift time of an ion through the 0aTOF, it travels a distance /,. The ratio of the
length of the orthogonal accelerator /, to [, determines the efficiency of the mass
analyzer in terms of the ratio of ions used to ions created. This efficiency is known
as the duty cycle of an instrument (next paragraph). The duty cycle of an 0aTOF
instrument is at an optimum if the time-of-flight to pass the TOF analyzer is slightly
longer than the time needed for the continuous ion beam to refill the orthogonal
accelerator. As soon as the heaviest ions have reached the detector, the next
package is pulsed into the analyzer, giving rise to 10,000 complete mass spectra
per second. In order to reduce the amount of data and to improve the signal-to-noise
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ratio, summation of several single spectra is done by an acquisition processing unit
before the spectra are passed to a computer for data storage and post-processing.

4.2.10 Duty Cycle

In mass spectrometry the term duty cycle is used to specify the fraction of time of an
ion current as continuously delivered from an ion source that is finally used for mass
analysis. The duty cycle of scanning instruments is intrinsically low as only ions of
one m/z value hit the detector at a time while all others are discarded by the
analyzer, e.g., at R = 1000 only a fraction of 10> of the m/z range reaches the
detector corresponding to a duty cycle of just 107>, Linear and ReTOF analyzers,
on the other side, are capable of using almost all ions that are created from a pulsed
ionizing event, and thus, these allow duty cycles in the order of 0.9. Although the
0aTOF analyzer is by far better than scanning devices, it has to deal with a batch
operation of the ion pulser. Fast (low-mass) ions traverse the orthogonal accelerator
in a shorter time span than slow (high-mass) ions, thereby causing discrimination of
low-mass ions. This behavior poses limitations on the mass range that can be
simultaneously pulsed into the TOF analyzer. Depending on the axial velocity
distribution of the ions and on the m/z range to be analyzed, the duty cycle of
0aTOF analyzers is in the 3-30% range.

Determination of the duty cycle In 0aTOF operation, the frequency between
acceleration pulses is selected as to avoid spectral overlap due to mixing of
subsequent ion packages traveling along the TOF analyzer. The slowest ions arrive
at the detector at a time that is determined by the ratio of the length of the ion
entrance window, [, to the distance between the midpoints of this window and
the detector, /,. The duty cycle (Du) for the heaviest ion at mi/z,,,, is therefore given
by Du = [, / I, (Fig. 4.12) [62]. Furthermore, as the velocity of ions is proportional
(m/z)72 (Eq. 4.3) the duty cycle for low-mass ions at m/z.,, is given by

lp m/Zlow

Du =~
Iy m/Zmax

(4.10)

In practice, the ratio [, / Iy is about 0.25, and thus, for m/zj,, = 100 and
ml/zZmax = 2000 we obtain Du = 0.056 for the low-mass ion.

Nonetheless, it is not the duty cycle alone that defines the transmission of 0aTOF
analyzers. Actually, the overall sensitivity of instruments is also influenced by ion
losses during entrance into the orthogonal accelerator, divergence of ions prior to
pulsing, eventual grids in the flight path, etc.
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4.2.11 TOF Analyzers with a Folded Eight-Shaped Flight Path

It should have become clear that elongated flight paths could provide an effective
means of increasing the resolving power of a TOF analyzer if it were not for the ion
losses due to spreading of the beam by Coulombic repulsion and by scattering of
ions upon collision with residual gas. Apart from these considerations, a flight tube
of say 10 m in length would be impracticable for any commercial instrument. On
the next few pages we will therefore take a — hopefully instructive — view of some
extraordinary TOF analyzer designs to get a perspective on what can be done.

Folding the flight path into compact dimensions presents an elegant concept to
build a TOF analyzer featuring a very long flight path. An approach by M. Toyoda
makes use of four electrostatic sectors that enable eight-shaped ion optical
geometries for multi-turn and multi-passage ion paths [44]. While electrostatic
sectors enable curved ion paths, they still cannot provide angular focusing of the
ion beam to a level required for multiple passages through the analyzer. Therefore,
additional ion optical elements such as electrostatic lenses and/or DC quadrupoles
are incorporated, leading to a rather complex ion optical system. Additionally, ion
injection from an external ion source into this “race track” has to be incorporated
into the design if the final instrument is intended to be of practical use.

One representative of this TOF geometry is the MULTUM Linear plus instru-
ment [44, 63], which consists of four cylindrical electrostatic sectors and 28 DC
quadrupole lenses. The setup of this TOF analyzer is shown in Fig. 4.13 and the
corresponding ion trajectories as visualized by a computer simulation are depicted
in Fig. 4.14. The ions are injected at moderate kinetic energy of 1.5 keV and one
cycle, a “full eight”, corresponds to 1.284 m. Thus, the analyzer fits into a suitcase-
sized housing (60 x 70 x 20 cm).

Outstanding resolving power The mass resolving power of the MULTUM Linear
plus instrument increases as more repetitive cycles are employed. This has been
demonstrated for the doublet of CO™ and N,*" ions at m/z 28 (Fig. 4.15). It is
remarkable that the time interval to the neighboring peak increases while the peak
width in the spectra corresponding to 25.5, 101.5, 301.5, and 501.5 cycles or about
33, 130, 387, and 644 m path length, respectively, remains almost constant at
8 £ 1 ns. Finally, a mass resolution of Rgwyym = 350,000 is achieved after
501.5 cycles equaling a flight path of 644 m and a flight time of 6.3 ms.

It is an inherent weakness of this design that the next injection of ions has to wait
until the preceding ion package has completed its journey through the TOF ana-
lyzer. Otherwise, fast ions of the following ion injection could overtake the slower
ones of the previous one. The design does, however, not permit to distinguish this
sort of interference, and thus, suffers from very low duty cycle as it takes several
milliseconds to complete a single run. The m/z range per analysis is also limited due
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Fig. 4.13 Complex but
compact ion optical design of
the MULTUM Linear plus
TOF analyzer. The eight-
shaped path is realized by
electrostatic sectors and
numerous DC quadrupole
lenses (SQ, Q, and CQ)
(Reproduced from Ref. [63]
by permission. © IM
Publications, 2010)

Fig. 4.14 Simulated ion
trajectories in the MULTUM
Linear plus (cf. Fig. 4.13).
The arrows indicate the
direction of ion motion
(Adapted from Ref. [44] by
permission. © John Wiley &
Sons, 2003)
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to this phenomenon: lighter ions would overtake the heavier ones after some cycles.
In other words, only ions traveling the same number of cycles can be reliably
analyzed.

Space mission From the commercial point of view, this unconventional yet
impressive design still possesses some prototype character. Nonetheless, it has
seen an application on the ROSETTA space mission. In fact, the lander Philae
carried a miniature instrument of this design for the COSAC project [64, 65]. The
lander was dropped on the surface of the comet 67P/Churyumov-Gerasimenko on
November 12, 2014 after a 10-year journey of some seven billion kilometers. After
some difficulties due to an unlucky touch down, it finally managed to acquire a
mass spectrum on the comet’s surface [66].

The problems of indistinguishable ion packages and of overtaking lighter ions
can be resolved by tilting the axis of ion injection out of the x,y plane to introduce a
translational motion in z direction. This way, ions are moving through a stack of
eight-shaped paths. While the number of cycles is then defined by the analyzer
hardware, the design allows to cover a large m/z range as required in analytical mass
spectrometry [67—69].
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Fig. 4.16 SpiralTOF e
analyzer using four arrays of
electrostatic analyzers (gray).
The outer electrode of the top
left ESA has been omitted.
The ion flight path is
visualized as a red line
(Reproduced with permission
from Ref. [71] © Mass
Spectrometry Society of
Japan, 2014)
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JEOL has developed a MALDI-TOF instrument incorporating the so-called
“Spiral TOF” analyzer. The geometry comprises eight loops of 2.1 m each resulting
in a total flight path of about 17 m (Fig. 4.16). While not actually flat, the entire
analyzer fits into a compact almost cubic housing. As the ion source uses delayed
extraction (Sect. 4.2.7) to minimize the translational energy spread of the ions prior
to entering the SpiralTOF assembly, this instrument can deliver 80,000 resolving
power [70-72]. An application of this instrument to MALDI analysis of a synthetic
polymer is shown in Sect. 11.5.

4.2.12 Multi-reflecting TOFs

Alternatively, TOF analyzers can be compacted by folding the flight path via
multiple reflection of the ions. The concept of multi-pass and multi-reflecting
TOF analyzers has been explored by H. Wollnik [73, 74]. Following the line of
thought that leads from the MULTUM design to the Spiral TOF, it appears logical to
employ an array of reflectors and some tilt of the direction of motion to avoid
overtaking of lighter ions. Rather than using the same pair of reflectors to oscillate
ion packages back and forth as many times as possible, such a multi-reflector design
with a defined number of cycles offers free selection of the m/z range to be covered.
The setup that has finally been commercialized employs an array of multi-stage
reflectors that are aligned in a way as to effect a “zig-zag” or “jig-saw” ion path
[75]. To avoid ion loss by scattering, a set of electrostatic lenses is positioned
halfway between the opposed reflectors. It requires carefully tuned spatial focusing
of both reflector stages and lenses to keep ions on track along such a flight path.
Ions leaving the source are injected into the first reflector at an angle and then
pass a switchable deflector electrode. With the deflector electrode switched on, ions
are sent into the second reflector stage and leave from there to hit the detector after
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Fig.4.17 Scheme of multi-reflecting TOF operational modes (A ion source, D detector). By using
a switchable deflector ions can either be passed through one double reflection to deliver R = 1000,
to five double reflection to achieve R = 25,000, or even to have a second full passage enabling
R = 50,000 (Courtesy of LECO, Germany)

having gone through a rhombic flight path of just 2 m (Fig. 4.17). In this mode, the
instrument can deliver R = 1000. When no potential is applied to the deflector, ions
move on to start their zig-zag journey until they are reflected at the end of the array
to send them back on a path leading to the detector. Providing a flight path of 20 m,
this mode delivers R = 25,000. By using the deflector to send ions back, the ions are
going for second passage through the mass analyzer to enable R = 50,000 after
40 m of flight. The latter mode limits the m/z range to a ratio of 1:4, e.g., m/z
200-800, because ions of the first and second passage are simultaneously traveling
on the track.

A better idea of the dimensions of this compact analyzer and of the penetration
depth of the multi-stage reflectors is conveyed by Fig. 4.18. This multi-reflecting
TOF analyzer is commercialized by LECO as Pegasus HRT series of instruments
[76, 77].

Multi-reflecting TOF at CERN At CERN, the online precision mass spectrome-
ter ISOLTRAP uses a dedicated multi-reflecting TOF analyzer between the linear
RF ion trap and two Penning traps for precision mass measurement of exotic nuclei
[78]. The MR-TOF analyzer comprises two ion-optical mirrors between which
oscillating ions are separated according to their different mass-to-charge ratios.
By the multiple reflections, the analyzer of less than 1 m in length allows for total
ion flight paths of several hundreds of meters. Tests of an offline version of this
device delivered a resolving power of up to R = 80,000 [79]. As part of the highly
specialized setup of ISOLTRAP at CERN, the MR-TOF serves for purification of
contaminated ion beams. Furthermore, the MR-TOF can be operated as a mass
spectrometer on its own, in particular for precision mass measurements of nuclides
that are shorter-lived or that have lower yields than those accessible for Penning
trap mass spectrometry [78—80].
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Fig. 4.18 Schematic of the multi-reflecting TOF analyzer. During the most part of their journey,
ions are traveling either within reflectors or are passing electrostatic lenses (Courtesy of LECO,
Germany)

4.2.13 Essence of TOF Instruments

Principle of Operation

Ions of equal kinetic energy but different in mass are moving at different velocities.
When such ions are traveling down a field-free drift path of given length, their flight
times depend on mass, more precisely on the square root of m/z. Measuring the
time-of-flight (TOF) allows to calculate the ionic mass. The mass resolving power
of a TOF analyzer is proportional to its length.

TOF Configurations

The simplest form of a TOF analyzer is presented by the linear TOF with continu-
ous ion extraction from the source. The reflector TOF (ReTOF) design offers 2—4-
fold improved resolving power that can be further boosted by implementation of a
delay between ion creation and onset of ion acceleration. Typically, such TOF
analyzers, generally of reflector design, are attached on-axis to MALDI sources
featuring some sort of pulsed ion extraction.

Continuous ion sources can be used in combination with orthogonal-acceleration
(0aTOF) analyzers. For m/z analysis in 0aTOFs, ions are deflected from an ion
beam orthogonal to its direction. Commonly, the TOF analyzer of these instruments
is also of reflector design. Furthermore, 0aTOFs are well-suited for combination
with other mass-analyzing devices.
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Performance Characteristics

The performance of TOF analyzers in terms of mass range, resolving power, and
mass accuracy varies widely in accordance with their design (on-axis TOF versus
0aTOF), mode of operation (linear or reflector mode), and intended use (MALDI
versus ESI, APCI versus EI, CI) of the instrument. Thus, TOFs may cover ranges of
up to m/z 1000 (GC-MS), to m/z 5000 (ESI, APCI sources), and even to far beyond
m/z 100,000 (MALDI). TOFs can deliver resolving power of R = 1000 (GC-MS,
GC x GC-MS) to R > 30,000. Accordingly, mass accuracies range from just 0.2 u
to 0.001 u.

TOF Analyzers in the Laboratory

TOF analyzers are widely used in modern instrumentation. Their success is based
on a balance between performance in terms of resolving power, mass accuracy,
mass range, speed, and sensitivity on the one side and of reasonable investment on
the other. Their compact footprint in the laboratory and moderate power consump-
tion also contribute to their success. On-axis TOF and 0aTOF analyzers make up
the majority of today’s TOF instrumentation, while the more complex folded ion
path layouts are less common.

4.3 Magnetic Sector Instruments
4.3.1 Evolution of Magnetic Sector Instruments

Magnetic sector instruments paved the road to organic mass spectrometry.
“Whereas mass spectrometry was still very an art rather than a science in 1940,
the picture changed drastically during the war years. Vacuum and electronic
techniques had matured” [81]. It took until the 1950s for magnetic sector
instruments to become commercially available [7, 8]. These pioneering instruments
were fairly bulky and not very easy to use [8§1-83]. Nevertheless, they provided
analytical information of a kind that chemists had long been seeking for. They
continuously became faster, more accurate, with higher resolving power [3, 5, 9,
84]. The first instruments used a single magnetic sector (symbol B) to effect
separation of the ions. Later, the introduction of double-focusing instruments
which in addition were equipped with an electrostatic sector or electrostatic
analyzer (ESA, symbol E) in addition defined a standard which is still valid. With
few exceptions, magnetic sector instruments are comparatively large devices capa-
ble of high resolution and accurate mass determination, and suited for a wide
variety of ionization methods.
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Trends in instrumentation

Two decades ago, double-focusing sector instruments were commonly used
with a large chemical diversity of samples. Within the last decade, however,
there has been a strong tendency to replace sector instruments with TOF,
Orbitrap, or FT-ICR instruments, and moreover, to even substitute classical
ionization methods such as EI, CI, or FAB with APCI or ESI just to redirect
the stream of samples to those preferable modern mass analyzers. Recently,
manufacturers have “rediscovered” the utility of EI and CI and started to offer
TOF and Orbitrap analyzers adapted to these ionization methods. These
instruments often are dedicated to gas chromatography-mass spectrometry
(GC-MS), but direct insertion probes are also having a renaissance (Sect. 5.2).

4.3.2 Principle of the Magnetic Sector

The Lorentz Force Law can be used to describe the effects exerted onto a charged
particle entering a constant magnetic field. The Lorentz force F depends on the
velocity v, the magnetic field B, and the charge ¢ of an ion. In the simplest form the
force is given by the scalar equation [3, 4, 85, 86]

Fi, =qvB (4.11)

which is valid if v and B (both are vectors) are perpendicular to each other.
Otherwise, the relationship becomes

F1. = qvB(sina) (4.11a)

where « is the angle between v and B. Figure 4.19 demonstrates the relationship
between the direction of the magnetic field, the direction of the ionic motion, and
the direction of the resulting Lorentz force. Each of them is at right angles to the
others. An ion of mass m and charge ¢ traveling at a velocity v in a direction
perpendicular to an homogeneous magnetic field will follow a circular path of
radius ry, that fulfills the condition of equilibrium of F} and centripetal force F,

2

nyv
FL,=q¢B =

=F, (4.12)

I'm

Upon rearrangement we obtain the radius r,, of this circular motion

P = (4.13)
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Fig. 4.19 The Right Hand Rule (/ thumb, B index finger, F; middle finger) to determine the
direction of the Lorentz force (a), where the current corresponds to the direction where positive
charges move, i.e., the figure directly applies for positive ions. (b) A real magnet yoke without
coils and flight tube. With kind permission of Thermo Electron (Bremen) GmbH, (/eft) and Waters
Corporation, MS Technologies, Manchester, UK (right)

This shows the working principle of a magnetic sector where the radius ry,
depends on the momentum mv of an ion, which itself depends on m/z.

Momentum analyzer

The magnetic sector does not directly separate ions by mass. Rather it effects
ion separation by their momentum and this feature can be used as a measure
of mass provided all ions possess equal kinetic energy.

Finally, dispersion in momentum causes a dependence of r,, on the square root
of mass becoming obvious by substitution of v from Eq. (4.3) and ¢ = ez

m;  [2ezU 1 \/ZmiU
= =— 4.13
Fm ezB \/ m; B ez ( 2)

Alternatively, the ratio m;/g can be expressed by rearranging Eq. (4.13)

. rmB
m_ImB (4.14)
q v

which upon substitution of v as performed above becomes
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i _ 'mB o M rm’B® (4.14a)

q 2qU q 2U
V' m

For singly charged ions (z = 1, ¢ = e) we obtain the more widespread form

m; rszz
?: U (4.14b)

Basic equation of MS

Equation (4.14b) has become known as the basic equation of mass spectrom-
etry. Nowadays, there is no more justification for a single basic equation of
mass spectrometry because of the large variety of mass analyzers employed.

4.3.3 Focusing Action of the Magnetic Field

The focusing action of an homogeneous magnetic field on a beam of ions having the
same m/z and the same kinetic energy can best be illustrated by a 180° sector
(Fig. 4.20). If the beam is divergent by a half-angle «, the collector slit must be a7y,
wide to pass all ions after suffering 180° deflection. This is because the ions come to
a first order, i.e., imperfect, focus as they all traverse the magnetic field at the same
radius but not all of them entered the field at right angles. Ions of different mi/z fly at
a different radius, e.g., the lighter ions of m/z; hit the wall while ions of m/z; reach
the collector slit. To allow for detection of various masses, such an analyzer could
either be equipped with a photographic plate in the focal plane to become a
so-called mass spectrograph, or it could be designed with variable magnetic field
to detect different masses at the same point by bringing them subsequently to the
collector slit. Indeed, such a 180° geometry with scanning magnetic field has been
used by Dempster [87]. Later, the term mass spectrometer was coined for this type
of instruments [83].

Among other complications, the 180° design requires large and heavy magnetic
sectors. It is by far more elegant to employ magnetic sectors of smaller angles
(Fig. 4.21). An optimized magnetic sector alone can provide a resolving power of
R =2000-5000 depending on its radius. The limitation arises from the fact that ions
emerging from the ion source are not really monoenergetic. This way, ions of
different m/z can have equal momentum and thus cause overlap of adjacent ion
beams at the detector.

Energy spread limits resolving power Equation (4.13a) describes the radius r,, in
the magnetic field. Obviously, the value r,,, remains constant as long as m;U = const.
If the instrument is set to pass an ion of say »/z 500 and 3000 eV kinetic energy, it
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Fig. 4.20 Direction focusing properties of a 180° magnetic sector on a diverging beam of ions of
the same m/z and the same kinetic energy and effect on ions of different m/z. In this illustration,
B has to come out of the plane towards the reader for positive ions
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Fig. 4.21 Ton separation and direction focusing in a plane by a 90° magnetic sector. A divergent
beam of ions of m/z 1, 2, 3 is separated into three beams and focused to a point on the image plane
(divergence shown exaggerated). Only ions of m/z 2 are passing the exit slit and eventually hit the
detector (Adapted from Ref. [88] with permission. © Wiley-VCH, 1999-2014)

will simultaneously allow the passage for ions of m/z 501 having 2994 eV or of m/z
499 having 3006 eV of kinetic energy. This is why high resolving power demands
narrow kinetic energy distributions.

4.3.4 Double-Focusing Sector Instruments

The electrostatic sector or electrostatic analyzer (ESA) produces a radial electric
field between two oppositely charged plates extending over the ESA angle ¢
(Fig. 4.23). An ion passes the ESA midway on a circular path if
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n V2

Fe=qE=—=F, (4.15)

Te
where F, represents the electric force, E the electric field strength, and r,, the radius
of the ESA. Rearrangement of Eq. (4.15) demonstrates that the ESA acts as an
energy dispersive device

mj V2 ny V2
re = =
qE ezE

(4.16)

Energy filter

The ESA effects energy dispersion. Thus, the kinetic energy distribution of an
ion beam can be reduced. The ESA does not allow for mass separation among
monoenergetic ions.

Upon substitution of Eq. (4.3) for v one obtains the simple relationship

2U
Fe = —

. (4.17)

to describe the radius of the ESA. As with the magnetic sector before, the ESA has
direction-focusing properties in one plane (Fig. 4.22). Ions entering the ESA in the
middle and at right angles to the field boundaries pass through on a path of
equipotential, whereas ions with a velocity component towards one of the capacitor

positive ESA plate

negative
ESA plate

divergent ion
\ beam

e

eatrance \;
slit

ESA angle ¢
Fig. 4.22 Direction focusing of a radial electric field. Ions of appropriate kinetic energy are

focused at the exit slit. Divergent ions pass the ESA close to either plate. Here, the electric
potentials are set to transmit positive ions. The image distance /. depends on the ESA angle
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plates are brought into focus at the focal length /.. To understand this, imagine an
ion drifting towards the outer plate having the same charge sign as the ion. As it
approaches the plate it is decelerated by the opposed electric field and finally
reflected towards the center of the beam. With its radial component of v inverted
it crosses the ideal path at /.. In an analogous fashion an ion approaching the inner
plate becomes accelerated by the attractive force. The resulting higher velocity
causes an increase in centripetal force, and thereby effects a correction of the flight
path in the appropriate sense.

Energy focusing is achieved by combining a magnetic sector and an electric
sector in a way that the energy dispersion of the magnetic field is just compensated
by the energy dispersion of the electric field. Additional direction focusing is
obtained if the radii and angles of these fields and their mutual alignment does
not diminish the focusing properties of each of them. Then, an ion optical system is
obtained that is able to focus ions onto a single image point, although these were
emerging from the ion source in (slightly) different directions and with (slightly)
different kinetic energies. This is called double focusing. Double focusing can
improve the resolving power of a magnetic sector instrument more than ten times.

4.3.5 Geometries of Double-Focusing Sector Instruments

The following passages present examples of particular double-focusing geometries
that either have been milestones in instrument design [3, 5] or still are incorporated
in modern mass spectrometers.

The EB design by Mattauch and Herzog combines a 31° 50’ ESA with a 90°
magnetic sector producing an image plane that allows for simultaneous photographic
detection of a comparatively large m/z range [89]. This mass spectrograph attains
double-focusing over the total image plane resulting in resolving powers of
R > 10,000. Thus, it became the basis for numerous commercial instruments
(Fig. 4.23). The Mattauch-Herzog geometry has survived until today in dedicated
instruments for spark source (SS)-MS and isotope ration (IR)-MS (Sect. 15.2) [90].

An EB design effecting an image plane of 140 mm in length with a linear mass
scale for detection on a photographic plate has been published by Bainbridge and
Jordan (Bainbridge-Jordan geometry) [92]. Their paper is especially recommended
as it also nicely illustrates the use of photographic plates in those days.

The third famous type of EB arrangement has become known as Nier-Johnson
geometry (Fig. 4.24) [93]. Here, the ion beam first passes through the electrostatic
analyzer producing energy-resolved beams without mass dispersion in the plane of
an intermediate slit located at the focal point of the ESA. It then passes through a
magnetic analyzer to achieve mass dispersion of the ions. Different from the
Mattauch-Herzog mass spectrograph, the Nier-Johnson mass spectrometer was
constructed to be used in conjunction with a scanning magnet to focus one specific
m/z after the other onto a point detector. This presented a major advantage for the
use of UV recorders or electronic data acquisition as well as for the achievement of
better ion optics.
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Fig. 4.23 Mattauch-Herzog double-focusing mass spectrograph providing direction and momen-
tum focusing of ions on a plane [89]. The ESA precedes the magnet. Placing a photographic plate
in the image plane allows simultaneous recording of a m/z range (Reproduced from Ref. [91] with
kind permission of Curt Brunnée)

lon source

Detector %J

Fig. 4.24 Double-focusing mass spectrometer of EB geometry, basically a Nier—Johnson type
instrument. Direction and velocity focusing are shown exaggerated. After exiting the ESA, the
energy-resolved beam passes through a wide intermediate slit into the magnetic sector. The large
aperture ensures good overall transmission (Reproduced from Ref. [91] with kind permission of

Curt Brunnée)
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Scan

Typically, on magnetic sector mass spectrometers a spectrum is produced by
varying the strength of the magnetic field to successively pass through ions of
different m/z. This is termed magnetic field scan [94]. For scans linear in time,
the scan rate is given in units of m/z S e.g., 500 m/z s~!. For scans
exponential in time, the scan rate is reported in units of s per decade, e.g.,
10 s/decade means 10 s from m/z 30 to 300 or from m/z 100 to 1000.

Some later EB instrument models were constructed to be used in combination
with an (optional) array detector, e.g., the JEOL HX-110 (EB), the Thermo
Finnigan MAT 900 (EB), and the Micromass Autospec (EBE) instruments could
be equipped in that way. The array detector was located at the focus plane of the
magnet.

Successful constructions of reversed geometry, i.e., BE instead of forward EB
design, have been presented in the form of the MAT 311 in the mid-1970s and
shortly after by the VG Analytical ZAB-2F instrument [95] based on a proposal by
Hintenberger and Konig [96].

More recent BE geometry instruments are presented by the Thermo Finnigan
MAT 90 and 95 series (Fig. 4.25), the JEOL JMS-700, and although not strictly due
to its EBE geometry [97], the Micromass Autospec. However, the only instrument
of this millennium incorporating a redesigned BE geometry has been the Thermo
Scientific DSF introduced in 2005. In contrast to organic and biomedical MS,
double-focusing designs are still highly relevant in inorganic MS (Chap. 15) [90].
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Fig. 4.25 The Finnigan MAT 90 double-focusing mass spectrometer with rotated pole faces of
the magnetic sector (Reproduced from Ref. [2] with permission. © Elsevier Science, 1987)
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4.3.6 Adjusting the Resolving Power of a Sector Instrument

The ion optics of a sector instrument are the analog to a cylindrical lens in light
optics. Accordingly, the reduction of an aperture can be used to obtain a sharper
image, i.e., to increase resolving power (Sect. 3.4). Slits are used instead of circular
apertures to comply with the cylindrical properties of the ion optical system. Most
important are the settings of the object slit (source slit, entrance slit) and the image
slit (collector slit, exit slit, detector slit). Intermediate slits may be used in addition.
Unfortunately, closing slits also means cutting off ions from the beam, and thus
reduction of the transmission of the mass analyzer. In the ideal case, the improve-
ment of resolution by a factor of 10 goes along with a reduction in transmission to
10%, in reality the effect is often worse.

Setting the slits The influence of relative slit width on peak shape and resolution is
demonstrated on the second isotopic peak of toluene molecular ion, B, 2CsHg ™,
m/z 94 (Fig. 4.26). With the entrance slit at 50 pm and the exit slit at 500 pm the
peak is flat-topped (/eft), because a narrow beam from the entrance sweeps over the
wide open detector slit keeping the intensity constant as the scan proceeds until the
beam passes over the other edge of the slit. Closing the exit slit to 100 pm increases
resolution to 2000 without affecting the peak height (center), but reduces the peak
area by a factor of 4 in accordance with an increase in resolution by the same factor.
Further reduction of the exit slit width to 30 pm improves resolution at the cost of
peak height (right). (Any sector instrument must behave alike, otherwise, cleaning
or other maintenance are required.)

Operate to fit your needs

The ultimate resolution of a magnetic sector mass spectrometer is reached
when the slits are closed to a width of a few micrometers. Often, the slit
height is also reduced, e.g., from 5 to 1 mm. In daily work, the resolution will
be set to fit the actual task, e.g., R = 1000-2000 for low-resolution work,
R = 30005000 if accurate mass determination at high scan rates is needed
(GC-MS, Chap. 14) or isotopic patterns of high mass analytes have to be
resolved, or R = 7000—-15,000 in slow-scanning accurate mass measurements.

4.3.7 Optimization of Sector Instruments

To improve the performance of sector instruments in terms of scan speed, resolving
power, transmission, and mass range, the construction, in particular that of the
magnet, needs some additional refining.

The rapid change of a magnetic field suffers from hysteresis, i.e., the magnetic
flux does not exactly follow the change of the electric current through the coils in
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Fig.4.26 The influence of relative slit width settings on peak shape and resolution on a magnetic
sector instrument. The peak shape first changes from flat-topped (/eff) to Gaussian (center) and
finally resolution improves at cost of peak height (right)
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Fig. 4.27 Types and shapes of ion optical elements used in magnetic sector instrument design
(By courtesy of Thermo Fisher Scientific, Bremen)

time, but lags behind due to the induction of eddy currents. On one side, this causes
problems in creating a scan perfectly linear in time, on the other this prevents high
scan rates as required for GC-MS. Lamination of the yoke substantially reduces
these problems [98] and is employed in all modern sector instruments.

In order to extend the mass range one either has to increase the field strength or
the radius of the magnet. However, there are limitations of the field strength with
non-superconducting magnets at about 2.4 T. Instead of simply enlarging the
radius, the pole faces of the magnet can be rotated to preserve a compact design
by reduction of its focal length (Figs. 4.27, 4.28, and 4.29) [2].
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Fig. 4.29 Layout of the JEOL JMS-700. Three DC quadrupole lenses are used to improve the
transmission of the magnetic sector. The inset shows horizontal (x) and vertical (y) trajectories
where the height of the beam ( y) is clearly reduced to pass through a narrow gap between the pole
shoes of the magnet (Adapted from Ref. [99] with permission. © Elsevier Science, 1985)
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Another problem is due to fringing fields. To reduce these defocusing effects at
the entrance and exit of the field, the pole pieces of the yoke of the electromagnet
generally have specially shaped edges.

Furthermore, pure EB and BE designs are somewhat limited concerning the
transmittance through a narrow magnet gap as compared to instrument designs
using some DC quadrupole (q) or DC hexapole (h) lenses to form the ion beam
(Fig. 4.29) [99, 100]. However, quadrupole and hexapole lenses do not alter the
effective instrument geometry, i.e., such an analyzer behaves like a pure BE
analyzer in any mode of operation.

4.3.8 Summary of Magnetic Sector Instruments

Ion Separation

Ions moving perpendicular to a magnetic field are forced on a circular path by
action of the Lorentz force. The radius of that motion is determined by a counter-
balance of Lorentz force and centripetal force. Ions of equal kinetic energy but
different in mass therefore travel on individual radii, and thus, a separation by
momentum is effected. The radius of ion motion or the magnetic field strength to
achieve a defined radius to hit the detector is then used to derive m/z values of
the ions.

Configurations

Magnetic sector instruments can be built relying on magnetic (B) separation alone.
Such single-focusing instruments are limited in resolving power. At least one order
of magnitude higher resolving power is achieved when the kinetic energy spread of
ions is compensated or filtered by means of an electrostatic sector (E). Designs
employing B and E are termed double-focusing. E and B can be combined in
numerous ways thereby giving rise to EB, BE, EBE, BEBE, and other designs.

Performance Characteristics

Double-focusing magnetic sector instruments, either in BE or EB configuration,
typically can achieve resolving powers in excess of R = 60,000. However, this
requires extremely slow scanning and comes at the expense of very low transmis-
sion, as the slits need to be closed down. High transmission at wide-open slits
results in R = 1000-2000 and allows faster scanning. Accurate mass measurements
are typically performed at moderate scan rates and R = 5000-10,000 and require
internal mass calibration.

Magnetic Sector Instruments in the Laboratory

In organic and biomedical MS, magnetic sector instruments were most popular in
the 1960s to early 2000s. More recently, most have been replaced by TOF, FT-ICR,
or Orbitrap mass analyzers. In inorganic MS, in particular for isotope ratio
determinations and spark-source MS, magnetic sector instruments are still of high
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relevance as they can deal with large energy dispersion and allow for multi-
collector setups in the image plane of the magnet.

4.4 Linear Quadrupole Instruments

4.4.1 Introduction

Since the Nobel Prize-awarded discovery of the mass-analyzing and ion-trapping
properties of two- and three-dimensional electric quadrupole fields [101, 102] and the
concomitant construction of a quadrupole (Q) mass spectrometer [103, 104], this
type of instrument has steadily gained importance. Chiefly starting from GC-MS that
demanded for rapid scanning analyzers, quadrupole instruments made their way into
the MS laboratories [105-108], although those early systems offered poor resolving
power and low mass range, e.g., m/z 1-200. Modern quadrupole instruments cover up
to m/z 2000 or even higher with good resolving power and represent some kind of
routine device in LC-MS. The advantages of linear quadrupoles are:

» Linear quadrupoles offer high transmission.

* Quadrupoles are light-weight, very compact, and comparatively low-priced.

¢ Quadrupoles require low ion acceleration voltages.

¢ Quadrupoles allow high scan speeds since scanning is realized by solely sweep-
ing electric potentials.

Terminology

Linear quadrupoles were the first to be incorporated in commercial
instruments. Thus, these instruments are simply referred to as quadrupole
mass spectrometers and the attribute “linear” is often omitted. As we will see
later (Sects. 4.5 and 4.6) other electrode shapes are also possible but are
forming electric RF quadrupole fields of other geometries. These designs are
also available in commercial mass spectrometers.

4.4.2 The Linear Quadrupole

A linear quadrupole mass analyzer consists of four hyperbolically or cylindrically
shaped rod electrodes extending in the z-direction and mounted in a square config-
uration (xy-plane, Figs. 4.30 and 4.31). The pairs of opposite rods are each held at
the same potential which is composed of a DC and an AC component.

As an ion enters the quadrupole assembly in the z-direction, an attractive force is
exerted on it by one of the rods with its charge actually opposite to the ionic charge.
If the voltage applied to the rods is periodic, attraction and repulsion in both the x-
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Fig. 4.30 Cross section of a quadrupole (a) for the cylindrical approximation and (b) for the
hyperbolic profile of the rods. The electric field is zero along the dotted lines, i.e., along the
asymptotes in (b) ((a) Courtesy of Waters Corp., MS Technologies, Manchester, UK)
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Fig. 4.31 Linear quadrupole mass analyzer: schematic (a) and photograph (b) (By courtesy of (a)
JEOL, Tokyo and (b) Waters Corp., MS Technologies, Manchester, UK)

and y-directions will alternate in time, because the sign of the electric force also
changes periodically in time. If the applied voltage is composed of a DC voltage
U and a radiofrequency (RF) voltage V with the frequency w the total potential @y is
given by

D) =U+ Vceoswt (4.18)

Thus, the equations of motion are
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d2

—f—f—i (U+Vcoswit)x =0

di* — miro? 4.19
dZy ez ( . )
g7 R—— (U+Vcoswt)y=0

Remember that m; denotes ion mass [kg] and charge is ¢ = ez, where e is the
electron charge [C] and z the charge number. In case of an inhomogeneous periodic
field such as the above quadrupole field, there is a small average force which is
always in the direction of the lower field. The electric field is zero along the dotted
lines in Fig. 4.30, i.e., along the asymptotes in case of the hyperbolic electrodes. It is
therefore possible that an ion may traverse the quadrupole without hitting the rods,
provided its motion around the z-axis is stable with limited amplitudes in the xy-
plane. Such conditions can be derived from the theory of the Mathieu equations.

Mathieu equations

The Mathieu functions were originally derived in 1868 by Emile Léonard
Mathieu, a French mathematician, to describe the vibrations of elliptical
drumheads. It turned out that they are also useful to treat quadrupole mass
filters and several other physical phenomena.

Now, writing Eq. (4.19) in dimensionless form yields

&

exry (ay +2¢,cos27)x =0

dr? ’ (4.20)
d*y '
) + (a_v + 2q, cos 2‘[))7 =0

The parameters a and g can now be obtained by comparing with Eq. (4.19)

4qU 2qV wt

= M =g = Y 421
mrow?’ BT T T e T2 (4.21)

ay = —ay

For a given set of U, V, and o the overall ion motion can result in a stable
trajectory causing ions of a certain m/z value or m/z range to pass the quadrupole.
Ions oscillating within the distance 2r, between the electrodes will have stable
trajectories. These are transmitted through the quadrupole and detected thereafter.
The path stability of a particular ion is defined by the magnitude of the RF voltage
V and by the ratio U/V.

By plotting the parameter a (ordinate, time invariant field) vs. ¢ (abscissa, time
variant field) we obtain the stability diagram of the two-dimensional quadrupole
field. This reveals the existence of regions where (i) both x- and y-trajectories are
stable, (i7) either x- or y-trajectories are stable, and (/i) no stable ion motion occurs
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Fig. 4.32 Stability diagram for a linear quadrupole analyzer showing four stability regions (I-IV)
for x- and y-motion. The portion within the square frame is zoomed to double size on the right.
Stability region I only covers the small red region in the center (Adapted from Ref. [107] with
permission. © John Wiley & Sons Inc., 1986)
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Fig. 4.33 Detail of the upper half of region I of the stability diagram for a linear quadrupole
analyzer (Reproduced from Ref. [102] with permission. © World Scientific Publishing, 1993)

(Fig. 4.32) [107]. Among the four stability regions of the first category, the tiny
central region I is of special interest for the normal mass-separating operation of the
linear quadrupole. Zooming in to region I (x- and y-trajectories stable) yields what
is commonly referred to as the stability diagram of the linear quadrupole (Fig. 4.33)
[101, 102].

If the ratio a/q is chosen so that 2 U/V = 0.237/0.706 = 0.336, the xy-stability
region shrinks to one point, the apex, of the diagram (cf. Eq. 4.21, Fig. 4.33).
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By reducing a at constant g, i.e., reducing U relative to V, an increasingly wider m/z
range can be transmitted simultaneously. Sufficient resolving power is achieved as
long as only a small m/z range remains stable, e.g., one specific m/z £ 0.5 for unit
resolution (Sect. 4.4.3). Thus, the width (Ag) of the stable region determines the
resolving power (Fig. 4.34). By varying the magnitude of U and V at constant U/V
ratio an U/V = constant linked scan is obtained allowing ions of increasingly higher
m/z to pass the quadrupole.

Overall, the quadrupole analyzer rather acts as a mass filter than as a momentum
(B sector) or energy (ESA) spectrometer; hence the widespread use of the term
quadrupole mass filter.

Scanning a quadrupole

Scanning of any linear quadrupole means shifting the whole stability diagram
along a “scan line”, because each m/z value has a stability diagram of its own
(Figs. 4.33 and 4.34). The representation of a scan by a “scan line” would
only be correct in case of infinite resolving power, i.e., if the apices were
connected. Any real resolving power is represented by a horizontal line across
the stability region, where only ions falling in the region above that line are
transmitted.

Ton trajectory simulations allow for the visualization of the ion motions while
traveling through a quadrupole mass analyzer (Fig. 4.35). Furthermore, the optimum
number of oscillations to achieve a certain level of performance can be determined. It
turns out that best performance is obtained when ions of about 10 eV kinetic energy
undergo approximately a hundred oscillations (Fig. 4.36) [109].

Typical quadrupoles

Standard quadrupole analyzers have rods of 10-20 mm in diameter and
15-25 cm in length. The radiofrequency is in the order of 1-4 MHz, and the
DC and RF voltages are in the range of some 10%-10° V. Thus, ions of about
10 eV kinetic energy undergo about 100 oscillations during their passage.
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Fig. 4.35 Projection of a 3D trajectory simulation of a stable ion onto the x- and y-coordinates
(Reproduced from Ref. [109] with permission. © Elsevier Science, 1998)
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Fig. 4.36 Relation of RF cycles experienced by the ions as a function of entrance energy. The
shaded area marks the region of optimized performance (Reproduced from Ref. [109] with
permission. © Elsevier Science, 1998)



196 4 Instrumentation

4.4.3 Resolving Power of Linear Quadrupoles

Quadrupole analyzers generally are operated at so-called unit resolution, normally
restricting their use to typical low resolution (LR) applications [110, 111]. At unit
resolution adjacent peaks are just separated from each other over the entire m/z
range, i.e., R = 20 at m/z 20, R = 200 at m/z 200, and R = 2000 at m/z 2000. An
example of unit resolution is presented in Sect. 4.5.3.

The resolution as adjusted by the U/V ratio cannot arbitrarily be increased, but is
ultimately limited by the mechanical accuracy with which the rods are constructed
and supported (10 pm) [110]. Above an m/z value characteristic of each quadru-
pole assembly, any further improvement of resolution can only be achieved at the
cost of significantly reduced transmission. Nonetheless, high-performance
quadrupoles allowing for about tenfold unit resolution can be built [111].

Theoretically, the electrodes of a quadrupole mass filter should have a hyper-
bolic cross section for optimized geometry of the resulting quadrupole field, and
thus for optimized performance (Fig. 4.37) [101, 102]. However, for ease of
manufacture, cylindrical rods are often employed instead. By adjusting the radius
of the rods carefully (r = 1.1468 X ry), a hyperbolic field may be approximated
[112]. However, even slight distortions of the ideal quadrupole field either from
interference with external fields or due to low mechanical precision or inadequate
shape of the device cause severe losses of transmission and resolution [113]. The
expected advantages of hyperbolic rods [114] have been demonstrated by ion
trajectory calculations [109, 115]: circular rods cause a reduction in macromotion
frequency because of an increased residence time of the ions in close vicinity to the
rods (Fig. 4.38); this in turn means reduced resolution.

Besides optimization of mechanical accuracy, the resolving power of
quadrupoles can be improved by innovative modes of operation. The operation as
a multiple pass system with ion reflection at either end extends the flight path and

o

Fig. 4.37 Linear quadrupole with hyperbolic rods. (a) Head on view showing the cross section of
the rods and (b) whole device partially revealing the polished inner surfaces. The rods are mounted
in a precision-machined quartz frame. This particular quadrupole once belonged to a Finnigan
TSQ 700 instrument
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thus the number of RF cycles. The same effect can be obtained from increased
radiofrequency and for ions traveling slower through the device [110]. Alterna-
tively, the quadrupole may be operated in stability regions other than the first, e.g.,
in the second or fourth [110, 116]; doing so requires higher ion kinetic energies of
about 750 eV.

4.4.4 RF-Only Quadrupoles, Hexapoles, and Octopoles

Setting the DC voltage U to zero transforms the quadrupole into a wide band pass
for ions. In the stability diagram this mode of operation is represented by an
operation line equivalent to the g-axis (Figs. 4.33 and 4.34). Such devices are
commonly known as RF-only quadrupoles (q). RF-only hexapoles (h) and RF-only
octopoles (0) are used analogously. Generally, higher-order RF 2 N—multipoles
differ from quadrupoles in that they do not exhibit a sharp m/z cutoff in transmis-
sion, because x and y motions are strongly coupled, which causes the boundaries
of ion stability to become rather diffuse. For low trapping voltages, the ion
trajectories in an RF 2 N-multipole are approximated by an effective mechanical
potential, Uesr), given by [108, 117]:

(4.22)

N? (ze)2 v2 o\
Ueff(r) =

4 m; 92 I % )
where N is the order of the multipole, e.g., N = 3 for a hexapole. According to
Eq. (4.22), higher-order multipoles exhibit increasingly steeper potential wells,
offer better ion-guiding capabilities and better wide-band pass characteristics, i.e.,
wider m/z range acceptance (Fig. 4.39). This property led to the widespread
application of RF quadrupoles, RF hexapoles, and RF octopoles as ion guides and
collision cells [118].
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Fig. 4.39 Comparison of effective potentials for quadrupole (+%), hexapole (+*) and octopole
fields (r6) (Reproduced from Ref. [117] with permission. © Wiley Periodicals, Inc., 2005)

Fig. 4.40 RF octopole ion guide used to bridge a differential pumping stage of an ESI interface in
a Finnigan LCQ instrument. (a) Head-on view to show the octopole alignment and (b) side view.
Each of the two pins pointing down is connected to supply the RF voltage to four of the rods in
alternation. The round rods are ca. 3 mm in diameter and the length of this device is about 7 cm

RF ion guides are employed in many ways to transfer ions of low kinetic energy,
typically of 1-50 eV, from one functional unit to another without substantial losses
[117, 119]. Ion guides are used to adapt atmospheric pressure ion sources to mass
analyzers, e.g., for APCI, ESI, and ambient MS (Fig. 4.40; Chaps. 7, 8, 12, and 13).
From the viewpoint of the ions, they act like a hose or pipe while being fully
permeable for neutrals. Thus, the RF ion guide allows residual gas to effuse through
the gaps between the rods into the vacuum pumps, whereas ions are escorted into
the mass analyzer. Examples for RF ion guide usage will be given in the instrument
schemes to follow later in this chapter.

In contrast to expectations based on scattering by collisions with residual gas,
RF-only multipoles deliver even improved transmission at moderate vacuum
conditions in the range of 10~>~10~2 mbar. This is due to a reduction in ion kinetic
energy and concomitant collisional damping of ion motion toward the central axis
of the device, so-called collisional cooling [108, 120—122]. It has been shown that
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ions of 25 eV kinetic energy are slowed down to 0-2 eV upon passing through a
15-cm-long RF-only quadrupole ion guide at 8 x 10> mbar [120, 123]. Ions of
higher mass (not higher m/z) are more prone to this effect, e.g., a sevenfold increase
was found for ions of about 200 u, whereas ions of about 17,000 u showed 80-fold
improvement in transmission [120]. Here, collisional cooling causes a confinement
of the ion beam towards the central axis of the quadrupole which in turn increases
the transmission efficiency through an exit aperture. This phenomenon is known as
collisional focusing (cf. Fig. 4.43 in Sect. 4.5.1) [108, 122, 124].

It is even more interesting that the cooled ion cloud forms concentric cylindrical
layers inside the RF-only multipole, each of those layers being composed of ions of
the same m/z value with higher m/z ions gathering in more outward radial layers.
This behavior is due to more effective RF focusing for ions of lower m/z that pushes
these ions closer towards the center. Multiply charged ions form more distinct
radial boundaries of the layers as compared to singly charged ion clouds of the same
m/z and charge density (Fig. 4.41). The gaps of low ion population between the
layers result from space charge repulsion [121]. Formation of such m/z-stratified
structures requires sufficiently high charge density and effective collisional
damping. Both RF-only collision multipoles and linear quadrupole ion traps as
employed for external ion accumulation fulfill those criteria. When the linear ion
density increases, the maximum ion cloud radius also increases. Overfilling of the
multipole capacity results in a strong discrimination against high m/z ions, because
the ion clouds expand to larger radii causing outer layers (high-m/z ions) to hit the
multipole rods [121].
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Conditions for thermalization

From the work by Douglas [120] a rule of thumb can be derived to judge
whether thermalization occurs. This p X d rule demands the product of
pressure (p in Torr) times path length (/ in mm) to be larger than 0.2
mTorr. For example, at 2 x 10~ Torr a RF-only device of 100 mm length
is just sufficient for effective ion cooling as we have 2 x 107> Torr x
100 mm = 0.2 mTorr.

RF-only quadrupole, hexapole, or octopole collision cells [117, 125, 126] are
part of so-called triple quadrupole mass spectrometers, which essentially represent
QgqQ, QhQ, or QoQ instruments, respectively, depending on the type of RF-only
collision cell actually in place. They are efficient tools for tandem mass spectrome-
try (Chap. 9).

Different from magnetic sector or TOF instruments having collimated beams of
energetic ions, the ions are exiting from quadrupoles in almost any direction on the
xy-plane. Thus, real field-free regions as employed in sector or TOF instruments
have to be replaced by ion-guiding collision cells to allow CID of ions of 5-100 eV
kinetic energy. RF-only collision cells need not to be straight: starting from the
Finnigan TSQ700 bent geometries were introduced, and 90° cells or 180° cells are
nowadays common. Besides a reduced footprint of the instrument, the bent
geometries have other beneficial effects such as the elongation of the flight path
through the collision region for improved fragmentation efficiency and the exclu-
sion of neutrals or photons from hitting the detector, and thus, reduced noise levels.

lons can even stop

The initial kinetic energy of slow ions can be lost upon several collisions. At
5 x 107 mbar (0.5 Pa) fragment ion kinetic energies are reduced to about
1 eV [123]. The ions may even stop their motion along the cell
[121, 124]. Under such conditions, the continuous ion current into the cell
is the only impetus to push the ions through as a result of space-charge effects.
The resulting dwell time of about 10 ms allows up to about 5000 (reactive)
collisions to take place at about 5 x 102 mbar (5 Pa) collision gas (or reagent
gas) pressure in an octopole collision cell [127].

Within the last decade, RF quadrupole ion guides with square or at least
rectangular rod cross sections have also been used. Most of this development has
been done by instrument manufacturers and few has been published on this topic.
However, it appears that these square-rod quadrupoles offer the same level of
performance as round-rod higher-order RF ion guides at reduced cost of
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manufacture. We will get back to square rods in the context of linear quadrupole ion
traps in the next section.

Postponed summary A summary of RF quadrupole devices will be given in Sect.
4.6.12. As we will see during the next two sections dealing with linear quadrupole
ions traps and ion traps with three-dimensional quadrupole fields these devices have
much in common, suggesting to summarize and compare them together later.

4.5 Linear Quadrupole lon Traps
4.5.1 Linear RF-Only Multipole lon Traps

As we have just learned, collisional cooling may bring translational ion motion
along the axis of an RF-only multipole almost to a halt, thereby transforming such
an RF-only multipole ion guide into an ion storage device [121]. To prevent ions
inside the multipole from escaping via either open end, one creates a trapping
potential well by placing electrodes of slightly higher potential adjacent to the front
and rear ends of the multipole [128]. Such devices are known as linear (quadru-
pole) ion traps (LIT).

Only quadrupoles are mass-selective

Quadrupoles are the only devices capable of mass-selective operation,
whereas higher-order RF ion guides or higher-order LITs can only guide,
accumulate, store, and finally release ions for subsequent m/z analysis.

While the entrance plate of the LIT is held at low potential, ions may enter the
radially ion-confining RF field. The time span for ion accumulation is limited by

front trapping plate  RF-only multipole  rear trapping plate

s |
[ I [n] I (")
Dﬂ | [ Em—T |:H

+5V +15V +15V +5V +15V +15V  +5V -10V

a ion accumulation b ion storage C ion ejection

Fig. 4.42 Operation of a linear RF multipole ion trap illustrated using typical DC voltage offsets
for positive ions. (a) Ion accumulation with backside potential wall up, (b) storage of ions with
both trapping potentials up, and (c) axial ejection of ions from trap using an attractive exit plate
potential. The trapping RF multipole section is held at constant DC offset of +5 V in this example
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reflection of the fast ions at the backside potential wall affording that the entrance
gate has to be closed before the lightest ions to be stored can exit the trap via the
entrance (Fig. 4.42). Storage of ions in the presence of some buffer gas, e.g., argon
or nitrogen at 107321072 mbar, then allows for their thermalization and collisional
focusing towards the LIT axis (Fig. 4.43). Both actual ion kinetic energy of the
entering ion beam and the degree of thermalization directly influence the potential
required to stop axial ion motion [122]. Vice versa, the trapping efficiency of an LIT
for faster ions improves with rising pressure (Fig. 4.44) [129]. Finally, the ions can
be axially ejected at any convenient point in time. Alternatively, the RF multipole
may be segmented, typically into a longer middle and two shorter ends, which are
operated at the same RF drive frequency and amplitude but at a DC offset voltage to
create the switchable trapping potential well analogous to the trapping plates [130].

LITs present a rapidly expanding field of instrumentation; they have been
established to collect ions externally before injecting them in bunches into an
FT-ICR [131] or 0aTOF analyzer [122, 128]. LITs capable of scanning by either
axial or radial excitation of the ions and even capable of precursor ion selection for
MS/MS experiments [129, 130, 132] and have been incorporated in commercial
mass spectrometers [117, 133—135]. LITs can be built to store ions of very high m/z,
e.g., singly charged ions of bovine serum albumine, m/z 66.000, or even charged
particulate matter [136].

This tells us that LITs are highly versatile devices:

» LITs may thermalize ions during their passage to provide narrow kinetic energy
distributions before the next step of ion manipulation.
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Fig. 4.44 Dependence of the trapping efficiency of an LIT on ion injection energy (reserpine
[M + HJ* ions, m/z 609) for varying LIT pressures (from the top 1.3 x 10~* mbar, 3.3 x 10~*
mbar, 5.3 x 107* mbar, 1.1 x 107> mbar, 2.3 x 10> mbar) (Adapted from Ref. [129] with
permission. © John Wiley & Sons, Ltd., 2002)

¢ LITs can accumulate ions until a population suitable for the respective next step
of mass analysis is reached.

« LITs can deliver packages of ions for a mass analyzer operating in batch mode.

¢ LITs themselves are capable of mass-selective operation and scanning to serve
as mass analyzers on their own (Sect. 4.5.2).

» LITs are even capable of precursor ion selection and subsequent ion fragmenta-
tion by collisions with buffer gas for MS/MS experiments.

A new time scale

With RF multipoles and even more so with LITs, we have definitely gone
beyond the domain of the classical mass spectrometric time scale (Sect.
2.6.2). In ion trapping devices, ions are stored for milliseconds to seconds,
i.e., 10°-10° times longer than their lifetimes in beam instruments.

4,5.2 Mass-Analyzing Linear Quadrupole lon Trap with Axial
Ejection

Linear ion traps provide high capacities as far as the number of trapped ions is
concerned, because the ion cloud can expand along the entire device. It is thus
desirable to operate such an LIT not only for ion thermalization and ion accumula-
tion but also as a mass analyzer. In principle, there are two modes possible: one
employs excitation of the ions to achieve mass-selective ejection in radial direction
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Fig. 4.45 Sequence of DC voltages applied of the lenses and sections of a segmented linear ion
trap to achieve mass-selective isolation and axial pulse-out of trapped ions from the mass analyzer.
The reasons for segmenting of the LIT are explained in Sect. 4.5.3 and Fig. 4.49 (Reproduced from
Ref. [140] with permission. © American Chemical Society, 2004)

[137], the other uses mass-selective axial ejection by application of an auxiliary AC
field to the rods of the LIT [129]. The latter mode makes use of the fact that near the
exit of the LIT radial ion motion (RF-controlled) and axial ion motion (trapping
potential-controlled) are coupled via the fringing fields. When the ion radial secular
frequency (governed by the stability parameters and the drive RF) matches that of
the auxiliary AC field, ion excitation is effected in a way that also enhances its axial
kinetic energy, and thus, leads to ejection from the LIT (Fig. 4.45) [138] and
Chap. 5 in [139]).

An instrument incorporating a LIT with mass-selective axial ejection has been
developed by Hager by replacing either the RF-only collision quadrupole or the
second mass-analyzing quadrupole of a QqQ instrument with a LIT. The attained
configurations are Q-LIT-Q (Fig. 4.46) and QqLIT, respectively [129, 134,
135]. The QqLIT offers enhanced sensitivity as compared to its QqQ precursor
model and offers new modes of operation [134] and Chap. 3 in [141]). The QqLIT
has been commercialized by AB Sciex as their Q-Trap series.

As with the linear quadrupole before, the potential @y, in the
two-dimensional quadrupole field of the LIT is expressed by a DC voltage U and
an RF drive voltage V with the frequency Q [129, 138] and Chap. 5 in [139])


http://dx.doi.org/10.1007/978-3-319-54398-7_5
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Fig. 4.46 A quadrupole-LIT hybrid instrument. In this scheme, the RF-only collision quadrupole
has been replaced by the LIT. The other option, replacement of Q2 by a LIT, is finally in
commercial use (Adapted from Ref. [129] with permission. © John Wiley & Sons, Ltd., 2002)

o =)
2

Dy = (U~ VcosQr)
, 2

(4.23)

from which the equations of motion can be derived. Assuming singly charged ions,
i.e., ¢ = e, we have

d*x e

d_t2+w (U—=VcosQit)x=0

d*y e

-7 U—-VcosQr)y=0 4.24
af " mr? (Ve .
d*z B

dr

where m; is the mass of the ion, r,, is the distance between the central axis of the LIT
and the surface of the rod. At least, these relationships hold valid as long as ions are
sufficiently distant to the fringing fields at the end of the rods.

In practice, there is no DC component, and thus, only the Mathieu parameter g is
required, which is obtained by solving the above equations

4eV

= _ 4.25
I’l’l,‘l’ozgz ( )

The voltage V is the zero-to-peak amplitude of the RF drive voltage. For an ion
inside the quadrupole field the fundamental resonant frequency o, is obtained as

=(2n+p) (%) (4.26)
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Fig. 4.47 Scan function as Inject Cool mass scan empty
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For n = 0 Eq. (4.26) simplifies to become

Q
®= pe (4.26a)
2
which for g, < 0.4 can be approximated by the relationship
w~Lg (4.27)

V8

The stability diagram for the LIT is analogous to that of the linear quadrupole
(Figs. 4.32 and 4.33). While a description of the scanning of the LIT to achieve
mass-selective axial ejection requires complex mathematics [138] far beyond the
scope of this book, the practical application of LIT can easier be understood.

The scan function of such an instrument can be displayed in four time slices
comprising:

. ion injection until enough ions are accumulated,

. trapping and thermalization,

. mass scan by linear alteration of RF drive and auxiliary AC voltage,

. a short blanking pulse to reset the LIT prior to the next scan cycle (Fig. 4.47).

RO R S

Combination of two analyzer concepts

The QqLIT setup combines into one single instrument different types of mass
analyzers, a scanning linear quadrupole, and a scanning linear quadrupole ion
trap all connected via an RF-only ion guide. Instruments combining different
types of mass analyzers are termed hybrid instruments. Most modern mass
spectrometers are assembled from different elements to achieve optimum
capabilities in the sense of creating instruments uniting the best of two worlds
[133]. An overview of hybrids is presented at the end of the analyzer section.
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Fig. 4.48 A segmented linear quadrupole ion trap with mass-selective radial ejection capability.
Applying higher potential to the front and back sections creates an axial trapping potential for ions
in the center section. Radial trapping is again provided by the RF quadrupolar field. Ions are
exiting through the slot in one of the four rods. The commercial design offers doubled sensitivity
by using two detectors at opposite rods (Adapted from Ref. [130] by permission. © Elsevier
Science, 2002)

4.,5.3 Mass-Analyzing Linear lon Trap with Radial Ejection

A scanning LIT [130] can alternatively be realized using a mass-selective radial
ejection mode of operation. Such a LIT can either serve as a stand-alone mass
analyzer (Thermo Scientific LTQ™ series) or can be combined into a hybrid LIT-
FT-ICR instrument (Thermo Scientific LTQ-FIT™ series). In the LTQ-FT
instruments, the LIT shields the ultrahigh vacuum of the FT-ICR from collision
gas and decomposition products in order to operate under optimum conditions.
More importantly from the analytical point of view, the LIT can accumulate, mass-
select and fragment selected ions prior to the next FT-ICR cycle while the ICR cell
is still busy with the previous ion package (FT-ICR cf. Sect. 4.7). By using an
Orbitrap analyzer (Sect. 4.8) in place of the FT-ICR cell, the same company offers
the Thermo Scientific LTQ-Orbitrap™ series as an economical nonetheless power-
ful alternative to their LTQ-FT.

The LIT is composed of a quadrupole with hyperbolic rods that is cut into three
segments of 12 mm in length for both trapping sections and 37 mm in length for the
ion storage compartment (Fig. 4.48) [130]. The segmented design avoids fringing
fields from the trapping plates as obvious from the electric field calculations using
the SIMION software package (Fig. 4.49) [142, 143]. Although necessary for the
axial ejection scan mode discussed in the preceding section, the radial excitation
scanning requires the absence of fringing fields in the trapping zone. One pair of
opposite storage compartment rods has cut a slit of 0.25 mm width and 30 mm
length to allow for radial ejection of ions onto a conversion dynode. The conversion
dynode is held at —15 kV (for positive-ion operation), and upon ion impact it
delivers secondary electrons to an electron multiplier. In the commercial variant of
the instrument, two detectors are in use to double the sensitivity of the device. The
field inhomogeneity introduced by cutting slits into the rods is counterbalanced by
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:'

Fig. 4.49 SIMION simulation of the resonance excitation field comparing (a) a three-section ion
trap and (b) a single-section device with end plates for trapping. In (a) the field inside the trapping
compartment remains unperturbed from fringing fields (Adapted with permission from Ref.
[130]. © Elsevier Science Publishers, 2002)

aligning them slightly outward from their theoretical x-position [130]. To operate as
an m/z analyzer, the assembly of rods needs (i) a DC voltage supply to create the
axial trapping field (z-coordinate), (ii) an RF voltage supply (1 MHz, & 5 kV rod to
ground) to deliver the radial quadrupolar trapping field (x,y-plane), and (iii) two
phases of supplemental AC voltage (5-500 kHz, & 80 V) that is applied across the
x-rods for ion isolation, activation, and mass-selective ejection.

4.5.4 Constructing an Instrument Around the LIT

It takes more than just a nicely working m/z analyzer to put together an instrument
suitable for real-world use and commercial success. Thus, the elaboration in this



4.5 Linear Quadrupole lon Traps 209

short paragraph presents an example of what is relevant for any type of mass
spectrometer.

To build a useful mass spectrometer, the above LIT is connected to an
electrospray ionization (ESI, Chap. 12) source using RF-only ion guides to bridge
the distance from the source orifice to the entrance of the LIT. As the ESI process
starts at atmospheric pressure, the incipient ions need to be continuously transferred
from outside the mass spectrometer into the high vacuum of the m/z analyzer. This
can be achieved by so-called differential pumping (Sect. 4.13). Differential
pumping makes use of the fact that macroscopic flow is only sustained as long as
the mean free path of a molecule is shorter than the average dimension of the
aperture it has to pass or of the vessel where it is contained. In practice, a powerful
rotary pump (30 m*® h™') maintains a pressure in the order of 1 mbar behind a
0.4-0.5 mm orifice. The next stages of the differentially pumped system are usually
pumped by turbomolecular pumps. In modern instruments one split-flow
turbomolecular pump often serves for both ports. In case of the LIT instrument
the intermediate region is thus evacuated to about 2 x 10~ mbar and the LIT itself
t0 2.6 x 107> mbar (Fig. 4.50).

The resulting mass spectrometer is able to deliver unit resolution over an m/z
150-2000 range at about 3 scans per second (Fig. 4.51) and even to provide higher
resolution at lower scan rates ([130, 144] and Chap. 5 in [139]).
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Fig. 4.50 Radial ejection LIT mass spectrometer with ESI source, more precisely the Thermo
Fisher LTQ as of 2002. A square RF quadrupole is used to bridge the second pumping stage while
an RF octopole like the one shown in Fig. 4.40 is used in the third pumping state. Typical operating
voltages and pressures are given (Reprinted with permission from Ref. [130]. © Elsevier Science
Publishers, 2002)
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Fig.4.51 Full scan mass spectrum of a calibration mixture containing caffeine, [M + H]" at m/z
195, the peptide MRFA, [M + H]" at m/z 524, and Ultramark 1621 yielding a series of ions from
m/z 922 to 1722. The expanded views of selected signals show unit resolution, i.e., uniform
resolution over the whole range (Adapted with permission from Ref. [130]. © Elsevier Science
Publishers, 2002)

Just areminder As already pointed out at the end of the linear quadrupole section,
a summary of all RF quadrupole devices will be given in Sect. 4.6.12.

4.6 lon Trap with Three-Dimensional Quadrupole Field
4.6.1 Introduction

In contrast to the linear two-dimensional quadrupole field of the LIT, the quadru-
pole ion trap (QIT) originally developed by Wolfgang Paul creates a three-
dimensional RF quadrupole field of rotational symmetry to store ions within defined
boundaries. The invention of the QIT goes back to 1953 [101-103]; however, it
took until the mid-1980s to access the full analytical potential of quadrupole ion
traps [139, 145-149].

Naming

Wolfgang Paul himself preferred to call the device “lonenkdfig” (ion cage)
because it does not actively act to catch ions from the outside. The acronym
QUISTOR derived from quadrupole ion store was also in use for a while. To
be precise, we would have to call it ion trap with three-dimensional quadru-
pole field, as used in the title of this section. Rather than insisting on this
lengthy term we will be using the commonly accepted term quadrupole ion

trap (QIT).
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The first commercial quadrupole ion traps were incorporated in GC-MS bench-
top instruments in the late 1980s (Finnigan MAT ITD and ITMS). Electron ioniza-
tion was effected inside the trap by admitting the GC effluent and a beam of
electrons directly into the storage volume of the trap. Later, external ion sources
became available, and soon a large number of ionization methods could be fitted to
the QIT analyzer [150-152]. Modern QITs cover ranges up to about m/z 3000 with
fast scanning at unit resolution, and in addition, offer “zoom scans” over smaller m/
z ranges at higher resolution; instruments delivering resolving power up to 5-fold
unit resolution are commercially available. Accurate mass measurements with QITs
were expected [148] but not realized so far. The tandem-in-time capabilities of
QITs can be employed to conveniently perform MS" experiments [146, 147], and
their compact size is ideal for field applications [16].

Historical versus didactical

Historically, both the linear quadrupole analyzer and the quadrupole ion trap
originate from the early 1950s (even from the same inventor), whereas the
scanning linear ion trap is a design of the 1990s. A detailed timeline of the
development of quadrupole ion traps can be found in the comprehensive
monographs by March and Todd [139, 145]. However, from a teaching
perspective, it appears advisable to align the explanations in the logical
order as presented here. Once the concepts of trapping and mass-selective
release from a quadrupole ion trap have been understood, the step from linear
to rotational symmetry should be comparatively easy.

4.6.2 Principle of the Quadrupole lon Trap

The quadrupole ion trap (QIT) consists of two hyperbolic electrodes serving as end
caps along with a ring electrode that replaces two of the linear quadrupole rods, i.e.,
it could theoretically be obtained by rotating the axial cross section of a linear
quadrupole with hyperbolic rods by 360° around an axis that traverses the apices of
two opposed rods (Figs. 4.52 and 4.53). Thus, a section through the rz-plane of the
QIT closely resembles that of the entrance of a linear quadrupole with hyperbolic
rods (cf. Figs. 4.30 and 4.37) [105, 150]. However, the angle between the
asymptotes enclosing the ring electrode is 70.5° (2 x arctan(1/V2)) instead of
90°. The end caps are electrically connected and the DC and RF potentials are
applied between them and the ring electrode. The working principle of the QIT is
based on creating stable trajectories for ions of a certain m/z or m/z range while
removing unwanted ions by letting them collide with the walls or by axial ejection
from the trap due to their unstable trajectories [139, 145, 149].

For the QIT, the electric field has to be considered in three dimensions. Let the
potential @, be applied to the ring electrode while the hyperbolic end caps are
grounded. The axial coordinate of the trap is designated as the z-axis, the value z,
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Fig. 4.52 A quadrupole ion trap. (a) QIT with external ion source (illustration stretched in z-
direction) and (b) section in the rz-plane (in scale). (a) (Reproduced from Ref. [153] by permis-
sion. © John Wiley & Sons, 2000)

|

Fig. 4.53 Electrodes of the Finnigan LCQ quadrupole ion trap analyzer. (a) Ring electrode with
symmetrical hyperbolic cross section of the inner walls of the ring. (b) One of the pair of
hyperbolic end cap electrodes

defines the physical dimension of the trap (center to cap), and z presents the actual
position of an ion with respect to the z-axis. The x,y-plane is resolved into the cell
radius ry where r analogously defines the actual radial position of an ion. With the
pair of end caps grounded the potential inside the trap is given as

@y = U + V cos Qr (4.28)

Then, the field can be described in cylindrical coordinates (using the standard
transformations x = r cos 6, y = r sin 6, and z = z) by the expression [145, 150]
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)
D, .= —(2) (rzcos 20 + r’sin 20 — 222) (4.29)
i o

Because of cos? + sin®> = 1 this reduces to

D, =— (r2 — 222) (4.30)

The equations of motion of a singly charged ion of ¢ = e in such a field are

d? 4

_22_—6 (U—=VcosQr)z=0

ar m; (1”(2) + 22(2)) (431)
d*r 2e '

+————~ (U—=VcosQt)r=0
dr* mi(r3 +223) ( )

Solving these differential equations which are again of the Mathieu type, finally
yields the parameters a, and ¢,

) 16eU
a=-2d¢=———"
: m; (r% + 22%) Q?

SeV (4.32)
q, = _2ql =

Comy (r(z) + 223) Q?

where Q = 2xnf and f is the fundamental RF frequency of the trap (=1 MHz). To
remain stored in the QIT, an ion has to be simultaneously stable in the r and
z directions. The occurrence of stable ion trajectories is determined by the stability
parameters B, and , which depend on the parameters a and g. The borders of the
first stability region are defined by 0 < B, B, < 1 [154].

A stability diagram can be drawn where the stability region closest to its origin is
of greatest importance for the operation of the QIT (Fig. 4.54). At a given U/V ratio,
ions of different m/z are located along a straight line crossing the stability region;
ions of higher m/z are nearer to the origin than lighter ones. The regions of stability
as plotted in the a/q plane are represented as envelopes of characteristic shape. Ions
with their m/z value inside the boundaries are stored in the QIT. The low-mass limit
of the trapped m/z range is strictly defined by ¢, = 0.908.

Collisional cooling (Sect. 4.4.4) by several tens of soft collisions during the
dwell time of the ions inside the QIT significantly enhances its resolving power and
sensitivity [155, 156]. The light buffer gas, normally helium at 0.1 Pa, serves to
dampen the ion motion towards the center of the trap, and thus, keeps them away
from the electrode surfaces and from field inhomogeneities as induced by the
entrance and exit holes of the QIT [157].
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Fig. 4.54 Stability diagram oy,
for the quadrupole ion trap.
The points collected on a
common line mark the a/q
values of a set of ions. Each
line results from different
settings of the U/V ratio
(Reproduced from Ref. [145]
by permission. © John Wiley
and Sons, 1989)
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4.6.3 Visualization of lon Motion in the lon Trap

The way the three-dimensional quadrupole field acts to keep ions within a certain
volume, i.e., within a potential well some electron volts in depth, can be illustrated
by a mechanical analog: A ball can be prevented from rolling from a saddle by
rotating the saddle just right to bring the ball back to the middle before it can leave
the surface via one of the steeply falling sides (Fig. 4.55a). Paul demonstrated the
dynamic stabilization of up to three steel balls by such a device in his Nobel lecture
[101, 102].

The trajectories of low-mass ions in a QIT were shown to be similar to those
observed for charged aluminum dust particles [158—161]. Wuerker recorded
Lissajous trajectories, superimposed by the RF drive frequency, as a photomicro-
graph (Fig. 4.55b) [158]. The complex motion of the ions is the result of the two
super-imposed secular oscillations in r and z direction. Calculations of the
trajectories yield the same results [162].

4.6.4 Mass-Selective Stability Mode

The whole range of ions is generated within or admitted to the QIT, but solely ions
of one particular m/z are trapped at a time by setting appropriate parameters of the
QIT. Then, the stored ions are pulsed out of the storage volume by applying a
negative pulse to one of the end caps [163, 164]. Thus, they hit the detector located
behind an opening in the center of one of the end caps. A full-scan mass spectrum is
obtained by addition of several hundred single steps, one for each nominal m/z
value. This is the so-called mass-selective stability mode of the QIT [165, 166]. The
mass-selective stability mode is no longer in use, because it is too slow and provides
poor sensitivity as most ions are wasted.
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Fig. 4.55 Visualization of ion motion in the ion trap. (a) Mechanical analog of the QIT. (b)
Photograph of ion trajectories of charged aluminum particles in a quadrupole ion trap ((a)
Reproduced from Ref. [102] with permission. © World Scientific Publishing, 1993. (b)
Reproduced from Ref. [158] with permission. © American Institute of Physics, 1959)

4.6.5 Mass-Selective Instability Mode

First, the full m/z range of interest is trapped within the QIT. The trapped ions may
either be created inside the QIT or externally. Then, with the end caps grounded an
RF-voltage scan (V) is applied to the ring electrode causing consecutive ejection of
ions in the order of their m/z values. This is known as mass-selective instability
(ejection) mode [155, 167]. It can be represented in the stability diagram by a
horizontal line from the origin to the point of axial ejection at g, = 0.908. The
timing sequence is shown in Fig. 4.56 While easy to understand, this mode is also
no longer relevant in QIT operation.

4.6.6 Resonant Ejection

Another technique to operate a QITs employs the effects of resonant ejection to
remove ions of successively increasing m/z value from the storage volume, i.e., to
achieve a scan. In an ideal QIT, the motions of the ions in radial and axial directions
are mutually independent. Their oscillations can be described by a radial and an
axial secular frequency, each of them being a function of the Mathieu trapping
parameters a and g. If a supplementary RF voltage which matches the axial secular
frequency is applied to the end caps, resonant ejection of ions occurs at g < 0.908
(Fig. 4.54) [168]. Excitation occurs when the frequency of a supplementary RF
signal matches the secular frequency of a trapped ion in z direction. The secular
frequency components in axial direction (®,) are given by o, = (n + ,/2)Q2, where
Q represents the angular frequency, # is an integer, and f3, is determined by the
working point of an ion within the stability diagram [169]. In the special case when
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Fig. 4.56 Timing sequence used for mass-selective instability mode (about 1.5 cycles shown).
With an external ion source the ionization time is replaced by the ion injection pulse (Reproduced
from Ref. [155] by permission. © Elsevier Science, 1984)

B, =1 and n = 0, the fundamental secular frequency is exactly half of the RF drive
frequency applied between ring electrode and end caps.

Scanning by Resonant Ejection To effect resonant ejection for the set of §, = 0.5
and n = 0 we have o, = (0 + 0.5/2) = 0.25Q, i.e., '/, of the RF drive frequency has
to be applied to eject ions at the §, = 0.5 borderline. By scanning the voltage of the
RF drive frequency upwards, ions of increasing m/z ratio are successively ejected.

Scans based on resonant ejection may either be carried out in a forward, i.e.,
from low to high mass, or a reverse direction. However, the scan direction has
significant influence on the attainable resolving power, the reverse direction being
clearly inferior in that respect. [170, 171] The combination of forward and reverse
scanning allows for the selective storage of ions of a certain m/z value by elimina-
tion of ions below and above that m/z value from the trap. Thus, it can serve for
precursor ion selection in tandem MS experiments [168, 170]. Axial excitation can
also be used to cause collision-induced dissociation (CID) of the ions as a result of
collisions with the helium buffer gas [155, 168]. A substantial increase of the mass
range is realized by reduction of both the RF frequency of the modulation voltage
and the physical size of the QIT [166, 172, 173].

4.6.7 Axial Modulation and Control of the lon Population

ITon trapping devices are sensitive to overload because of the detrimental effects of
Coulombic repulsion on the ion trajectories. The maximum number of ions that can
be stored in a QIT is about 10%-107, but it reduces to about 10°-10* if unit mass
resolution in an RF scan is desired. Axial modulation, a subtype of resonant
ejection, allows to increase the number of ions stored in the QIT by one order of
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magnitude while maintaining unit mass resolution [173, 174]. During the RF
scan, the modulation voltage with a fixed amplitude and frequency is applied
between the end caps. Its frequency is chosen slightly below '/, of the
fundamental RF frequency, because for f, < 1, e.g., f, = 0.98, we have
Q, = (0 +0.98/2) x Q = 0.49 x Q. At the stability boundary, ion motion is in
resonance with this modulation voltage, and thus ion ejection is facilitated. Axial
modulation basically improves the mass-selective instability mode of operation.

If resolving power is not a major concern, scanning of QITs can be very fast, a
property that can be employed to make a pre-scan. The actual ion current into the
trap is then determined from the pre-scan and the result is used to adjust the number
of ions admitted to the QIT by a timed ion gate for the subsequent analytical scan.
Thus, the number of ions, and hence, charge density inside the QIT are continuously
held close to the optimum. This tool to control the ion population of the QIT has
been introduced by Finnigan and referred to as automatic gain control (AGC)
[146, 175]. AGC gives increased sensitivity at low sample flow and avoids overload
of the QIT at high sample flow.

Importance of the ion population in traps

Careful control of the ion population, e.g., as implemented by AGC, is not
only relevant for QITs but also for all other types of ion traps. The technique
is implemented in LITs that are employed as stand-alone devices and also in
LITs serving for ion selection and dosing into FT-ICR or Orbitrap analyzers
(Sects. 4.7, 4.8, and 4.9).

Provided sufficiently high scan rates are also available whilst resolution is
preserved, the pre-scan can be omitted. Instead, a trend analysis based on a set of
two or three preceding analytical scans can be performed. This procedure avoids
wasting of ions and results in further optimization of the filling level of the QIT. The
exploitation of the phenomenon of nonlinear resonances turned out to be of key
importance for the realization of this method.

Tandem MS in a QIT Tandem mass spectrometric experiments in quadrupole ion
traps (more in Sect. 9.8) are performed by combining the techniques of resonant
ejection, and forward and reverse scanning to achieve an optimum in precursor ion
selection, ion activation, and fragment ion scanning (Fig. 4.57) [168].

4.6.8 Nonlinear Resonances

Higher multipole fields, in particular octopole fields, are induced in any real ion trap
by deviations from the ideal electrode structure. The trapping potential may then be
represented as a sum of an ideal quadrupole field and weak higher order field
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Fig. 4.57 Complex scan function used for a tandem mass spectrometric study of 2,4,3',6'-
tetrachlorodiphenylether (Reproduced from Ref. [168] by permission. © John Wiley and Sons,
1997)

contributions [154, 176, 177]. Application of an excitation voltage across the end
caps induces dipole and hexapole fields in addition. Those higher order fields in the
QIT may have beneficial effects such as increase in mass resolution in the resonant
ejection mode, but may also result in losses of ions due to nonlinear resonances
[178]. Nonlinear resonances have been known for long [179, 180], but useful
theoretical descriptions were only recently developed [154, 177, 181, 182]. The
condition for the appearance of instabilities is related to certain frequencies through
the stability parameters , and B, and the integer multiples 7, and n,. The locations
of instability spread like a net over the stability diagram and have been experimen-
tally verified with astonishing accuracy (Fig. 4.58) [154]. Excitation of ions with a
suitable frequency can cause their fast ejection from the trap due to the sudden shift
to nonlinear stability. Nonlinear resonances can thus be exploited to realize very
fast scans of the QIT (26,000 u s~ ') while maintaining good resolving power [182],
e.g., irradiation of 0.33 x Q amplifies hexapole resonances and causes sudden
ejection at the p, = 0.66 borderline.
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Fig. 4.58 Plot of theoretical lines of instability corresponding to the relation n,/2p; + n,/2, = 1
for different orders N = n; + n, (strong resonances represented by solid lines, weak ones by dotted
lines) (Reproduced from Ref. [154] by permission. © Elsevier Science, 1996)

4.6.9 Miniaturization and Simplification of lon Traps

The fabrication of quadrupole mass analyzers of any design necessitates high
precision in machining and alignment of the electrodes; the production of hyper-
bolic electrode surfaces is especially challenging. While quadrupoles are compact,
for mobile applications, even smaller and preferably less expensive analyzers are
desirable [15, 183, 184]. Additionally, mobile instruments should have reduced
vacuum requirements as the generation of high vacuum demands for comparatively
heavy and energy-consuming pumps.
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Fig. 4.59 Calculated trapping fields for (a) a rectilinear ion trap, (b) a cylindrical ion trap with
planar endplates, (¢) a quadrupole mass filter with round rods, and (d) a quadrupole ion trap with
hyperbolic electrodes (Paul trap). Analyzer views (a) and (c) are end-on, (b) and (d) side-on
(Adapted from Ref. [185] with permission. © American Chemical Society, 2004)

It turns out that the electrode geometries of LITs and QITs can largely be
simplified without sacrificing too much of their performance. Thus, a rectilinear
ion trap (RIT) can be constructed that has flat rectangular-shaped electrodes, one
pair (top and bottom) being smaller than the other (side walls with slits for ion
ejection, Fig. 4.59) [185, 186]. Also the geometry of the Paul trap can be
transformed into a simple cylindrical ion trap (CIT) built of two planar endplates
and a cylindrical ring electrode. Such simplified electrode shapes also allow for
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Fig. 4.60 Conceptual evolution of the rectilinear ion trap and interrelationship to other types of
ion traps (Reproduced from Ref. [185] with permission. © American Chemical Society, 2004)

more compact traps to be built. The smaller dimensions then result in shorter ion
paths, and thus, shorter mean free paths (poorer vacuum) can easily be tolerated. In
turn, this allows vacuum generation to be performed by a single stage.

The evolution of ion traps and subsequent combination of characteristics of two
“parent lines” that led to the construction of a RIT has instructively been illustrated
in a paper by Ouyang et al. (Fig. 4.60) [185].

4.6.10 Digital Waveform Quadrupole lon Trap

In almost all QITs, the m/z range is extended by lowering the RF drive frequency
and/or by resonant ejection at a low ¢ value, e.g., Thermo Fisher Scientific QITs
eject the ions at ¢ = 0.78—0.80 rather than the classical ¢ = 0.908. Alternatively to a
scan of the drive voltage at constant RF, a frequency scan at constant voltage can be
applied to realize scans over an extended m/z range of up to about m/z 20,000. This
demands a waveform generator coupled with a power amplifier, which is associated
with excessive power consumption and difficulties in obtaining a high voltage
output without waveform distortion [171].

The concept of the digital ion trap (DIT) makes use of a digital waveform to trap
the ions. In this context, the terms digital ion trap and digital waveform describe a
waveform composed of simple rectangular pulses applied to the ring electrode
[171, 187]. In practice, a switching circuit is used to generate a pulsed waveform
by rapid alternation between discrete DC high-voltage levels (£250 to £1000 V).
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The digital mode of pulse generation affords precise control of the timing. Further-
more, the AC excitation voltage connected across the end-cap electrodes can be
delivered by the same digital circuitry. Interestingly, the ion motion under the
influence of a digital waveform may still be expressed in terms of the conventional
Mathieu parameters [171, 187, 188].

The development of the DIT has been pursued by Shimadzu and has reached a
quite impressive level. Recently, an array of DITs, termed ion trap array (ITA), has
been developed allowing multiple steps of isolation, activation, or scanning in
parallel [189].

4.6.11 External lon Sources for the Quadrupole lon Trap

Chemical ionization (CI) mass spectra were first obtained by using the mass-
selective instability mode of the QIT [166, 167, 190]. The reagent gas was admitted
into the QIT, ionized and then allowed to react with the analyte.

With external ion sources it became feasible to interface any ionization method
to the QIT mass analyzer [191]. However, commercial QITs are chiefly offered for
two fields of applications: (i) GC-MS systems with EI and CI, because they are
either inexpensive or capable of MS/MS to improve selectivity of the analysis
(Chap. 14); and (ii) instruments equipped with atmospheric pressure ionization
(API) methods (Chaps. 12 and 13) offering higher mass range, and some fivefold
unit resolution to resolve isotopic patterns of multiply charged ions (Fig. 4.61)
[161, 175, 192, 193].
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Fig. 4.61 Layout of a quadrupole ion trap instrument equipped with an external ESI ion source.
The analogy to the ESI-LIT configuration shown in Fig. 4.50 is striking (Reproduced from Ref.
[193] by permission. © John Wiley & Sons, 2000)


http://dx.doi.org/10.1007/978-3-319-54398-7_14
http://dx.doi.org/10.1007/978-3-319-54398-7_12
http://dx.doi.org/10.1007/978-3-319-54398-7_13

4.6 lon Trap with Three-Dimensional Quadrupole Field 223

4.6.12 lon Trap Maintenance

The confined volume of quadrupole ion traps and their mode of operation causes a
large fraction of the ions to hit the electrodes thereby leading to contamination of
their surfaces. Quadrupoles and quadrupole ion traps thus require occasional
cleaning, which means that the entire analyzer needs to be disassembled and
reassembled afterwards. The photograph in Fig. 4.62a shows the analyzer of a

Detector Rear Cap Ring Front Cap Octopole 2 Octopole 1

|

=

Endcaps

Fig. 4.62 Analyzer maintenance of a QIT; here of the Finnigan LCQ. (a) Complete QIT analyzer
mounted onto the top cover plate of the vacuum manifold, (b) after taking it apart for cleaning
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Finnigan LCQ instrument after dismounting the entire unit from the instrument
frame. Ions would enter from an ESI source on the right (not shown) and be passed
across two stages of differential pumping by means of RF-only octopoles. Here, the
second octopole also serves as a linear ion trap to dose ion packages into the QIT
under AGC control. The polished electrode on the left below the exit endcap of the
QIT is the entrance into the detector.

Figure 4.62b shows the analyzer components spread on a clean sheet of lint-free
paper. After gentle cleaning with fine metal polish (only if there are permanent dark
spots), water with detergent, distilled water, and finally solvent like methanol or
isopropanol the parts are allowed to dry. Finally, the analyzer is reassembled,
mounted into the vacuum manifold, and evacuated. About 1 h later, the QIT should
be ready for performing the full tuning procedure to achieve restored performance.

Stay grounded

“Ion traps are also the only type of mass spectrometer that most users can
disassemble ~ and  reassemble  without  sacrificing  instrument
performance.” [185].

4.6.13 Summary of RF Quadrupole Devices

Principle of Operation

In an electric radiofrequency (RF) quadrupole field, ions are forced to oscillate in
the open space between the four electrodes creating this field. Suitable frequency
and amplitude provided, this motion can be stable in that the ions never hit one of
the electrodes and never escape through the gaps in between. RF quadrupoles can
be mass-selective as these conditions are only met for ions of a selected m/z value or
range of m/z values. The m/z range is adjusted by superimposition of an RF and a
DC voltage. Mass-selective operation also requires that ions to be analyzed experi-
ence a sufficient number of oscillations or have sufficient dwell time within this
field to eject ions outside the boundaries of stability due to their instable
trajectories.

Types of RF Quadrupole Devices
Linear quadrupoles (Q) are operated as mass filters, while linear RF-only
multipoles (q, h, o) are used as ion guides and collision cells. In both cases, a
beam of ions is passed through the device so that the duration of interaction is
determined by the velocity of the ions and the length of the RF device (Q, g, o, h).
Linear quadrupole ion traps (LIT) as well as quadrupole ion traps with three-
dimensional quadrupole fields (QIT) are marked by storing ions inside. They are
more flexible as they can either serve to accumulate ions to provide ion packages
for other analyzer stages or be run to mass analyze a package of ions. During the
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period of ion storage, ions can also be activated by collisions with residual gas
inside the LIT or QIT. Fragment ions arising thereof can be stored and mass-
analyzed as well (Chap. 9).

General Characteristics

As Q, LIT, and QIT are purely driven by RF and DC voltages, operational
parameters can be changed at very high rates, typically >10,000 u s~'. These
analyzers are also very compact (neither requires a long flight tube nor for a
heavy magnet), and thus, ideal for use in benchtop instruments. Q, LIT, and QIT
are easy to handle and user-friendly. They are typically run at unit resolution but
zoom scans to increase the resolving power across a narrow m/z window are
sometimes enabled. None of these analyzers is adequate for accurate mass
measurements.

Use in MS Instrumentation

Most manufacturers offer a variety of Q, LIT, and QIT instruments for use with the
different kinds of ionization methods. The majority of stand-alone Q, LIT, and QIT
instruments is used in routine gas chromatography (GC)- and liquid chromatogra-
phy (LC)-mass spectrometry applications. Additionally, Q, LIT, and QIT devices
are frequently incorporated into hybrid instruments to serve as the first of the two
mass analyzers.

4.7 Fourier Transform lon Cyclotron Resonance
4.7.1 From lon Cyclotron Resonance to Mass Spectrometry

The development that led to modern Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometers began in 1932 when E. O. Lawrence applied a
transverse alternating electric field orthogonally to a magnetic field to build a
particle accelerator [194, 195]. It was demonstrated that in ion cyclotron resonance
(ICR) the angular frequency of the circular motion of ions is independent of the
radius they are traveling on.

Later, this principle was applied to construct an ICR mass spectrometer
[196, 197]. ICR mass spectrometers measuring the power absorption from the
exciting oscillator were commercialized in the mid-1960s by Varian. Starting
from their application to gas-phase ion chemistry [198], ICR instruments made
their way into analytical mass spectrometry [199]. However, it was the introduction
of FT-ICR in 1974 that initiated the major breakthrough [200, 201]. Ever since, the
performance of FT-ICR instruments has steadily improved [202, 203] to reach
unprecedented levels of resolving power and mass accuracy when superconducting
magnets are employed [204-209]. The introduction of a dynamically harmonized
ICR cell gave new thrust to the technique [210, 211]. Now, more than 40 years after
FT-ICR-MS has been introduced [212], the technique can achieve resolving powers
of up to 1.2 x 107 (12 million), and even a 21-Tesla superconducting magnet has
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been constructed for FT-ICR-MS to obtain ultrahigh resolving power at high
spectral acquisition rates and outstanding sensitivity [213].

FT-ICR analyzers are operated in a way that notably differs from what we have
dealt with so far. FT-ICR-MS relies on nondestructive ion detection by registering
image currents of circulating ions in the time domain. FT is applied to deliver
frequency domain data that can then be converted into the intensity versus m/z data
format. This may appear to be quite complex — and in fact, it is. So let’s approach
this issue step by step — FT-ICR-MS is well worth the extra effort.

Top-of-the line MS

Todays FT-ICR mass spectrometers offer ultrahigh resolving power (R = 10°
to > 106) [214-217] and highest mass accuracy (Am = 107*-102 u, cf. Sects.
3.5 and 3.6) [208, 209], attomol detection limits (with nanoESI or MALDI
sources), high mass range and MS" capabilities [218]. Modern FT-ICR
instruments actually represent some sort of hybrids with linear quadrupole
or LIT front ends.

4.7.2 lon Cyclotron Motion - Basics

As we know from the discussion of magnetic sectors, an ion of velocity v entering a
uniform magnetic field B perpendicular to its direction will, by action of the Lorentz
force (Sect. 4.3.2), immediately move on a circular path. Contemplating the path in
the direction of the magnetic field reveals that negative ions circulate clockwise
while positive ions move counterclockwise (Figs. 4.19 and 4.63).

The radius ry, of the ions’ circular motion is determined by Eq. (4.13):

- m;v
= qB

'm

(4.13)

Upon substitution with v = r,® and rearrangement of the resulting term, the
cyclotron angular frequency . is obtained as:

B
w. =L (4.33)

m;
and by substituting with the cyclotron frequency (f. = o./2x) Eq. (4.33) becomes

_ 48
a 277m,-

fe

(4.34)

One realizes that the cyclotron frequency is independent of the ions’ initial
velocity, but proportional to its charge and the magnetic field, and inversely
proportional to its mass. Of any physical quantity, frequencies can be measured at
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Fig. 4.63 Circular motion of ions in a magnetic field. Viewing along the direction of the magnetic
field one observes (a) a counterclockwise motion for positive ions and (b) a clockwise motion for
negative ions (Adapted from Ref. [219] with permission. © Elsevier Science Publishers, 2002)

the highest accuracy, and thus, cyclotron frequency measurements appear as ideal
premises for building powerful m/z analyzers.

4.7.3 Cyclotron Motion: Excitation and Detection

Gaseous ions are not at rest but at least move arbitrarily at their thermal velocities.
When such a package of thermal ions is generated within a magnetic field or is
injected into it, the resulting small ion cloud contains ions that are all spinning at
their respective cyclotron frequencies (circular micromotion) while the cloud as a
whole remains stationary provided it has been brought to a halt within the field
boundaries. Therefore, the magnetic field not only acts in an m/z-sensitive way by
imposing the cyclotron motion on the ions, but also provides ion trapping in a plane
perpendicular to its field lines (xy-plane, cf. action of the quadrupolar field in a
LIT).

Upon excitation, the circular micromotion is superimposed by the macroscopic
cyclotron motion of the whole ion cloud, i.e., the RF excitation field preserves the
coherence of ion packages composed of ions of the same mi/z value. As the initial
kinetic energy of the ions is small as compared to the energy uptake from the RF
field, it is of minor importance for the experiment [220]. Nonetheless, the complex-
ity of the overall motion affects frequency-to-mass calibration if accurate results are
required [221].

In practice, mass-selective excitation, so-called resonant excitation, is achieved
by applying a transverse electric field alternating at the cyclotron frequency f,.
(o, = 2mf.) to accelerate the ions. Such a field can be applied by a pair of RF
electrodes placed on opposite sides of the orbit. As the ions accelerate, the radius of
their orbit increases, and the resulting overall motion is a spiral (Fig. 4.64a)
[195, 203]. For lighter ions, the spiral reaches the same radius with fewer cycles
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Fig. 4.64 The sequence of (a) excitation (b) and image current detection in ICR-MS. The ionic
micromotion is indicated by the small circle of ions. The cell is shown along the direction of the
magnetic field. (a) Illustrates the spiral trajectory of the ion cloud as induced by excitation of the
ions by an RF electric field oscillating at the cyclotron resonance frequency. Note that the radius is
a function of ion velocity, but the frequency f. of circulation is not and that the radius remains
constant during detection

than in case of heavier ones, i.e., the spiral is steeper, because low-mass ions need
less energy than high-mass ions to accelerate to a certain velocity.

Ion kinetic energy in ICR Consider a singly charged ion of a mass of 100 u at
thermal energy. Assuming a temperature of 300 K, its average velocity (Boltzmann
distribution) is about 230 m s '. In a 3-T magnetic field it will circulate at
I'm =~ 0.08 mm. To increase the radius to 1 cm, Eq. (4.13) demands the velocity to
rise by a factor of 125, i.e., to 28,750 m s~ '. Rearranging Eq. (4.3) delivers eU = »*
m;/2, and thus, we calculate a kinetic energy of about 430 eV. Definitely, the
translational energy of ions in an ICR cell is high enough to effect activating
collisions (Fig. 4.65 and Chap. 9) [220].

Omegatron The so-called omegatron was an early ICR motion-based mass spec-
trometer. The ions in an omegatron are generated by electron ionization of a
gaseous sample inside the cell (Fig. 4.66). The electric RF field causes ions
fulfilling the resonance condition, i.e., those of f. = fgr, to accelerate and conse-
quently to increase the radius of their orbit. The m/z value is derived from the
number of half cycles (proportional to ion kinetic energy) until the ions strike the
electrometer plate at r = r.; [196, 197]. Thus, the omegatron essentially measures
ion kinetic energy. To analyze a m/z range either the RF frequency (adaptation of
frr to f.) or the magnetic field (shifting of f. to frr) are varied. Omegatrons were
small (r..p = 1 cm) and mainly used as compact residual gas analyzers.
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Fig. 4.65 Kinetic energy of m/z 100 ions in an ICR cell vs. orbital radius at magnetic field
strengths from 3.0 to 9.4 T (Adapted from Ref. [220] with permission. € John Wiley and Sons,
Inc., 1998)

|

Electron

Cathode trap
for El iz=================

lon current

Fig. 4.66 Omegatron. (a) View parallel to B (horizontal) and parallel to the electron beam
(horizontal) used to generate ions by EI inside the cell. The accelerating electric RF field acts
vertical to B. (b) View on-axis to B shows the spiral motion of accelerating ions until the radius of
their orbit approaches that of the cell where the ions hit an ion collector for detection (Adapted
from Ref. [91] with kind permission of Curt Brunnée)

Mission half-accomplished

The disadvantages of the omegatron for use as a mass analyzer are clear: (i)
mass accuracy and resolving power are limited to 1/N, (N, = number of half
cy