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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

FOURIER TRANSFORM (FT) TECHNIQUES have been applied to a variety
of spectroscopic methods in the past twenty years, as computer technology
has rapidly advanced. It was generally believed that mass spectrometry
would not benefit from FT techniques because the multiplex or Fellgett’s
advantage is realized only when the technique is detector-noise limited and
not when it is signal-noise limited. In 1974, however, Comisarow and
Marshall applied FT techniques to ion cyclotron resonance (ICR) mass
spectrometry, which did not employ the same type of detection methods. as
conventional mass spectrometers. FTICR, or FTMS as it is now commonly
called, retains the unique features of conventional ICR, including ion
trapping and multiple resonance capabilities, while circumventing its
restrictions, including slow scan speeds, low resolution, and limited mass
range. As a result, FTMS has evolved into a versatile and powerful
spectroscopic technique. In addition, it possesses a number of unique
capabilities which give it great potential for becoming a major tool for both
analytical applications and basic physical and chemical studies.

The purpose of this symposium was to bring together researchers who
are investigating new applications of FTMS, as well as those who are
developing instrumental advances in FTMS, in order to report on the
current analytical capabilities of FTMS and those projected for the future.
The chapters cover a wide variety of applications, ranging from basic
studies of photodissociation of ions to the analysis of high molecular weight
biopolymers. Although several review articles have appeared in the
literature, this is the first book dedicated exclusively to FTMS. It is meant
to serve as a general introduction to the technique as well as a summary of
current applications. I hope that this book will spark the interest of
chemists, biologists, physicists, and others to learn more about FTMS and
help them ascertain whether this technique will solve problems in their own
laboratories.

I thank the authors who have given their time to participate in the
symposium and the publication of this book. Marc Wise, Robert Hettich,
and Elizabeth Stemmler of the Organic Spectroscopy Group here at Oak
Ridge have also contributed substantially by helping compile the glossary
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and proof manuscripts; their efforts are greatly appreciated. Finally, [ thank
Lavonn Golden for secretarial assistance.

MICHELLE V. BUCHANAN
Oak Ridge National Laboratory
Oak Ridge, TN

August 1987
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Chapter 1

Principles and Features
of Fourier Transform Mass
Spectrometry

Michelle V. Buchanan ! and Melvin B. Comisarow 2

Analytical Chemistry Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831-6120
2Department of Chemistry, University of British Columbia, Vancouver,
British Columbia V6T 1Y6, Canada

Fourier transform mass spectrometry (FIMS) is a rapidly
growing technique of increasing analytical importance.
Foremost among its many attributes are its high mass
resolution and wide mass range capabilities, as well as
its ability to store ions. This relatively new technique
has been employed in a wide variety of applications,
ranging from the exact mass measurement of stable
nuclides to the determination of peptide sequences. The
future holds considerable promise both for the expanded
use of FIMS in a diverse range of chemical problems, as
well as advances in the capabilities of the technique
itself.

Fourier transform mass spectrometry (FIMS) is an exciting technique
that combines the operating features of several different types of
conventional mass spectrometers into a single instrument and
possesses a number of unique capabilities, as well. Originally
developed by Comisarow and Marshall in 1974 (1-3), FIMS is derived
from scanning ion cyclotron resonance mass spectrometry (ICR) (4)
by the application of Fourier transform (FT) techniques. It should
be noted that both in this book and in the general literature, the
terms Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry and Fourier transform mass spectrometry are used
synonymously. Although ICR has historically been a valuable tool
for the study of gas-phase chemical reactions (5), prior to the
introduction of FIMS, the analytical applications of ICR had been
restricted by low mass resolution, limited mass range, and slow
scanning speeds (6-8). By employing Fourier transform techniques
(9) in conjunction with a trapped ion cell (10, 11), FIMS has
circumvented these limitations and, in fact, has the potential of
becoming an important analytical technique.

This chapter 1is intended to serve as an overview of the
general principles and features of FTMS. Capabilities pertinent to
analytical studies will be specifically highlighted. In addition
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FOURIER TRANSFORM MASS SPECTROMETRY

to the papers cited in this chapter, the reader is referred to a
number of other reviews (12-16) which provide additional references
to detailed reports of applications and research in the field of
FTMS.

Principles of Fourier Transform Mass Spectrometry

Figure 1 is a schematic of a trapped ion cell with cubic geometry,
which is commonly used in FIMS (8, 11). The cell is contained
within a high-vacuum chamber (pressures of 107® torr or less) which
is centered in a homogeneous magnetic field. Magnetic field
strengths used for FIMS are typically 1-7 T, with 2-3 T fields
generated by superconducting magnets being the most common. Like
conventional mass spectrometry, ions may be formed in the FIMS cell
by a number of methods, including electron impact (1), chemical
ionization (17-20), laser ionization and desorption (21-23), and
particle 1induced desorption, such as secondary ion mass
spectrometry and plasma desorption (24-27). After formation, ions
are trapped in the cell, held in the radial direction (xy plane) by
the magnetic field and along the axis of the magnetic field
(z-axis) by small voltages (0.5 to 5 V) applied to the trapping
plates. Either positive or negative ions may be trapped in the cell
simply by changing the polarity of the voltage applied to the cell
plates.

The frequency of the cyclic motion of ions,w , within the cell
is given by the cyclotron equation:

w = KqB/m (1

where K is a proportionality constant, q is the charge of the ion,
m is its mass, and B is the magnetic field strength. Because the
magnetic field strength is constant in the FTMS experiment, ions of
different mass will have wunique cyclotron frequencies. For
example, at a magnetic field strength of 3 T, an ion with a mass to
charge ratio (m/z) of 18 will have a cyclotron frequency of 2.6
MHz, while an ion at m/z 3,000 will have a frequency of 15.6 KHz.

Because of momentum conservation, the initial ion velocity
upon ion formation is the same as the velocity of its neutral
precursor. For a macroscopic ensemble of ions, there is no net
coherent cyclotron motion even though the ion orbits are nonzero.
Without coherent motion, a signal cannot be detected. By applying
a very short, high intensity, broadband radiofrequency signal (2)
("chirp") to the excite (or transmitter) plates of the cell, the
ions absorb energy, which accelerates them into larger orbits and

causes them to move together (coherent motion). The orbiting
packet of ions induces a small alternating current ("image
current") in the receiver plates (28). This signal is converted

into a voltage, amplified, digitized and stored in a computer (28).
The frequency components of the image current correspond to the
cyclotron frequencies of the ions present in the cell. If ions of
only one mass to charge ratio were present in the cell, the
detected signal (time domain signal) would resemble a single
frequency sine wave. However, in the FTMS experiment, all ions in
the cell are excited virtually simultaneously (3) and detected
simultaneously (2, 3, 7). The resulting time domain spectrum is
very complex because the signals of all ions are superimposed. In
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1. BUCHANAN AND COMISAROW  Principles and Features of FTMS

order to recover the frequency information, the complex time-domain
spectrum is subjected to a Fourier transform algorithm. This
generates a frequency domain spectrum, which can be readily
converted to the familiar mass spectrum using the cyclotron
relationship given above, Equation 1 (3, 29, 30). Another
advantage of the Fourier transform technique 1is that data
acquisition time is greatly reduced because ions of all masses are
detected simultaneously (7).

Because frequency can be so precisely measured, the exact mass
of an ion can be determined very accurately in the FIMS experiment
(8). Typically, low parts-per-million accuracy can be achieved in
the presence or even in the absence of an internal mass calibrant
(13). In addition, a high degree of mass accuracy can be
maintained for days without recalibration provided that the
magnetic field remains stable. More detailed information on the
theory of FTMS (1, 16, 28, 31-33) and the principles of Fourier
transforms applied to spectroscopic techniques (9, 34) may be found
in the literature.

The Basic FTMS Experiment

In practice, the basic FTMS experiment is conducted using a series
of computer-controlled pulse sequences, as depicted in Figure 2.
In this experiment, ion formation and detection are separated in
time. This 1is in contrast to conventional mass spectrometers,
which rely on spatial dispersion of ions. In the simplest case,
the 1initial pulse involves the formation of 1ions, whether by
electron ionization or another technique. The second is the
frequency sweep (2) excitation pulse which brings the ions into
coherent motion, as described previously. This is followed by a
detection period during which the signal (image current) (28) from
the ions is received. A quench pulse is then applied to the cell
to remove all the ions from the cell prior to starting the next
pulse sequence. The entire experiment sequence can take less than
a second (a minimum of about 10 ms for an electron ionization
experiment), and the series of pulses may be repeated as many
times as desired for signal averaging and enhanced signal-to-noise
ratio. Additional pulses or delays between pulses may be inserted
in this basic pulse sequences in order to perform more complex
experiments, as will be discussed later.

In addition to the cubic cell geometry (ll) depicted in Figure
1, a variety of other cell geometries have been devised (4, 35,
36). One that has attacted considerable interest for analytical
purposes is the dual cell (37), depicted in Figure 3. In this
design, two differentially pumped cubic cells share a common
trapping plate which contains a small (2 mm) orifice. This
arrangement allows the cells to be operated at a pressure
differential of 10%. Ions may therefore be formed at higher
pressures in the "source" cell and transferred to the "analyzer"
cell for detection under low pressure conditions. In the FIMS
experiment, low pressures are required for high resolution mass
measurement and other high performance capabilities, as outlined
below.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
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Figure 1. Schematic representation of a cubic trapped ion cell

commonly used in FTMS. Coherent motion of ions in the cell in-
duces an image current in the receiver plates. The time domain

signal is subjected to a Fourier transform algorithm to yield a
mass spectrum.

ION ION ION
FORMATION EXCITATION DETECTION QUENCH

_ M

VARIABLE DELAY

Figure 2. Simple pulse sequence used in elementary FIMS experi-

ments, including ion formation, excitation, and detection. A
quench pulse is used to eject ions from the cell prior to repeat-
ing the sequence. The variable delay between ion formation and

excitation can be used for 1lon storage and manipulation, as
described in the text.

CONDUCTANCE
LIMIT
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Figure 3. Schematic representation of a dual cell used for FIMS.

The two differentially pumped cells are joined by a trapping plate
containing a small orifice that is capable of supporting a 103
pressure differential. Ions may be detected in either cell. How-
ever, if desired, ions formed in the "source" region under higher
pressure conditions may be transferred to the "analyzer" cell for
detection under lower pressure conditions, as described in the text.
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1. BUCHANAN AND COMISAROW  Principles and Features of FTMS

Features of FTMS

FIMS 1is mechanically simple, yet remarkably versatile. The
instrument can be operated in any number of modes simply by
changing the pulse sequences used to control the spectrometer. As
a result, a wide variety of experiments can be performed with a
sample in a very short period of time. For example, by altering
just a few parameters using the computer keyboard, one may switch
from positive to negative ion detection, from electron ionization
to chemical ionization, and from a single stage experiment to a
multiple stage experiment (e.g., MS/MS). In addition, a number of
features makes FIMS particularly well-suited for analytical
studies, including high mass resolution and wide mass range,
ability to store, manipulate and selectively detect ions, and
compatibility with a variety of ionization techniques. Examples of
these features are given below and additional examples may be found
in previous reviews of analytical applications of FTMS (13-15, 38).

High resolution and wide mass range. One of the most outstanding
features of FIMS 1is its ability to achieve wvery high mass
resolution, which was predicted early in the development of the
technique (7, 39). Mass resolution in the FTMS varies inversely
with mass and increases proportionally to observation time and
magnetic field strength (8, 40). An increase in operating pressure
causes collisional damping of the coherent motion of the ions
within the cell and a rapid decay of the image current signal,
resulting in a decrease in resolution. Therefore, very low
pressure (10°® torr or lower) is required in order to monitor the
signal for a sufficiently long period of time to obtain high mass
resolution.

Mass resolution in excess of 500,000 (FWHM) at mass 100 can be
readily obtained with most commercial FIMS instruments and
resolution of 200,000,000 at m/z 40 (41) has been reported. This
compares with the highest mass resolution of commercial sector
instruments of about 120,000. In addition, high resolution
measurements can be made in a matter of seconds with an FIMS and
the instrument can be switched between medium and high resolution
modes simply by changing a few parameters through the computer.
With conventional magnetic sector instruments, which must be
mechanically adjusted (14), this change can be very time-consuming.
Further, with conventional mass spectrometers, high mass resolution
is achieved by narrowing the ion transmission slits, which results
in a decrease in the signal. In FIMS, increased resolution is
achieved simply by accumulating the signal for longer periods of
time and results in an increase in the signal to noise ratio (S/N)
as well (42). Thus, high resolution spectra can often be obtained
on very small quantities of sample using FTMS.

In addition to high mass resolution, another important feature
of FTMS is its wide mass range (7,8). From examination of the
cyclotron equation (Eq. 1), the mass range of FTMS appears to have
no upper limit. However, an instrumental upper limit in excess of
100,000 has been suggested (16), based on a detailed study of ion
motion (30). From a practical standpoint, the cyclotron

In Fourier Transform Mass Spectrometry; Buchanan, M.;
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FOURIER TRANSFORM MASS SPECTROMETRY

frequencies of high mass ions (> 5,000 daltons) are low enough that
environmental (1/f) noise can severely interfere with their
detection. Improved electronics have been devised to help
circumvent this problem, and ions at mass 16,241 from cesium iodide
clusters have been detected using an FTMS equipped with a 3 T
magnet (43). Alternatively, as higher field magnets are developed
and employed, the upper mass range of FIMS will be extended as
well. The low mass limit is governed by the rate of signal
digitization. For example, according to Nyquist theory, if a 5.2
MHz digitizer is used, the highest frequency signal which can be
processed without distortion is 2.6 MHz. As previously mentioned,
at a field strength of 3 T, this frequency corresponds to about 18
daltons. Lower masses can be obtained, however, by use of a faster
signal digitizer or with lower magnetic fields. Alternatively, a
special narrow-band excitation (heterodyne) technique which reduces
the digitization requirements of the signal can be used to obtain
lower masses (7,8).

The combination of high mass resolution, wide mass range, and
exact mass capabilities makes FIMS an important tool for
determining the chemical formula of an unknown molecule. This can
be especially important for higher molecular weight compounds such
as polymers and biological molecules. Resolution of 150,000 at m/z
1180 has been reported (37). High resolution is also required for
the separation of isobaric ions and can be of importance in the
analysis of mixtures. For example, Figure 4 is a spectrum obtained
from cigarette smoke tar, which contains many thousands of
compounds. The sample was deposited on a direct insertion probe,
and the spectrum was collected using medium resolution conditionms.
Closer inspection of the area around mass 124 (expansion shown in
Figure 5) reveals three well-resolved isobaric ions. Under the
moderate resolution conditions wused to acquire the spectrum
(resolution of 24,000 at m/z 124) molecular formulae for the three
compounds can readily be established. Using the high resolution
capabilities of FIMS, the same approach can be used to identify
isobaric species at much higher masses.

The requirement of low pressure for high resolution mass
measurement can limit the performance of FIMS when wused in
conjunction with chromatographic techniques, such as gas
chromatography or supercritical fluid chromatography, or with
ionization techniques that require higher source pressures, such as
fast atom bombardment or high pressure chemical ionization. Using
a jet separator to reduce the pressure within the ion cell, mass
resolution for benzene (m/z 78) of 24,000 has been obtained,
compared to 8000 without the jet separator (&44). Pulsed valves
have also been used to limit the gas load in the ion cell by
admitting the GC effluent only during the ionization event and
allow the gas to be pumped away prior to the ion detection step
(45).

Separation of the ionization region from the analyzer region
is another means of increasing mass resolution by reducing the
pressure in the analyzer region and has the advantage of retaining
high mass resolution with little or no loss sensitivity (12). This
separation can be accomplished using a tandem quadrupole-FTMS
arrangement (46, 47), an external ionization cell (48, 49) or the
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FOURIER TRANSFORM MASS SPECTROMETRY

dual cell design (37) described earlier. Using a differentially
pumped dual cell interfaced with a GC, mass resolution of 30,000 at
m/z 174 has been reported (37). This is sufficient to allow
chemical formulae of GC peaks to be determined. Recently,
supercritical fluid chromatography has been successfully interfaced
to an FTMS equipped with a dual cell (50).

Ion storage and manipulation. Once formed, ions may be trapped
within the ion cell for as long as 5 x 10* seconds (51) prior to

detection. During this time and prior to the excitation pulse and
subsequent detection, a number of processes can be used to probe
molecular structure. For example, if a short delay (tens to
hundreds of msec) is introduced after ion formation, the low mass
fragment ions formed from a molecule can react with neutrals to
yield ionic products (17, 52). These ions, in turn, can serve as
proton transfer agents to ionize remaining neutrals (18). This
phenomenon has been called "self-CI" or reagentless CI because no
reagent gas is required as in conventional chemical ionization (CI)
techniques.

Low pressures (10°%® torr) of a reagent gas may be introduced
during the delay between ion formation and excitation to provide
more selective CI reactions, such as hydrogen/deuterium exchange
reactions (18) or to provide a source of low energy electrons for
electron capture negative ion CI reactions (53, 54). As in the
case of "self-CI", the extent of these CI reactions may be
controlled by changing the delay time between ion formation and
excitation.

CI reactions using reagent gas pressures of greater than 107°
torr have also been performed using pulsed valve introduction of
the reagent (55), in a manner similar to pulsed valve GC/FTMS
discussed previously. The CI products can be detected with higher
mass resolution because the reagent gas is pumped away prior to the
detection step. The dual cell (37) and external source designs
(35, 46-48) are particularly well-suited for high pressure CI
reactions. In the case of the dual cell, the reagent gas may be
introduced into the source cell using either pulsed valves or a
static pressure of reagent gas. After a specified delay time to
allow the CI reactions to occur, the product ions are transferred
to the lower pressure analyzer cell, where they are detected.

Chemical ionization reactions using so-called non-conventional
reagents have also been performed using FTMS. These would include
compounds with limited volatility that are not amenable for use in
conventional high pressure CI sources. Chemical ionization in the
FTMS experiment is accomplished by multiple collisions obtained by
introducing longer delay times after ion formation, eliminating the
need for high concentration of CI reagent ions. For example, metal
ions can be readily formed by laser impact on metal targets (56).
These ions have been shown to react selectively with organic
compounds and have great potential for providing structural
information (57, 58).

Ions can also be manipulated after formation by selective
excitation using a radiofrequency pulse. A high-power rf pulse may
be used to excite an ion (or group of ions) to a sufficiently large
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1. BUCHANAN AND COMISAROW  Principles and Features of FTMS 9

orbital(s) to cause neutralization on the cell plates (52). This
process, called double resonance (52, 59), has a number of
applications. For example, suspected reactant ions may be

selectively ejected from the cell using double resonance to confirm
their participation in observed ion-molecule reactions (17, 52).
Another important application of double resonance is to Iincrease
the dynamic range of FTMS, which is generally limited to about 10°
to 104, By ejecting a major ion in a spectrum, the dynamic range
of the measurement can be increased, allowing the less abundant
components to be observed.

Double resonance can also be used to isolate ions of a single
mass in the cell so that additional gas phase reactions may be

performed. An important example of this type of process is
collisional activation (60, 6l), or MS/MS, a technique of
increasing analytical importance (62, 63). After the ion of

interest 1is 1isolated, a second radiofrequency pulse (lower in
energy than the ion ejection pulse) is used to excite the ion to a
higher kinetic energy. The excited ion undergoes collisions with a
suitable target gas, such as argon, which causes the 1on to

fragment. The mass spectrum of these fragment ions 1is
characteristic of the original ion. At present, the resolution
with which a parent ion may be selected is generally limited to
unit mass. However, as will be discussed later, new excitation

techniques should overcome this limitation.

With conventional MS/MS instruments, several types of mass
analyzers are linked together to perform the isolation and analysis
steps (62). FIMS performs these steps in one trapped ion cell. In
addition, the 1isolation and excitation steps may be repeated to
obtain MS®. Recently, four stages of MS/MS or MS5 has been reported
using FTMS (64). The ultimate limitation of the number of MS/MS
stages possible by FIMS is loss of the ion signal (due to
collisional 1inefficiencies, ion-molecule reactions, and ion
ejection), not hardware or software (15). Therefore, in extended
multiple MS/MS experiments, such as the MS> experiment, it is
advantageous to utilize conditions that minimize the number of
different daughter ions produced. Extensive fragmentation reduces
the percentage of the ion current carried by the daughter ion to be
collisionally dissociated in the next step.

FIMS has several advantages for selected MS/MS experiments.
First, the energy of the collision can be varied with the power of
the excitation and is proportional to B?r?, where B is the magnetic
field strength and r is the radius of the cyclotron motion. The
ability to alter the energy of the collision can be of particular
use in structural studies because collisional spectra are sensitive
to energy (60). Typical collisional energies used in FTMS range up
to a few hundred electron volts, which is considerably lower than
for conventional tandem sector instruments, which can attain
several thousand electron volts. In addition, the collisional
energies obtainable with FTMS decrease as mass increases (15).
However, by using larger cells and greater magnetic field strength,
higher collisional energies can be acquired. For example, by
employing a larger cell, high-energy charge stripping of benzene
has been performed (65).

In Fourier Transform Mass Spectrometry; Buchanan, M.;
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10 FOURIER TRANSFORM MASS SPECTROMETRY

One distinction of FIMS for collisional dissociation is that
these reactions proceed by multiple collisions, which can enhance
the occurrence of rearrangement processes. After excitation, the
population of ions has a finite kinetic energy distribution and
this spread in ion kinetic energy is greater at lower excitation
energies (66). Because of this, the daughter ion spectra obtained
with FTMS can be less reproducible than with higher energy sector
instruments.

Another advantage of FIMS for MS/MS experiments is that high

resolution daughter ion spectra can be obtained. Using a single
cell and narrow band (heterodyne)(7, 17) detection, daughter ion
resolutions of several thousand have been reported (67, 68). A

ten-fold increase in resolution for daughter ion spectra was
reported when pulsed valves were used to introduce the collision
gas and allow it to be pumped away prior to mass analysis (12).
Use of a differentially pumped dual cell has allowed much higher
resolution daughter ion spectra to be obtained (69). Figure 6
shows a spectrum obtained on the m/z 105 ions obtained from the
dissociation of the m/z 120 ions from 1,3,5-trimethylbenzene
(mesitylene) and acetophenone. The parent ions were formed by
electron impact at 10 eV in the high pressure source cell, and ions
of lower mass were ejected by double resonance pulses. The m/z 120
ions were excited to an energy of 125 eV (laboratory frame of
reference) and collided with argon, present in the source cell at a
pressure of 6 x 10°® torr. The daughter ions were then pulsed
across the conductance limit into the lower pressure (1 x 1078
torr) analyzer cell, where they were detected with a resolution of
211,000 (FWHM). Similar experiments with negative ions have yielded
daughter ion spectra with resolution in excess of 320,000 (FWHM) at
m/z 46 from 2,4-dinitrotoluene.

Other means of manipulating ions trapped in the FIMS cell
include photodissociation (70-74), surface induced dissociation
(75) and electron impact excitation ("EIEIO")(76) reactions. These
processes can also be used to obtain structural information, such
as 1isomeric differentiation. In some cases, the information
obtained from these processes gives insight into structure beyond
that obtained from collision induced dissociation reactions (74).
These and other processes can be used in conjunction with FIMS to
study gas phase properties of ions, such as gas phase acidities and
basicities, electron affinities, bond energies, reactivities, and
spectroscopic parameters. Recent reviews (4, 77) have covered many
examples of the application of FTMS and ICR, in general, to these
types of processes. These processes can also be used to obtain
structural information, such as isomeric differentiation.

Ionization of Non-volatile Samples. In addition to electron impact
ionization and chemical ionization, which were discussed earlier,
FIMS can be used in conjunction with a variety of other ionization
techniques. The wide mass range and high mass resolution
capabilites of FTMS make it particularly well-suited for the
analysis of high molecular weight compounds, such as polymers and
biological samples. These compounds typically have limited
volatility due to high molecular weight and/or polarity and are
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difficult to ionize using conventional techniques. A number of so-
called "soft ionization" techniques have been developed for the
analysis of high molecular weight compounds by mass spectrometry,
including laser desorption, secondary ion methods, and plasma
desorption. All of these techniques are applicable to FIMS. In
addition, field desorption, one of the first "soft ionization"
techniques, has recently been used with FTMS (78).

The combination of FIMS and lasers (79) is particularly well-
suited for ionization of non-volatile samples (80) because the FTMS
experiment is amenable to non-continuous ion production provided by
pulsed lasers. Further, laser desorption offers a means of
generating high mass ions with a minimum of fragmentation. After
ionization, the versatile features of FTIMS can be used to obtain
structural information on these high mass ions.

Metal ions have been produced from metal targets using a
pulsed Nd/YAG laser and reacted with organics for subsequent study
by FTMS (21, 81, 82). Further, cluster ions can be formed by laser
desorption and subsequently studied by FIMS (49, 83). In an early
study, FIMS spectra of polar and zwitterionic compounds were

obtained using a pulsed TEA CO, laser (22). Since that time,
pulsed lasers have been employed for the ionization of non-
volatiles in a number of studies (19, 37, 84-86). For example,

the molecular weight distributions of polymers with average
molecular weights of up to 6000 daltons have been determined using
a pulsed CO, laser (87). Solutions of the polymers were doped with
either KBr or NaCl and the resulting spectra revealed no
significant fragmentation, simplifying molecular weight
characterization.

Laser desorption has been employed to ionize nucleosides,
oligosaccharides and glycosides, generating both positive and
negative ions in the resulting FIMS spectra (88). Laser desorption
FIMS has also been used to obtain sequence information on mixtures
of peptides (89). Selective excitation of the molecular ions
produced by laser desorption was followed by collisional activation
to yield complete sequence information on a cyclic decapeptide and
for 12 of 15 amino acids of a linear peptide. Oligonucleotides
have been studied using laser desorption FIMS and collisional
activation, as well (90). Figure 7 shows a negative ion daughter
spectrum obtained from the adenine base originally contained in the
tetranucleotide d(AGCT), or deoxy(adenosine-guanosine-cytidine-
thymidine). This tetranucleotide, which has a molecular weight of
1173 daltons, was ionized using the fundamental line of a Nd/YAG
laser at 1064 nm. The fragment anion at m/z 134 was isolated and
identified as adenine, based on collisional dissociation, forming a
daughter ion at m/z 107, which corresponds to a loss of HCN.

Structural information on ions produced by laser desorption
has also been obtained by using infrared multiphoton dissociation
processes (73). A pulsed CO, laser was used to form the ions,
which were further fragmented either by using sequential pulses
from the same laser or by using a gated continuous wave infrared
laser.

Laser desorption also produces neutral species which can be
subsequently ionized by electron ionization or by "self-CI"
processes. Laser desorption/electron ionization has been used to
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ionize erythromycin (91) and produced a very clean spectrum with
about two orders of magnitude less sample than fast atom
bombardment (FAB). In addition, greater molecular weight
information was obtained with the LD/EI/FTMS spectrum than with the
FAB spectrum.

Particle induced desorption methods are commonly wused to
ionize low-volatility compounds. Cesium ion desorption (or cesium
ion secondary ion mass spectrometry, SIMS) uses a primary beam of

cesium ions to desorb and ionize a non-volatile sample. This
technique has been used with FIMS to produce pseudomolecular ions
of wvitamin B,,, {((B;;); + Cs - 2CN}*, at m/z 2792 (24) and

molecular ions of beta-cyclodextrin (m/z 1135) (92, 93). Detection
limits of 107'? mol for the peptide gramicidin S has been
demonstrated using Cs* SIMS with FTMS (25), and additional
structural information was obtained using MS/MS processes.

Fast atom bombardment has been used with an FTMS instrument
equipped with an external source (46, 94), and protonated molecules
of cytochrome C at m/z 12,385 have been observed. Recently, 232Cf
plasma desorption (PD) (95) has been used in conjunction with FIMS
(27, 75, 96, 97), and spectra of compounds with molecular weights
up to 2000 daltons have been observed (27, 75). This technique has
generally been wused only with time-of-flight (TOF) mass
spectrometers because the ion currents obtainable are typically too
low for scanning instruments. PD ionization with FIMS offers a
number of advantages over PD/TOF, including higher mass resolution
and the capability of ion manipulation to probe molecular
structure.

Future Developments and Applications of FTMS

Two important features of FTMS that will be widely exploited in the
future are the ultra-high mass resolution and the wide mass range
of the technique. It should be noted that to a considerable
extent, the need for greater mass range and higher mass resolution
has been stimulated by the development of specialized ionization
techniques such as laser desorption, fast atom bombardment, plasma
desorption, and secondary ion (SIMS) methods. As these and other
processes for the production of gas phase ions from involatile
solid samples are developed and refined, FTMS will be exceptionally

useful for the mass analysis of these materials. For example, the
analysis of biopolymers by mass spectrometry is an area that is
growing rapidly at present (98). For ordinary protein and

nucleotide sequencing, mass spectrometry can be used as an adjunct
to traditional biochemical techniques. However, for modified or N-
terminus blocked proteins, for which the conventional Edman
degradation method often fails, mass spectrometry will be important
in its own right (98). Similarly, FTMS could be used to sequence
modified nucleotides.

The ultra-high mass resolution capabilities of FTIMS will also
be used in the future for accurate determination of nuclide masses.
It is possible that all the known stable nuclides will have their
masses reexamined by FTMS. A recent example of this type of
measurement is the determination of the difference in mass between
3He' and ®H' by FIMS (99), which may be used in conjunction with
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other data to establish the mass of the antineutrino. Another
interesting use of ultra-high resolution FIMS is the direct
determination of the relativistic mass difference between the
ground state and metastable excited state of ions, such as Ar*
(100).

FTMS also has the potential of becoming an important tool for
determining molecular structure. Traditionally, mass spectrometry
has been rather limited in its ability to determine the structure
of an unknown compound wunambiguously. Additional structural
methods, such as nuclear magnetic resonance or crystallography, are
commonly used in conjunction with mass spectrometry to elucidate
the identity of a molecule. However, when the amount of sample is
severely limited or when the sample is a component in a complex
mixture, mass spectrometry is often one of the few analytical
techniques that can be used.

The ability to trap and manipulate ions in the FTMS makes this
a potentially powerful tool for structural determination. The FTMS
has been described as a "complete chemical laboratory® (101, 102),

where reactions <can be wused to ‘“pick apart" a molecule
systematically using sequential CAD, photodissociation, chemical
reactions, or other techniques. As selective and sensitive

processes for these reactions are developed, FTMS has the potential
of yielding detailed information on the structure of a molecule
which is currently only obtainable using techniques that require
considerably larger sample sizes. It should also be noted that
reactions of trapped ions with neutrals can be also be devised for
the step-wise synthesis of a particular species in the FIMS (102,
103).

As noted earlier, the development of the dual cell (37),
tandem quadrupole-FIMS (46, 47) and external ionization cell (48,
49) has facilitated the coupling of FTMS and chromatographic
methods. Advances in interfacing separation techniques with FIMS
will be important in the analysis of mixtures, especially where
high mass resolution 1is required. For example, 1liquid
chromatographic introduction of mixtures isolated from biological
systems directly into an FIMS for analysis would eliminate the need
for laborious sample clean up.

The future of FTMS from an instrumental standpoint also shows
considerable potential. The performance of any FTMS instrument is
dependent upon the performance of the computer, magnet, and the
vacuum system. While no substantial improvements are on the
horizon for the price/performance ratio of vacuum components, the
price/performance ratio of computers and magnets improve each year.
It is reasonable to expect that the steadily decreasing price of
computers and magnets will lower the cost of FIMS instruments and
promote their more widespread application. In addition, with the
recent surge of research in higher temperature superconducting
magnets, it is possible that much smaller, less expensive, and
easier to maintain magnets might be available in the future. The
commercial development of small, lower performance FIMS instruments
based on lower field magnets or other means of ion trapping are
also a possibility in the future.

Finally, in addition to computers becoming more powerful,
faster, and less expensive, new mathematical- and computer-based

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



16 FOURIER TRANSFORM MASS SPECTROMETRY

concepts are being developed to increase the capabilities of FTMS.
One example, which is outlined in a subsequent chapter in this
volume (104), 1is Stored Waveform Inverse Fourier Transform
techniques, or SWIFT. These new techniques have the potential to
reduce substantially the previous limitations of FTMS with respect
to areas such as dynamic range, accurate isotopic ratios, and high
resolution parent ion selection in MS/MS experiments.

The high performance capabilities of FIMS, combined with the
ability to manipulate trapped ions, makes the FTMS an extremely
versatile and powerful tool. The future promises to bring even
greater capabilities to this relatively new technique. More
applications of FIMS to diverse fields will be seen, as well as the
maturation of FTMS into a routine analytical technique.
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Chapter 2

New Excitation and Detection Techniques
in Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry
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FT/ICR experiments have conventionally been carried out
with pulsed or frequency-sweep excitation. Because the
cyclotron experiment connects mass to frequency, one
can construct ("tailor") any desired frequency-domain
excitation pattern by computing its inverse Fourier
transform for use as a time-domain waveform. Even
better results are obtained when phase-modulation and

t ime-domain apodization are used. Applications
include: dynamic range extension via multiple-ion
ejection, high-resolution MS/MS, multiple-ion

s imultaneous monitoring, and flatter excitation power
(for isotope-ratio measurements).

The analytically important features of Fourier transform ion
cyclotron resonance (FT/ICR) mass spectrometry (1) have recently been
reviewed (2-9): ultrahigh mass resolution (>1,000,000 at m/z < 200)
with accurate mass measurement even in gas chromatography/mass
spectrometry experiments; sensitive detection of low-volatility
samples due to 1,000-fold lower source pressure than in other mass
spectrometers; versatile ion sources (electron impact (EI),
self-chemical ionization (self-CI), laser desorption (LD), secondary
jonization (e.g., Cs*- bombardment), fast atom bombardment (FAB), and
plasma desorption (e.g., 252cf fission); trapped-ion capability for
study of dion-molecule react1on connect ivities, kinetics, equilibria,
and energetics; and mass spectrometry/mass spectrometry (MS/MS) with
a single mass analyzer and dual collision chanmber.

Ion Motion in Crossed Static Magnetic and Oscillating Electric Fields

The basic principle of FT/ICR mass spectrometry is that a moving fion
in an applied static magnetic field undergoes circular motion, in a
plane perpendicular to that field, at a "cyclotron" frequency, w

4Current address: Section on Analytical Biochemistry, Building 10, Room 3D-40, National
Institute of Mental Health, 9000 Rockville Pike, Bethesda, MD 20892
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-~

W. = q-B./m (1)

in which B is the magnetic field strength (Tesla), g is the jonic
charge (Coul), and m is the jonic mass (kg). The cyclotron motion is
excited and detected as shown schematically in Figure 1 (10). First,
if an electric field oscillating (or rotating) at an angular
frequency, W (=24, in a plane perpendicular to the magnetic field
axis, then "resonant" ions (i.e., those for which w =w}.) will be
driven coherently forward in their orbits, so that their average ICR
radius increases linearly with time. The resonant ions are said to
be "excited” by the oscillating (typically radiofrequency) electric
field. *“Non-resonant" jons (i.e., for which w#w.) will follow a
complicated path whose long-term effect is to leave them essentially
unmoved from their original positions.

Excited ion orbital radius is theoretically proportional to the
product of the magnitude and duration of a resonant rf electric field
{11). Moreover, the signal induced in an opposed pair of receiver
plates of a trapped-ion cell is proportional to ICR radius (12). The
time-domain signal magnitude (or frequency-domain spectral peak area)
at a given cyclotron frequency is directly proportional to the number
of jons of the corresponding m/z value. Thus, if there is no rf
power at the ion‘'s cyclotron resonance frequency (case A in Figure
1), then the incoherent cyclotron motion of a thermal ensemble of
fons of common we and translational energy but random phase (i.e.,
random angular position in their circular orbit) will induce zero
signal in the receiver plates. Ions excited by a resonant rf
electric field to an orbit that is large (e.g., 1 cm) but still
within the cell boundaries {case B in Figure 1) will be detected with
optimal sensitivity. Finally, jons resonantly excited to a radius
larger than that of the ICR cell will be lost, or “"ejected".

Thus, by appropriate scaling of the rf electric field magnitude
at the ICR frequencies of jons of various m/z-ratios, we can
suppress, excite and then detect, or eject jons at each m/z-ratio.
The remaining problem is to design the optimal time-domain waveform
to accomplish the desired combination of the effects shown at the
bottom of Figure 1, over a wide mass range.

Excitation waveforms

First, it is important to appreciate that the detected jon cyclotron
signal magnitude is {to a good approximation) directly proportional
to the excitation magnitude, as we have previously demonstrated
experimentally (13,14). Thus, in contrast to sector or quadrupole
mass spectrometers, it is not necessary to compute the detailed
trajectories of the ions in order to determine the effect of those
trajectories upon the detector. In other words, we need only
characterize the excitation magnitude spectrum (i.e., how much power
reaches ions at each ICR frequency) in order to know how much signal
to expect at the receiver (for a given number of jons at that
cyclotron frequency).

The frequency-domain spectra of four kinds of time-domain
excitation waveforms are shown in Figure 2. A simple rectangular
radiofrequency pulse was the waveform used to produce the very first
FT/ICR signals (1), and is sti11 useful for single-frequency ejection
of ions having a narrow range of m/z-values. However, the width of
its corresponding frequency-domain Tsinc" function (Fig.2, top right)
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non-resonant ion resonant ion

RF[ RF]

A

A B C
Figure 1. Fundamentals of ICR excitation. The applied magnetic
field direction is perpendicular to the page, and a sinusoidally
oscillating radiofrequency electric field is applied to two
opposed plates (see upper diagrams). Ions with cyclotron
frequency equal to ("resonant® with) that of the applied rf
electric field will be excited spirally outward (top right),
whereas "of f-resonant® ions of other mass-to-charge ratio (and
thus other cyclotron frequencies) are excited non-coherently and
are left with almost no net displacement after many cycles (top
left). After the excitation period (lower diagrams), the final
ICR orbital radius is propertional to the amplitude of the rf
electric field during the excitation pericd, to leave fons
undetected (A), excited to a detectable orbital radius (B), or
ejected (C).
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FREQ ~SWEEP
h

T

Figure 2. Time-domain excitation waveforms (left) and corre-
sponding frequency-domain magnitude-mode spectra (right) of

four excitation waveforms used in FT/ICR. A time-domain
rectangular rf pulse gives a "sinc* excitation spectrum in the
frequency-domain. A time-domain frequency-sweep gives a complex
profile described by Fresnel integrals. Single-scan time-domain
noise gives noise in the frequency-domain. Finally, Stored
Waveform Inverse Fourier Transform (SWIFT) excitation can provide
an optimaTly flat excitation spectrum (see Figure 3 for details).
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varies inversely with the duration of the rf pulse. As a result,
pulsed rf excitation is unsuitable for the broadband excitation
needed to span a typical mass spectral range (say, 18 < m/z < 600):
an rf pulse of very short duration (<0.1a4s), and thus an
impractically high magnitude (>10,000 V/cm) would be needed (11).

Therefore, the second (15) and virtually all subsequent FT/ICR
experiments have been performed via frequency-sweep excitation, in
which the time-domain rf waveform is swept linearly across the
frequency bandwidth correspond1ng the the m/z-range of interest.
Although successful in exciting ICR signals over a wide mass range at
relatively low excitation magnitude (ca. 10 V(p-p)/cm), the problems
with frequency-swept excitation are evident in Figure 2. First, the
excitation magnitude varies significantly (up to ca. +25% for typical
bandwidth and sweep rate) over the mass range of interest. Thus,
equally abundant ions of different m/z-ratio can exhibit different
apparent intensities (11), and isotope-ratio measurements cannot
easily be quantitated.

One could propose pseudorandom (16) or random (17) noise as an
excitation source. However, a single time-domain noise waveform
produces unacceptably large magnitude variation in the frequency-
domain (see Figure 2). The frequency-domain envelope for random
noise can be smoothed by frequency-domain averaging of sufficiently
large number of scans, but the time required (ca. 10 hr) would be
unacceptably long. Flat power can also be extracted from decoding
the results of a series of linearly independent pseudorandom
sequences (e.g., Hadamard sequences (18)), but again a large number
of scans is required.

The best approach, adapted from an earlier proposal by Tomlinson
and Hill (19), is to specify the desired frequency-domain excitation
profile in advance, and then syntheize its corresponding time-domain
representation directly via inverse Fourier transformation. The
result of the Tomlinson and Hill procedure is shown at the bottom of
Figure 2, in which a perfectly flat, perfectly selective frequency-
domain excitation is produced by the time-domain waveform obtained
via inverse Fourier transformation of the desired spectrum.

Stored Waveform Inverse Fourier Transform {SWIFT) Excitation

Unfortunately, the result shown in Figure 2 corresponds to time-
shared (i.e., essentially simultaneous) excitation/detection, so that
the (discrete) frequencies sampled by the detector are the same as
those initially specified in synthesis of the time-domain transmitter
signal. However, FT/ICR is more easily conducted with temporally
separated excitation and detection periods. In practical terms, the
result is that for FT/ICR, we need to know the excitation magnitude
spectrum at all frequencies, not just those (equally-spaced) discrete
frequencies that defined the desired excitation spectrum.

The left-hand column of Figure 3 illustrates the basic SWIFT
procedure. A constant-phase (see below) excitation spectrum is first
defined at N equally-spaced discrete frequencies. Inverse Fourier
transformation then generates the corresponding digitized time-domain
waveform, which may be translated, point by point at a constant rate,
by a digital-to-analog converter, amplified, and applied to the
transmitter plates of an ICR trapped-ion cell. The time-domain
signal is then padded with N zeroes (18,20) before Fourier
transformation to give the magnitude-mode spectrum shown at the
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QUADRATIC
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Figure 3. Digital synthesis of a Stored Waveform Inverse Fourier
Transform (SWIFT) excitation. Although direct inverse discrete
Fourier transform of a constant-phase frequency-domain spectrum
(top left) gives a time-domain waveform (middle left) with good
frequency-domain uniformity and selectivity (bottom left), the
dynamic range of that time-domain waveform can be inconveniently
large. Therefore, the original excitation spectrum is first
phase-encoded (in this case, quadratically) to give the in-phase
and 90°-out-of-phase spectra specified by their magnitude and
phase at each discrete frequency (top middle}. Inverse Fourier
transformation then gives a time-domain waveform (center) with
reduced dynamic range and the same final excitation magnitude
spectrum (bottom middle). Finally, time-domain apodization
(middle right) further smoothes the final excitation magnitude
spectrum {bottom right). The time-domain waveforms (middle row)
were zero-filled before Fourier transformation, to define the
frequency-domain spectral values both at and between the
initially specified discrete frequencies of the spectra in the
top row of the Figure.
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bottom left of Figure 3. Zero-filling effectively interpolates the
final frequency-domain spectrum to reveal its values at frequencies
equally spaced between the initially specified frequencies. The
non-rectangular shape of the final spectrum is simply a consequence
of the classical uncertainty principle: namely, that one cannot
measure (or specify) a frequency more accurately than about +(1/T) Hz
via a time-domain waveform of duration, T.

Time~domain waveforms generated from a constant-phase initial
spectrum by the SWIFT procedure just described have been successfully
applied to broad-band excitation, windowed excitation, and
multiple-ion monitoring (11), and to multiple-ion ejection for
enhancement of FT/ICR dynamic range (21) as described below.
However, three practical problems are associated with the relatively
large time-domain vertical dynamic range (see middle left in Figure
3) that can result from that procedure. First, the time-domain
dynamic range may exceed the linear response range of the analog
transmitter circuitry. Second, the time-domain dynamic range may
exceed the digital dynamic range of the digital-to-analog converter
(e.g., 12-bit) or even the host computer (e.g., 20 bit) in which the
t ime-doma in waveform must be stored. Third, because most of the
transmitter power is concentrated into such a short burst, an rf
amplifier with much more power (factor of up to 400 compared to
frequency-sweep excitation) may be needed.

Phase Modulation

As discussed in detail in ref. 22, the origin of the large time-
domain dynamic range produced by constant-phase SWIFT lies in the
common phase relationship between all of the specified frequency-
domain spectral components, much as for the centerburst in an FT/IR
interferogram or the large initial signal in an NMR free-induction
decay (23). The time-domain dynamic range may therefore be reduced
by somehow scrambling the relative phases of the initially specified
frequency components, as shown in the top row of Figure 3. Phrased
another way, what is needed is to distribute the excitation spectrum
between its "real" (i.e., in-phase) and "imaginary" (90°-out-of-
phase) components, rather than putting all of the signal into the
"real" spectrum.

A simple phase-scrambling scheme is a quadratic variation of
phase with frequency (see Figure 3, middle column), in which one must
be careful not to violate the Nyquist criterion: i.e., the rate of
change of phase with frequency, d¢/dv, may not vary by more than
~180° from one discrete frequency to the next in the initial
spectrum. Subject to that constraint, a larger phase variation,
dé/dv, will produce a smaller time-domain dynamic range. The wider
the frequency bandwidth for a given time-domain excitation period,
the greater will be the potential reduction in time-domain dyanmic
range resulting from phase-encoding.

Apodization

Although phase-encoding solves the problems associated with large
time-domain dyanmic range in SWIFT excitation, the final frequency-
domain spectrum still exhibits noticeable oscillation in magnitude at
frequencies near the limits of the bandwidth. The final spectrum can
be smoothed significantly by prior weighting ("apodization") of the
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stored time-domain waveform before it is sent to the transmitter.

Any of several weighting functions designed to bring the time-domain
signal smoothly to zero at both ends of its perijod is suitable.

The result for one such apodization function is shown in the
right-hand column of Figure 3. The final frequency-domain excitation
magnitude spectrum is considerably smoother than without apodization.

General applications

Figure 4 shows ideal and actual excitation magnitude-mode spectra for
representative mass spectral applications. For example, quantitation
of relative numbers of fons of different m/z-ratios requires ideally
flat excitation power over the mass range of interest. The leftmost
segments of the spectra of Figure 4 show that stored-waveform
excitation offers much flatter power for cuch applications (e.g.,
isotope-ratic measurements, gas-phase jon-molecule equilibrium
constants, etc.).

Truly simultaneous multiple-ion monitoring (rightmost segments
of the spectra in Figure 4) can be performed via ICR. Unlike single-
channel (e.g., sector or quadrupole) mass spectrometers, in which
ions of only a narrow range of m/z-values can be detected at a given
instant, FT/ICR offers inherently broadband detection, so that all
jons in a given mass range may be detected simultaneousiy. Thus, by
exciting only the frequencies corresponding to the m/z-values of
interest, FT/ICR automatically provides simultaneous multiple-ion
monitoring. In the (typical) situation shown in Figure 4, SWIFT is
much more selective than a series of frequency-sweeps because the
SWIFT time-domain power is left on for the entire time-domain
excitation period, whereas the frequency-sweep power must be turned
on and off once for each mass range to be monitored.

Dynamic range extension

As discussed in detail in ref. 21, a major problem in FT/ICR is the
limited mass spectral dynamic range (factor of ~1000:1). Briefly,

it is not easy to detect fewer than ~100 ions at easily managed
chamber pressures (210‘9 torr); alternatively, the spectrum can be
distorted by Coulomb forces when more than ~100,000 jons are present.

Consequences of the dynamic range 1imit are well-illustrated in
Figure 5. The normal broad-band FT/ICR mass spectrum of perfluoro-
tri-n-butylamine exhibits several strong peaks. Simple expansion of
the vertical scale renders some of the small peaks visible, but their
presence and quantitation is made difficult by the Coulomb broadening
and overlap from abundant jons of nearby m/z-ratios.

An obvious solution is to eject selectively all of the most
abundant ions, leaving only the small peaks of interest. As argued
from Figure 4, multiple frequency-sweeps are not sufficiently
selective for this purpose. However, SWIFT tailored ejection of the
most abundant ions (23 in this case) removes the broadening and
overlap from the large peaks. The resultant spectrum of the Tless
abundant jons (bottom of Figure 5) exhibits better mass resolution
(because Coulomb broadening has been reduced) and flatter baseline
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Figure 4. Comparison of a theoretical magnitude-mode excitation
spectrum (top) with those detected (on one pair of cell trans-
verse plates) during transmission (on the other pair of cell
transverse plates) of a frequency-sweep (middle) or SWIFT
(bottom) waveform. The time-domain signals were zero-filled once
before Fourier transformation to reveal the full shape of the
excitation magnitude spectrum. Note the much improved uniformity
and selectivity for SWIFT compared to frequency-sweep excitation.

PFTBA
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bl
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Figure 5. Dynamic range enhancement via SWIFT multiple-ion
ejection. Top: Normal broad-band heterodyne-mode FT/ICR mass
spectrum of perfluorotri-n-butylamine. Middle: Same spectrum,
in which the vertical scale has been expanded such that the peak
at m/z = 503 is full scale. Bottom: FT/ICR mass spectrum of the
same sample, obtained following prior SWIFT multiple-ion ejection
of the (23) peaks whose magnitude-mode peak heights exceeded a
threshold of 1.6 % of the height of the biggest peak in the
original spectrum. Note the higher mass resolution, reduced
noise, and flatter baseline in the SWIFT multiple-ion ejected
spectrum.
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(because the large peaks (and their broad shoulders) have been
eliminated). Moreover, because most of the originally formed ions
are removed, it is possible to increase the receiver gain and/or
increase the number of initially formed jons to increase dynamic
range further.

High-resolut ion MS/MS

The potentially ultrahigh mass resolution of FT/ICR detection was one
of its earliest appreciated advantages (24). Moreover, the potential
of FT/ICR for MS/MS with a single mass spectrometer has been
exploited extensively (see especially refs. 5 and 8, citing examples
up to MS/MS/MS/MS/MS). In MS/MS via FT/ICR, a typical event sequence
might be the selective ejection of all but one ion (i.e., the first
"MS"), followed by collision-induced (collision-act ivated) dissocia-
tion in the presence of a steady or pulsed collision gas, followed by
broad-band excitation and detection of the mass spectrum of daughter
jons {i.e., the second "MS). Although mass resolution in the second
"MS" is detector-limited (and therefore potentially ultrahigh), mass
resolution in the first "MS* has been limited by the poor selectivity
of frequency-sweep excitation (e.g., Figure 4).

The introduction of the SWIFT technique (10,14,21,22) makes
possible FT/ICR frequency-domain excitation with the same mass
resolution as has already been demonstrated for FT/ICR detect jon,
provided only that sufficient computer memory is available to store a
sufficiently long time-domain waveform. When ejection must be
performed with ultrahigh mass resolution over a wide mass range, a
simple solution is to use two successive SWIFT waveforms: first, a
broad-band low-resolution excitation designed to eject jons except
over (say) a 1 amu mass range; and then a second SWIFT waveform,
heterodyned to put > 8K data points spanning a mass range of 1-2 amu.

Finally, SWIFT excitation also offers a way to compress the
sequence even further by combining the ejection and excitation
stages. As shown in Figure 6 for two isotopic ions of nominal mass
92, from electron ionization of toluene at 0.5 x 10-9 torr, it is
possible to eject the more abundant jon while exciting its narrowly
resolved neighbor. Each excitation spectrum was defined by
quadratically modulated real (8K) imaginary (8K) frequency-domain
points, to give a 16K time-domain stored data set, transmitted over a
period of 65.920 ms to give a 125 kHz bandwidth centered at a
radiofrequency carrier frequency of 500 kHz (10).

Conclusion

Stored Waveform Inverse Fourier Transform (SWIFT) excitation for
FT/ICR is a newly implemented technique which includes all other
excitation waveforms as subsets. Compared to prior excitation
waveforms (e.g., frequency-sweep), SWIFT offers flatter power with
greater mass resolution and the possibility of magnitude steps
(without additional delays or switching transients) in the excitation
spectrum. Briefly, SWIFT increases the mass resolution for FT/ICR
excitation to the ultrahigh mass resolution already demonstrated for
FT/ICR detect ion.
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13012C6

92,02 92.04 92.06
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Figure 6. Simultaneous FT/ICR excitation/ejection of two jons of
very similar mass-to-charge ratio, produced via electron foniza-
tion of toluene. In each plot, the heavy line represents the
experimental FT/ICR mass spectrum, and the Tlight line represents
the magnitude-mode excitatign sgectrum used to produce that ICR
signal. Top: I2CgHgt and 13C12CgH7* are excited with uniformly
tailored SWIFT excitation extending from m/z = 92.04 to 92.08.
Bottom: FT/ICR mass spectrum obtained via SWIFT simultaneous
excitation/ ejection, in which 13C12CgH7+ at mass 92.058 is
excited while 12CgHgt at mass 92.062 is ejected, at a ratio of
1:5 in excitation magnitude. The ultrahigh selectivity ((mo/(mg
-mq1) >20,000) of such experiments should be valuable for
high-resolut fon MS/MS (see text).
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GLOSSARY

m/z: donic mass-to- -charge ratio, in which m is in atomic mass
units and z is in multiples of the electronic charge.

Signal amplitude: maximum vertical displacement from equilibrium
for a sinusoidally oscillating waveform. Signal amplitude
is thus half of the peak-to-peak vertical displacement.

Signal power: square of signal amplitude. For a transverse
{(e.g., electromagnetic) wave, the power is the energy
deposited per unit time per unit cross-sectional area.

Signal magnitude: square root of signal power.

Sinc function: sinc(x) = sin(x)/x. The sinc function is most
often encountered as the (frequency-domain) Fourier
transform of a (time-domain) rectangular pulse.

Windowed excitation: selective excitation with uniform power over
specified frequency range(s), and with zero power over
other frequency range(s) (window(s)) for ICR signal
suppression.

For other specialized terms of Fourier transform spectroscopy
(e.g., interferogram, centerburst, etc.), see ref. 23.
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Chapter 3

Problems of Fourier Transform
Mass Spectrometry

A Route to Instrument Improvements

Richard P. Grese, Don L. Rempel, and Michael L. Gross®

Midwest Center for Mass Spectrometry, Department of Chemistry,
University of Nebraska, Lincoln, NE 68588

Progress in FTMS is tied to understanding dynamics in
ion traps. A three stage approach is envisioned:
(1) modeling of ion dynamies, (2) developing tests of
models by measuring ion motion in various cells, and
(3) implementing new instrumentation such as improved
cells and methods of excitation. Elements of this
cycle are addressed with respect to five different
problems. The first, nonuniform tuning over wide
mass ranges, is attributed in part to 2z-mode
excitation, A second problem is temporal variation
of an inert ion signal which may lead to inaccurate
kinetic results in ion-molecule reaction studies.
Systematic errors in mass measurement represent the
third problem. Low mass resolution for high mass ions
and for ion selection in MS/MS experiments are the
fourth and fifth problems that are addressed.

Although there are many attractive features of Fourier transform
mass spectrometry (FTMS), there are problems with current
implementations. The FT mass spectrometer is still a relatively
young instrument when compared to the double-focussing mass
spectrometer, and comparisons of the spectrometers and their
development histories are informative and encouraging. As the
attention paid to problems of earlier single-focussing instruments
led to the double-focussing mass spectrometer, for example,
investigation of FTMS problems now will lead to Dbetter
implementations of FTMS. Here, we describe some examples, not all
of them complete, of systematic attempts to investigate problems in
current implementations of FTMS with an eye on improvement of the
instrument.

Comparison with Sector Instruments. Modern double-focussing mass
spectrometers have a 1long history of development, which was
recently reviewed (1). The instrument has evolved through a long
series of complex and interweaving events beginning with the early
experiments of J. J. Thomson (2) and the first mass spectrographs of

1Com:spondcncc should be addressed to this author.
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3. GRESEETAL. A Route to Instrument Improvements 35

Dempster in 1918 (3) and Aston in 1919 (4). Early instruments were
used to measure atomic masses, and much effort was devoted to
increase the resolution of the measurements. To improve resolution,
techniques for reduction of the effects of velocity and angular
dispersion at neighborhoods of focal points or planes were
introduced. For example, the double-focussing instrument first
developed by Bartky and Dempster in 1929 was designed to solve
problems caused by the energy spread of the ion beam (5). This
might be viewed as the introduction of symmetry: ideally we would
want an analytical instrument to be invariant to (symmetrical with
respect to) all variables except the one being measured. Another
example of the use of symmetry in mass spectrometry is the
improvement of resolution in time-of-flight instruments by addition
of the reflectron. Sector mass spectrometer development still
continues; for example, extending the upper range mass limit is an
exciting development (6). Techniques employed in recent designs
inciude inhomogeneous magnets, quadrupole lenses, non-normal
poleface boundaries, non-ferrous electromagnets (7), and new and
more efficient ion sources,

Over sixty years have passed since the beginning of the
development of the mass spectrometer as a modern analytical
instrument. In comparison, FIMS is a relatively new technique,
first introduced by Comisarow and Marshall in 1974 (8). Perhaps it
is an indication of the technique’s high potential that FTMS has
developed so rapidly. However, it should not be surprising, by
analogy with the long development of sector instruments, that its
full potential has not yet been realized.

Double-focussing instruments have set the standard by which
other mass spectrometers, including FT mass spectrometers, are
Judged. High resolution, parts-per-million mass accuracy, picogram
detection limits, and high mass limits (eca. 10,000 u) are attributes
shared by both sector and FT mass spectrometers (9). However,
achieving high performance is reasonably routine with sector
instruments but not yet with FT mass spectrometers.

Resolutions of 500,000 have been reported by Ogata and Matsuda
for a sector mass spectrometer (10). Resolving powers of 10% are
trivial to obtain even with low field electromagnet-based FT systems
and resolutions as high as 10® for an ion of m/z 18 were reported in
a high field FTMS (11). Although the resolution for FTMS is higher,
there may be an analogy between mass resolution achievements with
sector and FT mass spectrometers. For the sector instrument, the
resolution was achieved, in part, by making the spectrometer
larger. In a sense, this is the same as reducing electric field
problems by turning to higher magnetic fields in FTMS, an approach
that does not involve the introduction of symmetry.

Because of the respect accorded high resolution sector
instruments, the early reports of high resolution with FTMS raised
high expectations. It was expected that the higher mass resolution
would lead to high mass accuracy. Yet there are no reports of
analytical applications in which mass measurement accuracies in FTMS
(13) are significantly better than the ppm accuracies achieved for
sector machines. Thus, the higher resolution capabilities of FIMS
have yet to be translated into mass measurements more accurate than
those available from sector machines. Because FTMS is no better,
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the current accomplishments in mass measurement accuracy are not
noteworthy.

The sensitivity of FTMS is also comparable to that of sector
instruments. Although sector instrument detectors can be used to
count single ions and FTMS detectors cannot, both methods will yield
a peak profile for approximately 100 ions. Detecting a single ion
in organic or biocanalytical chemistry is of limited utility because
its mass cannot be assigned with any certainty.

In addition to the characteristics shared by FTMS and sector
MS, FT mass spectrometers have several advantages over sector
instruments, These advantages have been cited often and they
include (9b): 1) ion trapping and manipulation, 2) multichannel
advantage, 3) high resolution with no 1loss in sensitivity, &4)
compatibility with pulsed devices (e.g. lasers, pulse valves), and
5) multiple MS/MS experiments (MSP). Some of these advantages are
shared by time-of-flight instruments; however, TOF does not give
high resolution or permit accurate mass determinations. Another
advantage of FTMS is the approximate mass invariance of the signal
intensity (13-14) for a given number of ions and circumstances.
This contrasts with the mass discrimination (15) which occurs for
multipliers that are used in sector machines.

Status of FTMS. Since its introduction in 1974, FTMS has been
demonstrated to be capable of solving a wide variety of chemical
problems that are not possible to solve by wusing other mass
spectrometers. For example, analytical applications have been
designed to take advantage of the multichannel advantage and the
ultra high resolution capabilities of FTMS (16). Ultra high
resolution was demonstrated with chemical ionization (17-18), GC/Ms
(19), multi-photon ionization (MPI) (20), MPI-GC/MS (207, and laser
desorption (21). A recent application of FTMS is GC/MS of olefins
that are chemically ionized with Fe+ ions which are produced by
pulsed laser multiphoton dissociation/ionization of Fe(CO)g (22).
However, much of the research has not addressed fundamental problems
in the understanding of the behavior of ions in a cubic cell.
Because of our incomplete knowledge of ion dynamics, FTMS remains
nonroutine with respect to a number of items. 1) The upper end of
the dynamic range is bound by the number of ions the cell can hold.
A dynamic range of 102-10% has been estimated for the cubic cell;
this is in contrast to conventional mass spectrometers with electron
multipliers which have dynamic ranges of at least 10°. 2)
Nonuniform tuning over wide mass ranges contributes to unreliable
peak heights in the mass spectrum. Correct peak heights are needed
for interpretation and for optimum utilization of mass spectra
library searches. 3) MS/MS experiments have been limited by poor
resolution in MS-I and by poor reproducibility of activation
methods. 4) Soft ionization methods have not been routine with
FTMS. The use of external sources may be the expedient but not long
range solution to this problem.

Route to Improvement. As one route to solving problems that perplex
FTMS, we have made use of a systematic approach illustrated in
Figure 1. The "Development Cycle"™ enables us to define clearly
problems and to arrive at solutions through an organized combination
of theoretical and experimental work. The most difficult aspect of
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3. GRESEETAL. A Route to Instrument Improvements 37

this approach is knowing how to start. An obvious approach is to
start with defining the problem; however, multiple causes of
problems and mixed symptoms have slowed progress, Once begun, the
cyclic nature of this approach grows outward. Improved models
provide a basis for design changes that improve instrument
performance, and understanding the actual performance leads to more
accurate models.

In the remaining sections, specific examples of how this
approach has led to instrument improvements are given.

Solving Problems Facing FTMS

Nonuniform Tuning of Mass Spectra (23). 1. Problem Definition: The
motivation for improving our understanding of FTMS develops often
when problems arise that limit the accuracy of experimental results.
Two such problems: 1) nonuniform tuning for peak heights over wide
mass ranges (24), and 2) ion losses in double resonance experiments
occurring at excitations insufficient to raise the ion to a radius
necessary for ejection (25), have led us to an investigation of
z-mode excitation as a possible cause.

Some mechanisms of =z-mode excitation are known; and in
particular, Beauchamp and Armstrong’s (26) direct method of
z-excitation can be used for double resonance. Fortunately,
excitation of the z-mode via these processes can be avoided by
eliminating the excitation frequency components to which the
trapping mode respond. This is possible because these frequencies
are significantly different than those used to excite the cyclotron
mode.

However, excitation of the z-oscillation mode may also occur
with frequency components near or at the cyclotron frequency which
is essential for excitation of the cyclotron mode. As 1is
exaggerated in Figure 2, when the ions are at the top of the
cyclotron orbit, there is a peak positive potential on the top
excitation plate that results in a component force toward the
trapping plates. Similarly, when the ions are at the bottom of
their cyclotron orbit, there is a peak positive potential on the
bottom plate resulting also in a component force toward the trapping
plate. This synchronization of temporal changes in the z-component
of the excitation field and the spatial motion of the ion results in
an average force that changes the trapping motion. The energy of
the z-mode oscillation might even be modified to the point where the
ion is lost from the cell.

2. Model: A simple model (Equation 1) was employed to depict
the average force that modifies the z-motion during excitation.

F = qE; ~ qkVplz/allAp/al(1 - [Ap/al?)cosd m

F = average force that modifies the z-motion of the ion

Ez = electric field

Vp = amplitude of excitation waveform

2z = ion position along the z-axis (z = 0 at the cell center).
a = length of inside edge of cubic cell

Ap = radius of cyclotron orbit

¢ = phase of excitation waveform

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



38 FOURIER TRANSFORM MASS SPECTROMETRY

Model(s)

Problem Definition Tool {s)

Solutions/Instrument
Improvement

Figure 1, Development cycle for instrument Iimprovements in FTMS.
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Figure 2. The synchronization between rf excitation waveform and
ion cyclotron motion shown with exaggerated phase;
i.e. ¢ £+ /2. (Reproduced with permission from Ref. 23
Copyright 1986 Elsevier Science Publishers B.V.)
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Several trends are predictable with this simplified model.
1) The perturbation of the z-motion increases with the excitation
amplitude V,, This suggests that the z-oscillation would be largest
for the high amplitude rf bursts that are used to achieve greater
bandwidths in FTMS. 2) The perturbation becomes smaller as the
z-position of the ion goes to zero. This suggests that processes
that reduce the magnitude of the z-oscillations before excitation,
such as 1lon-molecule collisions, should reduce the undesired
z-excitation when the perturbing force is transitory. 3) The
perturbation also depends on the relative phase between the ion
motion and the excitation waveform. This dependence suggests a
transitory perturbation for chirp excitations that 1s mass
discriminatory.

3. Tool: To demonstrate z-mode excitation, it 1is easiest to
design an experiment that measures the phenomenon as it occurs in
the extreme case; that is, ejection of the ion along the z-axis.
The "trap-switch® experiment (23) (Figure 3a) determines the ion
loss in the z-direction as a function of time by rapidly increasing
the trapping voltage at a variable time in the sequence. As the
trap 1s switched to a higher voltage, the threshold for z-mode loss
is increased. Changes in signal reflect differences in the ion loss
between the low (test) trapping voltage (0.44 or 1.04 V) and the
high (reference) voltage (4 V) over the time that the trap is at the
lower voltage. If there is z-mode ion loss during excitation, then
the ion signal when the trap-switch occurs after excitation should
be lower than when the trap-switch occurs prior to excitation. Less
ion loss should be seen if a higher trapping field is on during the
test excitation.

The first result of the trap-switch experiment (see Figure 3b)
is the loss of signal occurring when the trap-switch is after the
test chirp excitations. The decrease in signal around the time of
the excitation indicates that ion loss occurred in the z-direction
as a result of the excitation.

Several additional observations are made: 1) There is 1little
difference in the number of ions lost as a consequence of wide band
(0-2000 kHz) chirp excitation for trapping voltages of either 0.44
or 1.04 V at high 1level excitation in some variance with
expectation. 2) Wide band chirps (0-2000 kHz) produce larger ion
losses than do narrow band chirps (200-350 kHz), perhaps, because
excitation of the magnetron mode occurs in the first case. 3) Ion
losses decrease as the amplitude of the wide band chirp is decreased
as expected from the simple model. 4) Ion z-ejection 1is
considerably reduced if the test chirp excitation was delayed from
62 ms to 2.015 sec (plotted as open squares in Figure 3b). As
expected, collisional damping of the z-mode amplitudes during the
long delay has reduced the magnitude of z-mode excitation.

Another tool is the numerical integration of the ion equations
of motion. MelIver (27) and Marshall (28) have made use of this
tool for studying some aspects of ion motion. Here, to corroborate
that mass discriminating z-losses do occur, the trajectory of single
ions were calculated under conditions chosen to imitate normal
conditions for which symptoms of z-excitatlion are observed. For the
calculations, the ions were started on the z-axis and were given
different z-mode energies. The chirp excitation was 9.67 volts
base-to-peak at each excitation plate with a 2.105 kHz/usec sweep
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rate and 0 to 2 MHz sweep width. Other conditions were a 1.2 T
magnetic field, a 0.0254 m cubic trap, and a 1.0 V trap potential.

When the z-mode position and velocity at the beginning of the
excitation 1is compared with the corresponding information at the
conclusion of the excitation, it is found that in all the cases
tried for benzene (m/q = 78) and nitrogen (m/q = 28), the z-mode
energy 1is increased by the excitation. Those benzene ions with
initial ion z-mode energies 50 percent of the trappable maximum are
lost in the z-direction whereas ions with initial z-modes of 40
percent or less are not lost. Those nitrogen ions with initial
z-mode energies 17.5% or more are lost whereas an ion with an
initial z-mode energy of 15% is not lost. The different initial
z-mode energies required for loss is consistent with the hypothesis
that for lower mass ions a larger fraction of the ion population is
ejected.

The numerical results are consistent with the result of an
experiment in which the ion cyclotron orbit sizes of a methane
(CH,Y) and benzene (C¢Hgt) mixture of ions were varied. In the
control experiment, the two ions were excited by low amplitude
consecutive RF burst pulses of varied time. The signal ratio was
essentially constant over the range of orbits for which signals were
detectable. In contrast, for a chirp from 10 kHz to 2 Mhz at
2.094 kHz/usec of wvaried amplitude, the abundance ratio of
CH,¥/C¢H t decreased from about 90% to about 10% as the orbit size
was increased, indicating loss of the lighter ion.

4, Possible Solutions: Because z-mode excitations degrade the
performance of FTMS, methods to minimize z-mode excitations are
necessary. Theoretical (Equation 1) and experimental results
suggest several possible strategies.

i) Low amplitude rf bursts should be used to select specific
ions when quantitation is the goal and wideband operation is not
essential.

ii) Excitation pulses might be used if they are short enough to
impart the momentum to the ions before they have a chance to move a
significant distance from the z-axis.

iii) The ions should be confined to smaller z-mode amplitudes
before exciting the cyclotron mode. Two methods to facilitate this
involve using the trap-switch to compress the ion cloud prior to
excitation or inserting sufficient delay time between ionization and
excitation to allow collisional relaxation of the ion cloud.

iv) Modified cell designs might be used to minimize =z-loss.
a) Elongating the cell in the z-direction (29) should reduce the
z-component electric forces and decrease the fraction of ions
exposed to the larger z-components of the excitation field.
b) Modification of the cell design to remove the odd symmetries of
the cubic cell that cause the synchronization should also be useful.
Two such modified cells are the cylindrical (gg) and hyperbolic
traps (31). ¢c) Formed excitation and detection plates may
constitute another cell modification for reducing the effects of
z-mode excitation by improving the uniformity of the excitation
fields. Formed cell plates were used by Clow and Futrell to improve
the uniformity of drift velocities in a drift cell ICR (32).
Similarly, for cubic cells the excitation field uniformity would be
improved by bringing all the edges of two nominally parallel plates
closer together to compensate for their finite area and other
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electrode proximity (Figure Y4). The same set of plates would be
used for both excitation and detection by using carefully designed
switches and in that way escape the dilemma of designing one set of
plates at the expense of the other.

Temporal Variation of Ion Signal of an Inert Ton. 1. Problem
Definition: Several assumptions are required if correct
correlations between ion signal and chemical reactivity are to be
made from ion kinetic studies using FTMS. The first assumption must
be that the sensitivity of the ion trap remains constant with time
so that ion signals are representative of the ion population with
time. The second assumption is that losses of reactant ions are due
to consumption of those ions in a chemical reaction and not by
physical processes.

One would expect that the signal of an unreactive ion would be
invariant with time. However, the benzene molecular ion signal
decreases or increases in time for correspondingly low or high trap
voltages. Decreases in ion abundance are not surprising, as ion
radial diffusion will occur; but the ion abundance increases shown
in Figure 5 are more unexpected.

2. Model: 1Ion losses from an FTMS cell can occur by mechanisms
other than chemical reaction and radial diffusion. Ions that have
acquired sufficient kinetic energy from fragmentation processes can
overcome the potential barrier of the trapping field especially
when 1low trapping voltages are wused. Ion 1loss owing to
fragmentation was demonstrated by Riggin, et al. (3ua,b)

Ion evaporation can also account for fon losses from the cell.
The term "evaporation" is used to describe processes by which
ion-ion collisions distribute z-mode energy with the result that
some ions acquire enough kinetic energy to escape the trapping
field. 1Ion evaporation was studied for thermal population of ions
at low pressure (3x10-10 torr) and long delay times (100 sec) (35).
Ion evaporation can be reduced with higher trap voltages that
provide higher thresholds for loss. As shown in Figure 5 for the
case of the benzene molecular ion, further increases in trap
voltage beyond 0.74 volts produce relatively small further increases
of signal with time.

After reducing the magnitude of ion evaporation, we are still
left with a signal that increases in time. In this regard, ion
image currents have been shown to be dependent on the position of
ions cyclotroning with small orbits in rectangular traps (36).
Because ions change their positions in the cell as a function of
time, the signal per ion may be expected to change. Furthermore,
signals from ions formed by ionization methods that are directed
along axes other than the 2z-axis (such as laser desorption and
multiphoton ionization in the cell we are using) may be affected by
the different spatial distribution of the ions.

We have developed a model to explain the time dependent change
in sensitivity for ions during excitation and detection. The first
step is to describe the image charge displacement amplitude, S(Ap,
A;), as a function of cyclotron and z-mode amplitudes. The
displacement amplitude was derived using an approximate description
of the antenna fields in a cubic cell. The second step in developing
the model is to derive a relationship to describe the cyclotron
orbit as a function of time for an rf burst. An energy conservation
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argument is used to deduce the cyclotron orbit sizes from the charge
displacement on the excitation plates. Because the symmetry of the
cubic cell requires that the charge displacement amplitude on the
receiver plates be the same as on the excitation plates, the
amplitude of the receiver charge displacement can also be inferred.
By using the above arguments applied to a narrow band rf excitation,
a relationship between An., the radius of the cyclotron mode, and Ag,
the z-mode oscillation amplitude, can be obtained. This
relationship (see Figure 6) is then used to deduce the signal,
S(Az), as a function of Ay only.

The most obvious effect seen in Figure 6 is the large
dependence of ion signal on ion z-osecillation amplitudes. The
signal, normalized to 100% for Az = 0, drops to <30% for ions
grazing the trap plates. It is also apparent from Figure 6 that for
ions of low Az values, the graph is fairly flat. Thus, if the
z-mode oscillation amplitude of each ion is initially confined to a
low value, the signal change owing to further collisional damping
of the z-mode amplitude, A, should be reduced. The figure also
shows a weak dependence of curve shape on the size of Ap,

It is also expected that reactive collisions may diminish the
effects of collisional damping of the z-oscillation. An unreactive
collision removes energy from the z-mode oscillation so that the ion
contributes more signal current at its original cyclotron frequency
whereas a reactive collision removes an ion from a reactant
population giving a true indication of the loss from the original
population. The loss rate from the reactant population for ions of
z-oscillation, A;, is proportional to the density of reactant ions
of amplitude A,, Thus, for very reactive ions, no change in
sensitivity due to collisional relaxation is expected.

3. Tool: According to the above model, the signal for an
unreactive ion should increase as the ion cloud undergoes relaxation
toward the z = 0 plane. The size of this change can be computed as
a ratio of expected signals for two z-mode amplitude
distributions. The first is the average of S(A;) over a z-mode
amplitude distribution determined by wuniform initial positions
along the 2z axis and a thermal distribution of 2z velocities
corresponding to the temperature of the background gas. This
approximates the z-mode amplitude distribution of the benzene
molecular ions generated by an electron beam assuming no collisions
occur after the ion is formed. The second is the average of S(Aj)
over a thermal z-mode amplitude distribution determined by a
quadratic potential along the z~axis and with a temperature equal to
that of the background gas. Here it is assumed that ion-neutral
collisions dominate to determine the second distribution.

The tool to investigate the relationship between sensitivity
and z-mode relaxation is simply a measurement of the signal
intensity of an unreactive species as a function of time under
conditions in which evaporation and charge exchange are known to be
small effects. The measured ratio of signal (just after the beam)
to signal maximum (after a delay of seconds) compares reasonably
well with the ratio computed by employing the assumed
distributions.

4. Possible Solutions: For accurate kinetic measurements, the
effect of z-mode relaxation on ion signals must be controlled. It
is impractical to use long delay times between ionization and
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excitation because time delay is the experimental variable. A
possible solution is ion compression using a trap-switch (23). Low
kinetic energy ions should be compressed to ca. the z = 0 plane by
increasing the trapping potential after ionization. Figure 7 shows
the effect of ion compression on the temporal behavior of the
benzene molecular ion signal. The effects of z-mode relaxation at
short delay times have been largely removed by the use of the
trap-switch.

Systematic Errors in Accurate Mass Measurements. 1. Problem
Definition: The value of high resolution mass spectrometry is
diminished if the mass measurements do not give unambiguous
elemental compositions. Accurate mass measurements in FTMS require
a precise measurement of ion frequencies and an accurate calibration
law for converting ions frequencies to mass. The ion frequencies
can be measured to nine significant figures with modern electronics;
however, the relationship between ion frequencies in the cubic cell
and mass still requires further development.

The evolution of a calibration law for the cubic cell has seen
a number of proposals for the frequency-to-mass relationship
(26,37-40). Recently, Ledford, et al. (40) developed an
algebraically correct mass calibration law (Equation 2), which is
now commonly used. Unlike sector mass spectrometry in which many

m = a/fopg + b/f2ops (2)

reference mass ions are required, only two references are required
to calculate the two calibration constants, (2) a and b, which are
required to relate mass, m, to the observed signal frequency, fopg.
This equation is sufficiently accurate to give errors in the 1-10
ppm range (12). However, in some instances, these errors are
systematic and too large to give correct elemental composition
assignments, Also, the systematic errors have been observed to
increase with increasing number of ions. Therefore, the model does
not account for all space charge effects. Nevertheless, it has been
estimated that 70% of the space charge effects are accounted for
(40). Space charge-related errors may 1limit utility of the
calibration law over wide dynamic ranges of ion numbers such as are
encountered in GC/FTMS.

2. Model: A quantitative model that leads to the development
of an accurate calibration law is not yet readily obtainable because
of the apparent complexity in the frequency variations in the cubic
cell. Frequency variations have been studied by Knott and Riggin
(41), Hartmann (42) for ICR drift cells and by Sharp et al. (43),
McIver et al. (44), Comisarow (45) and Dunbar (46) for ion traps.

An example of the complexity of the frequency variations in the
cubic cell is given in the extreme by the splitting of a peak into a
doublet for ions excited to very large orbits. A similar phenomenon
was noted by Marshall (47). 1In the example reported here, the ions
were excited by a 0.385 volt peak-to-base RF burst in a 0.0254 m
cubic cell with a 1 volt trap and a magnetic field of 1.2 T. Two
maxima are discernible for ion-cyclotron-orbit sizes larger than the
"optimal"™ orbit size at about 760 usec excitation time. Local
centroids are measurable; one increases by ca. 50 Hz and the other
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(Reproduced with permission from Ref. 33. Copyright 1986
Elsevier Science Publishers B.V.)
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decreases by more than 180 Hz away from the "optimal™ orbit size
frequency as the excitation time is increased.

If the magnetron mode is negligible in size, then the cyclotron
frequency shift caused by the radial electric fields 1is
approximately proportional to the magnitude of the radial electric
field component divided by the radius, -En/r (48). Based on
Dunbar ‘s treatment (U46), which shows a decrease in the average Ep/r
in the z = 0 plane, one would expect ions with low z-mode amplitudes
to 1increase in frequency as their orbit sizes are increased.
Evaluation of radial electric trapping fields at larger 2z and
radial positions shows a large increase suggesting that the
frequencies of ions with high z-mode amplitudes would decrease with
increasing orbit size. Thus, we attribute the high-frequency peak
to lons with low z-mode amplitudes and the low-frequency peak to
ions with high z-mode amplitudes.

Because low amplitude RF burst waveforms do not significantly
modify the z-mode amplitudes of ions, the intensities would be
expected to reflect the z-mode amplitude distribution just before
excitation. This gives us one means of checking the above
hypothesis: by allowing the z-mode amplitudes to relax via
ion-molecule collisions, the relative peak intensities should
change. Indeed, at long delay, the high frequency peak increases at
the expense of the low frequency peak.

The observations that there is an "optimum" orbit size and
that peaks split for orbits not too much larger than the optimum
orbit suggest that the optimum orbit occurs because of special
circumstances. One possible circumstance is a coincidence of
frequencies for ions with low and high z-mode amplitudes so that if
there are mass discriminating differences in the way the ions
populate the trap or in the way ions are excited, then systematic
mass measurement errors can be expected. Excitation of the
cyclotron mode does produce a spread in cyclotron radii, and mass
discriminating z-mode excitation is discussed elsewhere in this
chapter. Thus, frequency variations that cause systematic mass
errors are due in part to trap field inhomogeneities. These effects
are evident at 1low ion populations and may be due in part to
excitation induced ion cloud deformation which increases with ion
number .

Systematic errors that increase with ion number occur, perhaps,
because assumptions made in the model are being violated in
practice. One of the basic assumptions of the space charge theory
of Jefferies (49), from which the calibration law was derived, is
that a thermal ion cloud in a cubic Penning trap takes the shape of
an oblate ellipsoid with a uniform distribution of charge. If so,
the space charge potential should be quadratic, thus producing a
constant contribution to Ep/r. If excitation were to alter the
shape of the ion cloud, and consequently the linearity of the space
charge electric field, then the linear model no longer applies, and
systematic errors may occur. Altering the shape of the ion cloud is
not unexpected. The orbits of ions are known to be large after
excitation compared to before excitation, and calculations show that
the cyclotron orbits vary by as much as 50% of the largest orbit for
RF burst (50) and chirp (25) excitations. z-Excitation also affects
the ion distribution in the cell as is discussed earlier in this
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3. Tools: To determine the accuracy of a derived calibration
law, computed masses of ions are compared to known values by using
the calibration shown in equation (2) for the cubic cell or that
shown in equation (3) for the hyperbolic.

Hyperbolic cell £2 = a/m? + b/m (3}

The values of a and b were determined empirically by measuring
the frequencies of six reference masses and fitting mass-frequency
data to the form of the equation by means of a least-squares
procedure. By using empirical values of a and b and the measured
ion frequencies, the masses of the six ions were calculated. A
statistical evaluation between the known masses and the
experimentally determined masses was then made to determine the
accuracy of the calibration law. Systematic errors were observed
as is described in (40).

4. Possible Solutions: New cell designs have been
investigated as possible solutions for improving accurate mass
measurements. Efforts have been directed at minimizing frequency
complexity by linearizing the trapping fields and reducing space
charge effects by spreading out the ions. The reduction of space
charge effects would also permit improvement in dynamic range.

One possibility is the rectangular cell proposed by McIver et
al. (29). The cell is elongated along the z-axis so that the ion
frequencies experience 1less perturbation associated with the
trapping fields. Also because of the large volume in the cell,
more ions can be stored with less ion-ion coupling effects than in
the cubic cell.

A recent effort of this 1laboratory has resulted in the
introduction of a hyperbolic Penning trap (31). The cell consists
of two end caps and one ring electrode similar to the design of
Byrne and Farago (51) (see Figure 8).

Ions are formed by an electron beam offset at 1/2 r_ because
ions cannot be excited at the center of the cell. This is Jone also
to allow the largest possible cyclotron orbit between the z-axis
and the ring electrode. The cyclotron mode of the ions is excited
across the ring and end caps, and image currents are detected by
using a balanced bridge circuit (Qg).

The hyperbolic cell offers several advantages for accurate mass
determinations. 1) The frequencies of fundamental modes of the ion
motion are independent of the location of the ion in the cell at
least for the low ion limit. This is important because frequencies
are known to be influenced by the location of the ions in cubic
cells. 2) The excitation electric field has a simple form
identical to that of the trapping field. Thus, the operation of the
trap is the same everywhere in the interior permitting most of the
volume to be used for storage of larger ion populations with reduced
space charge effects. 3) Harmonic effects (31,13b) that complicate
spectra are removed.

The mass calibration law gives mass measurement accuracy of ca.
2 ppm and a precision of ca. 1 ppm. Errors are still systematie,
but the measurements are much less sensitive to space charge effects
than those made with the cubic cell. One possible cause of the
systematic errors may be magnetic field inhomogeneity caused by
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local magnetic fields induced by machining the cell from stainless
steel,

Another cell design may incorporate the use of segmented trap
plates in the cubic cell (Figure i) (53). Segmenting the trap
plates is expected to minimize trapping field inhomogeneities.

Poor Resolution for High Mass Ions. 1. Problem Definition and
Model: The magnitude of the electric forces, both trapping and
coulombic, relative to the magnetic force increases with increasing
mass. As a result one would expect that any motion problems
resulting from electric fields would also increase with ion mass.
This may be one of the causes of the low resolution detection of
high mass ions (54), particularly organic ions, by FTMS. This
problem definition is not intended to detract from the remarkable
accomplishments of Hunt, Russell and coworkers which are reported
elsewhere in this volume.

The study of high mass ion dynamics is complicated by the
relatively poor control over ion populations by methods used to
generate high-mass ions (e.g., laser desorption, SIMS) and by the
possibility that chemical behavior of the ion (e.g., slow
decompositions) will interfere with efforts to gain information
about dynamlcal behavior. We are proposing a scaling technique that
may be used to gain experimental insight into the dynamics of
high-mass ions. Scaling (55) involves extrapolating information
about the dynamics of high-mass ions at high magnetic fields by
studying experimentally low mass ions at lower magnetic fields.

2. Model: Consider the phenomenological equation (56) of the
motion of the ion to be studied:

a2 X > b W)
d?:%ﬁ(;)-o- %XB -ﬁg%
By introducing the coordinate transformations
t = (q/m)1/2t (5)
X(t) = ¥(t) (6)
and parameter changes
8 = 8/(m/q)/2 (n
v = (m/q)1/2g (8)
the phenomenological equation becomes
e Bpg o (9
d7z = E(X) + g7 x - Ydt

Note that the electric field as a function of ion position
remains unchanged. The solution, +')2, of the scaled equation
represents the physical solution, x, for any situations w_l;xer-e
8/(m/q)172 = § and zm/q)1/2 = v. The X is recovered from X by
scaling the time variable. Thus, it can be seen that the behavior
of two situations for which
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§/(m2/q)1/2 = §/(m2/q)1/2 (10)

must be the same after the appropriate time scale adjustment is
made. This would suggest high mass behavior at high magnetic
fields can be studied with low mass ions at low magnetic fields.

Tool: As a tool, scaling requires that experimental
conditions be chosen that imitate the variable changes required to
scale the equations for a high mass ion at a high magnetic field
into equations for a low mass ion at a lower magnetic field.

As an example of how mass scaling would be used as a tool,
consider that an investigation directed nominally at the dynamiecs of
an ion of m/z 2000 at 3 T can be made by using the benzene
molecular ion at 0.59 T. By analogy, it should be possible to study
the behavior of low mass ions and relate that information directly
to the behavior of high mass ions at high magnetic fields.

The scaling approach is at the proposal stage, and we have no
results at this time and no detailed solutions to suggest for the
problem.

Low Mass Resolution Ion Selection for MS-I in MS/MS
Experiments. 1. Problem Definition: The advantages of FTMS for
MS/MS and particularly for (MS)” are often touted, yet few reports
of problem-solving in chemical analysis have been made. The mass
resolution for daughter ions can be superb in the MS/MS mode, as has
been demonstrated by Wilkins et al. (57) and Freiser et al. (58).
However, the resolution of MS-I (for parent ion selection) in cubie
cells is poor. Moreover, the energy for collisional activation is
limited .to the cyclotron mode energy and this limits applications
involving high mass ions. Finally, the original population of ions
is ejected, except for the ion of interest. This latter
disadvantage pertains also to sector and quadrupole tandem
instruments, but it need not apply to FTMS. That is, it should be
possible to retain some of the ™multichannel advantage™ of FTMS in
both the MS-I and the MS-II modes by not throwing away most of the
ions in the first MS step. It may be highly desirable to obtain
information on other ionic species from the original ion population
particularly when sample sizes are limited in quantity or when ion
production is poor and a limiting factor.

2. Model: The difference between the mass resolution of
daughter ions in the second MS step and the mass resolution with
which one can select the parent ion in the first M3 step is due to a
difference between the operations of these two steps. In the second
MS step, the signals that result in the mass spectrum are observed
after the conclusion of the excitation. So the width of a
particular peak in the spectrum is determined by trap field
inhomogeneities of the regions through which the ions pass after the
excitation is complete. Because only collisional processes will
change the amplitudes of the 2z, magnetron, and cyclotron modes
during this time, one would expect the ion trajectories to be
contained in a proper subset of the volume of the cell., 1In the
first MS step, the ejection resolution describes the limits for
accelerating one ion species to the point of ejection while leaving
a neighbor mass species essentially undisturbed at the conclusion of
the excitation. The act of accelerating an ion that is initially
bounded close to the z-axis to an ion with a large cyclotron mode
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for ejection requires the ion to move through a large portion of the
trap volume., As a result, the motion of the ion is affected by the
full extent of the trap field inhomogeneities. By this reasoning,
the resolutions of the two MS steps would be different, and the
ejection resolution of the first MS step would be poorer.

For low 1ion populations, a first estimate of achievable
ejection resolution might be obtained from the cyclotron frequency
spread that occurs over the range of cyclotron orbit radii through
which the ion must pass to be ejected. This is based on the notion
that an ejection waveform that is just adequate to eject one ion
must have a frequency spectral peak that is at least as wide as the
above spread of frequencies. Such a waveform would then excite, at
least to some extent, all ions with frequencies falling within the
width of the peak, thus limiting the ejection resolution. For ions
with low z-mode amplitudes, we ‘can use Dunbar’s (46) approximate
expression for the average radial field strength,

Ep = 2a(Vp/a?) r [1-2.8(r%/a?)] (1)

to obtain the frequency spread between the smallest and largest
orbit:

Awers = 0.7(qB/mg)(rg/a)? (12)

Here, B is the magnetic field strength, me is the critical mass
(40), q is the charge of the ion in question, rp is the maximum
radius required for ejection, a is the inside length of the cubic
cell, r is a radial displacement, Vy is the voltage applied to the
trap plates, and a = 1.3871 (U49) a geometry constant.

In the derivation of the approximate expression for Awger, use
was made of

Bepr = 1/2 qB/m {1 + [1-4(m/q)(Ep/r)/B%]1/2} (13)

for the cyclotron frequency of an ion of mass, m, with an orbit
centered on the z-axis, and

me/q = q*B%/8avy ()

for the critical mass (upper bound on the range of ion masses for
which the ion trajectory is stable in the trap).
From the expression for Awgrp, the ejection resolution becomes

n/Am = wepr/Awgpr = 1.429(mc/m)(a/rm)3 (15)

As an example, in a 2.54 cm cubic trap with B = 1.2 T and Vp = 1 V,
the above estimate for the ejection resolution gives 1.59 K.

3. Tool: RF burst waveforms serve as a convenient means for
determining the ejection resolution limits that are due to effects
intrinsic in the operation of the cubic trap. More general computed
waveforms (59) are obtained via inverse discrete Fourier
transformation. These computed waveforms are just a linear super-
position of a finite number of RF bursts. As a result, it is
proposed that the best performance obtained with RF bursts
anticipate the best performance obtained with computed waveforms,
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when these waveforms are used for ejection. In particular, the rf
burst is the special case in the class of all computed waveforms
that is best suited for ejection of a single mass,

The MS-1 resolution is determined through the use of ejection
spectra. These spectra are produced in an experiment using two rf
bursts, the first is the test ejection waveform and the second
quantitates the number of unejected ions. The spectra are plots of
lon signal intensity versus the frequency of the test waveform as
the frequency is stepped through the resonance of the ion. At the
ion resonance, the plot shows a dip having a width that indicates
the ejection resolution of the test waveform.

The first step in the measurement of the intrinsic ejection
resolution 1limits of the trap is to find the minimum ejection
waveform time - amplitude product for which the dip minimum shows
complete loss of ion signal, This is done by varying the amplitude
of the test waveform and fixing the time at ~1 msec to assure the
peak width in the frequency spectrum of the test waveform is wide
enough to cover the range of cyclotron frequencies of the ejected
ion.

Then, in steps, the test waveform time is increased while
maintaining the original time-amplitude product until the dip
minimum of the ejection spectrum acquired for each step no longer
shows a complete loss of ion signal. At this step, the half-height
width of the dip is used to determine the resolution. If the trap
were functioning as an ideal trap, that is, as a linear device with
no collisional damping, the test waveform time could be indefinitely
increased without ever showing incomplete loss of ion signal at the
dip minimum.

By using this technique, the ejection resolution measured for
the example given in the "Model" section is certainly no better than
2.4 X, This compares with a normal mass resolution of 30 K under
the same trap conditions.

4, Proposed Solution: We suggested earlier (9 the
possibility of an intermediate cell in MS/MS applications for
storing all ions from which the one of interest is selected. This
may be accomplished by assembling two adjoining cubic cells in a
manner similar to that in (60) except the partitioning or center
trap plate would not contain an orifice but rather be a solid disk
(see Figure 9). The disk would be centered on the z-axis and have a
diameter of 1/2 the cell dimension. The disk will be held in place
by a highly transparent metallic screen or grid that is insulated
from the disk so that it can be operated at a potential different
than that of the disk.

Electrons (or any ionizing beam) would be admitted from the
left through an orifice in the trapping plate opposite the disk.
They would strike the disk after traversing the first cell of the
tandem. Ionization of a pulsed sample (from a pulsed valve) would
begin the experiment although ions may be introduced from other
traps by using the partitioning principle of the Nicolet dual cell
(60) or even more effectively by employing ion transfer techniques
similar to those described over twenty years ago (§1).

Once the ion population is formed and stable and the neutral
population is again low, the ions to be activated are accelerated to
a cyclotron orbit slightly larger than the disk. Up to this point,
the supporting screen and disk have been at the same trapping
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potential, but now the screen is pulsed in a fashion similar to that
described in (60,61) to transfer the excited ion to an adjoining
cell, The z-mode motion of the unexcited ions is not disturbed
sufficiently to climb the potential barrier still provided by the
disk.

The selected ions now in the adjoining cell are returned
nominally to the z-axis by using the method of Marshall (62). Even
though this deexcitation may not be perfect, it should be
sufficiently adequate that the next step of ion activation can be
performed.

Ion activation takes place by admitting particles (photons,
ions, electrons) into the cell containing the ion of interest.
These activating particles are injected along the z-axis so that
their trajectory is interrupted by the disk, and the ions in the
first cell are preserved.

The segmented tandem cell should have the following advantages:
1) The original population of ions is not lost by ejection as is
currently the case. 2) The selected ions are activated along the
z-axis, and this should lead to better performance in the MS-II
process. 3) The ion of interest can be selected at higher masas
resolution because the selection radius is kept small (increased
a/rmp in Equation 15) and because better trapping fields can be
generated by the disk/screen arrangement (the outer segment trap
plate potential would be set for minimum ion frequency spread during
excitation). 4) The activation energy is not 1limited to the
cyclotron mode energy. 5) The original population of ions is
shielded from the activation process.

Conclusions

Most FTMS instrument and method development research has been
focussed on demonstration experiments. Examples include coupling
FIMS with various sample introduction schemes (e.g., GC, LC,
supercritical fluid chromatography), sample ionization (e.g., LD,
pulsed SIMS, Cf-252 PDMS, etec.), and demonstrating application to
various 1interesting classes of chemical compounds. These
demonstrations are useful because they are indications of the
potential of the technique. However, few reports of the routine use
of FTMS for trace analysis, for accurate mass, and for structure
determination of unknowns have yet appeared. One reason is that FT
mass spectrometers are not widely spread in the hands of users.
Another is that FTMS is not yet routine. Most of the demonstration
experiments have been done in expert laboratories by committed and
highly focussed graduate students and postdoctoral researchers.

We propose that an essential route to the routine utilization
of FTMS 1is to focus on fundamental issues that face any
spectrometric method; that 1is, issues dealing with accurate
determination of peak position, peak shape, and peak height. In
this paper, five problems were introduced. With regard to peak
height measurements are problems of nonuniform tuning owing to
inadvertant z-ejection of ions and temporal variation of ion signals
because of ion cloud relaxation phenomena. Systematic mass
measurement errors are an example of problems in determining peak
positions. Less than optimum resolutions for high mass ions and
for ejecting ions in MS/MS-type experiments are examples of
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peak-shape difficulties. In all cases, approaches to solving the
problems are given and, in many cases, actual solutions are
presented,
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Chapter 4

Application of the Dual-Cell
Fourier Transform Mass Spectrometer

Robert B. Cody, Jr., and James A. Kinsinger

Nicolet Analytical Imstruments, 5225 Verona Road, Madison, WI 53711

The differentially-pumped, dual cell geometry has
improved the performance of Fourier transform mass
spectrometry (FTMS) for a variety of analyses, including
combined gas chromatography/mass spectrometry, laser
desorption mass spectrometry, and MS/MS. The ability to
accommodate higher source pressures has also permitted
the coupling of supercritical fluid chromatography with
FIMS. The dual cell geometry has demonstrated improved
resolution and accurate mass measurements under
analytical conditions; added benefit results from
isolating sample ions from reactive neutrals.

The potential benefits of Fourier transform mass spectrometry have
been evident ever since the introduction of the technique by
Comisarow and Marshall in 1974 [1], but it is only in recent years
that major developments in the technology have caused an increased
acceptance of FIMS into the mainstream of analytical mass

spectrometry. In particular, the development of differentially-
pumped systems including the tandem quadrupole-FTMS [2], the dual-
cell geometry [3,4], and external sources [5], have overcome the

difficulties associated with the requirement that FTMS analysis be
accomplished at low pressures (e.g., less than 107 torr) for best
results. Efforts to develop FTMS for high mass detection [6,7], in
particular, the work by Shabanowitz, et al. [8] with the detection
of insulin and cytochrome C, have demonstrated that large ions can
be formed with sufficiently long lifetimes to be detectable on the
FTMS timescale, proving that FIMS is a viable technique for the
analysis of molecules in the "middle-mass" range (e.g., 1,000-
15,000 amu). The tailored-excitation method developed by Marshall
[9,10]) provides a means to overcome several limitations of current
ion excitation methods, and promises to bring about significant
improvements in the overall performance of FIMS, particularly
FIMS/MS [11].

In this article, we describe some of the recent developments
and applications of the dual-cell Fourier transform mass

0097-6156/87/0359-0059%$06.50/0
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spectrometer to a variety of chemical problems and mass
spectrometric techniques.

Experimental
All experiments were performed using a Nicolet Analytical

Instruments FTMS-2000 dual-cell Fourier transform mass spectrometer
with optional GC and laser desorption interfaces. The FIMS-2000
dual cell is specially constructed of stainless steel with low
magnetic susceptibility. This permits very efficient ion transfer
between the source and analyzer cells, if the cells are properly
aligned in the magnetic field.

The superconducting magnet was operated at a field strength of
3 Tesla. This instrument has been described in previous
publications {4] to which the reader 1is referred for a more
detailed description. Specific details of the various experiments
described in this report will be included in the individual
sections pertaining to those experiments.

Results and Discussion

Gas Chromatography/FTMS. The differentially pumped, dual-cell
geometry has permitted the practical realization of combined gas
chromatography/Fourier transform mass spectrometry (GC/FIMS) by
providing a means to deal with the higher pressures associated with

the GC carrier gas [12]. Using the dual-cell instrument, we have
shown that it is possible to obtain high resolution mass spectra,
even for small sample quantities. For example, we were able to

detect ions from a 125 pg splitless injection of naphthalene at a
resolution of 15,000 over the mass range 120 to 130 amu with a
signal-to-noise ratio of 10:1[4].

Once the carrier gas pressure has been eliminated as a factor,
the major factor affecting the resolution obtainable for GC/FTMS
spectra is the trade-off between the mass spectral data acquisition
time (observation time and number of signal-averaged transients)
and the data acquisition rate required for high resolution
capillary gas chromatography. In order to maximize mass spectral
resolution, it is desirable to observe the transient signal for as
long a time as possible. However, the width of chromatographic
peaks places a limit on how long an observation time may be
employed without affecting chromatographic resolution. Typically,
peaks in capillary gas chromatography are about 3 seconds wide,
which means that, ideally, mass spectra should be acquired about
once per second.

In order to demonstrate that it is possible to obtain very
high mass resolution without sacrificing chromatographic
resolution, we made a splitless injection of an activity mix (SGE
Activity Mix A) containing approximately 50 ng each of naphthalene,
2,6-dimethylphenol, and 2,4-dimethylaniline. The mass spectrometer
was set up to operate in heterodyne (high resolution) mode [13] to
monitor masses within the range 119-129 amu. Two transients were
collected and signal-averaged per spectrum, with 64K data points
acquired per data set.

Figure 1 shows the molecular ion of naphthalene, detected at a
resolution of 340,000. The total acquisition time per transient
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Figure 1. GC/FTMS: Naphthalene molecular ion detected at a

resolution of 342,000.
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was 1.2 seconds. By observing the transients, it could be seen
that only one of the two averaged transients contributed signal.
This suggests that the optimum conditions would be to collect only
one transient per spectrum, which would reduce the total
acquisition time to 1.2 seconds per spectrum. This data shows that
it is possible to obtain ultra-high mass resolution (greater than
100,000) on a time scale that 1is <consistent with high
chromatographic resolution.

The major application of high resolution mass spectrometry is
for obtaining accurate mass measurements in order to determine
elemental compositions. The present FIMS calibration equation,
derived by Ledford, et al. [l4] shows that the mass-to-charge ratio
m/z of a given ion is related to the magnetic field, B, the
electric field, E, and the measured frequency, F, by a relation
having the form:

m/z =k, + B/f + sz/f2

where k; and k, are constants, and the electric field term is
related to the trap voltage and the number of ions in the cell.
Wilkins, et al. have demonstrated accurate mass measurements in the
low part-per-million range for GC/FTMS, wusing a calibration
performed just prior to the sample analysis [15]. The success of
this method 1is based upon the fact that the calibration is
performed under conditions which are virtually identical to those
employed for the sample measurement, and hence the total number of
ions is approximately the same for both measurements.

It is also possible to improve the accuracy of the mass
calibration by making use of a peak of known composition to correct
the electric field term for changes in the number of ions [16]. 1In
other words, 1if the identity of some component of the mixture is
known by its retention time and/or mass spectrum, a peak of known
mass in the mass spectrum may be used to apply a correction factor,
X, to the electric field term in the calibration equation, which
may be rewritten as:

m/z = k,B/f + k, (E+x)/f2
where m/z is chosen to be the mass of the known peak, and f is the
measured frequency of that peak. Subsequent mass measurements
using the corrected calibration equation will have a higher mass
measurement accuracy than those using the uncorrected equation.

This is illustrated for the activity mix in Table 1. Masses
for ions within the 119-129 amu mass range were measured for the
three compounds, using a calibration taken prior to the
measurement. The average deviation for six ions is found to be 6.9
ppm. If we were certain of the identity of the molecular ion from
naphthalene (e.g., if naphthalene had been deliberately added to
the mixture), we could use the molecular ion as an "internal
standard" to determine the appropriate correction to the electric
field term in the calibration. From Table 1, we see that the
result of this "one point" correction is a significant improvement
in the mass measurement accuracy, with the average deviation in the
measurements of the remaining five ions being only 0.8 ppm

This sort of correction should be helpful for improving
specific mass measurements for GC/FIMS analyses where it 1is
possible to add a calibrant compound to the mixture, or where some
component is known to be present. Unlike the method where a static
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calibration compound is present, the "internal calibrant" here is
separated by the gas chromatograph from the sample compounds, and
does not interfere with the mass spectra of the remaining
compounds. It should be noted that the best results are achieved
when the ion chosen to determine the correction is close in mass to
the ions to be measured.

The additional information available from high resolution GC-
MS may be illustrated by examining a portion of the data from a
peppermint oil analysis. Figure 2a shows the total ion
chromatogram for a sample of a peppermint flavor extract. Some of
the components are clearly unresolved with these chromatographic
conditions. If we look at the mass spectrum of the component
eluting at 15 minutes (Figure 2b), we can see a resolved doublet at
m/z 139. The doublet is shown in an enlarged view of the region of
the mass spectrum around m/z 139 (Figure 2c).

If we were to look at a single-mass chromatogram for mass 139
(+/- 0.5 amu) , we would see only two clearly-defined
chromatographic peaks (Figure 24). But if we choose a more
selective mass range to take advantage of the high resolution
information, we can clearly identify several other components. 1In
fact, three isobaric ions may be identified, two of which are
associated with the sample, and one which is present in the
background. The high-resolution single-ion reconstructions (Figure
3) clearly show which ion 1is associated with which eluting
components.

The background ion is only identifiable from its suppression
when components are eluting. This sort of phenomenon is known to
occur in conventional GC/MS analyses; in our case the phenomenon
may be associated with dynamic range considerations [17]. From
analysis of this same mixture by MS/MS, [18], we have identified
the CgH,;;0* peaks as fragments from menthol and menthone. The
CioH;o* peaks are assigned as fragments from menthyl acetate,
menthyl valerate, and cadinene.

The use of the dual-cell FIMS to perform a typical target
compound analysis may be illustrated by the identification of
cocaine in a human urine extract. To determine the retention time
of cocaine, a drug standard containing 10 ng of cocaine was
injected using splitless injection onto a 20 meter BP-1 column with
a 200 micron ID. The column was heated from 90 to 250 degrees at
10 degrees per minute. Under these conditions, the component
eluting at 15.8 minutes (Figure 4a) was identified as cocaine. The
mass spectrum corresponding to this peak (Figure 6a), shows the
molecular ion at m/z 303, as well as characteristic fragment ions.
The total ion chromatogram (Figure 4b) from the urine extract is
quite complex and does not have a strong peak at 15.8 minutes.
However, by plotting mass chromatograms (Figure 5) of the base peak
in the mass spectrum of cocaine (m/z 82) for both the standard and
the urine extract, one can see a large peak at an elution time of
15.8 minutes.

The mass spectrum corresponding to this peak (Figure 6b)
matches well with the spectrum obtained from the drug standard, and
also with the (Wiley NBS) library spectrum. Using the accurate
mass measurements obtained on the FIMS data, comparisons can be
made between the standard and the unknown. Based on twelve
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Figure 2. Peppermint oil analyzed by GC/FTMS: (a) total ion
chromatogram; (b) mass spectrum of component eluting at 15
minutes; (c) enlargement of region around m/z 139 from (b); (d)
mass chromatogram for m/z 139 +/- 0.5 amu.
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Mass Chromatograms of m/z 139 in Peppermint Sample GC/MS

139.148675 +/- 0.005

CoHio (a)

A

139.111741 +/- 0.005
(b)
C,H,,0

139.054226 +/- 0.005
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Figure 3. High resolution mass chromatograms for m/z 139: (a)

mass chromatogram for G, H,¢*; (b) mass chromatogram for CgH;;0%;
(c) mass chromatogram for G;,H,,* (background peak).
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Figure 4. (a) chromatogram for drug standards including cocaine;
(b) Chromatogram for urine extract.
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significant ions in the two spectra, mass measurement differences
(based on 32K data points, and without internal calibrant) averaged
only 8 ppm, adding an additional degree of confidence to the
assignment of the unknown as cocaine.

Supercritical Fluid Chromatogaphy/FTMS. Supercritical fluid
chromatography (SFC) has experienced a recent growth in popularity
as an alternative approach to liquid chromatography, due to its
increased resolution and faster analysis times. SFC 1is
particularly attractive as a chromatographic method for coupling
with FTMS, due to the reduced gas burden, in comparison with HPLGC.
We have performed preliminary experiments coupling SFC with the
dual-cell Fourier transform mass spectrometer to demonstrate the
capability of the dual-cell geometry to deal with the gas load
imposed by SFC. These experiments indicate that both high mass
spectrometric resolution and accurate mass measurements are
possible with SFC/FTMS [19].

For this work, a 5 meter x 50 micron ID fused silica column,
coated with a 0.25 micron polydimethylsiloxane film was introduced
directly into the source chamber through the transfer line normally
used for GC/FTMS. A restrictor was created at the end of the
column by using a microflame to draw out the end of a 1 meter
portion of deactivated but uncoated column to an inside diameter of
approximately one micron. Details of the instrumentation used for
SFC have been described elsewhere [19]. With the SFC interface in
place, pressures in the source chamber were approximately 5 x 1073
torr. Despite this high source cell pressure, we were able to
obtain relatively high quality mass spectral data with analyzer
side detection at 5 x 1077 torr.

Figure 7a shows a total ion chromatogram of the separation of
two model compounds, caffeine and methyl stearate, by SFC/FTMS.
The isopentane CI spectra (Figures 7b and 7¢) of each of these
compounds shows only the [M+H]™ peaks and the carbon 13 isotope
peaks for each of the two compounds. Though crude, these results
demonstrate the feasibility of coupling SFC with FTMS.

The high resolution obtainable for SFC/FTMS is shown in Figure
8, which shows the molecular ion region of caffeine, taken under
self-CI conditions (no reagent gas). Separation of the molecular
and pseudomolecular ions is shown at a resolution of 8,000. It
must be emphasized that this resolution was obtained for a direct
mode spectrum, over the mass range 50 amu up to the highest mass
measured, using a data collect of 128K data points. This
resolution is only data point limited, and does not reflect the
maximum attainable at the working pressures of SFC/FTMS. We expect
that resolutions in excess of 10,000 should be readily attainable
[55]. Accurate mass measurements in the low ppm range for caffeine
taken in the EI mode are shown in Table II.

Laser Desorption/FTMS. Laser desorption (LD)/FIMS [20] has been
applied to a variety of chemical problems, ranging from fundamental
studies of ion-molecule reactions ([21,22], to the analysis of
pharmaceuticals [4,23-29], to polymers [7,30-35], to
organometallics [6-39], and to surface analysis [4,40]. The large
nurber of papers being generated from the few laboratories working
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with LD/FTMS should serve to indicate the growing importance of the
methods. In this article, we present two specific applications of
LD/FTMS to surface and inorganic analysis.

A simple example of the use of LD/FTMS for surface analysis
may be found in the analysis of blue stain on the surface of a
copper part. In order to determine the nature of the stain, we
obtained LD/FTIMS spectra for samples of both stained and unstained
copper. Both samples were mounted on the automatically rotated
sample insertion probe on the FTMS-2000. The samples were rotated
after each laser shot to expose a fresh surface at the laser focus.
Approximately twenty-five laser shots were signal averaged for each
spectrum, in order to increase signal-to-noise, and to provide a
spectrum which would represent the averaged composition of the
surface.

This approach was employed, since spectra of single spots on
the surface might have local variations in composition which would
hinder a comparison of the two samples. The spot size at the focal
point was approximately 150 microns in diameter. The instrument
was operated in dual-cell mode, with ions detected in the analyzer
side immediately after the laser was fired, in order to minimize
undesirable ion-molecule reactions which might occur at the higher
pressures in the source cell. Both positive and negative ion
spectra were collected for each sample.

Positive ion spectra were not particularly helpful, showing
only Cu* and trace alkali metal ions (Na*, K'). However, the
negative ion spectra were more complex, and a comparison between
the spectrum of the stained copper (Figure 9a) with the unstained
copper (Figure 9b) shows several additional peaks in the spectrum
of the stained copper. Examination of these peaks revealed them to
result from contamination of the surface by sulfur, with prominent
peaks identified as:

$", HS™, S,7, CuS,”, CuS,H, Cu,S,”,
Cu,S,H™, and CuyS,;~

These ions were identified by mass measurement as well as their
isotopic abundances. Resolution for these spectra was
approximately 5,000 which was adequate to separate CuS,” from
traces of I present on the surface as a contaminant in both
samples. The analysis was confirmed by Auger spectroscopy, which
clearly showed the presence of sulfur on the surface. The
contamination was later found to have resulted from wvulcanized
rubber that had come in contact with the stained copper parts.

Another example is found in the analysis of the mineral
zircon. We had previously published [4] a spectrum of a positive
ion laser desorption spectrum of a sample of the mineral zircon
(zirconium silicate) showing uranium as 238U*, present in the
sample at a level of approximately 15 parts-per-million [41]. The
spectrum, which showed mixed zirconium oxides and hydroxides as the
most intense peaks in the spectrum, was taken with a four second
delay between the laser pulse and ion detection, in order to allow
neutrals to be pumped out of the cell. These conditions had been
found adequate for analysis of organic compounds. However, it was
found that the reactivity of zirconium was such that the mixed
oxides and hydroxides were produced as ion-molecule reaction
products during the long trap period.
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Table II, SFC-FIMS, Electron Impact Measured Masses for Caffeine
COMPOSITION CALCULATED MEASURED DIFFERENCE
{ppm)
C8H10N402+ 194.080376 194.080307 -0.36
CqHgNg0,* 193.072551 193.072597 -0.23
C4H6N2+ 82.053098 82.052900 -2.4
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Figure 9. Analysis of a surface stain on copper showing copper
sulfide contamination: (a) stained copper; (b) "clean" copper
standard.
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By reducing the delay time from four seconds to 100
milliseconds, we find that the ion-molecule reaction products are
significantly reduced, and that the base peak is now due to Zr*. A
laser desorption spectrum of a sample of zircon containing
approximately 100 times more uranium than the previous sample is

shown in Figure 10. This spectrum shows the presence of lead
resulting from the radiocactive decay of uranium, as well as uranium
and uranium oxide peaks. Trace rare earths are also evident,

giving peaks due to Ert, Yb*, Y', and Hf'. Unlike the previously
published example, no ejection was required in order to see the
uranium. The ratio of 238U to its radioactive decay product,
206pb, may be used to date the mineral. The ratios for this sample
gave a calculated age of 1.5 million years, which agreed with the
age determined by standard geological methods.

MS/MS. The capability of trapping ions for long periods of time is
one of the most interesting features of FIMS, and it 1is this
capability that has made FTMS (and its precursor, ion cyclotron
resonance) the method of choice for ion-molecule reaction studies.
It is this capability that has also lead to the development of
MS/MS techniques for FTMS [1ll]. FIMS has demonstrated capabilities
for high resolution daughter ion detection [42-44], and consecutive
MS/MS reactions [45], that have shown it to be an intriguing
alternative to the use of the instruments with multiple analysis
stages. Initial concerns about limited resolution for parent ion
selection have been allayed by the development of a stored
waveform, inverse Fourier transform method of excitation by
Marshall and coworkers [9,10] which allows the operator to tailor
the excitation waveform to the desired experiment.

In addition, several approaches to ion activation that are not
well-suited to conventional types of mass spectrometers, are very
well-suited for use with FTMS. These include photodissociation and
ion-electron collisions [46-49]. 1In this paper, we would like to
present some applications of ion-electron collisions to MS/MS, and
show that the method may be a suitable alternative to collisional
activation for some applications. We will also discuss some of the
desirable characteristics of the dual cell geometry, as applied to
MS/MS experiments.

Positive ions may be trapped by electrostatic attraction in
the 1ionizing electron beam, if the electron beam current is
sufficiently high [50]. Ion-electron collisions may cause enough
energy to be deposited in the trapped ions to result in further
jonization [51], or activation resulting in bond breaking [52]
Activation of ions by ion-electron collisions results in
fragmentation which may be compared to collisional activation, and
which may be used to obtain breakdown curves [53]. The ion-
electron collisional activation approach has been given the tongue-
in-cheek name, "Electron Impact Excitation of Ions from Organics",
or, "EIEIO".

We have recently shown that it is possible to perform MS/MS
experiments by making use of the ion-electron collisions in a
Fourier transform mass spectrometer {[54]. Parent ion selection,
which could not easily be achieved in the previous experiments, 1is
accomplished by gating off the electron beam for a short period of
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time, in order to permit ion ejection. The high field of the
superconducting magnet helps keep the ions from drifting out of the
electron beam, allowing them to undergo collisions with electrons
when the beam is gated on again.

An example is shown in Figure 11, which shows the method
applied to a synthetic mixture, containing acetyl acetone, N-methyl
aniline, isophorone, and acetophenone. After ions have been formed
by electron impact, they are confined in the source cell and
allowed to undergo ion-molecule reactions ("self-CI") for a period

of 100 milliseconds (Figure 1lla). The electron beam is left on
during this reaction period at a low electron energy (3 eV) in
order to help confine ions in the electron beam. Following the

reaction period, the electron beam is gated off for approximately
3-5 milliseconds, during which two swept-frequency ion ejection
events select out the {[M+H]* ion (and some molecular ion) for
acetyl acetone, which has a relative abundance of only 1-2 percent
due to the high proton affinity of the N-methyl aniline. The
electron beam is then gated back on, and the conductance limit is
grounded for a period corresponding to one trapping oscillation for
the ions. This has the effect of transferring virtually all of the
[M+H]* ions into the analyzer cell (Figure 11lb). The ions remain
trapped in the electron beam for a period of 100 milliseconds, at a
low electron energy, (4 eV) and a high electron current (25
microamperers). During this period, the ions undergo activation
and fragmentation, resulting on the formation of daughter ions at
m/z 42 and m/z 85 (Figure llc). Selection of the M' and [M+H]"
ions for N-methyl aniline and the EIEIO spectrum for this component
is shown in Figures 12a and 12b.

In addition to the EIEIO experiments, the dual cell has also
been employed for collisional activation (CA) experiments.
Selected parent ions may be transferred to the analyzer cell for
CA. With pulsed valve introduction of the collision gas (argon)
into the analyzer cell, it is possible to obtain very high daughter
ion resolution. Figure 13 shows a C4H;CO"/CyHg* doublet from CA of
acetophenone and mesitylene, detected at a resolution of 500,000.

A major difficulty in using FTMS for complex mixture analysis
by MS/MS techniques has been the tendency of daughter ions to react
with neutral species from the sample. These unwanted lon-molecule
reactions can complicate the interpretation of MS/MS spectra, or
even prevent the observation of daughter ions altogether. However,
we may use the dual-cell geometry to transfer selected parent ions
into the analyzer cell, where they are isolated from reactive
neutral species. If this is done, then the use of FIMS with
collisional activated dissociation (CAD) for complex mixture
analysis is greatly facilitated. As an example, we consider the
determination of which of three possible isomers is present in an
epoxy resin extract. For one component of the extract, diamino-
diphenylsulfone (DADPS), it has been shown wusing a hybrid
instrument of BEQQ geometry [55] that CAD spectra are substantially
different for different isomers.

We have repeated this work to demonstrate the use of the dual-
cell FIMS to distinguish isomers in a mixture. Figure l4a shows an
electron impact spectrum of the epoxy resin extract introduced via
the direct insertion probe. Figure 14b shows the 50 eV CAD
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Figure 12. Identification of N-methyl aniline in the synthetic
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spectrum of the m/z 248 ion, using argon as the collision gas. A
comparison of this spectrum with the 50 eV CAD spectra obtained for
three different isomers of DADPS (Figures 15a, 15b, and 15¢)
clearly shows that the component in the epoxy resin extract is the
3,3’ isomer. While there are some differences observed in
comparing the FIMS-CAD spectra to those reported for the hybrid
instrument, this work verifies that FIMS-CAD provides a viable
approach to this type of analysis.

Conclusion

The dual cell geometry has been employed to overcome difficulties
resulting from high gas loads associated with coupling both gas
chromatography and supercritical fluid chromatography with FIMS.
For laser desorption and MS/MS experiments, the dual cell geometry
has allowed us to separate ions from reactive neutrals, thus
eliminating unwanted ion-molecule reactions. These developments
have enabled us to apply FTMS to a variety of analytical problems,
as evident from the examples in this report.
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Chapter 5

Instrumentation and Application
Examples in Analytical Fourier
Transform Mass Spectrometry
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Selected topics in Fourier-Transform Ion Cyclotron
Resonance Mass Spectrometry instrumentation are discussed
in depth, and numerous analytical application examples are
given. 1In particular, optimization ofthe single-cell FTMS
design and some of its analytical applications, like
pulsed-valve CI and CID, static SIMS, and ion clustering

reactions are described. Magnet requirements and the
software used in advanced FTICR mass spectrometers are
considered. Implementation and advantages of an external

differentially-pumped ion source for LD, GC/MS, liquid
SIMS, FAB and LC/MS are discussed in detail, and an attempt
is made to anticipate future developments in FTMS
instrumentation.

It is not the intention of this chapter to provide a comprehensive
treatment of FIMS technology and instrumentation, since excellent
reviews exist (1l). Instead, the focus will be on selected instru-
mental requirements which are crucial for the performance of a modern
FTICR mass spectrometer, and which are not wusually discussed
elsewhere. Rather than striving for comprehensiveness, this paper is
written with the intention of discussing specific design aspects in
depth; the emphasis 1is on the wunique features of our mass
spectrometer, since other instrumental aspects are elaborated on
elsewhere in this book.

Specifically, four instrumental topics are covered: First, our
design criteria for an optimized single cell are explained and
illustrated by several analytical application examples, including
pulsed-valve CI and CID, static SIMS, and gas-phase polymerization
reactions. Second, we explore the magnet requirements of FTMS as far
as field strength, homogeneity and stability are concerned. Third,
we offer our design philosophy for FTMS applications software, and
the rationale for some unique features like phasing, the provisions
for rapid scan/correlation ICR, timesharing, and versatile
experimental event sequencing. Fourth, we discuss and illustrate

1Corre:'.pond.eucc should be addressed to this author.
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with analytical examples the desirability of a differentially-pumped
ion source in general, and our implementation of external ionization
in particular. Finally, an outlook on the anticipated future
development of FTMS instrumentation and analytical techniques is
provided.

Single-Cell FTMS: Design and Applications

ICR Cell Design. The exact geometry of the ICR cell is
experimentally not critical, except possibly in ultra-high resolution
measurements. The experimental fact that in terms of both resoclution
and mass accuracy, elongated rectangular, cylindrical, and Penning
traps are more or less equivalent, has been corroborated
theoretically (2). The choice of geometry is therefore determined by
the desirability of maximizing the cell diameter and volume for a
given magnet and vacuum system, while retaining good resolution and
undistorted line-shapes. For the cylindrically symmetric environment
near the magnetic center of a supercon magnet, a cylindrical cell, as
depicted in Figure 1, maximizes the cell diameter d, perpendicular to
B. The volume of the cell employed in the CMS 47 is 170 ccm, and d,
=d, = 60 mnm.

If elongated cells (d, > d,) are utilized, we experimentally
observe a degradation of both resolution and line-shape, presumably
because the length of the homogeneous magnetic field region is
approximately 60 mm.

The use of large cells in FIMS is advantageous, firstly because
the volume of the quadrupolar electric field region is maximized and
line-broadenings are therefore reduced, and secondly because the

maximum trapping time increases with d,,. This last point is
particularly important if one is interested in large ion clusters
which build up via gas-phase ion-neutral reactions. The average

number of ion-neutral collisions C (and hence the maximum cluster
size) which can occur before the ion clusters are lost at the side
walls is proportional to the square of the product of magnetic field
strength B and cell diameter d, according to (3)

C « (4,B)% /v (1.

Here V is the trapping voltage; note that C is pressure-independent.

An example of large negative ion clusters building up from
smaller parent ions in the ICR cell is given in Figure 2a, where the
Re;;- and Re;q-groups are selected from the negative ion-cluster mass
spectrum of decacarbonyldirhenium. After electron capture and loss
of one or several carbonyl groups, negative rheniumcarbonyl clusters
polymerize up to Rely(CO),,” at mass M = 4,216 amu; they can still be
observed with unit resolution. Positive rheniumcarbonyl clusters up
to M = 8,828 amu are plotted in Figure 2b. The average number of
collisions experienced by the parent ion of mass 652 amu is
approximately C = 15,000. The average collision number for smaller
ions, such as water, can be as high as 400,000.

All broadband spectra were amplified by a low-noise preamplifier
with a dynamic range > 1,000, and a broadband main amplifier. The
amplified time-domain signal is digitized by a 20 MHz, 9 bit Bruker
ADC with 128 K words of buffer memory, and Fourier transformed by a
Bruker array processor (128 K word FFT in 8 sec).
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+1V DC:0V +1v

Filament

Grid DC: OV DC:OV
RF: Transmitter RF: Transmitter

DC: OV
RF: Receiver

Figure 1. Cylindrical ICR cell with d, = d, = 60mm. The voltages
indicated are suitable for positive ions and can simply be reversed
for the study of negative ions.
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Figure 2a. Negative rheniumcarbonyl clusters with unit resolution
above 4,200 amu (2x10°% mbar, 65 eV EI, CID activation, 1,000 scans).
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Figure 2b. Positive rheniumcarbonyl clusters with highest mass peaks
> 8,800 amu (2x10°% mbar, 5000 scans).
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The advantages of differential ion acceleration and detection in
terms of rf power and signal homogeneity have been elucidated by
Dunbar (4). In our cell design, rf voltages of up to 400 Volt
(peak-to-peak) can be applied differentially, which allows for rapid
acceleration and ejection.

Pulsed-Valve CI and CID-Experiments. Chemical Ionization (CI),
self-CI (SCI), and direct or desorption CI (DCI) experiments in FTIMS
can be done equally well with the differentially-pumped external ion
source described below, or with a pulsed-valve single cell arrange-

ment (5,6). In our experiments, we admit a pulse of reagent gas via
a piezoelectric pulsed valve with a minimum opening time of about 2.5
ms (7). Unlike solenoid pulsed valves, the performance of

piezoelectric pulsed valves is not disturbed by the strong magnetic
field of 4.7 Tesla.

Immediately following this pulse of reagent gas, the pressure in
the ICR cell temporarily climbs to between 1073 to 107® mbar. During
a time delay of 1 - 2 seconds before acceleration and detection, the
ICR cell is pumped down to 2x10"% mbar by a 330 1/s turbomolecular
pump, permitting enhanced resolution, and accurate mass
determinations without internal calibrants.

Examples of both, pulsed-valve positive ion CI, using methane
and ammonia as reagent ions, and pulsed-valve negative ion CI, using
a N,0/CH, mixture, are shown in Figure 3 a,b. In both examples the
molecular ion was not stable with respect to electron impact at
70 eV, but the CI spectra clearly show abundant quasi-molecular-ion
peaks.

Piezoelectric pulsed-valve inlet systems are equally useful in
collision-induced dissociation (CID) experiments (8) where the CID
target gas (usually Argon) is pulsed, and subsequently pumped away to
permit high-resolution, high-accuracy acquisition of FIMS spectra.

Recently, low pressure CI and SCI experiments, which take
advantage of the long reaction times (typically 10 to 60 seconds)
possible in an FIMS, have been demonstrated (9). Figure 4 exhibits
low-pressure EI and DCI spectra of Riboflavin (Vitamin B2), taken
without a pulsed valve. Only the DCI spectrum taken at 2x10"% mbar
contains the quasi-molecular ion at M = 377.

SIMS. Secondary Ion Mass Spectrometry is particularly suited for
ionization of nonvolatile, polar, and thermally labile molecules.
Liquid SIMS, using liquid glycerol matrices, is best done in the
differentially-pumped external ion source, because matrix effects and
the high vapor pressure of glycerol make liquid SIMS unsuitable for
single cell low-pressure FTMS.

Static SIMS, however, which does not require any matrix, and
demands only low primary beam intensities, does not deteriorate the
ultra-high vacuum in the FIMS single cell. An example of a static
SIMS spectrum of Valinomycin using primary 2-4 kV Cs*-ions is shown
in Figure 5, 1including a high-resolution spectrum of the
quasi-molecular (M+Na)-peak at mass 1133.6 amu.

In typical static SIMS experiments 1 pl of sample solution
(concentration about 10°%® mol/l) is deposited on an etched silver

surface and dried. After insertion of the silver target into the
combined EI/SIMS cell via the solid sample inlet, the target is
bombarded by Cs* for 0.02 - 10 msec with an intensity of 1-10

nanoAmp. Nearly all ions created by static SIMS are trapped at an
ambient pressure of 1 - 5 x 107° mbar.
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Figure 3a. 70 eV EI spectrum, self-CI, and pulsed-valve CH,CI

positive ion spectrum of hexamethyldisiloxane.
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Figure 4.
(Vitamin B2).

FOURIER TRANSFORM MASS SPECTROMETRY
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Magnet Requirements for FTMS

In this section the importance of both the magnetic field strength B
and of the magnetic field homogeneity will be discussed. Even though
analytical FIMS experiments can be done in resistive, low-field
magnets, we shall restrict our discussion to superconducting magnets,
which permit superior mass resolving powers and absolute mass
accuracies.

Using a horizontal 4.7 Tesla cryoshimmed supercon magnet with a
bore diameter of 15 cm, we have obtained two-parameter mass calibra-
tions with absolute mass accuracies of better than 1.5 ppm without,
and better than 0.4 ppm with an internal calibrant over a mass range
from 18 to 502 amu (10). Absolute accuracies with an internal
calibrant are slightly better because the calibrant and the unknown
compound are measured under identical physical conditions, 1in
particular with the exact same number of ions in the cell, resulting
in identical space-charge shifts (2).

Due to the extreme stability of supercon magnets and the
associated electronics, 2-3 ppm accuracies can be reproduced in the
absence of reference compounds for many days.

Field Strength. All other conditions being equal, the mass resolving
power increases linearly with field strength according to (11)

m/Am = qBr/m (23,

where r is the effective signal-decay time. If the linewidth is
dominated by pressure broadening, as 1is typically the case for
pressures above 10°° mbar, particularly for higher masses over
M = 100, then the resolution indeed improves linearly with B. In the
collisional-broadening regime it is possible either to reduce the
pressure or to increase the field strength in order to improve
resolution.
The signal-to-noise ratio, S/N, in FTMS is given by (12)

Ng?pB/R
2ma, J2KTAE

if amplifier noise is neglected. Here N is the total number of ions,
p is the cyclotron radius, R is the resistance, T is temperature, and
Af is the detection bandwidth. Clearly, higher field strength
increases the FIMS sensitivity linearly. Nevertheless, the increase
of S§/N with B 1is not as dramatic as in NMR, where sensitivity
increases with the seven-fourth power of the field strength (13).

If one is interested in high-mass FIMS it 1is advantageous to
work at the highest possible field strength, because the higher the
cyclotron frequency of a given mass, the less noise is introduced
during signal preamplification. Moreover, the gain of most rf power
amplifiers used for acceleration, as well as the gain of the signal
amplification circuitry, tend to fall off for lower frequencies, i.e.
higher masses.

Finally, Equation 1 exhibits another important advantage of high

S/N = (3),

fields in FTMS. Both the maximum trapping time and the maximum
number of collisions (and gas-phase reactions) increase quadratically
with B. Consequently increased magnetic field strength offers

experimental access to larger ion clusters (Figure 2).
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Homogeneity. Residual spatial magnetic field inhomogeneities limit
the maximum mass resolving power to a pressure-independent upper
limit, despite the fact that certain inhomogeneities are averaged by
the ion motion in the cell (l4). The experimental and theoretical
limit of m/Am in our 4.7 Tesla cryoshimmed supercon magnet is
approximately 10%, as shown in Figure 6, where positive methane ions
were measured with a mass resolving power of 2 X 108. 1In supercon-
ducting magnets without cryoshims this 1limit is likely to be one
order of magnitude lower, and in electromagnets the upper resolution

limit 1is about 10°. Theoretical calculations (14) show that the
maximum mass resolving power can increase by a factor between 20 and
100 to 10° - 10!°, if room-temperature shims are used in addition to

the standard cryoshims.

Software Requirements for FTMS

Starting from the general philosophy that an FTICR mass spectrometer
is a research grade analytical instrument, we have chosen to develop
a software system which offers versatility and direct control over
almost all experimental parameters.

Phasing. 1In order to take full advantage of FTICR’s high-resolution
capabilities, automatic and manual phasing have been implemented from
the beginning. Consequently, in the high-resolution mode absorption
spectra which require phasing can be obtained instead of magnitude
spectra. Marshall (15) has pointed out that absorption spectra are
narrower than magnitude spectra by a factor of /3. An example of
automatic zeroth-order, and interactive first- and second-order
phasing of an absorption mode spectrum is given in Figure 7, and a
typical absorption mode high-resolution spectrum at mass M = 131 is
shown in Figure 8. The phasing problem in broadband FIMS has not yet
been solved, and usually only magnitude spectra are displayed.

Rapid Scan/Correlation ICR. In order to provide additional
experimental flexibility, the CMS 47 can be operated in the rapid
scan/cross correlation mode (16,17) without any hardware
modifications. In this mode the receiver plates of the ICR cell are
incorporated in an rf capacitance bridge circuit which detects energy
absorption of the ions during a low-power rapid frequency scan using
sweep rates of approximately 1 MHz/s. Rapid scan/correlation ICR can
be utilized advantageously when very large mass ranges are to be
detected, and particularly when large mass ranges extend into the low
mass/high frequency region below mass M = 20. An example of a cross
correlation spectrum is given in Figure 9. With standard FT-NMR
phasing techniques both absorption and magnitude spectra can be
obtained (16). Rapid scan/cross correlation ICR has the additional
advantage that intensity ratios are reproduced more accurately than
in FTICR.

Versatile Pulse Sequence. One of the great strengths of FIMS is the
flexibility to selectively accelerate, activate, and eject ions in
any combination and any sequence without hardware modifications.
This versatility makes FTMS the method of choice for MS/MS and hence
for establishing pathways and rate constants for gas-phase
ion-molecule reactions, and to correlate this data with structural
information. Recently up to (MS)> has been demonstrated (18).
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Figure 6. Ultra-high resolution FTMS spectrum of positive methane
ions with m/Amgg, = 2 x 108, Afgy, = 0.02 Hz.
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Figure 7. High-resolution absorption mode peaks of N,* and CO*: a)
unphased, b) after automatic zeroth-order phasing, ¢) after
interactive first- and second-order phasing.
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Figure 8. High-resolution absorption mode spectrum of C,Fs+ at mass
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Figure 9. a) Rapid scan spectrum b) cross correlation spectrum.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



94 FOURIER TRANSFORM MASS SPECTROMETRY

To exploit the advantages of FIMS fully we have implemented
several predefined ejection, activation and acceleration options,
like single shots, covers, sweeps over some mass window, sweeps
around some unaccelerated mass window, tickling belts with phase
inversion, parent ion selection chirps, activation shots for daughter
ion production, etc.

Using automation software routines for the ASPECT 3000 pulse
generator, we can utilize up to nine ejection/activation pulses, each
combining up to four options. Mass (or frequency) information is
taken from several variable user-defined lists, such that each option
in each event may be used on a large number of masses. The variable
mass and delay lists can be defined either via alphanumeric keyboard
input, or they can be defined interactively from the spectrum via
cursor. Each acceleration/ejection event can contain up to 4095
different steps. All events can be separated by fixed or
incrementable delays.

Computer Interpretation, Timesharing and Throughput. For routine
applications and high throughput, timesharing is essential. On the
CMS 47 three so-called jobs can run in timesharing mode. For
instance, job 1 may be acquiring data, job 2 may plot previously
taken data, while the user is defining the parameters of the next
experiment in job 3 in a menu-driven fashion.

Finally, for routine applications, our software provides a
database management system called BASIS for storage and manipulation
of chemical information. BASIS can access generally available
spectral libraries from three different spectroscopic techniques (MS,
H-NMR and F!3C-NMR, IR), and permits the creation of new libraries.
For structure elucidation and substructure search of unknown
compounds, library search algorithms allow the retrieval of identical
and structurally similar spectra.

External Ionization

Typical pressures in the analyzer region of FTICR mass spectrometers
are about three orders of magnitude lower than in most other types of

mass spectrometers. For instance in our single cell CMS 47 we can
routinely obtain pressures of 3x107!° mbar using a 330 l/sec Balzers
turbomolecular pump. It is very difficult to couple existing, high

gas-load GC-MS, LC-MS, liquid SIMS, or FAB ion sources directly into
a single-cell configuration. Other ionization techniques like static
SIMS and Laser Desorption (LD) can be operated with much improved
throughput in a medium-pressure source.

It is therefore evident that a differentially-pumped ion source,
operating at 10" to 10°® mbar, is a desirable feature of an FTICR

mass spectrometer, particularly for routine applications. Three
approaches are presently followed to implement differentially-pumped
ion sources: the dual cell which is described elsewhere in this

book, and external ionization with (19) and without (20) tandem
quadrupoles.

External ionization has the advantage of completely removing the
ionization region from the narrow magnet bore while retaining all the
features which make FTMS such an attractive technique, 1like high
resolution, accurate mass determinations, wide mass range, long
trapping times, selective ejection/activation/acceleration etc. Our
external ion source, which uses simple accelerating and focusing
elements, greatly improves access to the ionizer, thereby
facilitating the coupling of various inlet systems, without the need

In Fourier Transform Mass Spectrometry; Buchanan, M.;
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Figure 10. Schematics of ion transfer mechanism from

differentially pumped external ion source with LD.
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for expensive and experimentally more complex rf quadrupoles. It
does not provide for mass preseparation outside the magnet, but mass
selection can be obtained with FTMS double resonance techniques.
Typical ion current transmission efficiencies are of the order of
30%. The ion transfer efficiency from source to analyzer is
mass-independent (20). For special analytical applications,
time-of-flight effects during ion transmission can be utilized to
separate certain mass windows by setting appropriate time intervals
between EI or LD ionization and the cell trapping pulse (21).

Figure 10 shows a schematic drawing of the ion transfer
mechanism in the OMS 47 with external ionization. Figure 1lla
presents the mass spectrum of Ultramark 1621 using electron impact in
the external source, and Figure 1lb depicts a broadband spectrum and
the high-resolution window of the negatively charged molecular ion of
Euroshift-FOD after laser desorption in the external ion source.
Moreover, the external ion source can be employed for medium-pressure
CI and SCI as an alternative to the low-pressure and pulsed-valve CI
techniques described above.

Anticipated Developments in FTMS Instrumentation

With the successful implementation of differentially-pumped external
ion sources, FTMS is rapidly becoming a routine mass spectrometric
technique. Medium-pressure interfaces for the coupling of GC, LG,
FAB, and liquid SIMS into the external ionizer are currently under
development, and should become available in the near future.

Recently, new 2D-methods for the analysis of complex mixtures
have been developed for time-of-flight mass spectrometry (22), which
could also be utilized in external ionization FTMS. Specifically,
the combination of IR-laser desorption of nonvolatile neutrals,
followed by adiabatic cooling to 2°K in a supersonic jet, and
subsequent compound-selective Resonance-Enhanced Multiphoton
Ionization (REMPI) could increase the role of FTMS in the analysis of
biological mixtures. The coupling of supersonic jets to the external
ion source would also be of interest in ion- and neutral cluster
experiments.

Finally, it is conceivable that ultra-high resolution FTICR will
find additional applications in particle, nuclear, and atomic and
molecular physics. We believe that some of the instrumental
prerequisites for these applications will include a) working at lower
pressures below 10°!! mbar, b) better magnetic field homogeneity
using additional room-temperature shims and employing improved
shimming techniques (1l4), and <c¢) ultra low-noise preamplifiers
capable of detecting single or very few ions.

Acknowledgments

FHL wishes to thank Professor William Klemperer at Harvard University
for his encouragement and guidance. The authors thank Robert A.
Forbes for his suggestions and for reading the manuscript. Finally
the authors are grateful to Michelle V. Buchanan for her tremendous
efforts in organizing this FTMS book.

Literature Cited

1. Wanczek, K.P. Int.J., Mass Spectrom, lIon Processes 1984, 60,
11-60.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



5. LAUKIENET AL.  Instrumentation and Applications 99

10.
11.
12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

Jeffries, J.B.; Barlow, S.E.; Dunn, G.H. Int.J. Mass Spectrom.
Ion Processes 1983, 54, 169.

Francl, T.J.; Fukuda, E.K.; McIver, R.T. Int.J. Mass Spectrom.
Ion Physics 1983, 50, 151.

Dunbar, R.C. Int.J. Mass Spectrom. Ion Processes 1984, 56, 1.
McIver, R.T. 30th An. Conf. Mass Spectrom. All. Top. A.S.M.S.,
Honolulu 1982.

Freiser, B.S. 30th An. Conf. Mass Spectrom. All. Top. A.S.M.S.,
Honolulu 1982,

Zwinselman, J.J.; Allemann, M.; Kellerhals, Hp. Spectrospin IC
Application Note 1984, 1V,

Cody, R.B.; Freiser, B.S. Anal. Chem. 1982, 54, 1431.
Grossmann, P.; Allemann, M.; Kellerhals, Hp. Spectrospin IC
Application Note 1986, VI.

Klass, G.; Allemann, A.; Bischofberger, P.; Kellerhals, Hp.
Spectrospin ICR Application Note 1983, II.

Marshall, A.G.; Comisarow, M.B.; Parisod, G. J. Chem. Phys.
1979, 71 (11), 4434,

Comisarow, M.B. J., Chem. Phys, 1978, 69 (9), 4097.

Hoult,D.I.; Richards,R.E. J. of Magn. Reson. 1976, 24, 71.
Laukien,F.H. Int.J. Mass Spectrom. Ion Processes 1986, 73, 8l.
Marshall,A.G. In Fourier, Hadamard and Hilbert Transforms jin
Chemistry; Marshall,A.G.,Ed.; Plenum Press: New York, 1982;
Chapter 1.

Parisod,G.; Gaumann,T. Chimia 1980, 34, 271.

McIver,R.T.; Hunter,R.L.; Ledford,E.B.; Locke,M.J.; Francl,T.J.
Int. J. Mass Spectrom. Ion Phys. 1981, 39, 65.

Forbes,R.A.; Laukien,F.H.; Wronka,J. submitted to Int.J. Mass
Spectrom. Ion Processes.

Hunt,D.F.; Shabanowitz,J.; Yates,J.R.; McIver,R.T.; Hunter,R.L.;
Syka,J.E.P.; Amy,J. Anal. Chem, 1985, 57, 2728.

Kofel,P.; Allemann,M.; Kellerhals,Hp. Int.J. Mass Spectrom. Ion
Processes 1985, 65, 97.

Kofel,P.; Allemann,M.; Kellerhals,Hp. Int.J. Mass Spectrom. Ion
Processes 1986, 72, 53.

Frey,R. 34th An. Conf. Mass Spectrom. All. Top. A.S.M.S.,
Cincinnati, 1986.

B

B

RECEIVED June 15, 1987

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Chapter 6

Fourier Transforrm Mass Spectrometry
of Large (m/z > 5,000) Biomolecules

Curtiss D. Hanson 1, Mauro E. Castrol, David H. R’ussell 1, Donald F. Hunt ’,
and Jeffrey Shabanowitz

1Department of Chemistry, Texas A&M University, College Station,

TX 77843
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VA 22901

Recent experimental results demonstrate the high mass
(>10,000 amu) capabilities of Fourier transform  mass
spectrometry, however the data reveal non-theoretical limits
in the resolution at high mass. These advances can be
attributed to the development of methods for coupling high
pressure ion sources to the ultra-high vacuum FT-ICR
analyser. Specifically, external ion sources permit the
utilization of liquid matrix secondary ionization mass
spectrometry for the desorption of large involatile, thermally
labile biomolecules with ion detection by FT-ICR. Limitations
in the mass resolution arise from the inability to effectively
trap the ions and produce a coherent packet of ions for
detection.  The lack of spatial and phase coherence of the
injected ions leads to the loss of the frequency domain
signal. According to our model, a principle factor
contributing to the lack of spatial and phase coherence is
field inhomogeneities coupled with the kinetic energies of the
ions along the Z-axis.

The development of an ion excitation scheme for ion cyclotron resonance
(ICR) compatible with Fourier transform data analysis methods has greatly
increased the analytical utility of the method.}? Although the potential
utility of Fourier transform mass spectrometry (FTMS) for the analysis of
large biomolecules was recognized early,® the development of suitable
ionization methods and experimental hardware for biomolecule FTMS proved
to be a rather difficult task.%® One consideration in designing a system
for analysis of biomolecules is the high vacuum requirements of ion
detection by FT-ICR methods.!® The requirements for maintaining high
vacuum (10°® torr or less) for jon trapping and high resolution mass
measurements has led to the adaption of ionization methods for FTMS such
as laser desorption* and Cs* ion SIMS.® Although these ionization methods
are quite useful for the analysis of some biomolecules, the success with
molecules larger than 2,500 daltons has been limited.
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The introduction of the tandem quadrupole-Fourier transform mass
spectrometer’®, the dual cell analyzer, and the external ion sourcel?
opens new possibilities for analyzing biomolecules by FTMS. The first real
success with biomolecules was sample ionization by liquid matrix SIMS and
introduction of the sample ions to the ion cell by the tandem quadrupole
ion injection system.” Although the transmission efficiency (fraction of
ions trapped in ion cell relative to the total secondary ion yield) of the
device has not been fully characterized, especially for large molecules, it is
clear that the sample detection levels are comparable to the most sensitive
magnetic sector instruments and time-of-flight mass analyzers.8:1! An
additional advantage of the tandem quadrupole-FTMS system (Q-FTMS) has
been recently demonstrated by the photodissociation of large peptides.l!

The work performed on the Q-FTMS reveals a fundamental problem
with the method, viz., the inability to preform high resolution mass
measurement at high mass.!!  Although impressive mass resolution data has
been reported for ions of 1500-2000 daltons, the limited duration of the
frequency domain signal for ions above m/z 2500 is insufficient for high
resolution measurements.?? Similar limitations apply to solid-state SIMS
experiments performed in a Nicolet FTMS-1000 system equipped with a
single section ion cell.l? In an attempt to understand this problem, we will
consider the physics of trapping ions in the ion cell and the effect of the
initial velocity of the ions and field inhomogeneities on the ion trapping.

Detection of High Mass Ions using FTMS

A major thrust of recent work on FTMS of large biomolecules has dealt
with questions concerning the lifetime of molecular ions formed by high-
energy particle bombardment. Chait and Field have reported that a large
fraction of the molecular ions of chlorophyll A formed by 252Cf fission
fragment ionization decomposes with lifetimes of less than a few
microseconds.’®* A later study on the [M+H]* ion of insulin showed that
extensive dissociation occurs on both the nanosecond and microsecond time
scale.l*  These results raise questions concerning the utility of FTMS for
the analysis of large biomolecules. For example, to acquire a low resolution
FT mass spectrum from m/z 100 to m/z 10,000 requires data acquisition
times of 300-500 ms. On the basis of Chait and Field’s study it is
reasonable to suspect that molecular ions of large molecules may not
survive the long times required for FT detection, The problem is even
more severe when considering the requirements for acquiring high mass
resolution data at high mass, e.g., conditions that require data acquisition
times of several seconds to even tens of seconds.

Earlier studies on the detection of Cs(CsI),* cluster ions were directed
at addressing the general problem discussed above.!>  Although there is
ample sensitivity to detect high mass (>m/z 10,000) Cs(CsI),* cluster ions in
the low and high mass resolution modes, there are questions concerning how
well the behavior of such cluster ions models the behavior of large organic
molecules.

The analysis of biomolecules by FTMS methods at Texas A&M
University has been limited to Cs* desorption ionization from a solid-state
matrix in order to maintain the high vacuum requirements. Due to the low
ion yields for [M+H]* type ions by keV energy particle bombardment from
the solid-state, the number of successful analyses with molecules larger
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than 2000-2500 amu are limited.12 Owing to the differential pumping
arrangement of the ion source and the analyzer, sample ionization on the
tandem quadrupole-FTMS instrument at the University of Virginia can be
performed by desorption ionization from a liquid matrix, ie., keV energy
Cs* ion particle bombardment of a liquid matrix. Early studies with this
instrument demonstrate both the sensitivity and mass resolution of the
method. 811

Recent modifications to the Q-FTMS instrument have greatly increased
the signal-to-noise ratio and resolution for high mass samples.!! The
modifications involved milling out the ion source block to increase the gas
flow in the vicinity of the sample probe. Aberth has discussed the
importance of gas pressure on the performance of particle bombardment ion
sources.®  The second modification involved pulsing of the trapping plate
voltage of the ion cell from 1 to 10 volts during the ionization step. These
two relatively simple modifications have increased the sensitivity of the
instrument by roughly two orders of magnitude and extended the working
mass range for organic samples beyond mass 10,000.11

The data for neurotensin (a tridecapeptide) shown in Figure 1 illustrate
the available sensitivity and mass resolution. This spectrum was obtained
from a 100 pmol sample dissolved in thioglycerol/glycerol matrix and by
using a primary Cs* ion beam irradiation time of 4 ms. The secondary ions
formed on particle bombardment were injected into the ion cell by the rf-
only quadrupole rods operated with a low-mass cut-off of ca. m/z 400. As
noted above, the trapping voltage was set to zero during ionization and
then pulsed positive (to 3 volts for this sample) following the ionization
step.11 The purpose of pulsing the trapping voltage positive following
ionization is to restrict the motion of the ions in Z-direction (vide infra).

In the broadband (low mass resolution) mode the only ion detected was
the {[M+H]* ion, and in the narrowband mode a mass resolution of ca. 90,000
(resolution specified at FWHM) was obtained. Note also that the signal-to-
noise ratio in the broadband mode is > 100:1 for a sample size of 100 pmol,
and in the narrowband (high resolution) mode the signal-to-noise ratio is
greater than 500:1. Owing to the pulsed ionization used for FTMS, the
total ionization time required to produce this spectrum was approximately
80 ms. That is, the Cs* ion beam was turned on for 4 ms to produce each
mass spectrum and 20 individual ionization events were signal-averaged.

Tandem quadrupole-FTMS data for two 2000-6000 mass range peptides
are shown in Figure 2. Melittin (26 residues) and glucagon (29 residues)
were analyzed in earlier work, but even with long sample ionization times
(5 s) the signal-to-noise in the region of the [M+H]* was low (<10).2 In
the spectrum shown in Figure 2a total sample ionization time of 80 ms was
employed, e.g., 4 ms bombardment with Cs* and signal-averaging of 20
broadband spectra.

Three more recent results clearly establish the high mass range
capabilities of the FTMS experiment. Spectra for bovine insulin (Figure 3),
a mixture of bovine insulin and porcine insulin (Figure 4), and horse
cytochrome-C (Figure 5) were obtained on sample sizes of 100 pmol, 100
pmol (equimolar), and 250 pmol, respectively, and with sample ionization
times of either 80 ms and 800 ms (cytochrome-C). For the insulin samples
abundant doubly charged ions were observed, and in both cases the B-chain
fragment ions were detected. In the case of horse cytochrome-C a doubly
charged ion was not observed with sufficient signal-to-noise for assignment.
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Figures 3-5.
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Although the data for the insulin and cytochrome-C samples clearly
illustrate the mass range capabilities of FTMS, two significant problems
with the experiment must be addressed further. These problems are (i) the
inability to monitor the image current for large peptides for sufficiently
long times to permit high resolution mass measurements, and (ii) the
difficulties in accumulating large organic ions in the ion cell from multiple
ionization events. That is, in order to increase the sensitivity of
biomolecule FTMS and to minimize thermal degradation of the sample by
the ionization radiation, one would like to accumulate ions from several
short (microsecond to nanosecond) ionization pulses and then perform a
single detection step. The ion accumulation experiment could also prove
beneficial for laser-photodissociation (as opposed to collision-induced
dissociation) for structural characterization of large molecules. Since the
present work demonstrates the stability of large organic ions on the
millisecond time scale (detection times for the broadband mode, e.g.,
acquisition times for the data in Figures 2-5 range from 100-500 ms), it
seems unlikely that the ion population is depleted by slow dissociation
reactions on this time scale. Thus, the nanosecond and microsecond
dissociation reactions studied by Chait and Field1¥14 should not be a
complicating factor for either mass resolution or ion accumulation.

If the inability to perform high mass resolution and the ion
accumulation experiment at high mass is not related to the dissociation
dynamics of larger organic ions then the problem must lie in either ion
trapping or ion detection. To address this problem we will examine the
physics of ion motion in a trapped ion cell in a strong magnetic field.

Ion Production, Trapping, and Detection in an ICR Ion Cell

The most commonly used ionization mode for ICR is electron impact, and
the basic principles of ICR and FTMS have been developed and tested by
using this ion production method. JIons produced in this manner have near-
thermal translational energies, and the ions cyclotron at the natural
cyclotron frequency (w = qB/m) in the X-Y plane. The motion of the ions
in the Z-direction is constrained by the potentials applied to the two trap
plates positioned in the X-Y plane which define the Z-axis limits of the ion
cell. The initial dimensions of the ion population in the X-Y plane and Z
direction are defined by the dimensions of the electron beam (fixed by the
diameter of the electron beam in the X-Y plane, ca. | mm) and ion cell
(distribution along the Z-axis is determined by the length of the ion cell)
(Figure 6). After the electron beam is turned off the ions will redistribute
in the ion cell. The largest distribution of the ion population will be along
the Z-axis. Under collisionless conditions the ions will oscillate in the Z-
direction. The amplitude of the motion in the Z-direction will be
determined by the initial conditions of the neutral prior to ionization and
the point at which the ion is formed. That is, ions formed near the Z-
direction trapping plate will have a greater amplitude of longitudinal
oscillation.

Diffusion of the ion population in the X-Y plane will depend upon the
ion density (space-charge effects) and the strength of the applied magnetic
field. Under conditions of high vacuum and in the absence of space-charge
effects, diffusion of the ion population in the X-Y plane does not impose
any serious problems for ion detection. That is, the radio-frequency signal
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applied to excite the ion population for detection accelerates the entire ion
packet to a larger radius orbit, the ion population remains bunched
together, i.e., a coherent packet of ions (Figure 7). It is this packet of
coherently cycloiding ions which induces the image current in the receive
plates and thereby produces the frequency domain signal.

If a sufficiently long delay is introduced  between ionization and ion
detection, diffusion of the ion packet in the X-Y plane can occur.
Excitation of such an ensemble of ions will result in a random spatial
distribution but a coherent phase relationship (Figure 8). This coherent
phase relationship will result in the generation of a frequency domain
signal.  Conversely, if the ensemble of ions is not phase coherent due to
the combined motion in the X-Y plane, Z-direction, and/or problems
associated with the excitation process, loss of signal will occur. In the
presence of homogeneous electrostatic and magnetic fields with ions of near
zero kinetic energies along the Z-axis, the rate of ion diffusion in the X-Y
plane will be quite low. However the rate of diffusion and subsequent loss
of coherence can be increased by the influence of field inhomogeneities
coupled with a significant kinetic energy spread of ions along the Z-axis.
This loss of signal becomes crucial when the quantity of ions of interest
produced during the ionization event 1is already small prior to the
subsequent spatial and phase randomization.

It is important to keep in mind that electrostatic and magnetic
inhomogeneities can have three effects on the FTMS experiment. First,
field inhomogeneities can influence ion trapping, i.e., the ability to maintain
a stable density of ions in the ion cell and to accumulate ions from
successive ionization steps. Second, field inhomogeneities can contribute to
signal broadening and loss of mass resolution. The second point has been
examined both theoretically and experimentally and the effects of magnetic
field inhomogeneity are quite small, even negligible.l?-1® It should not be
surprising that small magnetic field inhomogeneities have little effect on ion
detection. The ions are detected following excitation by an applied radio-
frequency field, thus the ions have appreciable translational energies (in the
X-Y plane). On the other hand, ions which are trapped in the ion cell
have low translational energies, in both the X-Y plane and the Z-direction,
and even small field inhomogeneities will have an appreciable effect on the
ion motion. Thirdly, if the ions must pass through a region of field
inhomogeneity, as is the case for ion partitioning in a two-section ion cell
and for ion injection from an external ion source, ion losses may occur due
to scattering in the X-Y plane. In terms of ion trapping, an additional
aspect to consider is the initial velocity of the ion (in the X-Y plane and
the Z-direction) as it enters the ion trap, e.g., from an external ion source
(influencing the Z-axis motion) or from a tandem mass analyzer such as a
quadrupole mass filter (influencing the velocity in both the X-Y plane and
the Z-direction). Specifically, detection of ions produced external to the
ion source may not be adequately modelled by studies of ions formed by EI.

The basic physics of ion motion in electrostatic and magnetic fields are
well understood.?® An ion formed in a magnetic field will acquire a
circular orbit in the X-Y plane, and the frequency (w) of this orbit is
dependent upon the magnetic field strength (B), charge on the ion (q), and
inversely dependent on the mass (m) of the particle (Equation 1).

w = gB/m (N
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In the absence of an applied electric field, the ion will also move freely in
the Z-direction. Thus, the overall motion of the ion is best described as a
helix (Figure 9). The radius of the helix (i.e., the radius in the X-Y plane)
depends on the velocity of the ion in the x and y directions, ie., v, and
Voys TeSpectively, and is given by Equation 2.

R = wil(vi, + vE)1/2 @)
o m/qB[(vZ,, + V3, )1/

The pitch (h) of the helix is determined only by the velocity of the ion in
the Z-direction (v,,) and the period (T) of the ion motion.

h = Tv,, « mv,/qB 3)
where T is given by Equation 4;
Txl/woam/gB “4)

The effect of imposing an electric field parallel to the magnetic field,
ie., the situation as it is in a typical ICR ion trap, is to produce an ion
motion in which the pitch varies continuously along the Z-axis (Figure 10).
Such a motion will have an ml/?2 dependence (velocity dependent); whether
the pitch is lengthened or shortened will depend upon the applied trapping
potential.

Having introduced the rudiments of ion motion in a typical FTMS ion
cell, let's consider the problem of ion detection in an experiment involving
(i) ion emission from a surface near the ion cell, i.e., laser desorption or
Cs* ion SIMS, and (ii) ions entering the ion cell from an external ion
source.

In the first case the ions are emitted from the surface in all directions
and with a range of kinetic energies. Thus, the ions have initial velocities
in the X-Y plane and along the Z-axis which are non-zero. In the absence
of collisions with neutral atoms or molecules, the ions that are trapped in
the ion cell will be randomly distributed with near thermal kinetic energies
in all directions. This situation differs significantly from that for ions
formed by electron impact ionization of neutral, thermal energy gas
molecules. Ions formed by an electron beam will ideally result in the
formation of a narrow ribbon of ions along the Z-axis corresponding to the
path of the electron beam. The resulting distribution of ions will have
negligible kinetic energies in the X-Y plane. The resulting ion motion can
be effectively trapped by applying electrostatic trapping potentials along the
Z-axis. Application of this trapping procedure to an ion population which
has kinetic energies and therefore motions which are not limited to the Z-
axis, no longer results in a coherent ion packet located in the center of
the cell.

Ions formed in an external ion source and injected into the ICR cell
are subject to effects which are analogous to the case of particle
desorption ionization in the ICR cell. However, experimental results
indicate limits in the resolution of high mass ions due to the finite duration
of the time-domain image current signal.  This observation is consistent
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Figure 7. a) excitation of a coherent packet of ions b) a coherently
cycloiding packet of ions which induces the image current signal.

Figure 8. Production of an image current signal from spatially
random but phase coherent ion population.
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Figure 9. Ion path in a uniform magnetic field (a helical line of
pitch h circumscribed on a cylinder of radius R).
(Reproduced with permission from Ref. 20. Copyright 1968 Iliffe
Books.)
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with the inability of simple trapping procedures to produce a coherent
packet of ions from the injected ion beam. In this case, where ions are
produced external to the magnetic field and directed into the ion cell
(either by a quadrupole or electrostatic ion guides) we must consider the
effects of scattering of the ion beam in the X-Y plane by field
inhomogeneities.  Also, the secondary ion population produced will have a
range of translational energies along the Z-axis. This distribution is caused
by the post-ionization acceleration required to transport the secondary ions
from the source to the ICR cell. The injected ions will acquire additional
kinetic energies in the X-Y and/or Z directions by the combined effects of
the inhomogeneities of the electrostatic and magnetic fields. Owing to the
magnetic susceptibility of the stainless steel plates used to construct the
ion cell, non-uniform magnetic field gradients in the X-Y plane will create
magnetic inhomogeneities at the entrance orifices of the ion cell. Based on
magnetic permeability of 304 and 316 stainless steel, induced magnetic field
strengths on the order of 3,000 Gauss in a 3 Tesla magnet for unworked
material and as much as 9,000 gauss for machined material are not
unreasonable. Unlike the previous case where the ions are formed in the
cell, ions produced externally must be transported through the magnetic
perturbations prior to trapping. The trajectories of ions produced in the
ICR cell with near zero velocities in the X-Y directions will not be strongly
influenced by stray magnetic fields located at the extremes of the ICR cell,
ie., end trap plates. Owing to the magnitude of stray magnetic fields
caused by the stainless steel material comprising the ICR cell, trajectories
of ions being transported through the cell orifices will be deflected and
appreciable gains in the kinetic energies in the X-Y plane will occur prior
to trapping and detection. These effects can be modeled using ion
trajectory calculations.?! The calculated ion trajectories indicate that the
magnetic field lines generated by the material comprising the ICR cell will
redistribute the ions passing into the cell and that such effects are strongly
dependant upon ion mass and kinetic energy along the Z-axis, and velocity
components in the X-Y plane. Several different situations can be
postulated to explain the loss of mass resolution at high mass for ions
produced in an external ion source system.

The simplest case is that of an unfocused ion beam entering a weak
magnetic field in the X-Y plane. This corresponds to a minimum magnitude
of cross magnetic fields generated by unworked 304 stainless steel cell
plates. Simulated ion trajectories for such a case are shown in Figure 11.
Note the strong dependance on the mass of the ions entering the ion cell.
Ions of m/z 50 are deflected in the X-Y plane by the cross magnetic fields,
and the trajectory for m/z 5000 is virtually insensitive to the influence of
the field and continues along the Z-axis. An interesting consequence of
these results is that it suggests a potential mechanism for ion trapping
from an external ion source, i.e., trapping by a magnetic bottleneck. A
trapping mechanism of this type would be strongly mass dependant.

In the case of stronger magnetic fields, e.g., 304 stainless steel which
has been machined, magnetic field gradients are imposed creating a stronger
magnetic bottleneck at the orifices of the ion cell. Such a magnetic
bottleneck will have strong effects on ions entering the cell close to the
entrance orifice, accelerating them in the X-Y plane and reflecting them
away from the orifice prior to entering the ICR cell. Only ions which are
entering the magnetic bottleneck at the center of the orifice will
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Effect of a 500 gauss cross magnetic field on the

trajectories of an ion beam as a function of mass.
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Figure 12. Effect of a magnetic bottleneck on diverging ion
trajectories.

B

M7z 5@
Msz2 5,000
MAG. BOTTLE —-——

Figure 13. Magnetic trapping of ions in a magnetic bottle as a
function of mass.
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Figure 14. The effect of a cross magnetic field on the ion
trajectories of a focused beam as a function of mass.
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experience the weakest magnetic field effects and pass though the magnetic
field into the ICR cell. As shown in Figure 12, ion trajectories which are
diverging prior to entering the bottleneck will be deflected and not enter
the cell. On the basis of these simulations we can predict that only ions
having a narrow range of translational energies and angular trajectories will
pass into the ion cell. This situation is consistent with experimental results
reported by Smalley et al.2%, ie., there is a narrow angle of acceptance for
the trajectories of ions produced external to the magnetic field passing into
the ICR cell. Owing to the existence of a second bottleneck surrounding
the exit orifice on the rear trap plate, ions of low mass which are
deflected in the X-Y plane by passing through the magnetic gradient of the
entrance bottleneck will no longer have acceptable angular trajectories to
pass through the exit orifice (Figure 13). This results in low mass ions
being trapped magnetically in the ICR cell, whereas, high mass ions are less
sensitive to the cross magnetic field gradients and therefore exit the ion
cell prior to electrostatic trapping.

A possible solution to this problem is the use of electrostatic focusing
lenses which bring the ion beam to a point focus at the entrance of the
ICR cell. This electrostatic focusing technique converges all the ions at
the entrance of the magnetic bottleneck maximizing the transmission of ions
into the cell. After entering the cell, the focused beam diverges supplying
sufficient X-Y velocity components to prevent the ions from exiting the
rear magnetic bottleneck. Figure 14 shows the ion trajectory for a focused
ion beam entering the ICR cell, diverging and being reflected back into the
cell prior to electrostatic trapping. Based on these considerations, effective
trapping and subsequent detection of ions with these types of trajectories
cannot be achieved by simple electrostatic methods. Trapping of such ions
must then be a function of both electrostatic and magnetic factors.

Experiments are presently underway to test the ideas presented above.
Although the experiments are not yet completed, the predicted effects of
magnetic inhomogeneities on ion motion and ion trapping are consistent
with the available experimental data.?® In addition, detailed measurements
of ion partitioning in a two-section cell are consistent with the idea of
magnetic inhomogeneities having very large effects on ion trapping and ion
detection. In these experiments, ion partitioning in an ICR cell made of
stainless steel plates resulted in no detectable signal from the transported
ions. In order to investigate the effect of magnetic inhomogeneities on the
transported ions, the stainless steel trap plates were replaced with trap
plates made out of oxygen-free copper due to it’s near zero magnetic
susceptibility. Once the magnetic inhomogeneities were removed by
replacing the stainless steel with oxygen-free copper, 50% of the ions
produced in the source region were trapped and detected in the analyzer
region after allowing equal partitioning between the two regions. Based on
these results, the presence of magnetic inhomogeneities caused by the
magnetic susceptibility of stainless steel deflects the ions being transported
between the two regions of the dual cell, leading to quenching of the ions
prior to detection.
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Chapter 7

Tandem Fourier Transform Mass
Spectrometry of Large Molecules

Fred W.McLafferty, I. Jonathan Amster, Jorge J. P. Furlong,
Joseph A. Loo, Bing H. Wang, and Evan R. Williams

Chemistry Department, Cornell University, Ithaca, NY 14853-1301

Structural characterization of increasingly large
molecules requires exponentially increasing
amounts of molecular information as well as
separation methods of higher resolution. Tandem
mass spectrometry using the Fourier-transform
instrument is promising for both of these
requirements as described in other papers of this
book. Helpful advances summarized here areZBEe
use of secondary ion mass spectrometry and Ccf
plasma desorption for ionization of non-volatile
molecules, and the formation of MS-II spectra
using the surface induced dissociation method of
Cooks, the electron dissociation method of Cody
and Freiser, and neutralization of multiply
protonated ions to form unstable hypervalent
species. The use of the Hadamard transform
technique reduces the time required for recording
n MS-II spectra by 4/n.

In the last decade mass spectrometry (MS) has been revolutionized
by new methods for ionizing large molecules, even as large as
trypsin, molecular weight (MW) 23,463 (1). Increasing the size of
an unknown molecule results in an exponential increase in the
structural information needed for its identification (2-4). MS is
already well recognized for the unusual amount of information
obtainable from picomole samples, and high resolution and tandem
MS (MS/MS) (5) can provide substantially more information.
However, conventional magnetic sector instruments must scan the
mass spectrum, expending sample continuously although measuring
only a very small fraction of the mass scale at any one time.
Large molecules exacerbate this problem, increasing the length of
the mass scale. Further, for high resolution measurements the
fraction of the mass scale measured at any time must be much
smaller. For MS/MS these scanning problems are increased exponen-
tially, as measurement of MS-II spectra can be necessary for a
multiplicity of primary ion species separated by MS-I (6). Multi-
channel detection is an obvious solution to this problem. Array

0097-6156/87/0359-0116%$06.00/0
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7. McLAFFERTYETAL. Tandem FTMS of Large Molecules 117

detectors can only be used with plane-of-focus magnetic sector
instruments (7), seriously limiting the mass range covered in most
instruments. The time-of-flight (TOF) instrument is used in many
large molecule studies because it achieves multichannel recording
over a virtually unlimited mass range. Offsetting this (1, 8-
13), TOF resolution of >1000 has been difficult to achieve
(although >10,000 has been reported recently) (14, 15), and to
date TOF has exhibited poor capabilities for MS/MS (16). Thus
Fourier-Transform (FT) MS (17-23), as detailed in the accompanying
articles, has unique promise for characterization of minimum
amounts of large molecules, with its multiple capabilities for
MS/MS and multichannel detection of ions over a wide mass range.
Further, unusually high resolution is possible at low masses.

This paper focuses on special ioniﬁgﬁion methods such as secondary
ion MS (SIMS) (12, 13, 24-28) and Cf plasma desorption (PD),
and on MS/MS methods for characterizing primary ions, such as
surface induced dissociation (SID), laser photodissociation, and
neutralization of multiply charged ions. A Hadamard transform
method for more efficient recording of multiple MS-II spectra is
also proposed.

FTMS Ionization Methods

Multichannel recording or ion storage capabilities, both available
with FTMS, are virtually required for some ionization methods,
such as those producing intermittent ion pulses (e.g., laser
desorption, LD) (29-31) or lov ion currents (e.g., PD). On8the
other hand, FTMS has much lower pressure requirements (<10~

torr), especially for high resolution measurements, so that
exterior differentially-pumped (23, 32, 33) or dual cell (20, 34)
ion sources are beneficial for most ionization methods with FTMS.
Trapping the ions in the FTMS cell for measurement is now recog-
nized as a key problem, although the parameters are poorly
understood. For this, generating ions at the cell entrance, such
as by LD, would appear to be advantageous; however, Hunt and co-
workers (23) have reported molecular ion species of cytochrome-C
(MW 12,364), the highest mass organic ions recorded to date by FT,
using fast atom bombardment (FAB) ionization in an exterior
source. Two other methods, SIMS and PD, have been shown to have
highly promising attributes, mainly using the TOF instrument;
their applicability with FTMS has been recently demonstrated. Our
recent results indicate that using a 193 nm excimer laser for LD
offers a useful alternative to the infrared laser used previously
(29-31).

SIMS. Russell and co-workers have used SIMS/FTMS with 4 keV Cs®
ions to form dimer ions of vitamin B-12 (23) and molecular ions of
B-cyclodextrin (m/z 1135) (26). With them and Nicolet scientists
we have measured Cs Tep s m/z 16,241, with a FIMS instrument with
a 3 tesla magnet (_g}. Using a 7 tesla magnet Hunt and coworkers
recently achieved more than double this mass value for (CsI) cst
ions using the related FAB technique (23). Amster and co-workers
(28) in an extensive study have shown the general applicability of
SIMS/FTMS using higher energy (11 keV) cst ions. 1In comparison to
the much more widely used method FAB, subpicomole sensitivities

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



118 FOURIER TRANSFORM MASS SPECTROMETRY

are possible, and information on both molecular weight and
structure from fragment ions is available (Figures 1 and 2)
without the ubiquitous background peaks from the FAB liquid
matrix. However, under present operating conditions sensitivity
falls off rapidly for masses above ~2000 daltons, a problem which
is addressed by Gross, Hunt, Russell, and coworkers in separate
articlgs in this volume. Convenient sources capable of forming 12
kev U’ have been described (36); our preliminary results using
multiply charged primary ions for SIMS are encouraging.

252Cf—PD. An ionization method which is unique in producing
essential}gzno emitted gases, and thus no pressure problem for
FTMS, is Cf-PD (1, 8-11, 37-39). Its use with a nitrocellulose
sample sgbstrate also gives abundant multiply charged ions, even
(M + 6H) * from trypsin, greatly extending the mass (m) range of
instruments like FTMS with an upper m/z (z = number of charges)
limit. Recenﬁ%g, Tabet, Gaumann, and coworkers showed the R
potential of Cf PD ionization with FTMS, reporting (M + K) ',
m/z 574, from leu-enkephalin (37). Some more recent FTMS studies
(22, 38) do not report molecular ions from compounds this large.
Loo, Chait, and coworkers find PD/FTMS to be generally applicable
up to m/z 2000, producing abundant (M + A)+ ions (A = H, Li, Na,
K, Ca) and structurally-informative fragment ions (39). Key
experimental techniques developed in the pioneering work of
Macfarlane (8), Sundqvist (1), Cotter (11), and others are used;
samples are evaporated from solution onto nitrocellulose that has
been electrosprayed onto a mylar film, or the samples are
electrosprayed directly onto the mylar from a solution that is 1:1
(molar)zgith glutathione. The mylar is placed on top the 50
pcurie Cf source mounted on the end of the FTMS sample probe,
so that when introduced into the vacuum system the sample is ~3 mm
from the ion cell entrance on the magnetic field axig. Data
collection is started when the pressure reaches ~10"" torr;
instrument steady-state pregsure is ~2x10"° torr, essentially the
same with or without the Cf and sample. The potential on the
cell trapping plates and aluminized mylar sample film is critical;
the total ion signal increases rapidly while increasing the
potential to 5 V, and more slowly to 10 V, although the abundance
of the molecular ion species maximizes around 5 V. Optimum
sensitivity was obtained by allowing ions to build up in the cell
for 1 or 2 minutes (more for larger molecules) followed by RF
excitation and 65 ms transient signal measurement; subsequent ion
removal from the cell ("quenching") decreased sensitivity by at
least an order of magnitude. Co-adding signals for at least 14
hours improved signal/noise of the spectrum and the relative
abundance of the molecular ion species, indicating that lifetime
is not a problem with these large ions. Unfortunately, under
these conditions a sample of insulin gave no significant signal,
reflecting our current problem with Ccs* SIMS for higher molecular
veight samples.

Methods for Producing MS-II Spectra

For MS/MS characterization the MS-I separated ions must be made to
undergo dissociation or other reactions. The most widely used
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Figure 1. SIMS/FTMS spectrum of gramicidin S and glutathione (1:2)
on a gold target. Total samgles deposited were as follows:
2 x 10719 mol (top), 5 x 10712 mol (middle), 10~13 mol (bottom).

(Reproduced from ref. 28. Copyright 1987 American Chemical
Society.)
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method to date is collisionally activated dissociation (CAD) (40-
43). For energy-dependent mass analyzers CAD spectra have the
disadvantage that translational energy from dissociation spreads
the kinetic energy of the resulting ions, lowering resolution
(vide supra). FTMS mass analysis is energy-independent, avoiding
this problem. Multikilovolt grazing collisions have the advantage
that relative abundances of ions from higher energy processes are
nearly independent of precursor ion internal energy (41, 43, 44),
but these energies cannot be achieved in FTMS for larger (a few
hundred daltons) ions. CAD of 10-100 eV kinetic energy ions with
efficient product collection over large angles (possible with
triple quadrupole and FTMS instrumentation) has the advantage that
the substantial effect of collision energy on product ion
abundances provides an extra parameter for characterization (42,
45).

Surface Induced Dissociation. CAD has the basic FTMS disadvantage
of requiring a collision gas and thus increasing the ion source
pressure. This problem can be reduced by pulsed valve
introduction of the collision gas (46), and eliminated by using
the exciting technique of Surface Induced Dissociation (SID),
recently introduced by Cooks (47, 48). SID also has the unusual
advantage of being a convenient means of adding a variable, and
relatively narrow, range of internal energies to the ion.
Preliminary work by our laboratory (49) has effected SID by
accelerating ions collected in one side of the dual cell through
the conductance limit orifice to strike a metal surface in the
other cell. Results for toluene molecular ions using different
accelerating energies are similar to those reported by Cooks (47),
and dissociation efficiencies appear to be relatively high.

Other Activation. Efficient (>10%) CAD of positive ions appears
possible using collisions with electrons (50). Recent results by
Cody and Freiser are very promising (51), confirmed by initial
experiments with our FTMS instrumentation (49). Laser
photodissociation appears to be particularly applicable for FTMS
ion characterization, with 193 nm pulses from an excimer laser
giving fragmentation (with conversion yields as high as 25%) that
appears to be associated with specific absorption and dissociation
at groups such as phenylalanine having high absorptivities (52).
Recent results by Hunt and coworkers described in this volume,
confirmed in our laboratory, indicate that this is a very
promising method for ions up to mass 2000 using 193 nm laser
radiation.

Activation of Large Ions. The multikilovolt CAD spectra of larger
ions (m/z >~1500) can be dominated by the loss of small neutral
species such as H,0 and NH (53, 54), consistent with theoretical
predictions that %ond cleavages at molecular extremities will be
increasingly favored over central cleavages in such "fender-
bender" collisions of increasingly large ions (553). Increasing
amounts of added internal energy are necessary to effect ergodic
dissociation because of the increasing number of degrees of
freedom among which the added energy must be distributed. Recent
studies by Biemann with an elegant tandem double-focusing mass
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spectrometer (56) confirm that CAD of large peptide ions becomes
very inefficient above about mass 2500. As reported in this
volume, Russell has shown that higher mass collision gases are
more effective because they carry away less of the collision
energy.

Ve have proposed (57) an additional methog for such fast
dissociation using ions such as (peptide + H3) * (eq 1). Our
studies have shown that neutralization of an”ionized saturated
heteroatom site such as a quaternary ammonium ion gives an
unstable hypervalent species.

+ + + +
RNHR,NHR,NHR; + 3H + R-N'H,-R)-N"H,-R,-N"H,-R, 1)
- + +
+ e > R-N'Hy-R)-N#H,-R,-N"H,-R, (2)
+ +
» R-N"H,-Ry* + H)N-R,-N"H,-R, 3)

Thus the multiply protonated species, R*CO-NH,-R’*, on neutrali-
zation (eq 2) of the central charge site could“yield (eq 3) the
singly charged odd- and even-electron products R'-CO" + H,N-R‘".
The effectiveness could be reduced by competing proton loSs or
stabilization by zwitter ion formation, = R*-CO™-N"H,-R’*.
However, neutralization with electrons (effected as proposed above
for electron CAD) would deposit vibrational energy corresponding
to the ionization energy (~5 eV) of the new neutral site,
enhancing its non-ergodic dissociation.

The selected primary ions can also be characterized by ion
molecule reactions with the FTMS-2000 dual cell and/or surface
induced reactions (48). Reactions specific for particular
functionalities can be used to count the number of these in a
primary ion such as the number of hydrogen atoms that can be
exchanged with a deuterium-containing species (59). Further,
their position may well be distinguished by the reaction’s effect
on fragment ions in MS-II spectra.

Hadamard Transform Enhancement in Measurement

For tandem mass spectrometry the multichannel capability of
dissociating any combination of parent ions to form a collective
MS-II spectrum of daughter ions, possible on Fourier-transform and
ion trap instruments, can be used to increase the signal/noise
and/or speed of daéascollection (60). A Hadamard transform
advantage of 0.5 n” "~ in signal/noise or 4/n in required time is
possible in measuring individual MS-II spectra of n parent ions; n
collective spectra using different combinations of 0.5n of the
parent ions are measured, and the individual contributions at each
specific mass in each MS-spectrum is calculated from the n
simultaneous equations representing the summed intensity values at
each mass. For MS/MS detection of many target compounds which
occur infrequently, "no peak" information can rapidly reduce the
number of possible target compounds present (49). Any peak in the
MS-II spectrum of a target parent ion which is negligible in the
collective MS-II spectra of all parent ions shows that the
corresponding target compound is negligible (60).
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Degradation Mechanisms of E-Beam Resists. Research supported by
IBM has the objective of elucidating the reaction mechanisms from
high energy radiation of poly(olefin-sulfones). These have by far
the highest sensitivity (G value) as E-beam resist polymers. The
formation of submicron-dimension images in such resists with
focused high energy electrons is used to produce microcircuits.
From analysis of the condensed products of the radiation
degradation an "unzipping" (depolymerization) mechanism was
proposed. Our preliminary study of the primary products from252
bombardment of poly(butenesulfone) by 10 keV Cst ions, or by ct
fission products (Figure 3), in the high vacuum FTMS cell
indicates an entirely different mechanism. The spectrum products
can be explained by a radical-chain reaction propagated across the
polymer chains utilizing pre-formed hydrogen bonds, consistent
with the high radiation sensitivity (61).
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Chapter 8

Analytical Applications of Laser
Desorption—Fourier Transform Mass
Spectrometry for Nonvolatile Molecules

R. S. Brown and C. L. Wilkins

Department of Chemistry, University of California, Riverside, CA 92521

Laser desorption Fourier transform mass spectrometry
(LD-FTMS) results from a serlies of peptides and poly-
mers are presented. Successful production of molecu—
lar ions of peptides with masses up to ~2000 amu is
demonstrated. The amount of structurally useful
fragmentation diminishes rapidly with increasing mass.
Preliminary results of laser photodissociation experi-
ments in an attempt to increase the available structural
information are also presented. The synthetic bio-
polymer poly(phenylalanine) 1is used as a model for
higher molecular weight peptides and produces ions
approaching m/z 4000, Current instrument resolution
limits are demonstrated utilizing a poly(ethylene-
glycol) polymer, with unit mass resolution obtainable
to almost 4000 amu.

Laser desorption Fourier transform mass spectrometry (LD-FTMS) has
emerged an an alternative soft ionization method for samples which
are difficult to analyze by more conventional mass spectrometric
methods. Since its initial demonstration (l) for organic samples,
there has been steady progress in applications of LD-FTMS to a
wide variety of samples. These have included such diverse
substances as simple peptides (2,3), sugars (4), polymers (2,5,6),
porphyrins (14§) and oligosaccharides (9210) of various molecular
weights., Although still a comparatively new technique, for many
samples LD-FTMS compares favorably with more established ioniza-
tion methods such as fast atom bombardment (FAB) and field desorp—
tion (FD), the former having become the method of choice for most
non—-volatile polar samples, LD-FTMS offers several advantages
over FAB, including the lack of need for a liquid matrix, which is
a source of high chemical background in the FAB method.
Additionally, the absence of a liquid matrix removes the necessity
that the sample be soluble. Indeed, insoluble samples can be
applied directly in solid form to a sample probe and analyzed by
LD-FTMS with good results (6). Many organometallics, metallo-
porphyrins and polymers do not yield spectra when examined by
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128 FOURIER TRANSFORM MASS SPECTROMETRY

FAB-MS, due to their insolubility in the liquid matrix. Thus,
LD-FTMS should be considered complementary to FAB-MS.

Due to the relatively small number of laboratories equipped
with LD-FTMS, the method is not as well known or as highly devel-
oped as FAB ionization which is now available for most commercial
magnetic sector and quadrupole instruments. The pulsed nature of
the lasers typically employed are ideally matched with mass
spectrometers capable of simultaneous detection or rapid analysis.
Thus FTMS or time of flight (TOF) instruments are best suited for
LD applications. However, the latter possesses limited mass reso-
lution. This chapter will attempt to present the current capabi-
lities and limitations of LD-FTIMS and to address its future
potential.

Experimental

The general experimental arrangement for LD-FTMS has been pre-
sented in detail elsewhere (2) and only a brief description will
be provided here. For sample desorption/ionization, a pulsed car-
bon dioxide laser is focussed to approximately a 1 mm diameter
spot via a ZnSe lens onto a steel circular probe tip (10 mm diame-
ter) attached to a direct insertion probe holding the sample.
Following the laser pulse, an appropriate delay (usually 3-5
seconds) is introduced to allow the high local pressure (10~7-107%
torr uncorrected ionization gauge reading) of desorbed neutrals to
be pumped away, leaving the ions which are trapped to be detected
with improved resolution. Such delays should be substantially
reduced in the newer differentially pumped dual cell design.
Subsequently, the ions are excited to allow their image currents
to be recorded using a high speed analog to digital (A/D) con-
verter. The transient signal thus obtained is then apodized and
Fourier transformed to produce the mass spectrum for the ions
resulting from a single laser pulse. Although signal averaging
may be employed, the current spectra all result from single laser
pulses using ~1-5 ug of sample. No definitive comparisons of the
effects of lasers operating at different wavelengths for laser
desorption have been reported.

For photodissociation experiments, a special probe was
constructed to replace the 12.7 mm diameter direct insertion probe
normally employed. It consists of a hollow stainless steel tube
which has a 38 mm focal length quartz lens vacuum sealed at one
end and an extended hollow probe tip at the other. The beam of a
Lambda Physik excimer laser operating at 308 nm was passed through
the probe and lens into the FTMS cell through a small hole in the
center of the trap plate as shown in Figure 1.

Sample Preparation

50-100 pg of each peptide was deposited onto the stainless steel
probe tip from a methanol/acetic acid solution (1l drop acetic acid
in 1 ml of methanol) resulting in sample consumption of ~l ug per
laser pulse based on a 1 mn? laser spot and uniform sample
coverage. Similar amounts of the other samples were applied from
a methanol solution. Sensitivity is very dependent upon sample
composition and the results presented are typical for these
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classes of compounds. Poly(phenylalanine) was insoluble and was
deposited from a methanol suspension produced by sonication.
Approximately 500 pg of poly(phenylalanine) was required to insure
adequate coverage of the probe tip, due to the irregular surface
produced as a result of evaporation of the solvent.

Results and Discussion

Peptides. One of the applications that has benefited most from
the development of soft ionization methods for mass spectrometry
has been the analysis of polar biological materials. Peptides, in
particular, have been extensively studied by a variety of soft
ionization methods, primarily FAB, with excellent results being
obtained for peptides in the 1000-10000 dalton range. LD-FTMS
also has proved to be very successful for analysis of simple pep-
tides and an examination of these results should help delineate
the analytical potential of LD-FTMS in this important area.

The LD-FTMS spectrum of the decapeptide Angiotensin I is shown
in Figure 2 and is a good example of typical results for peptides
of this size. An abundant protonated molecular fon (M+H)T 1is
observed, as well as the N-terminus sequence ions (Zg)+ to (Z7)1
with decreasing relative intensity for the smaller fragments;
there are no abundant fragment ions with m/z lower than 900,
Although a low abundance C~terminus sequence ion (Ag)+ is
observed, the N-terminus ions usually predominate, in additiom to
fragments resulting from losses of neutrals such as Hy0, NH3 and
COz. This is in contrast with FAB results in which C-terminus
lons are usually observed (ll).

As molecular weight 1s increased, less fragmeatation indica-
tive of the peptide's sequence is observed, as can be seen in the
spectrum of the undecapeptide, Substance P, in Figure 3. Here,
the protonated molecular ion dominates the spectrum with the
sodium cationized species (M+Na)* also observed. Fragment ions
are limited to the first sequence ion from the N-terminus as well
those arising from losses of Hy0 and NH3. (Zg)* and (Ag)* ions at
m/z = 1094 and m/z = 1087 are also observed in low relative abun-—
dance, as 1s an ion which may arise from a minor impurity at m/z =
1104. This reduction in useful fragmentation at higher masses is
also observed in FAB-MS. Use of higher laser power density
increases structurally relevant fragmentation at the expense of
the molecular ion and results in lower signal to noise ratios
(L.e. decreased sensitivity), The effects of laser power on
porphyrin fragmentation also have been reported (7).

The LD spectrum of the tridecapeptide neurotensin (Figure 4),
shows several differences. Here fragmentation results almost
exclusively from small neutral losses. A protonated molecular ion
is still one of the major ifons observed (m/z = 1673) and some
cationized (K%) fragment species are apparent as well as a small
amount of cationized molecular ion (<5%). Resolution has begun to
be degraded to some extent, partially due to the decrease in
overall {on signal which necessitates transformation of fewer data
points to maximize signal to noise ratio.

For the tetradecapeptide (Figure 5), renin substrate, overall
lon signal is lower and the protonated molecular ion is less than
50% relative abundance. Extensive fragmentation is observed in
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the molecular ion region due to complicated losses of small
neutrals. Although some structurally important ions may be pre-~
sent, they are difficult to identify due to the very extensive and
conmplex fragmentation pattern. This extensive fragmentation may
be peculiar to renin substrate, as it has not been observed for
other peptides.

To date, renin substrate is the second highest molecular
welght peptide successfully run by LD-FTMS. The highest mass
oligopeptide LD-FTIMS spectrum yet obtained is that of Gramicidin A
(M.W. 1881) (12) doped with KBr. LD-FTMS of Gramicidin A on our
system produces predominately (M+K)*t ions as well as lower inten-—
sity N-terminus sequence ions extending from Zj4 to Zg. This pep—
tide is a typical and not indicative of the behavior expected from
most oligopeptides. Further study is planned to try to determine
why Gramicidin A is so much easier than similar molecular weight
peptides to ionize by LD-FIMS. A representative list of peptides
which have been successfully analyzed by LD-FTMS in our laboratory
is shown in Table I.

Studies of polymers (2,5) with masses greater than 7000 dalton
show the mass range of FIMS is sufficient to accomodate higher
mass substances. From our attempts to examine peptides in the
2000~3000 dalton range such as mellitin, chain A insulin, and
chain B insulin it appears that some barrier is reached around
mass 2000 for peptides. Coincidentally, this is where secondary
structure of peptides begins to become important, as the peptide
chains can now unfold in solution, which may make it harder to
ionize intact molecular ions. Attempts at modifying the surface-
peptide interaction with glutathione (13) and nitrocellulose (14)
as is done in 232Cf plasma desorption have met with no success.
Further study is obviously needed.

Table I. Representative Peptides Successfully Examined

by LD-FTMS
Molecular Molecular
Peptide Formula Weight
Angiotensin II Cs50Hg9N13012 1045.5
Bradykinin Cs50H73N150]11 1059.6
Gramicidin S Ce0Hg2N12010 1140.7
Angiotensin I Ce2HggN17014 1295.7
Substance P Ce3HogN 180135 1346.7
Bacitracin A Ce6H103N170168 1421.7
Bonmbesin? C71H110N24018S 1618.8
Somatostatin C76H104N18019S82 1636.7
a-melanocyte stimulating C77H109N210198 1663.8
hormone

Neurotensin C7g8H121N21020 1671.9
Renin Substrateb CgsHy23N21020 1757.9
Gramicidin A C9gH]40N20017 1881.1

a(M+H)* of low abundance
bExtensive Fragmentation
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Polymers

To model higher molecular weight peptides, the inexpensive
biopolymer poly(phenylalanine) (with average molecular weight
2000) was examined. Although this polymer consists of only phenyl-
alanine repeating units, it should be a good model for oligopep—
tides of similar molecular weights with the added complication
that it is quite insoluble in most solvents, with the exception of
some concentrated acids. A spectrum of poly(phenylalanine) is
shown in Figure 6. Although it exhibits approximately the molecu-
lar weight distribution expected, reproducibility from sample to
sample was poor; often no ions or only lower mass ions were
observed. While this behavior is not unique to this sample, it is
unusual in the sense that most samples either do or do not produce
particular ions. Reproducibility problems generally arise more
often with spectral S/N or resclution fluctuations for a given set
of experimental conditions. In addition, the signal was severely
damped in all cases, causing extreme resolution degradation. The
exact cause of this signal dampening is not yet known and does
not affect all higher mass samples (see below). However, the
spectrum of this sample with ions approaching m/z 4000 suggests
there 1s hope for increasing the upper mass limit for peptides, as
well as other difficult to lonize samples. The distribution is
characterized by two major repeating sequences differing by the
loss of H70 with each successive ion 147 amu and lower,
corresponding to a to a phenylalanine residue. However, the
higher mass ion in each pair does not correspond to any simple
fragmentation, nor are these ions present in the spectrum of
tetraphenylalanine, which produces an abundant molecular ion
[(M+8)F, (M+K)F]. It is probable that a different end group is
present due to the introduction of a species to control molecular
weight by terminating the polymerization process. This 1is
suggested both by the fragmentation behavior of the lower molecu-
lar weight tetraphenylalanine as well as the agreement of the
observed molecular weight distribution with the manufacturer's
value, indicating little fragmentation.

An example of the resolution which can currently be obtained
for a well-behaved sample, 1s the spectrum (Figure 7) of
poly(ethyleneglycol) (PEG) of average molecular weight 3350,
showing unit mass resclution to almost 4000 amu. This is the
current upper mass limit for unit mass resolution with cur 3 Tesla
system. We are hoping to improve upon this with a recently-
installed 7.2 Tesla system. The resolution for this sample is
approximately 7500 at mass 3000, A lower molecular weight PEG of
average molecular weight 1450 was mixed with the PEG 3350 and the
broadband (100 KHz) resolution of 15000 at mass 1500 obtained
extrapolates linearly to higher mass as can be seen in Figure 8.
Although some scatter 1is apparent, it appears that for these
samples, the predicted linear loss in resclution with increasingly
mass is obeyed.

Photodissociation

As the series of peptide spectra already presented has shown,

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



8. BROWN AND WILKINS  Laser Desorption-FTMS 135
[
o
HQ nue Hue
HNOC{NCCHN-CC0H
1 Ha GHy CHp

ol e's s %Ms
[l
%]
z
W

[

4
o
U‘n 4
>
-
[
< E
-
W
o«

o ey P Ty
700 900 1200 1500 1800 _ 2100 5460 3000 3300 3600
MASS IN A.M.U.
Figure 6. Positive ion spectrum of poly(phenylalanine), average
molecular weight 2000,

o

1)
>
[
L) P
0
& T
- aaiasi ! 3440 3450
Zz 3050
o
thn d
>
-
[
<
-
w
@

4 | ! ) . "I. ‘8| f," L| . L | i
oI sod aianea 4 dd et A “..L. hu AIIJLL.‘LA'IL...J i YO u-.\hﬂul..nlh.&x....l»-:
2550 2700 2850 3000 3150 3300 3450 3600 3750

MASS IN A.M.U.
Figure 7. High mass region of the positive ion spectrum of a

mixture of (polyethyleneglycol) of average molecular
weight 1450 and 3350.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



136 FOURIER TRANSFORM MASS SPECTROMETRY

280.00

ot

RZ = 97

240. 00

4

A

200.00

160.00

g

120.00

i

RESOLUTION «10°

80.00

00

40.

(=3
(=]

A ¥ L
©(20.00 160.00  200.00  240.00  280.00 ,320.00  360.00  400.00
MASS IN A.M.U. «10

Figure 8. Plot of resolution vs. mass for mixture producing the
spectrum in Figure 7.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



8. BROWN AND WILKINS  Laser Desorption-FTMS 137

the amount of fragmentation useful for structural determination
drops off substantially at higher masses and 1s not unique to
LD-FTMS. The use of ion activation methods to induce further
fragmentation should provide more structurally important
fragments. Collision-activated dissociation (CAD), which is typi-
cally employed, suffers from poor efficlency at higher masses. An
alternative approach employing photodissociation is especially
well suited to FTMS. By employing two lasers, one to desorb and
ionize (a CO; laser) followed by a second laser pulse (an excimer
laser) to photodissociate the trapped ions, a significant improve-
ment in structurally relevant fragmentation should be possible.
Work by McIver (15) has already demonstrated photodissociation of
simple peptide fons which had been formed by chemical ionization
methods. By using a pulsed COj laser to generate the ilons, more
non-volatile samples may be explored. In addition, multiphoton
lonization studies of the desorbed neutrals produced by the pulsed
COy laser should also be possible.

Our excimer laser is currently used to pump a dye laser at
308 nm. Although this is not an optimum wavelength for photo-
dissoclation of most molecules, a preliminary result of the two
laser experiment is shown in Figure Y. Figure 9a is the pulsed
CO7 laser desorption spectrum of Rhodamine B, with all ions below
the (M—C1)* ion ejected. Figure 9b results from using an iden-
tical pulse sequence with the excimer fired after the normal pump—-
down delay (5 sec.) for laser desorbed neutrals to be removed from
the cell. The spectra are plotted on the same absolute intensity
scale. The 1lons produced appear to result from successive losses
of small neutral species, with the major fragment being loss of
(HCOOH) from the (M-C1l)* or loss of (NaCOOH) or (KCOOH) from the
cationized species. Subsequent additional losses of (C2H4) and
[(CZH4)N(CHZCH5)] account for the majority of ions. It should be
noted that all of these ions are also produced in the laser
desorption spectrum prior to ejection, but in much lower abundan-
ces. Although this 1is not a particularly difficult sample, these
preliminary results are encouraging. Future plans include use of
a lower UV wavelength, which should be applicable to a wider range
of samples. We also intend to explore the possibility of examin-—
ing the desorbed neutrals by multiphoton ionization. Accurate
mass measurements on the fragments, which were not performed for
the current work, should help in assigning fragment composition as
well as understanding fragmentation pathways. Accuracies of
~1 ppm error for ions produced by LD-FIMS with masses of over 1300
amu have been reported (7). The usefulness of such data for high
mass ions (>1000 amu) is questionable due to the preponderance of
molecular compositions at these masses which are within even a
1 ppm error.

Conclusions

The analytical applications of LD-FTMS have just begun to be
developed. As more work is done, LD-FIMS will continue to be
applied to analysis of difficult samples. It is a promising tech-
nique for stable samples such as polymers, organometallics and
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porphyrins, as well as many insoluble samples. Continued work in
the area is expected to improve both the mass range and sen-
sitivity while better instrumentation and understanding of the ion
dynamics of FTMS should result in the realization of the high
resolution promise of FTMS at high mass. Given 1ts present state
of development, LD-FTMS can provide unique capabilities for solu-
tion of a variety of analytical problems.
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Chapter 9

Infrared Multiphoton Dissociation
of Laser-Desorbed Ions

Clifford H. Watson, Gokhan Baykut’, and John R. Eyler

Department of Chemistry, University of Florida, Gainesville, FL 32611

Output from both gated continuous wave and pulsed
carbon dioxide lasers has been used to desorb ions from
surfaces and then to photodissociate them in a Fourier
transform ion cyclotron resonance mass spectrometer.
Pulsed CO, laser irradiation was most successful in
laser desorption experiments, while a gated continuous
wave laser was used for a majority of the successful
infrared multiphoton dissociation studies. Fragmenta-
tion of ions with m/z values in the range of 400-1500
daltons was induced by infrared multiphoton dissocia-
tion. Such photodissociation was successfully coupled
with laser desorption for several different classes of
compounds. Either two sequential pulses from a pulsed
carbon dioxide laser (one for desorption and one for
dissociation), or one desorption pulse followed by
gated continuous wave irradiation to bring about dis-
sociation was used.

The technique of laser desorption (LD) has been widely used in mass
spectrometry (1,2) to desorb and to ionize high molecular weight or
other nonvolatile samples, most often using time-of-flight (3,4) or
Fourier transform ion cyclotron resonance (FTICR) (5,6) mass spec-
trometers for mass analysis., In this technique, highly focussed
laser irradiation, most often with a power density of at least 10
w/cmz, is used to desorb and ionize a solid sample that has been
inserted into the high vacuum system of the mass spectrometer.

The primary advantage of 1laser desorption is that abundant
molecular or pseudomolecular ions are produced for many different
classes of compounds. Positive pseudomolecular ions are most often
formed by attachment of a cation, typically a proton, potassium, or
sodium ion, to the parent molecule. Negative pseudomolecular ions
can also be formed by laser desorption, usually by loss of a
proton, or by electron attachment to molecules with a positive
electron affinity. Often little fragmentation occurs (making this
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one of the "soft" ionization techniques), and the strong molecular
jon signal (M*, (M + H)*, (M + Na)t, (M + )Y, M, or (M - H)T)
provides molecular weight information.

Although an abundant molecular ion peak 1is important in
determination of the molecular weight of a compound, fragmentation
is often desirable to characterize the molecular structure.
Several techniques have been applied to achieve fragmentation; most
notable are collision induced dissociation (7) and photodissocia-
tion (8,9). Thus, it would be advantageous to combine one of these
techniques with laser desorption to obtain both molecular weight
and structural information. One possible drawback of collision
induced dissociation is difficulty in dissociating larger ioms (10-
12) because of an inability to impart sufficient internal energy to
them in collisions with much lighter target gases.

Fourier transform ICR mass spectrometry is ideally suited for
LD ionization because, as with time-of-flight (TOF) mass spectrom-
eters, a complete mass spectrum can be obtained for every laser
pulse. 1In addition, FTICR analysis offers much higher mass resolu-
tion than can be attained by TOF, even after modifications to the
TOF instrument such as the addition of reflecting grids. High mass
resolution can be quite important in the desorption and fragmenta-
tion of large molecules, including those of biological relevance.

Earlier studies from our laboratory (13,14) have shown the
feasibility of coupling gated continuous wave (cw) CO, lasers with
an FTICR mass spectrometer to photodissociate ions trapped there.
The ability to hold ions in a constrained irradiated volume permits
facile photodissociation of ions with low to moderate molecular
weights. Combination of these two laser techniques (LD to produce
ions and photodissociation (PD) to fragment them) was thus of great
interest. This chapter discusses the success of this coupling when
applied to compounds with molecular weights in the range of 100-600
daltons.

Experimental Section

Experiments were carried out in a Nicolet FI/MS - 1000 mass spec-
trometer. The standard laser desorption interface supplied by the
manufacturer was used. As shown by the solid 1line in Figure 1,
light from a Lumonics TE 860 grating-tuned pulsed Co, (infrared)
laser entered the vacuum chamber through a ZnSe window and was
focused by a ZnSe lens of 1.25 cm diameter and 5 cm focal 1length
onto a solids probe containing the analyte. An Apollo 570 con-
tinuous wave grating-tuned CO, (infrared) laser, gated by a trigger
pulse from the FTICR electronics, was also employed for laser de-
sorption. However, its output was of insufficient power density to
generate ions reliably and so its usage was limited.

Both the pulsed and cw lasers were used for photodissociation
of gaseous ions produced by laser desorption. The cw laser had a
maximum output power of 50 watts at 10.61 micrometers and a beam
diameter of 6 mm. The pulsed laser produced 2.6 joules in a pulse
of 1 microsecond duration at 10.61 micrometers and had a 2 x 3 cm
rectangular beam shape. Modifications of the FTICR vacuum chamber
that facilitate ion irradiation have been reported previously (13).

In the "one laser experiment" (Figure 1), the ions were
desorbed by a single laser pulse using a focussing lens. A mirror
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outside the vacuum chamber was then rotated so that a second
unfocussed laser pulse entered the analyzer cell and irradiated the
stored ions. The external mirror was then returned to its original
position for the next experiment. Unfortunately, a very large K

signal was observed for both the focussed and unfocussed pulses,
and the unfocussed laser pulse often desorbed contaminant neutrals
from the cell plate opposite the beam reflector shown in Figure 1.

Difficulty in eliminating k* ions and contaminant neutrals
formed during the second laser pulse, and problems with alignment
of the laser beam when moving the external mirror suggested the use
of a second laser, the cw CO, laser, to photodissociate ions pro-
duced by the pulsed laser. In the "two laser" experiment, shown in
Figure 2, the conventional Nicolet solids probe was replaced by a
NaCl window mounted on a hollow stainless steel tube that extended
into the vacuum chamber to within a few millimeters of the FTICR
cell. Typically 1-5 mg of analyte was dissolved in 3-5 ml of
either acetone or ethanol and a portion of this solution was
deposited using a micropipette onto the opposite end of the tube
from the window and nearest to the cell. This assembly served as
both sample support and as a second window for laser irradiation of
the ions. Following sample preparation, the tube assembly was in-
serted into the vacuum chamber through the solids probe inlet. As
shown in Figure 2, the pulsed laser beam was directed into the cell
using the same optics as in Figure 1 to desorb the ions in the
normal manner. The (gated) cw laser beam entered the vacuum
chamber through the salt window mounted on the tube. Ions were
formed by LD using focussed light from the pulsed laser. After a
delay of 1-3 seconds to allow the initial pressure burst due to
desorbed neutrals to dissipate, the cw laser irradiated the ions
for 0.5-3 seconds until significant photodissociation was observed.

The hollow tube could be rotated, and its tip was divided into
8 different areas in which there was no overlap of the pulsed laser
beam. Samples deposited on each area produced significant ion
signal for a range of 3-20 laser pulses, depending on the sample
and preparation characteristics. The standard experimental method
used involved collection of an LD, an LD/PD, and a second LD mass
spectrum. This procedure provided a reference spectrum with no
photodissociation both before and after the LD/PD spectrum, and
eliminated the possibility of observed photofragments originating
from some unknown source.

Photodissocliation of larger ions (>200 daltons) formed by
electron impact was also studied. These ions were produced by
electron ionization of vapor sublimed from the standard heated
solids 1insertion probe. Probe temperatures of 150-200°C were
employed. This process gave rise to a low abundance of molecular
ions. Therefore a variable length (100-1000 ms) reactive delay
time was utilized to produce ions by ion/molecule reactions.
Fragment ions formed by electron impact reacted with the neutral
background molecules to produce the various ions of interest.

Samples were obtained from commercial sources, or acquired
from various research laboratories. Sample purity was confirmed by
wide mass range spectra, and the samples were used without further
purification.
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Figure 1. Configuration used for single laser experiments with
a pulsed CO, laser. During the first laser pulse, the beam was
focussed through the lens and formed ions by laser desorption.

A rotatable mirror directed the second, unfocussed laser beam
into the cell to dissociate trapped ions by multiphoton dissoci-
ation.

(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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Figure 2. Configuration used for double laser experiment. A
pulsed CO, laser (laser 1) was used to desorb and ionize the
sample ana a cw C0p laser (laser 2) was used to dissociate the
trapped ions.

(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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Results and Discussion

Photodissociation of large ions. Before attempting photo-
dissociation of moderate molecular weight ions formed by laser
desorption, initial experiments were carried out to verify that
ions in the 500-1500 dalton range of molecular weight could, in
fact, be made to dissociate by the absorption of Co, laser
irradiation. These larger ions, with their many degrees of freedom
and higher density of states, are expected to appear "black™ in the
infrared region; that is, their infrared absorption spectrum should
be nearly continuous, leading to a high probability that they will
absorb infrared photons. The question of whether internal excita-
tion produced by infrared absorption would be relaxed by radiative
or collisional processes faster than such energy might accumulate
in certain modes leading to bond rupture was of great interest.
Three compounds were studied using electron impact ionization to
see if earlier work (3,14) on ions of molecular weights in the 50-
200 dalton range could in fact be extended to ions of substantially
higher m/z values.

An ion of nominal m/z 442 was produced from cis-dichloro-
trans-dihydroxo-bis-2-propanamine/platinum (IV) (CBIP) by
ion/molecule reactions (IMR) of the major electron impact (EI)
fragment ion with the neutral molecule. As shown in Figure 3, this
ion dissociated when irradiated by the cw laser for ca. 500 ms to
produce two daughter photofragment ions, m/z 366 and m/z 311, by
loss of various ligands (Equation 1).

m/z 441 + nhy » m/z 366 and m/z 311 (1)

Shown in Figure 4 is the photodissociation of protonated N,N'~
bis(4,6-dimethoxysalicylidene)-4-trifluoromethyl-o-phenylenediimin-
ato cobalt (II) (CoSALOPH), which is also produced by ion/molecule
reactions of electron impact fragments with the neutral molecule,
This ion dissociated by loss of a methyl group (Equation 2).

m/z 562 + nhy + m/z 547 (2)

The ion produced by electron attachment to tris(perfluoro-n-
nonyl)triazine dissociated when irradiated by 1light from the cw
laser as shown in Figure 5 (Equation 3).

n/z 1485 B2 n/z 1066 (3)

This is the highest molecular weight compound for which infra-
red multiphoton dissociation has been observed in our laboratories
to date. A similar pathway was indicated by the collision-induced
dissociation spectrum of this ion. Limited CID experiments were
performed on some of the other laser-desorbed ions discussed here
and in general the CID and PD pathways were the same.

Use of a single laser for desorption/dissociation. Photodissoci~
ation of small gaseous ions using a pulsed CO, laser has been
reported (15), so an attempt was made both to form ions and to
photodissociate them with sequential laser pulses from the same
pulsed laser using the irradiation scheme shown in Figure 1. As
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Figure 3, Top. Ion/molecule reaction product formed by reaction
of cis-dichloro-trans-dihydroxo-bis-2-propanamine platinum (IV)
with its 50 eV electron impact fragments. Bottom. Dissociation
pattern produced upon irradiation with cw COy laser, same exper-—
imental conditions and delay times as in the top spectrum,
(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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Figure 4, Top. Protonated N,N'-bis(4,6-dimethylsalicylidine)-
4-trifluoromethyl-o-phenylenediiminato cobalt (II) (CoSALOPH)
formed by reaction of the neutral molecule with fragment ions
produced by electron impact at 50 eV, Bottom. Dissociation
obtained upon irradiation with the cw €0, laser, same experimental
conditions and delay times as in the top spectrum.

(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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Tris(perfluorononyl)-s-triazine, M-
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Figure 5. Top. Negative molecular ion of tris-n-nonyl fluoro-
triazine formed by capture of thermal electrons., Bottom.
Dissociation obtained upon irradiation with cw CO, laser, same
experimental conditions and delay times as in the top spectrum.
(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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reported in the experimental section, a large Kt signal always
appeared during the pulsed laser desorption experiment. The inten-
sity of the Kt signal was reduced somewhat by adjusting various
delay times, and ejecting this ion during the laser beam duration
and for 50 ms following the end of the laser pulse. Time resolved
LD mass spectrometry (4) has shown that significant amounts of kt
are formed for up to 30_milliseconds following the laser desorption
pulse. Under these ejection conditions, photodissociation of the
t-butylpyridinium cation (from the perchlorate salt) produced by
laser desorption was observed. As shown in Figure 6 the t-
butylpyridinium cation, m/z 136, dissociates under pulsed laser
irradiation with loss of C,H, to produce an ion of m/z 80, which is
most likely protonated pyridine (Equation 4).

m/z 136 + nhy » m/z 80 (4)

The magnitude of the photodissociation effect is quite small in
this case. A new FTICR analyzer cell has recently been constructed
that will permit passage of the laser beam through the cell without
striking any of the cell plates. Gentle focussing of the pulsed
laser beam should then increase the laser fluence in the center of
the cell, and improve photodissociation efficiency.

Use of two lasers for desorption/dissociation. N,N'-bis(4,6-
dimethoxysalicylidene)-4-trifluoromethyl-o-phenylenediiminato
cobalt (II) (CoSALOPH): This compound was selected as a test case
since its PD pathways were known (see Equation 2 and Figure 4) and
significant amounts of (M + H)Y were observed following laser
desorption. Photodissociation behavior observed following laser
desorption was identical to that seen when electron impact was used
to produce the ions (Equation 2 and Figure 4).

The fragmentation observed for this ion is not of great
assistance in assigning molecular structure, since only a methyl
group is lost from the periphery. This illustrates one potential
weakness in the use of infrared multiphoton dissociation (IRMPD)
for structure elucidation: the dissociation pathways accessed are
those (usually few) of lowest activation energy (9). If these
pathways correspond to the loss of small pendant groups from a
large molecular ion, no meaningful structural information can be
obtained. However, similar behavior would also be expected for
these ions with collision-induced dissociation, since inefficient
collisional transfer of energy would also only access the lowest
activation energy fragmentation pathways.

Sucrose: Observation of the molecular ion produced by laser
desorption (16) and LD followed by electron impact (Hein, R. E.;
Cody, R. B., Nicolet Instrument Corp., personal communication,
1986.) has been reported for sucrose. The negative ion mass
spectrum following laser desorption reveals an (M - 1)” ion at m/z
341. When irradiated, this ion dissociates with production of ions
at m/z 251, 249, 179 and 161 as shown in Figure 7. The ion at m/z
161 corresponds to the loss of a water molecule from one mono-
saccharide unit. The ion at m/z 179 most likely results from loss
of one monosaccharide unit. Since both glucose and fructose have
identical molecular formulae, it is not possible at this time to
assign a definitive identity to this ion.
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Tert-butylpyridinium perchlorate, laser desorption
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Figure 6, Top. Tert-butylpyridinium cation formed by laser
desorption from its perchlorate salt, Bottom. Dissociation
achieved with a single laser pulse from a pulsed COy laser, all

other conditions identical to the top spectrum.

(Reproduced from ref. 18. Copyright 1987 American Chemical

Society.)
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Figure 7. Top. (M-H)~ ion of sucrose formed by desorption with
pulsed CO, laser beam, Bottom, Dissociation upon irradiation
with the cw COp laser. Experimental conditions are same as in
the top spectrum.

(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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The two fragment ions discussed above (m/z 179 and m/z 161)
were observed in the negative LD/EI mass spectrum (Hein, R. E.;
Cody, R. B., Nicolet Instrument Corp., personal communication,
1986.) of sucrose. The fragment ions with m/z 251 and m/z 249,
however, are unique photodissociation products. The ions formed at
m/z 251 and 249 correspond to loss of C;H404, and C3HgO, respec-
tively, suggesting that one of the monosaccharide chains may have
opened as a result of ionization; otherwise photodissociation
brings about the cleavage of two bonds. It is not known at this
time whether these ions are produced by separate pathways from the
(M~1)" ion or from consecutive photodissociations.

Hesperidin: In negative ion LD, an ion of m/z 612 was pro-
duced from the sodium salt of hesperidin phosphoric acid ester.
This ion was observed to dissociate by loss of the attached sugar
to produce an ion at m/z 301 when irradiated by the cw CO2 laser as
shown in Figure 8 (Equation 5).

m/z 612 + nhy + m/z 301 (5)

Recent experiments involving hesperidin itself reveal a similar
dissociation as well as production of m/z 327 via a second fragmen-
tation pathway.
N-[2-(5,5—Diphenyl-2,4-1m1dazolidinedion—3-yl)ethyl]-7-

acetoxy-1-napthalene sulfonamide: This substituted sulfonamide has
a molecular weight of 543 daltons, and in the positive LD mass
spectrum two ions at m/z 566 and m/z 582, corresponding to attach-
ment of sodium and potassium ions, respectively, were observed. No
significant photodissociation pathway other than loss of the at-
tached cation was seen for either of these two ions. In the nega-
tive ion LD mass spectrum, an ion at m/z 500 originating from loss
of C,H,0 was observed. This ion photodissociated when irradiated
by the (gated) cw laser to produce an ion at m/z 251 (see Figure 9)
(Equation 6).

m/z 500 + nhy +» m/z 251 (6)

High resolution mass analysis of the ion at m/z 251 indicated that
it has the empirical formula C15H11N202', and is thus the 5,5~
diphenyl-2,4-imidazolidinedione anion, resulting from cleavage of
the C-N bond next to the imidazole ring.

Conclusions

The feasibility of using laser photodissociation to further frag-
ment ions produced by laser desorption has been demonstrated for
moderate molecular weight compounds. This technique would be
expected to work equally well for both positive and negative ions
formed by laser desorption. However, for the compounds reported
here, negative ion laser desorption usually produced much higher
intensities of molecular or pseudo-molecular ions than the
corresponding positive ion mode. Applications of ultraviolet Qﬁy
and two photon visible (17) photodissociation have been demon-
strated and could be adapted for the photodissociation of laser
desorbed ions. We are extending this work to larger molecular
weight compounds, and are also modifying our vacuum system to allow
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Figure 8. Top. Negative ions formed by laser desorption from
Na-salt of hesperidin phosphoric acid ester using pulsed COy laser.
Bottom. Dissociation upon irradiation with a cw CO, laser. Exper-
imental conditions are identical to those of the top spectrum.
(Reproduced from ref. 18. Copyright 1987 American Chemical
Society.)
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Figure 9. Top. Negative fragment ion formed from the substituted
Bottom,

sulfonamide by laser desorption using pulsed COy laser.

Dissociation upon irradiation with a cw CO, laser, all other con-
ditions identical to those in the top spectrum.
(Reproduced from ref. 18. Copyright 1987 American Chemical

Society.)
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the use of a NJd:YAG pumped dye laser system for studies similar to
those discussed here.
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Chapter 10

Gas-Phase Photodissociation of Transition
Metal Ion Complexes and Clusters

Robert L. Hettich ' and Ben S. Freiser

Department of Chemistry, Purdue University, West Lafayette, IN 47907

Highlights are presented from our recent work
on the photodissociation of three categories
of transition metal ion species: (I) MLY
(L=ligand), (II) ML.%, and MFe* (M=z3d

metal). The results indicate that these
species absorb broadly in the ultraviolet

and visible spectral regions, Because of

this broad absorption, photodissociation
thresholds are attributed to thermodynamic
factors and yield absolute bond energies.
Isomer differentiation is demonstrated by
observing differences in cross sections,
spectral band positions, and fragmentation
pathways. Interestingly, product ions
generated by photodissociation are found in
some cases to differ significantly from

those produced by collision-induced dissoci-
ation, Sophisticated pulse techniques, which
permit the multistep synthesis and isolation
of a wide variety of organometallic ions,
together with the long ion storage times, make
FTMS ideally suited for these studies.

Over the past several years, the area of gas-phase
transition metal ion chemistry has been gaining increas-
ing attention from the scientific community [1-16]. Its
appeal is manifold: first, it has broad implications to a
spectrum of other areas such as atmospheric¢ chemistry,
corrosion chemistry, solution organometallic chemistry,
and surface chemistry; secondly, an arsenal of gas phase
techniques are available to study the thermochemistry,
kinetics, and mechanisms of these "unusual" species in
the absence of such complications as solvent and ligand
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effects; and, thirdly, the highly controlled nature of
these gas phase experiments permits the study of specific
ligand effects and provides data for direct comparison to
theory, as new theoretical treatments emerge.

How does the gas-phase chemistry of a bare and,
therefore, highly coordinatively unsaturated transition
metal ion compare to its solution counterpart? As a
representative example, Beauchamp and coworkers groposed
Scheme I for the dehydrogenation of butane by Ni"[2].

The mechanism shown has analogies to solution organo-~

Scheme I

+ + //\ +
Ni + /'_\ —-_9/_ Ni—\ _ > H/Ni —\

H\ /\\
— omt s |-+
2

H 76/

metallic chemistry, but is unusual in that oxidative
addition of the metal cation is proposed to occur at the
C-C bond as opposed to the C-H bond, which is the exact
opposite of what is generally observed in solution
studies, Oxidative addition of Fe+ Co+ and Ni* to C-¢C
bonds in longer chain alkanes appears to be general [3-7].

In order to propose a mechanism such as that shown
in Scheme I, it is evident that not only must the product
ion mass-to-charge ratio (empirical formula) be
determined, but also the structure of the ion must be
elucidated. Clearly, a different mechanism involving C-H
insertion might have been proposed if the NiC
product had been Ni*-butene instead of Ni(ethgn%)

Several effective structural probes are available to the
gas~-phase ion chemist including collision-induced dissoci-
ation [3,4a,4b], ion-molecule reactions (for metal ion
complexes, ligand exchange [1-3] and H/D exchange [5] are
commonly employed), and use of specifically labelled
neutral compounds [2,6,7T]. Each of these methods was
applied to the reaction shown in Scheme I and confirm the
presence of Ni(ethene)

Another important®consideration in formulating a
mechanism is whether each step, as well as the overall
process, is thermodynamically feasible. In Scheme I
the first step involves cleaving the central C-C bond
and forming two Ni*-C bonds. Thus, the determination
of metal-ligand bond energies is critically important.
Again, several powerful gas-phase techniques can be
applied to this problem. Among these, the determination
of endothermic reaction thresholds from ion-beam experi-
ments has yielded the majority of the absolute values
currently in the literature today [1,8,9]. Ligand dis-
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placement reactions and equilibrium measurements have
yielded accurate relative metal ion - ligand bond
energies for a variety of metal cations and ligands
[10,11]. Observation of exothermic ion - molecule
reactions can provide limits on these energies and, most
recently, competitive ligand loss by collision - induced
dissociation has shown promise both for qualitative and
quantitative bond information [12].

Despite the successes of the above mentioned
techniques for structure and bond energy analyses, in-
herent uncertainties and limitations in each method make
it important to develop new and independent tests for
comparison., In this regard our laboratory has initiated
an intensive effort to study the gas-phase photodissocla-
tion of transition metal containing ions [13-16].
Although a good deal of information is available on the
photodissociation of organic ions [17,18], relatively
little work has been done on organometallic ions [19,20].
FTMS is ideally suited for these studies because of the
wide variety of interesting ions that can be generated
and because of the long storage times which permit
irradiation of the ions, 1In this paper some of the high-
lights of our work 1s presented together with a descrip-
tion of the methodology and the types of information that
can be obtained from these studies,

Experimental Section

The theory and instrumentation of Fourier transform
mass spectrometry (FTMS) have been discussed extensively
in this book and elsewhere [21-23]. All experiments were
performed on a Nicolet prototype FTMS-1000 Fourier trans-
form mass spectrometer previously described in detail [24]
and equipped with a 5.2 em cubic trapping cell situated
between the poles of a Varian 15 in. electromagnet
maintained at 0.85 T. The cell was constructed in our
laboratory and utilizes two 80% transmittance stainless
steel screens as the transmitter plates. This permits
irradiation with a 2.5 kW Hg~Xe arc lamp, used in
conjunction with a Schoeffel 0.25 m monochromator set for
10 nm resolution. Metal ions are generated by focusing
the beam of a Quanta Ray Nd:YAG laser (either the fund-
amental line at 1064 nm or the frequency doubled line at
532 nm) into the center-drilled hole (1 mm) of a high-
purity rod of the appropriate metal supported on the
transmitter screen nearest to the laser. The laser
ionization technique for generating metal ions has been
outlined elsewhere [25].

Details of the collision-induced dissocilation (CID)
experiments have been described [26]. Argon was_gsed as
the collision gas at a total pressure of ~4 x 10 torr.
The collision energy of the ions can be varied (typically
between 0 and 100 eV). A Bayard-Alpert ionization gauge
was used to monitor static pressures.

Each of the chemicals was obtained commercially and
used without further purification, except for multiple

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



158 FOURIER TRANSFORM MASS SPECTROMETRY

freeze-pump-thaw cycles to remove non-condensible gases,
Electron impact mass spectrometry indicated no detect-
able impurities. All samples were admitted to the cell
through a General Valve Corp. Series 9 pulsed solenoid
valve [27]. The pulsed valve, which was triggered con-
currently with the laser pulse used to generate the metal
ions, introduced the reagent gas into the gacuum chamber
to a maximum pressure of approximately 10°° torr.
Although the pulse duration of the valve was 2 ms, the
high pressure of the reagent gas had a rise time of

about 200 ms and was pumped away by a high speed 5 in.
diffusion pump in approximately 400 ms. Swept double
resonance pulses were then used to isolate the ion of
interest, which was subsequently trapped for 3-6 seconds
(determined by the ion's cross section for photodissocia-
tion) either in the presence or absence of radiation. For
each ion, two sets of6photodissociation spectra were
taken, one at 2 x 10°° torr argon, to permit collisiggal
cooling, and another at a background pressure of ~10

torr [28]. 1In all cases, data from the collisionally
cooled ions are presented.

Photodissociation spectra were obtained by monitoring
the appearance of ionic photoproduets as a function of the
wavelength of light. Shot-to-shot variation of the laser-
generated metal precursor ions made monitoring the photo-
disappearance of the parent ion impractical. Assuming a
one-photon process [17,29]), the photodissociation of ABY,
eq. 1, can be described by first-order kinetics, eq. 2,
where o1 and 02 are the absolute cross sections for

ABY + W ——> Pl" (1)

— P2+

d(AB*)/dt = =(o, + 02)I(AB+) (2)

1

production of the photoproducts P * and P +, re-
spectively, and I is the photon flux. In%egrating eq. 2
and substituting (ABY) = (AB¥), + (P,), =+

(p +) relates the extgnt of phogodissociation to the

cr%ssh%ection at a given wavelength, eq. 3, where Ot H
Oy + O is the tﬁPal cross section and t is the
+
P + P
Inf1 + 1 % 2= oIt (3)
aB*

irradiation time. Solving eq. 3 for o, and plotting that
value as a function of wavelength, appropriately correct-
ing for blanks (no light), yields the photodissociation
spectrum of the ion (i.e., relative o, vs. wavelength).
Clearly, the correct spectrum requires that all of the
photodissociation products be detected. Photoappearance
curves for the individual photoproducts can be obtained,
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for example, by solving eq. 4 for O, and plotting it as
a function of wavelength, Each spectrum reported is an

+
[_.___.. ] 1ﬂ[l + th = o0, It (4)
P B+

1
average of several trials, The reproducibility of the

peak intensities is + 40% and peak locations is ¢+ 10 nm.
Photodissociation thresholds were confirmed by using cut-
off filters.

To obtain absolute values for the cross sections of
the ions being examined, the photodissociation of
c 58* (fgom toluene at 20 eV) at 410 nm [0 (410 nm)

0 05 A°] [30] was compared to the photodissociation
of a given ion at its A both taken under similar
experimental conditions.m fll cross sections determined
in this manner have an estimated uncertainty of + 50%
due to instrumental variables.

Besults and Discussion

Lhemical Systenms

As listed below, our initial studies have focussed
on three general categories of metal containing ions:

1. ML*Y (L = O, s, CH,, CH

c HG etec.) 3 CuHG’ CHHB,
676 *

-+
II. ML, (L C,Hy, C3Hgy CgHg, ete.)

III. MFe* (M = 3d Series)

Photodissociation of simple metal ion-ligand species (I)
can provide information on their absorption character-
istics (e.g., is the absorption of light metal or ligand
localized or of a charge transfer nature?), structure
(particularly in the case of isomers), and bond energy,
as discussed in greater depth below. The addition of a
second ligand (II) allows one to study the effect of that
ligand on the bond energy of the first (i.e,, are there
any synergistic affects?), as well as its effect on the
shape and cross section of the photodissociation spectra.
As shown in Scheme I, oxidative addition of a metal 1ion
results in formation of two new bonds to the metal center.
In formulating a simple energy diagram for such a process,
it is generally assumed that the total ligand bonding
energy is the sum of the two individual metal ion-ligand
bond energies. While some information is available on
multiple ligand systems [10], it is quite rare, and
photodissociation holds promise for greatly expanding the
data base on this question. Finally, the area of clusters
is a rapidly growing one. Our effort in this area has
been to develop a method for synthesizing in situ a wide
variety of dimer (III) [31-33] and trimer ions [34] of
known composition and study their gas-phase chemistry.
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Once again, photodissociation studies can provide
complementary information on these chemically important
species.

Specific Jon Synthesis

The unique feature of FTMS to control both the ion
and neutral populations by using programmable pulse
sequences makes it an extremely powerful tool for generat-
ing in a stepwise fashion specific organometallic fragment
lons for subsequent chemical and photochemical studies.
Figure 1 shows a typical pulse sequence which begins with
an ionization pulse. Concurrently with the laser pulse,
a pulsed valve fires to admit a burst of reagent gas. The
metal ilons react with the reagent gas to form the ion of
interest, either directly in a primary or secondary re-
action, or by a subsequent step such as collision~-induced
dissociation. For example, CoOHY can be made by a direct
primary reaction of Co% with CH_ONO (reaction 5) [13],
while metal dimers of the form MFe* can be synthesized

Co* + CH,ONO —> CooH™ + CH,NO (5)
in a stegwise fashion from Fe(CO)_ by first generating
MFe(CO) followed by collision-igduced dissociation to
generat€ the bare MFe%, reactions 6 and 7 [31-33]. Next,
a series of ion ejection pulses are used to isolate the

MY+ Fe(CO),—> MFe(CO)g_y'+ XCO  (6)
MFe(cO), ,* —ZEB5 MFe* + (5 -X)CO (1)

ion of interest. By this time the reagent gas has been
pumped away, permitting the ions to be stored efficiently
for the relatively long trapping times used for photo-
dissociation. Following an appropiate delay period (with
or without light), detection yields the full mass
spectrum, and finally a quench pulse eliminates all of
the ions from the cell and the whole sequence is repeated.

a [} at

In order to observe photodissociation process 1, three
criteria must be met: first, the ion must absorb a photon;
second, the photon must have sufficient energy to cause
fragmentation; and third, the quantum yield for photo-
dissociation must be non-zero. Figure 2 is useful in
understanding the information inherent in a photo-
dissociation experiment, If the first allowed electronic
state of ABY lies at an energy above that required to
generate the products P,* and P_,* (left side of
Figure 2), the observed photodissociation onset is
spectroscopically determined and yields only an upper
energy limit for the processes in reaction 1. In other
words, even if there is sufficient energy in the photon
to cause ion fragmentation, clearly the process will not
occur if the ion does not absorb the photon. Alter-
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Pulse

CiD
lon Ejection Excitation Defection Quench
Synthesis Separations Product iAnclysis

Structure M
Determination,

Reaction Time ]

Figure 1., Pulse sequence used to synthesize, isolate, and study
specific metal-~containing ions.

AB* + hv —P*, B

Energy

— X —aAB* —X

Figure 2. Energy level diagram depicting cases where photo-
dissociation thresholds are determined by spectro-
scopic factors (left side) and thermodynamic factors
(right side).
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natively, if an allowed electronic state fortuitously lies
at the same energy as the lowest energy process or, as
shown in Figure 2 (right side), there is a high density of
allowed states having energies in the vicinity of the
thermodynamic threshold, the observed photodissociation
onset should accurately reflect the dissociation energy
for process 1 provided the quantum yleld is non-zero,. On-
sets for higher energy products will also reflect the
thermochemistry if rapid internal conversion to a
vibrationally excited ground state occurs randomizing the
energy. Thus, if an ion absorbs light over a broad range,
say from the ir to the uv, then photodissociation can
begin to occur when the photon energy is sufficient to
cause fragmentation. In any event, the photodissociation
spectrum is an indirect measure of the true gas-phase
absorption spectrum and, as such, provides a "fingerprint"
of the ground state structure of the ion.

In general, the state diagram on the left in Figure 2
is a good description for organic ions. As an example, the
photodissociation spectrum of benzoyl cation obtained by
monitoring process 8 has two maxima at 260 nm and 310 nm

+
6H cot + h\;—>061{5 + CO (8)

?ttributed to the transitions 1A B and 1A

2 respectively, and an onset for photodissocgation
at 350 nm or 3.5 eV [18]. The onset is considerably
higher than the actual enthalpy of 2.3 eV required to
decarbonylate the benzoyl ion.

In contrast to the organic ions, all of our work to
date on the chemical systems I, II, and III, suggest that
these metal complexes have a high density of low lying
electronic states and, therefore, absorb broadly yielding
photodissociation onsets which reflect the thermo-
chemistry. In particular, values obtained by observing
photodissociation onsets are found in general to be in
good agreement with those obtained by other techniques
[15]. Certainly, exceptions to this will be found.
Finally, although the information content of these photo-
dissociation spectra is great with regard to ilon structure
and thermochemistry, the high density of low lying elec-
tronic states makes band assignments virtually impossible
at this time. In fact such an interpretation will provide
a real challenge to theorists for years to come.

(I) Photodissociation of ML®

One of the first examples from our laboratory [13]
which suggested that photodissociation thresholds could
yield quantitative metal-ligand bond energles was from a
comparison of the photodissociation spectra of FeOH' and
FeCO* obtained by monitoring reactions 9 and 10,
respectively, and shown in Figure 3. The two spectra are
remarkably similar with two absorption maxima observed
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{a) Energy (eV)
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- FeCO*Fe*+ CO

Relotive Intensity
I

i ()
200 300 400 500 600 700
Wavelength (nm)

Figure 3. (a) Photodissociation spectrum of FeOH*
obtained by monitoring reaction 9 as a
function of wavelength. No photodissocia-
tion is observed at wavelengths greater than
390 nm. (b) Photodissociation spectrum of
FeCO' generated by electron impact on
Fe(CO)_. The observation of photodisssocia-
tion at wavelengths greater than 660 nm was
confirmed by using a cutoff filter.
(Reproduced from ref. 13. Copyright 1984 American
Chemical Society.)
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FeOHtY + hv ———> Fet + 0H (9)
FecO* + hy —— 5 Fe*t + CO (10)

near 290 nm and 335 nm, suggesting that the transitions
are metal localized., The FeOH' spectrum, however, has a
photodissociation threshold of 390 +10 nm, while Feco®

is observed to have a low intensity long wavelength
absorption tail from about bOO to 700 nm. The cutoff
observed at 390 nm for FeOH' yields an absolute bond
energy D°(Fe*-0H) = 73+3 kcal/mol, which is in

excellent agreement with a value of T76+5 kcal/mol obtained
by measuring the ionization potential of FeOH [35] and a
value of 77+8 kcal/mol obtained by bracketing the proton
affinity of FeO [13]. Appearance potential measurements on
FeCO from Fe(CO)_ were interpreted to yield

D®(Fe*-CO) = 60 kBal/mol [36]. These same results,
however, were later reinterpreted to yield Do(Fe -C0) =

38 kcal/mol [37]. Observation of photodissociation re-
action 10 at “700 nm or 41 kcal/mol provides additional
support for the lower value.

As shown in Table I, the evidence is mounting that
photodissociation thresholds do in fact yield accurate
metal-ligand bond energies. If there is a disagreement
between the photodissociation value and the value from an
alternative technique, the photodissociation value tends
to be lower in contrast, for example, to the benzoyl
cation case discussed above, Arriving at a lower value by
photodissociation suggests the possibility that the
precursor ion may be generated with excess internal energy
[4b,38])]. To circumvent this problem, once formed the
precursor ions are permitted to undergo thermalizing
collisions with argon (see experimental section) and the
effect on the threshold, if any, is noted. In addition,
whenever possible, the precursor ion of interest was
generated from more than one neutral source. For the
majority of the systems studied, however, neither the
collisional cooling step nor the synthesis from different
neutral precursors had a measureable effect on the
threshold. One notable acception is FeCH as
discussed below.

Transition-metal methylidenes have been implicated as
intermediates in a variety cf important catalytic trans-
formations including olefin metathesis, the Ziegler-Natta
polymerization of olefins, olefin homologation, and the
heterogeneous Fischer-Tropsch process. Likewise, the
increasing literature on bare MCH * in the gas phase has
shown these species to have inter%sting physical and
chemical properties [39-42]. It is perhaps not surpris-
ing, therefore, that the photochemistry of these species
has proven to be among the most interesting.

Our initial work on MCH,* was for M = Fe and Co
[14], but these studies have recently been expanded to
include M = Rh, Nb, and La [16]. The methylidenes can be
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able E
. p°(A*-B) (kcal/mol)
A" -B photodissociation other
Fe:-cn2 82+5(a) 9615 (b)
Fe”-CH 101+5(a) 115420 (e)
Fel-C 94+5(a) 89 (e)
Co+-CH2 84+5(a) 85+7 (d)
Co¥-CH 100+5(a)
Co -C 90+5(a) 98 (e)
Nb¥-CH, 109+7(d) 112 (d)
Nb*-cH® 14548(d)
Nb7-C >138 (d)
Rh -CH, 9145(d) 9445 (e)
Rh+-CH 102+7(d)
Rh?-C >120 (d) 164416 (d)
La+-CH2 106+5(d) 10645 (d)
La}-CH 1254+8(d)
La -C 102+8(d)
Fe+-CH3 65+5(f) 69+5 (g)
Co CH3 5T+T(f) 61+4 (h)
Fe+ 0 68+5(f) 68+3 (h)
Fe*-s 65+5(f) T4>x>59(41)
Co*-s 62+5(f) T4>x>59(1)
Ni+-S 60+5(f)
v ~C_H 62+5(f)
Cg o B ¥ 2 g 5745 (£)
F -CGH6 55+5(f) 59+5 (J)
Co -C 68+5(f) T1>x>61(k)
+2p86 4825 (1) 4916 (m)
Ti ~Fe 60+6(1) >49 (1)
v ;Fe 75+5(n) >62 (f)
Cr+-Fe 50+7(1)
Fe+-Fe 62+5(1) 58+7 (o)
Co+-Fe 62+5(1) 6216 (o)
Ni'-Fe 6u15§l; <685 Ep;
Cu’-Fe 53+7(1 >52 1
Nb*-Fe 68+5(1) >60 (q)
Ta*-Fe 72+5(1) >60 (q)

(a) Reference 14. (b) Reference 40. (c¢) Beauchamp, J.L.,
private communication. (d) Armentrout, P.B.; Beauchamp,
J.L. J. Chem. Phys. 1981, 74, 2819. (e) Jacobson, D.B.
Freiser, B.S. J, Am. Chem, Soc, 1985, 107, 58T70.

(f) Reference 15. (g) Reference 37. (h) Reference 8.
(i) Carlin, T.J. Ph.D. Thesis, Purdue University, 1984,
(j) Jacobson, D.B.; Freiser, B.S. J, Am, Chem. Soc,
1984, 106, 3900. (k) Reference 31. (1) Reference 16.
(m) Lech, L.M.; Freiser, B.S. unpublished results.

(n) Reference 33. (o) Reference 31. (p) Jacobson, D.B.;
Freiser, B.S. unpublished results. (q) Buckner, S.;
MacMahon, T.; Freiser, B.S. unpublished results.
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formed from a variety of different neutral precursors
depending on the overall thermochemistry. In fact the
reaction or lack of reaction of the metal ions with the
compounds used, which included cycloheptatriene (70 kcal/
mol), ethylene oxide (78 kcal/mol), ecyclopropane (93
kcal/mol), propene (101 kcal/mol), and methane (112 kcal/
mol) where the energy shown in parenthesis is that re-
quired to remove a CH, unit [43], provided the first
indication of their m%tal ion - methylidene bond energies.
Photodissociation of these MCH.* species proceeds by

three pathways, reactions 11-1%. These results were un-
Mt . CH, (11)
+ +
MCH2 + hv MC + H2 (12)
MCH* + H (13)

expected in the first studies on FeCH.% and CoCH +

?
because they were in direct contrast %o the 1ow-%nergy (0-
100 ev) collision-induced dissociation results yielding
exclusive cleavage of CH, to fornm M+, and because both
FeCH.% and CoCH3 photod%ssociate by CH, loss,
exclisively. A”similar difference betwéen the photo-
dissociation and collision-induced dissociation pathways
was observed for LaCH *, whereas observation of both the
carbide as well as th% bare metal ion following collision-
induced dissociation of RhCH.* and NbCH.* more
closely parallels the photod%ssociation pathways observed
for these ions. By monitoring the photodissociation
thresholds for each of the three photoproducts in
rfactions 11-13, bond energies for M- c, M*-CH, and
M -CH, were obtained (see Table I).

Bne of the striking disagreements between a bond
energy determined by photodissociation and one from the
ion-beam experiment is D°(Fe*-CH ) where photo~-
dissociation yields 8245 kcal/mo% [14] compared to the
9645 kcal/mol reported earlier [40]. As mentioned in one
of the above sections, a possible negative determinate
error in the photodissociation experiment can arise if the
precursor ion is internally excited prior to photon
absorption, If so, collisional relaxation of the ions
should result in a higher energy onset, Figure 4§ shows
the long wavelength threshold region for FeCH M photo-
dissociating to Fe*, taken at different pressures,
which is the "worst case"™ we have encountered to date.
Observation of photodissociation beyond 400 nm in Figure 4
would imply D°(Fe*-CH,) < 71 kcal/mol which is
unreasonably low, sin%e the reaction of Fe' with ethylene
oxide to form PeCH.* requires a bond energy of T8 kcal/
mol or greater [433. Adding argon and raising the
pressure clearly results in a decrease of dissociation in
the tail region (> 350 nm) and a slight enhancing of the
peak maximum near 330 nm. While the significant pressure
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quenching may indicate the presence of internally or
kinetically excited FeCH * ions, an alternative
explanation is that the Ion is absorbing two photons
(multiphoton process) [29] although this is believed to
be less likely. Presumably, a sufficiently high pressure
of Ar would, in any event, completely quench the tail,
but reduced trapping efficiency precluded doing this
experiment. The wavelength at which Ar begins to reduce
the photoappearance of Fe* and which corresponds to the
extrapolated onset of the absorption band is about 350 nm
or 82 kcal/mol., The earlier reported value of po(Fe*
~CH,) = 9645 kcal/mol seems high on the basis of the
inténse photoappearance of Fe* at 340 nm even in the
presence of Ar, which requires D°(Fe*-CH_) < 84
kcal/mol., The photodissociation result, however, is con-
sistent with the 77-87 kcal/mol range suggested from
ion-molecule reaction studies [41a]. This example demon-
strates the value of applying a variety of techniques to
determine these important thermodynamic parameters.
Finally, we are continuing to study the underlying
reasons why methylidenes are particularly susceptible to
these long wavelength effects.

Two isomers of CoC H1°+ which can be postulated
as the products of variZus jon-molecule reactions [3] are
shown by structures I and II. Structure I can easily
rearrange to structure II upon activation, as is evident

Co* -U\//\\ ”- co* -U\

I II
from the primary reactions of cot with i-pentene, speci-
fically reactions 16 and 17. These same products are
observed in the CID of Co*-pentene, with the exception
7% +
‘—____*COCSHS + H2 (14)
. _.10_’>Cocu1-16+ + CcHy (15)
Co + —
62% +
_______>CoCBH6 + °2Hu (16)
21%

+
______)Coczﬂu + C3H6 (17
that only a small amount of CoCSHB+ was observed [3].
The ion of structure I can”presumably be made by
reaction 18 [3]. Displacement of propene should allow
the ionic product of reaction 18 to be generated with

Co"'-l N “\/\_.___) Co"'-“\/\ + \k (18)

little excess internal energy, preferentially favoring
structure I over structure II.
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Photodissociation of CoC H1 * from reaction 18,
structure IV, generates five %hogoproducts, reactions
19-23. The percentages of products were taken at ; . =

2%

——> CoC g™+ H, (19)

L 3% coc,m,* + cH, (20)

co*-|| + m _£315>COC3H6+ + CH,  (21)
11

| 1185 coc,m,* + CoHg  (22)

L 22 oot + ooy, (23)

320 nm. The photodissociation spectrum of Co*-pentene2
Figure 5, indicates peak maxima at 320 nm (0 = 0,02 A%)
and 370 nm. All five photoproducts are observed at
wavelengths out to at least 430 nm. If the photo-
appearance of Cot is due solely to reaction 23, then
observation of Co% at 430 nm would imply D°(Co -C H1 )

< 66 kcal/mol. This value must be expressed with %augion,
however, since the primary photoproducts can also further
dissociate to give co*.

. Photodissociation of ML *
II t »

The ion of structure II can be made presumably by
reaction 24 [3]. The high static pressure of argon

-H Ar
cot L\____E%> Co*:U.———e>ll-Co*:U (24)
Cz“u

stabilizes the condensation of C Hu onto CoC H6 .
Photodissociation of CoC_H + frgm reaction §u

(Figure 6) yields only tZrLQ photoproducts, reactions
25-~27, which are all observed at least out to 430 nm. The
relative abundances of these photoproducts were taken at

__il:CoC3H6+ + C,H, (25)
15%

“-Co*-“\ + hy ——900c2}1u"' + CoHg (26)
24¢%

L _>cot + (CSH10) (27)

= 320 nm(o= 0.05 A2). No CoC%H *+ or CoC _H,* are

A

ogggrved, supporting the fact tha ghis ion Zx sts as
structure II., The spectra of these two isomers I and II
are are similar, but the 370 nm peak observed in the .
spectrum of cot- pentene is absent in the spectrum of Co ~
(propene) (ethylene). The enhanced photodissociation
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cross section observed for structure II (ie. 0.05 Az) is
typical of a trend we have observed that photodissociation
cross section tends to increase with the addition of a
second ligand [15]. The difference in cross sections
alone, however, would not be sufficient to distinguish

the two isomers. A photoappearance threshold for Co
reaction 27, could not be obtained due to the secondary
dissociation of CoC * and CoC,H to yield co*.

Recently we reﬁorted that ﬁi?c * could also be
distinguished from three other isomers %Ni ~-butene, Nit-
isobutene, nickelacyclopentane cation) on the basis of its
unique photodissociation spectrum and photoproducts [15].
In particular Ni(C H ) + photodissociates to give two
products of about gqua abundance (by loss of c2H4 and

Continuous ejection of Nit-c Hu allows
rgaction 28 to be monitored. As showWn in Figure 7,

||- ¥¢* =]} + By —>N* + 2 .¢,Hy (28)

reaction 28 is observed for < 370 nm implying D°(Ni+-2
= T7+5 kcal/mol. The fact that th&s value is

n%t significantly different than twice D°(Ni*-C_H,) =

37+2 kcal/mol suggests that synergistic effects are not

very pronounced in this ion. While this may prove to be

typical, it is not expected to be the rule. For example,

preliminary studies on the bis-benzene ions, M(C H

suggest a negligible synergistic effect for M 3 qu

and Sc [u44 a negative effect for La*(i.e., (La

-C.H.) > D (LaC *. H and a positive

effedt for cu' ?i e., B ?Cu -CcHg) < D (Cu06H6

- CgHg) [44].

III. Photodissociation of MFe*

Examination of the bonding and energetics of small
bare clusters has become a topic of considerable interest
in recent years. An exciting array of methods has been
developed to generate clusters of varying sizes and
composition for study in the gas phase. Some of these new
methods include sputtering techniques [45], gas evapora-
tion techniques [46], supersonic expansion techniques
with oven [47] and pulsed laser sources [48], and multi-
photon dissociation of multinuclear organometallic com-~
pounds [49]. As described above, our laboratory de-
monstrated the synthesis of small homonuclear and hetero-
nuclear transition metal cluster ions in situ by using
FTMS [31-33]. For example, reactions 6 and 7 have been
used to synthesize a wide variety of MFe* species., The
clear advantages of this method are that not only is
there a great deal of selectivity in generating specific
clusters, but once formed the full power of FTMS can be
applied to study the chemistry and photochemistry of these
species in detail. This approach is typified by ex-
tensive studies on the reactivities of CoFe® [32] and
vFe' [33] with alkenes., 1In a soon to be published
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paper [16], we expand on this work by reporting on the
photodissociation of MFe*(M = Se, Ti, V, Cr, Fe, Co,

Ni, Cu, Nb, Ta). To summarize those results, both Mt

and Fe  are observed as photoproducts, with the metal
having the lowest ionization potential predominating. The
photodissociation spectra reveal broad absorption in the
ultraviolet and visiBle regions with a rgnge of cross
sections from 0.06 A for VFe™ to 0.62 for for CrFe*
Bond energies obtained by observing photoappearance on-
sets are in the range of 48 kcal/mol for ScFe* to 75
kcal/mol for VFe' (see Table I). These studies can be
readily extended to other dimer series, such as MV+,
McrY, and MCo® generated in analogy to reactions 6

and 7 from V(CO)_., Cr(cO0),, and Co(CO),NO, respect-
ively, as well a8 to trimérs [34] and aigher order
clusters. Clearly, the surface has just been scratched!
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Chapter 11

Fourier Transform Mass Spectrometry
Studies of Negative Ion Processes

Michelle V. Buchanan and Marcus B. Wise

Analytical Chemistry Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831-6120

FTMS has been used to examine negative ion chemical
ionization (CI) reactions which <can be used to
differentiate isomeric compounds. A number of unusual
anions formed in a conventional high pressure CI source
were successfully produced in the FIMS with much lower
reagent gas pressures. Exact mass measurements were used
to establish the elemental compositions of these anions.
Swept double resonance experiments were performed to
elucidate ionic precursors in gas phase reactions. 1In
some cases, the observed anions were found to arise from
reactions with trace impurities that are present in the
vacuum system or the CI reagent gas, such as water and
oxygen.

Negative 1ion chemical ionization (NICI) processes can be very
useful for the differentiation of isomeric polycyclic aromatic
hydrocarbons (PAH) (1). These compounds arlse from both natural
and anthropogenic sources, and are commonly found in complex
mixtures in the environment (2). The physical and biological
properties of PAH are known to vary with molecular structure (3).
Thus, it is often important to be able to distinguish isomeric PAH
in complex mixtures. Conventional electron impact ionization mass
spectrometry 1is often limited in its ability to identify PAH
unambiguously because these compounds typically yield intense
molecular ions with little or no additional fragmentation which
would give insight into the identity of a particular isomer.

In the NICI technique (1), methane was used as a buffer gas to
produce thermal electrons, which were preferentially captured by an
analyte species to form anions. In the case of PAH, it was
observed that the ionization behavior of these compounds under NICI
conditions was related to the electron affinity (EA) of the

compound. Compounds with EA values greater than about 0.5 eV
captured electrons to form molecular anions, whereas PAH with lower
EA values did not ionize. This difference in ionization behavior

0097-6156/87/0359-0175%06.00/0
© 1987 American Chemical Society
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under NICI conditions allowed a number of isomeric PAH to be
distinguished readily. For example, the potent carcinogen
benzo(a)pyrene (EA = 0.64 eV (4)) could be selectively detected and
quantitatively determined in the presence of its relatively benign
isomer, benzo(e)pyrene (EA = 0.32 eV (4)), without interference.

A number of other classes of aromatic compounds have also been
studied to determine the generality of the observed 0.5 eV
ionization threshold. For example, azaarenes (which have a
nitrogen in the aromatic ring) were found to follow the same trend
as the PAH, allowing many isomers of this class of compounds to be
distinguished on the basis of relative electron affinity values.
Thus far, two classes of compounds have been found to be exceptions
to the observed trend in ionization, including condensed aromatic
systems which contain a saturated five-membered ring and amino-
substituted PAH (aromatic amines). In the first case, compounds
such as fluorene were not predicted to ionize under NICI conditions
because they are typically very difficult to electrochemically
reduce (5) and would be expected to have very low electron
affinity values (6). Although molecular anions were not observed
for these types of compounds, anions corresponding to (M + 14)°
were readily formed.

A similar type of behavior was observed in the case of
aromatic amines. Amino-substituted PAH, such as amino-
fluoranthenes, which would be predicted to have EA values greater
than 0.5 eV, did yield molecular anions in a manner similar to non-
substituted PAH. However, aromatic amines which have lower EA
values were also observed to produce anions under NICI conditions,
although not molecular anions. For example, in the NICI spectrum
of 1l-aminoanthracene, the base peak corresponds to (M + 14)7,
while for 2-aminoanthracene, the base peak corresponds to
M + 12)°. The formation of two different anions from these
isomeric compounds suggested that differentiation of positional
isomers of aromatic amines might be possible using the NICI
technique.

The quadrupole mass spectrometer which was used for these
initial studies could provide only 1limited insight into the
formation or structures of these unusual ions from fluorene and
amino PAH. Experiments using substituted fluorenes, such as 1-,
2-, and 9-methylfluorene, 9-phenylfluorene, and carbazole, revealed
that the (M + 14)° ion did not form if the C-9 position was

blocked. Knowing that the (M + 14)° ion was formed by a reaction
at the C€-9 carbon, two possible structures could be drawn for this
anion. One possibility would be 9-methylfluorene (structure I),

which could arise from the addition of CH, to fluorene. Similar
formation of adducts from methane buffer gas under NICI conditions
has been reported (7, 8). Alternatively, fluorene could lose the
two hydrogens at the 9-position and add oxygen to form 9-fluorenocne

(structure II) @

H CH;

I I1
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Fourier transform mass spectrometry (FIMS) is a powerful and
versatile technique for investigating gas phase processes (9-12).
Combined with ion trapping, the ability to perform double resonance
and ion ejection experiments 1is helpful in probing gas phase
reaction pathways. Furthermore, the high resolution and exact mass
measurement capabilities of FIMS permit empirical molecular
formulae of product ions to be easily established. Collisionally
activated dissociation (MS/MS) reactions are often helpful in
probing ion structures, as well. In this paper, FIMS has been used
to examine the reaction pathways involved in a number of NICI
reactions that can be used to differentiate isomeric compounds.
Elucidation of these pathways might make it possible to devise
additional reactions which would distinguish a wider variety of
isomeric compounds using NICI processes. The conditions required
to obtain NICI spectra on the Nicolet FTMS 2000 will be compared to
those of more conventional high pressure CI sources. Finally, the
experiment sequences, which were written to help elucidate the gas
phase reaction pathways observed in these NICI studies, will be
described.

Experimental

Conventional high pressure NICI spectra were obtained using a
Hewlett-Packard 5985B quadrupole GC/MS, as described previously
(1). Methane was used as the CI reagent gas and was maintained in
the source at 0.2-0.4 torr as measured through the direct inlet

with a thermocouple gauge. A 200 eV electron beam was used to
ionize the CI gas, and the entire source was maintained at a
temperature of 200° C. Samples were introduced into the

spectrometer via the gas chromatograph which was equipped with a 25
meter fused silica capillary column directly interfaced with the
ion source. For all experiments, a column coated with bonded 5%
methyl phenyl silicon stationary phase, (Quadrex, Inc.) was used
and helium was employed as the carrier gas at a head pressure of 20
lbs. Molecular sieve/silica gel traps were used to remove water
and impurities from the carrier gas.

The FIMS experiments were performed with a Nicolet
Instruments, Inc. FIMS-2000 equipped with two differentially pumped
2 inch cubic cells and operated at a nominal magnetic field
strength of 3 tesla. The differential pumping system is equipped
with two 1,000 L/s oil diffusion pumps. A metal plate with a 2 mm
diameter hole serves as a vacuum conductance limit between the
cells and supports a pressure difference of approximately 1000:1.
For low pressure CI experiments (10°%® to 107% torr), the CI reagent
gases were introduced into the source cell of the spectrometer
through a batch inlet system equipped with 1 liter expansion
volumes and molecular leaks. For higher pressure experiments
(> 10°* torr), the CI gas was introduced into the system by means
of a pulsed valve arrangement. The reagent gases were ionized with
electron energies typically at 70 eV, although energies as low as
10 eV were used. All samples were introduced into the spectrometer
with a heated direct insertion probe, which was operated at
temperatures between ambient and 250° C. Pressures in the FIMS
cells were measured with ionization gauges. Unless mentioned
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otherwise, the FTMS cells were maintained at ambient temperature
(about 30°C).

All standard compounds were obtained commercially and used as
received. Labelled water, D,0 (99.78 atom % D) and H,180 (97.3
atom % '%0), were obtained from KOR Isotopes (Cambridge, MA) and
MSD Isotopes (Montreal, Canada), respectively. Labelled oxygen,
180, (52.6 atom % !20), was also obtained from MSD Isotopes.
Water samples were subjected to several freeze-pump-thaw cycles to
remove volatile gases prior to introduction into the FIMS.

Several experiment sequences were written for the FIMS-2000
specifically for the NICI studies. One sequence allows ions to be
formed in the source cell under relatively high static pressures
(up to 107*% torr) followed by transfer of the product ions into the
analyzer cell for detection. An important feature of this
experiment sequence is the use of a relatively high trapping
potential (> 2.5 wvelts) in the source cell and a much lower
trapping potential (< 1 volt) in the analyzer cell. This has the
effect of greatly improving the trapping efficiency of the ions
under the high pressure CI conditions, while allowing them to be
detected in the analyzer under the influence of weaker electric
fields for improved exact mass measurements.

For experiments requiring higher pressures of CI reagent gas,
a second experiment sequence was written which incorporates the use
of the pulsed valves supplied with the FTMS. In this sequence, the
pulsed valves are opened for 6 msec, allowing a high pressure pulse
of reagent gas to enter the source cell. A variable delay is
introduced between the time the valves are opened and the time the
electron beam is turned on. This enables the pressure at which the
initial ionization occurs to be varied. Again, after ion formation
in the source, the products may be transferred into the analyzer
cell for detection if desired.

In order to help elucidate reaction pathways by which the
product anions are formed in the NICI reactions, a Fortran program
was written to perform a swept double resonance experiment. With
this program, the intensity of a product ion is monitored while a
suspected reactant ion 1is continuously ejected from the FTMS cell,
prohibiting it from participating in the formation reaction.
Ejection of a precursor ion results in a decrease in the measured
intensity of the product ion. Experimentally this information is
obtained by collecting a series of spectra in which the mass of the
ejected ion is incremented by a specified amount. This program
allows the user to specify both the mass limits and mass increment
of the ion ejection event. The number of spectra collected at each
ion ejection mass may also be determined by the user. Results are
tabulated on a printer in units of absolute ion intensity for the
product ion of interest versus the mass of the ejected ion. A
graphic representation of the data is also generated on a plotter.
Two versions of this program allow one to either eject ions formed
during the electron beam or during the ion trapping time after the
beam.

All experiment sequences and Fortran programs described above
are avallable from the authors on 8 inch floppy disks. In
addition, source codes and documentation for each program is
available.
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Results and Discussion

Comparison of Chemical Ionization Conditions. A comparison of the
conditions used in the conventional high pressure NICI experiment

and the FTMS experiment are outlined in Table I. One difference
between the two instruments is the reagent gas pressure used for
chemical ionization. 1In the case of conventional CI experiments,
the CI reagent is introduced at relatively high pressures (a few
tenths of a torr) to generate a plasma of ions, electrons, neutrals

and radicals in the ionization source (13). In the case of FTMS,
however, CI reactions can be performed in several different
manners. First, reagent gases may be introduced into the

spectrometer at relatively low pressures (1078 to 10°® torr), and a
delay time (up to several seconds) inserted between reagent ion
formation and detection of product ions to allow gas phase
reactions to occur (l4). Alternatively, pulsed valves (15, 16) may
be used to introduce brief high pressure pulses of gas into the
FTMS cell to approximate conventional CI conditions more closely
and still maintain most of the high performance capabilities of the
FTMS. Finally, with the differentially pumped dual cell design of
the FTMS 2000 (17), a somewhat higher static pressure (1075 to 10°¢
torr) of the CI reagent gas may be maintained in the source cell,
while pressure in the analyzer cell is typically three orders of
magnitude lower. The ions formed in the source cell under CI
conditions can be transferred into the analyzer cell, allowing them
to be detected at prassures which permit much higher performance of
the FIMS, 1including high mass resolution and exact mass
measurement. In this study, most spectra were obtained with a
static pressure of 10°% to 10™* torr of reagent gas in the source
cell, although pulsed valves were used to generate higher pressures
in a few experiments. Reaction times of up to 30 seconds were used
before ion detection in order to observe anion formation.

Table I. Comparison of NICI Conditions

Parameter quadrupole FTMS
Pressure 0.2 -0.4 torr 107% - 107% torr
Electron Beam continuous < .001 - > 1 sec.
Detection < msec > msec
Temperature ambient - 300°C ambient - 250°C

Another difference between conventional high pressure CI and
the FTMS CI experiment 1is the duration of the electron beam event

used to form primary ions and secondary electrons. In the
conventional CI source, the electron beam is on continuously during
the experiment. The FTMS, in contrast, uses a pulsed electron

beam, and the duration of the electron beam event may be varied
from less than a millisecond to over a second. In the NICI studies
using the FTIMS, the electron beam was typically left on for ten
milliseconds. However, it was found that in some cases, which will
be discussed later, it was necessary to use a longer beam time, up
to 1 sec, in order to observe the product ions normally produced
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under the high pressure NICI conditions used on the quadrupole

instrument.
Finally, the time required for the detection of ions also
differs between the quadrupole instrument and the FIMS. In the

quadrupole instrument, ions are typically detected in less than a
millisecond after leaving the ion source, whereas the FIMS
experiment normally requires tens of milliseconds to acquire a
medium resolution spectrum. Therefore, it is conceivable that
short-lived anions, which may be observed with the quadrupole
instrument, may not be readily detected with the FTMS.

In order to assess whether the FTMS could be used to simulate
conventional high pressure NICI reactions, a mixture of fluorene,
fluoranthene, and benzo(a)pyrene was investigated. This mixture
was introduced into the instrument using the heated solids probe
and the resulting spectrum is shown in Figure 1. This spectrum was
obtained with what might be called "typical™ CI conditions for the
FTMS 2000, with the source side of the cell maintained at a static
pressure of 7 x 1078 torr of methane, a 10 msec electron beam, and
a delay time of 30 s after ion formation to allow post-ionization
reactions to occur. For all three compounds, the anions formed
were identical to those observed using the quadrupole instrument,
with molecular anions at m/z 202 and 252 produced from fluoranthene
and benzo(a)pyrene, respectively, while an anion at m/z 180,
corresponding to (M + 14)°, was produced from fluorene.

In the studies outlined below, collisionally activated
dissociation (MS/MS) experiments were attempted as a means of
helping establish the identities of a number of anions. In every
case tried, however, the parent anions appeared to undergo electron
detachment with no daughter ion production observed.

Formation of M + 14 Anions From Fluorene. One of the first NICI
experiments performed on the FIMS was the investigation of the peak
at m/z 180 observed from fluorene, to determine whether the species
formed was similar to 9-methylfluorene (I) or 9-fluorenone (II).
Exact mass measurement of this anion yielded a value of 180.059,
which compared favorably to that expected for the fluorenone
structure of C,;Hy0 (mass 180.058) rather than the 9-methylfluorene
structure of C,, H;, (mass 180.094). To verify this conclusion, a
mixture of fluorene and 9-methyl fluorene was introduced via the
solids probe. The resulting NICI spectrum (18) is shown in Figure
2, in which two distinct ions are observed. One corresponds to the
peak expected for 9-methyl fluorene and the other to 9-fluorenone,
indicating that under NICI conditions, fluorene loses two hydrogens
at the C-9 position and adds an oxygen atom to form a species
similar to 9-fluorenone. It should be noted that in this
particular spectrum, argon was used as the buffer gas, instead of
methane, demonstrating that methane does not participate in the gas
phase reaction. In addition, reactions using !3CH, and CD, as
reagent gases also failed to indicate the participation of methane
in the formation of the m/z 180 anion. Experiments using 9,9-d,-
fluorene (molecular weight 168) also yielded anions at m/z 180,
which corresponds to (M + 0O - 2D), further supporting the
conclusion that the reaction occurs at the C-9 position.
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Figure 1. FTMS NICI spectrum of a mixture of fluorene {(M+14) at m/z 180],
fluoranthene [M~ at m/z 202)], and benzo(a)pyrene [(M~ at m/z 252))
Methane was used as the reagent gas at a static pressure of 7 x 107 torr.
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Figure 2. FTMS NICI spectrum of a mixture of fluorene and 9-methyl
fluorene, using argon as the reagent gas. Observed anions at 180.058 and
180.094 correspond to C H O™ and C H_OT, respectively. (Reproduced with
permission from ref. 18, 806yright 198 W’?lcy.)

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



182 FOURIER TRANSFORM MASS SPECTROMETRY

Knowing that the anion at (M + 1l4) mass units exhibited oxygen
incorporation, experiments were conducted with labelled reagent
gases, including H,'%0 and %0,, to determine the source of the
oxygen. Initial experiments using these labelled reagents and the
conditions typically used for the NICI reactions on the FIMS gave
no indication that either water or molecular oxygen were reacting
with fluorene in the gas phase. Increasing the ion trapping time
prior to detection also did not yield any species in which labelled
oxygen was incorporated. The species at (M + 14)° was still
observed in both- of these cases, but no ion at (M + 16)7,
corresponding to (M - 2H + 180)", was observed.

When the electron beam time was increased to longer times (up
to 500 msec), additional anions were observed. This is illustrated
in Figure 3, which is the NICI spectrum obtained from a reaction of
9,9-d,-fluorene (molecular weight 168) with oxygen-18 using an
electron beam time of 200 msec. A significant anion is observed at
m/z 166, due to loss of a deuterium atom from the C-9 position of
9,9-d,-fluorene. Another anion observed at m/z 165 arises from the
loss of a hydrogen from the fully protonated fluorene which was
present as an impurity in the sample. Spectra obtained using a
much shorter electron beam time did exhibit the characteristic
anion at m/z 180 corresponding to (M + O - 2D) from the deuterated
fluorene was observed, but the analogous anion with 80
incorporated was not observed.

Additional anions were present in the NICI spectrum of 9,9-d,-
fluorene obtained with 80, as the reagent gas and using a 200 msec
beam time which did indicate the incorporation of 180, as shown in
Figure 3. Anions at m/z 181, 183, and 185 were found to
correspond to the general formula of (M + O - H) , where m/z 181
arises from fluorene with %0 incorporation, m/z 183 arises from
d, -fluorene with %0, as well as fluorene and %0, and m/z 185 is
from d,-fluorene and 80. To help identify the precursor ions from
which these products were formed, a swept double resonance
experiment was performed. The results of this experiment indicated
that 80" was the ion which reacts with the 9,9-d,-fluorene to
produce the anion corresponding to (M + %0 - H) at m/z 185, and
that %0~ produces the anion at m/z 183. An interesting
observation was the fact that this reaction involved the loss of a
hydrogen from the ring system instead of the loss of a deuterium
from the labelled C-9 carbon. This is in contrast to the reaction
discussed earlier where the formation of the m/z 180 anion from
fluorene was determined to be due to the addition of oxygen to the
C-9 carbon with the loss of the two hydrogens at that position.

The reaction of fluorene with water was also studied using
longer electron beam times, with the major anion produced being

M - H). Swept double resonance was again used to study this
reaction and the results are shown in Figure 4. In this
experiment, perdeuterofluorene (molecular weight 176) was

introduced via the solids probe and H,'%0 as used as the NICI
buffer gas. The anion at m/z 174, corresponding to (M - D)”, was
monitored as masses from 15 to 22 amu were ejected at 0.2 amu
intervals. Four "peaks", corresponding to decreases in the
intensity of the product ion at m/z 174 were observed in the
resulting swept double resonance plot, at 17, 18, 19, and 20 amu,
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Figure 3. FIMS NICI spectrum of 9,9-d, fluorene using 180, as
a reagent gas (1 x 10°% torr) and a 200 msec electron beam.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



184 FOURIER TRANSFORM MASS SPECTROMETRY

—

I | I I [

16 17 18 19 20 21 22

MASS OF ION EJECTED

Figure 4. Swept double resonance experiment on perdeutero-
fluorene using H,'%0 as a reagent gas. MNass 174 was monitored
as masses from 15 to 21 amu were sequentially ejected at 0.2
amu intervals.
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corresponding to masses 150N, 160D, 180H", and 180D,
respectively. This experiment confirms that these four ions (which
originate from the buffer gas, H,'%0, and traces of H,0, as well as
from the H/D exchange reactions of these two species with the
deuterated fluorene) react with neutral fluorene in the gas phase
to produce the anion at m/z 174.

A summary of the observed reactions with fluorene is given in
Table II. 1In none of the NICI experiments conducted with the FIMS
to date has !%0 from either labelled water or oxygen ever been
observed to be incorporated into fluorene to form the analogous
anion, (M + 80 - 2H)” at m/z 182. Thus, the precursor for this
reaction has not been identified. These experiments have involved
changing a variety of experimental conditions, including cell
temperature, pressure, trapping potential, reaction delay time,
electron beam time, and electron energy. Recently, small
quantitites of 180, were doped into the methane reagent gas used in
the high pressure source on the quadrupole instrument and an anion
at m/z 182 was observed, indicative of incorporation of %0,
although the extent of 20 incorporation was relatively low. It is
possible that the formation of the M + 14 anion from fluorene may
proceed by different pathways in the two instruments.

Reactions of 1- and 2-amincanthracene. As pointed out earlier,
high pressure NICI spectra obtained with the quadrupole mass
spectrometer yielded a possible means of differentiating positional
isomers of aminoanthracene, with l-aminoanthracene producing a base
peak at (M + 14) mass units and 2-aminoanthracene, at (M + 12) mass
units. Initial FTMS studies of NICI spectra of 2-aminoanthracene
obtained with the cell at ambient temperature yielded a base
peak at m/z 192, corresponding to (M - H)", as well as anions at
m/z 193 (M") and m/z 204. Using the conventional high pressure CI
source on the quadrupole mass spectrometer, which was operated at
200° C, the base peak was m/z 205, with anions also observed at m/z
204 (about 60% relative abundance) and m/z 192 (about 50% relative
abundance) . A study was conducted on the quadrupole mass
spectrometer to investigate the effects of ion source temperature
on the product ions observed under negative ion CI conditions for
2-aminoanthracene and the results are shown in Figure 5. A marked
increase in the formation of molecular anions was observed at lower
temperatures. This observation is consistent with other reports of
enhanced molecular anion lifetimes at low source temperatures for
other types of compounds under negative ion CI conditions, such as
azulene (19). At higher source temperatures, the abundance of the
molecular anion decreased as the intensity of (M + 12)° increased.
This same temperature effect was observed in the case of (M + 14)°
at m/z 207 for l-aminoanthracene as well. Based on this
information, the temperature of the FTMS cell was increased to
200° € to more effectively reproduce the conditions of ion
formation in the conventional high pressure CI source.

The FIMS negative ion CI spectra of 1l-aminoanthracene
exhibited anions at m/z 192 (base peak), 207, and 208 when the cell
was maintained at 200° C and methane was used as the reagent gas at
pressures of about 107® torr or higher. As pointed out above, as
the cell temperature was decreased, the intensity of the anion at
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Table II

SUMMARY OF NICI REACTIONS OF FLUORENE CHARACTERIZED BY FTMS

NH,
Hy0 (OH")
Ay (0-2H)
u/z 207
OR
NHy Hy0 (O
.y )
M/z 182
0, (07)
MW 193 —> (M+0-H)
18 18 M/z 208
0, (X807
2 S (+i80-H)

M/z 210
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Figure 5. Effect of source temperature on anion formation from
2-aminoanthracene using conventional high pressure CI.

In Fourier Transform Mass Spectrometry; Buchanan, M.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



188 FOURIER TRANSFORM MASS SPECTROMETRY

m/z 192 increased relative to that of the m/z 207 and 208 anions.
Swept double resonance experiments indicated that both the m/z 192
and m/z 207 anions were formed by reaction of OH  with
l-aminoanthracene. Exact mass measurements suggested that these
ions corresponded to C; ,H,,N (M - H) and C, HNO (M + O - 2H),
respectively. Using swept double resonance, the anion at m/z 208
was found to be linked to the reaction of 0 with neutral
l-aminoanthracene. The measured mass of the m/z 208 corresponded
to C; ,H,NO (M + 0 - H). Additionally, the analogous anion
(M + 180 - H) at m/z 210 was observed when 120, was introduced as
the reagent gas. The reactions observed for l-aminoanthracene are
sumarized in Table III.

For 2-aminoanthracene, m/z 192 was also observed to be the
base peak at a cell temperature of 200° C, using methane as the
reagent gas. In addition, anions at m/z 204 and 205 were observed
(approximately 50% and 11% relative abundance, respectively). When
H,0 was used as the CI reagent, anions at m/z 192 (M - H), 207, and
208 were observed. As in the case of l-aminoanthracene, double
resonance again showed that the (M - H) anion was produced from
the reaction of OH™ with the parent molecule. The anion at m/z
207 was found to be linked to OH  as well, and exact mass
measurement revealed that this ion corresponded to an empirical
formula of C,,H4ON, or (M + O - 2H). The formation of the m/z 208
anion was found to arise from the reaction of 0 with 2-
aminoanthracene. According to exact mass measurements, this anion
corresponded to C;,H;,NO or (M + O - H). The participation of
oxygen in this reaction was verified using 18O2 as the CI reagent
gas, which produced an anion et m/z 210, corresponding to
(M + 180 - H).

Exact mass measurement of the m/z 205 anion indicated that

this species corresponded to €, ,H,NO, or (M + O - 4H). Double
resonance experiments did not identify a 1link to an oxygen-
containing precursor, including OH™, 0, cr 0,”. The measured mass

of the m/z 204 anion indicated an empirical formula of C;,HgN,, or
(M + N - 3H). The m/z 205 and 204 anions were only observed when
methane was used as the CI reagent, and not when either oxygen or
water were used. Reactions with 13CH, as the reagent gas failed
to show any participation of methane in the formation of either of
these anions.

Additional experiments were conducted with the high pressure
CI source on the quadrupole mass spectrometer using small amounts
of 0,, !%0,, and H,0 doped into the methane reagent gas to
ascertain whether oxygen was incorporated into the anions observed
from 2-aminoanthracene. When a mixture of O, and CH, was used as
the NICI reagent gas (producing OH™ and 0, ), the abundances of m/z
192, 205 and 207 were observed to increase, suggesting that oxygen
was responsible for the formation of these ions in the high
pressure CI source. When this experiment was repeated by adding
180, to the methane reagent gas, an anion at m/z 209 was observed,
further indicating that oxygen was participating in the formation
of the m/z 207 anion. An increase in the 207 anion was also
observed in this spectrum. However, the low mass resolution of the
quadrupole mass spectrometer did not permit the determination of
whether this increase was due to the incorporation of %0 into the
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Table III

SUMMARY OF NICI REACTIONS 1~ AND 2-AMINOANTHRACENE

CHARACTERIZED BY FTMS

Hy0 (OH")
—_— (W
M/z 165
Fot 0, (07) )
> (M+0-H)
MW 166 M/z 183
Hy0 (OH")
—_— D)
o 15 M/z 166
e 0, %07y "
MW 168 > (M700-H)
M/z 185
D D
D D Hyt8 (Lo
S (M-D)”
M/z 174
i D
D DD D
MW 176
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m/z 205 anion or if it was from the original m/z 207 anion. When a
mixture of water and methane was used as the NICI reagent gas,
producing OH™, only (M-H)” was enhanced. The FTMS studies
indicated that the 207 anion was linked to OH . In these high
pressure experiments, it is possible that the formation of this
anion may proceed in a stepwise fashion and the presence of an
additional reactant, such as 0,, may be required.

Conclusions

Using the dual cell FTMS, it has been shown that a number of
unusual ions formed in the high pressure CI source result from
reaction with trace impurities present in the vacuum system or from
the CI reagent gas, including water and oxygen. In some cases,
these impurities are responsible for the production of anions which
can be used to differentiate isomeric structures of molecules.
This work suggests that doping CI reagent gases with controlled
amounts of these impurities might enhance the reproducibility of
these reactions so they could be used as an analytical method for
isomeric differentiation.

FIMS has been shown to be a powerful tool for studying NICI
reactions. In many cases, the observed NICI spectra were very
complex, involving a number of reactions. The ability to form the
anions under high pressure conditions and detect them at low
pressures using the dual celil configuration, combined with several
specialized experimental sequences, played a major role in
unravelling these reactions. The results of these studies have
shown that for simple electron capture reactions in which molecular
anions are formed, the ionization in the lower pressure FIMS source
is similar to that in the high pressure CI source on the quadrupole
mass spectrometer. In cases where reactions other than simple
electron capture occur, the observed anions, or possibly even the
pathways by which they are formed, sometimes differ between the two

types of sources. In order to minimize these differences, a high
pressure CI source for the FIMS 2000 is being designed and
constructed in our laboratory. This source should allow a much

better means of studying chemical ionization reactions observed in
conventional high pressure CI sources using FIMS.
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Glossary

A/D Converter: Analog to digital converter; changes a variable
electrical signal into a digital representation that can be
processed by a computer.

Aliasing: Artificial shift of a high frequency signal to a lower
frequency (fold-back) due to sampling the signal at a rate of
less than two points per cycle; see Nyquist frequency.

Analog Signal: A continuously variable signal.

Analyzer Cell: General term used for the lower pressure trapped
ion cell in dual cell FTMS instruments.

Apodization: Weighting function applied to a truncated time-
domain signal in order to improve the peak shape of the frequency
domain spectrum by reducing the side-lobes.

Array Processor: Computer circuit designed for performing fast
numeric computations on large arrays of data.

Bandwidth: Frequency range over which a signal is attenuated by
less than 3 dB.

Base Peak: Most intense peak in a mass spectrum.

Baseline Correction: Weighting scheme used to achieve a flat
baseline in Fourier transformed signals.

Beam Time: The length of time that the electron beam is on
during an experiment cycle.

Broadband Excitation: Irradiation of ions with a wide range of
radio frequencies (typically in the range of kHz to MHz) to bring
them into coherent motion in order to detect a wide mass range.

CAD: Collisionally Activated Dissociation; dissociation of a ion
caused by selected excitation of that ion and subsequent
collision with a target neutral species.

CI: Chemical Ionization.

CID: Collision Induced Dissociation (sometimes wused
interchangeably with CAD).

Coherent Motion: In-phase movement of ions within a trapped ion
cell.
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Collision Energy: Energy transferred to an ion upon collision
with a gas or surface.
Collision Gas: A target gas (typically argon) used for

collisionally activated dissociation of ions.

Conductance Limit: Orifice in a metal plate separating the two
cells in a dual cell FIMS instrument; allows differential pumping
of the two cells.

Co-processor: Additional circuit added to a computer to increase
the speed of calculations.

Cross Section: Measure of the probability of an event taking
place.
Cyclotron Equation: Inverse relationship between ionic mass (m)

and cyclotron frequency (), that is, = KqB/m, where K is a
constant, q is ionic charge, B is magnetic field strength.

Cyclotron Frequency: The angular frequency of the orbital
motion of an ion in a constant magnetic field; ions of different
masses have unique cyclotron frequencies.

Cyclotron Motion: Orbital motion of an ion or charged particle
in a magnetic field.

Dalton: An atomic mass unit based on !2C = 12 daltons.

Damping: Loss of coherent ion cyclotron motion primarily due to
collisions with neutral molecules; results in loss of signal.

Daughter Ion: Product ion from the reaction or dissociation of a
parent ion.

Delay: Length of time between two sequential events in an FTMS
experiment sequence.

Differential Pumping: The use of two or more independent pumping
systems to create different pressure regions within a wvacuum
system.

Direct Mode: Direct digitization of a broadband signal
transient.
Double Resonance: Use of appropriate radiofrequency pulses to

eject selected ion(s) from the trapped ion cell.

Dual Cell FTMS: FTMS instrument configuration that uses two
differentially pumped trapped ion cells.

Dynamic Range: The difference between the maximum and minimum
number of ions that can be detected without signal distortion.
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EI: Electron ionization.

EIEIO: Electron Impact Excitation of Ions from Organics; uses
low energy electrons to collisionally activate and dissociate
ions.

Electron Affinity: Energy required to remove an electron from an
anion in its ground state.

ev: Electron volt.

Excitation Amplifier: Electronic circuit designed to increase
the amplitude of the rf signal generated by the frequency
synthesizer.

Excitation Level: Magnitude of the rf voltage applied to the

FTMS cell to induce coherent motion of the ions.

Excite Signal: Radio frequency pulse applied to the transmit
plates of the FIMS cell to induce coherent motion of the ions.

Experiment Sequence: Series of linked events controlled by the
computer which includes 1ion formation, manipulation, and
detection, among others.

External Source: Ionization region which is physically
separated from the FIMS cell and usually independently pumped.

FAB: Fast Atom Bombardment.

Fast Fourier Transform: An algorithm which calculates the
Fourier transform of a digitized signal efficiently with respect
to time and computer memory space.

Fixed Frequency Excitation: Selective excitation of a single
mass by applying a fixed frequency to the transmit plates of the
FTMS cell.

Forward Fourier Transform: Mathematical transformation of a
signal from the time domain to the frequency domain.

Fourier Transform: Mathematical method of determining the
frequency components (amplitude and phase of real and imaginary
components) of a complex time domain signal.

Frequency Domain Spectrum: Graphic representation of spectral
information in the form of amplitude versus frequency.

Frequency Synthesizer: Specialized circuit (usually computer
controlled) which generates fixed or swept radiofrequency
signals.

Frequency Chirp: Fast broadband radiofrequency sweep used to

induce coherent ion motion in the FIMS cell.
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FTICR: Fourier Transform Ion Cyclotron Resonance (used
interchangeably with FIMS).

FTMS: Fourier Transform Mass Spectrometry (used interchangeably
with FTICR).

GC/MS: Gas Chromatography/Mass Spectrometry; technique which
utilizes a gas chromatograph interfaced to mass spectrometer,
especially for the on-line analysis of mixtures.

Heterodyne: Process of mixing two frequencies (signal and
reference) together to produce a lower frequency signal which can
be digitized at a slower rate than the original signal; commonly
used in FTMS to attain ultrahigh mass resolution spectra.

ICR: Ion Cyclotron Resonance Spectrometry.

Image Current: Time-varying electrical current induced in the
receiver plates of the FIMS cell by coherent ion motion.

Inverse Fourier Transform: Mathematical transformation from the
frequency domain to the time domain.

Ion Ejection: Excitation of an ion to a sufficiently large
orbital to cause neutralization on the cell plates; used to
remove ions selectively from the FTMS cell.

Ion Cyclotron Resonance: Type of mass spectrometry in which ion
masses are determined on the basis of their unique orbital
frequencies in a magnetic field.

Ion Partitioning: Distribution of the ion population between
the source and analyzer cells in a dual cell FTMS instrument.

Isobaric Ions: Ions of the same nominal mass but having
different elemental composition.

LC/MS: Combined 1liquid chromatography/mass spectrometry;
technique which utilizes a liquid chromatograph interfaced to a
mass spectrometer for the on-line analysis of mixtures.

LDI: Laser Desorption Ionization.
m/z: Mass to charge ratio.
Magnitude Transform: Absolute value representation of points in

a frequency domain spectrum.

Mixed Mode Detection: Excitation of ions with a broadband
radiofrequency sweep and heterodyne detection of a narrow
frequency (mass) range.

Molecular Ion: Ion produced when a molecule gains or loses an
electron.
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MPI: Multiphoton Ionization; ionization of a molecule by two or
more sequential photon absorption processes.

MS I: First stage of mass selection in an MS/MS experiment.
MS II: Second stage of mass selection in an MS/MS experiment.
MS/MS: Mass spectrometry/mass spectrometry; technique utilizing

two stages of mass selection.

Ms® : Abbreviation for multiple stage mass spectrometry/mass
spectrometry; a technique utilizing (n) stages of mass selection.

Multiplex Advantage: Time advantage gained by obtaining all
spectral information simultaneously.

Narrowband Excitation: Application of a narrow range of radio
frequencies to the transmit plates of the FIMS cell for the
purpose of exciting a small window of ion masses.

NICI: Negative Ion Chemical Ionization; NCI is sometimes used
interchangeably.
Non-resonant Ion: An ion whose cyclotron frequency is different

than the excitation frequency applied to the FTMS cell.

Nyquist Frequency: Highest frequency which can be accurately
represented at a specified sampling rate; according to sampling
theory, the Nyquist frequency corresponds to one half the
sampling frequency.

Parent Ion: Ion which dissociates or reacts to form daughter
ions and neutrals.

Particle Desorption: Use of a high energy particle to desorb and
ionize molecules from a surface.

Photodissociation: Fragmentation of an ion using photons.

Pressure Broadening: Increase in spectral linewidths due to
collisional damping of the time domain signal.

Proton Affinity: Negative of the enthalpy change for the
addition of a proton to a neutral species.

Pulsed Valves: Solenoid driven valves commonly used with FTMS to
admit a brief burst of gas into the vacuum chamber; typically
used to avoid operation of the instrument under high static
pressure conditions in order to maintain high performance
capabilities.

Q-FTMS: See Tandem quadrupole/FTMS.
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Quench Pulse: A direct current potential applied to the trapping
plates of the FIMS cell to remove all ions prior to the start of
an experiment sequence.

Reagentless CI: Ion-molecule reactions between trapped fragment
ions and neutral molecules (M) which result in the formation of
ions from the latter.

Resolution: The degree of separation between two adjacent peaks
in a spectrum; typically defined as the mass of the peak divided
by the width of the peak at half its maximum height.

Resonant Ion: An ion in the FIMS cell whose cyclotron frequency
is equal to the frequency of the rf excitation signal applied to
the cell.

rf Burst: Application of a short pulse of rf voltage to the FIMS
cell; may be used for ion detection or ejection.

rf: Radio frequency.
S/N: Signal-to-noise ratio.
Sector MS: A mass spectrometer that uses one or more electric

and/or magnetic dispersion wunits to effect spatial mass
separation.

Self-CI: Ion-molecule reactions between trapped daughter ions
and neutral parent molecules (M) which result in the formation of
ions from the latter, generating a prominent (M + H)* peak.

SID: Surface Induced Dissociation.

Signal Amplifier: An electronic circuit which increases the
amplitude of the image current signal induced in the receiver
plates of the FTMS cell.

Signal Averaging: Addition of successive spectral scans for
improved signal-to-noise by reducing the level of random noise;
applied to transients prior to Fourier transformation.

SIMS: Secondary Ion Mass Spectrometry.

Single Resonance: Experimental sequence using ion formation and
detection events without ion ejection steps.

Single Cell: FTMS instrument design which uses one trapped ion
cell.
Source Cell: Designation of the trapped ion cell located in the

higher pressure region of a dual cell FTMS instrument.

Space Charge: Coulombic interaction of ions and/or electrons in
an FTMS cell, which can lead to signal distortion.
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Surface Induced Dissociation: Fragrentation of an ion induced by
collision with a surface.

SWIFT: Stored Waveform Inverse Fourier Transform.

T: Tesla; unit of magnetic field strength.

Tandem MS: Two or more successive stages of mass spectrometry.

Tandem Quadrupole FTMS: Use of a quadrupole mass filter for
introducing ions into the FIMS for subsequent analysis; used to

circumvent pressure limitations.

Thermal Energy: Energy of an electron, ion, or molecule at
amblent temperature.

Time of Flight: TOF; A type of mass analyzer which attains mass
separation based on the length of time required for an ion of a
known kinetic energy to traverse a specific distance.

Time Domain Signal: Complex sinusoidal ion image current which
is digitized and transformed to yield the frequency domain mass
spectrum.

Transient: Time domain signal equivalent to the ion image
current.

Transmitter Plates: Plates in the FTMS cell which are used to

couple radio frequency excitation to ions.
Trapped Ion Cell: An electrostatic-magnetic lon storage device.

Trapping Efficiency: A measure of the abllity of a trapped ion
cell to store ions.

Trapping Potential: The magnitude of the voltage applied to the
trapping plates of the FIMS cell to reduce ion motion parallel to
the magnetic field.

Trapping Frequency: The frequency of ion motion in the z-axis of
the FIMS cell (parallel to the magnetic field); this frequency is
much lower than the cyclotron frequency.

Z-Mode Excitation: Excitation of ions at their trapping
frequencies in a direction parallel to the magnetic field.

Zero Fill: Addition of a block of zero points to a time domain
spectrum prior to transformation of the data; often improves
resolution when the number of data points is limited.
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Cell design
cylindrical cell, 83f
hyperbolic, 48
hyperbolic Penning trap, 48,49/
large cells, 82
single-cell Fourier transform mass
spectrometry, 82
Cesium ion desorption, 14
Chemical ionization (CI)
high-pressure, 8
non-conventional reagents, 8
selective, 8
Chromatography, combination with FTMS, 6
Cigarette smoke tar, 7f,11f
Coherent motion, description, 2,107,109f
Coherent phase relationship, 107,109f
Collision-induced dissociation (CID)
EI and DCI spectra of riboflavin, 85,88f
static SIMS, 85
Collisional activation (CA)
daughter ion resolution, 73,75f
ion selection for MS~I in MS-MS, 51
resolution, MS-1, 53
See also Mass spectrometry—mass
spectrometry
Collisionally activated dissociation (CAD),
disadvantages, 121
Cubic cell, frequency variations, 45
Cubic trap, modified, 43f
Cyclotron equation, 2
Cyclotron frequency, explanation, 21,22
Cyclotron motion, schematic, 22

D

Daughter ion spectra, resolution 10

Development cycle, 36,38/

Double laser desorption—dissociation
N.N'-bis(4,6-dimethoxysalicylidene)—4-tri-
fluoromethyl-o-phenylenediiminato
cobalt(II) (CoSALOPH), 148

sucrose, 148,150£,151

Double resonance, application, 9

Dual cell, schematic, 3,4f

Dual-cell Fourier transform mass
spectrometer, 59-77

Dual-cell Fourier transform mass
spectrometry, identification of cocaine in
human urine, 64,66/,67f

Dynamic range enhancement, 29f

Dynamic range extension, 28

Dynamic range limit, 29/

E

E-beam resist polymers, 52Cf fission
products, 123,124f
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Ejection resolution
derivation of expression for, 52
limits, 52,53
MS-I resolution, 53
Electron impact, description, 105
Electron impact excitation of ions from
organics (EIEIO), spectrum of
N-methylaniline, 73,75f
Electron impact ionization
cis-dichloro-trans-dihydroxo-bis-2-propan-
amine~platinum (IV) (CHIP), 144,145f
tris(perfluoro-n-nonyl)triazine, 144,147
Electron impact spectrum of epoxy resin
extract, 73,74,76f
Electrostatic focusing lenses
ion trajectory, 113£,114
possible use, 114
Electrostatic inhomogeneities, 107
Errors
space charge-related, 45
systematic, 45
Euroshift—-FOD, negative ions, 97f
Excitation
frequency-sweep, problems, 25,26
fundamentals, 22,23f
pseudorandom noise, 25
random noise, 25
stored waveform inverse Fourier transform
(SWIFT), 25,261,27
Excitation waveforms, frequency-domain
spectra of time-domain excitation
waveforms, 22,24f
External ionization
advantages, 94
ion-transfer mechanism, 98

F

Fast atom bombardment—mass spectrometry
(FAB-MS), comparison with laser
desorption FTMS, 127,128

Fourier transform—ion cyclotron resonance
(FT-ICR), See Fourier transform mass
spectrometry

Fourier transform mass spectrometry

analytically important features, 21
basic experiment, 3

development, 1

precision, 3

principles and features, 1-20
problems, 105

versatility, 5

Fourier transform mass spectrometry—negative

ion chemical ionization (FTMS-NICI)
description, 180-190
typical CI conditions, 180,181f
spectrum of 9,9-d2 fluorene, 182,183f
spectrum of a mixture of fluorene and
9-methyl fluorene, 180,181f
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Fourier transform mass spectrometry—negative lon motion

ion chemical ionization—Continued
spectrum of a mixture of fluorene,
fluoranthene, and
benzo(a)pyrene, 180,181f
Frequency domain signal, origin, 107
Frequency domain spectrum, generation, 3

G

Gas chromatography-Fourier transform mass
spectrometry (GC-FTMS)
dual-cell instrumentation, 60
molecular ion of naphthalene, 60-62,61f
resolution, 60
Gas chromatography-mass spectrometry
(GC-MS), chromatograms for a sample of
peppermint flavor extract, 64,65£,66f
Gas-phase photodissociation of transition
metal ion complexes and clusters
instrumentation, 157-158
ionic cross section determination, 159
photoappearance curves, 158~159
photodissociation spectra, 158
Gas-phase transition metal ion chemistry
analogies to solution organometallic
chemistry, 156
characteristics, 155-156

H

Hadamard transform advantage
description, 122
measuring individual MS-II spectra, 122

High molecular weight biomolecules, 100-114

High-mass ions, resolution, 50

I

Image current, description, 2
Inhomogeneities
clectrostatic and magnetic, 107
magnetic, 107,111
stray magnetic fields, 111
Instrumentation, developments,
anticipated, 98
Intermediate cell
description, 53
schematic, 54f
segmented tandem cell, 55
Inverse Fourier transformation, 25,26/
Ion beam trajectories, effect of a 500 gauss
cross magnetic field, 111,112/
Ion manipulation, 8

distribution in cell, 108
helix model, 108
path in a uniform magnetic field, 108,109f
physics, 105-108
pitch of helical motion, 108,110f
Ion population
distribution, 105
initial dimensions, 105,106f
Ion signal
dependence on ion z-oscillation
amplitudes, 46f
inert ion, benzene molecular ion
signal, 42,43f
Ion storage, 8
Ion synthesis, specific
example, 160
pulse sequence, 160,161f
stepwise, 160
Ionic cross section determination, 156,157
Ionization methods, SIMS, 117

Large ions
formed by clectron impact,
photodissociation, 142,144
activation, 121-122
Large molecules
analysis, problems, 116,117
tandem Fourier transform mass
spectrometry, 116-124
Laser
carbon dioxide
laser desorption spectrum of
Rhodamine B, 137,138/
use, 137
Laser-desorbed ions, infrared multiphoton
dissociation, 140-154
Laser desorption (LD)
advantages, 140
description, 140
ionization of nonvolatiles, 12
spectrum generated by, 12
uses, 12
Laser desorption-Fourier transform mass
spectrometry (LD-FTMS)
analytical applications, 129-133
angiotensin I, 129,130f
applications, 70,127
caffeine, accurate mass measurement, 71/
comparison with fast atom bombardment-
mass spectrometry (FAB-MS), 127
description of experimental technique, 128
gramicidin A, 133
negative ion spectra of stained and
unstained copper, 70,71f
neurotensin, 129,131f
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Laser desorption—-Fourier transform mass
spectrometry—Continued
nonvolatile molecules, 127-139
peptides, 129-133
renin substrate, 129,132f
sample preparation, 128
table, 133
undecapeptide, 129,131f
zircon, 70-72,74f
Laser photodissociation, 121
Laser-desorption mass spectrometer,
description, 141
Laser-desorption mass spectrometry
one laser experiment, 141-142,143f
potassium ion contamination, 142.148
two laser experiment, 142,143f

M

Magnet requirements
field strength, 90
homogeneity, 91
Magnetic fields
bottlenecks, 111-114,113f
inhomogeneities, 111-114,113f
machined 304 stainless steel, 111
stray, 111-114,113f
unworked 304 stainless steel, 111
Magnetic inhomogeneities
effects, 107,111
reduction in oxygen-free copper, 114
Mass calibration law
accuracy, 45
assumptions, 47
equation, 45
model, 45
Mass range, 5,6
Mass spectrometers
comparison of sector and Fourier transform
instruments, 35,36
conventional, 3
double-focusing, history, 34,35
Fourier transform, advantages, 36
resolution, 35
Mass spectrometry—mass spectrometry
advantages of FTMS, 9-10
approaches to ion activation, 72
description, 9
electron impact excitation of ions from
organics (EIEIO), 72
high-resolution, 30
ion selection for MS-1 in MS-MS, 51
multiple, 30
parent ion selection, 72,73,74f
surface-induced dissociation, 121
using CAD, 118,121
See also Collisional activation (CA)
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Metal ion-ligand species
photodissociation
information from, 160,161,162
requirements, 160
uses, 159
Metal-ligand bond energies
determination, 156,157,165¢
MCH?*, 164-167
problems, 166-167,169f
using photodissociation thresholds, 164
Modified cells, 41,42
Molecular ions, lifetime, 101

N

Negative ion chemical ionization (NICI)
aromatic amines, 176
azaarenes, 176
compared with FTMS, 179,179¢
technique, 175
use in differentiation of polycyclic
aromatic hydrocarbons, 175,176
Negative ion chemical ionization (NICI)
Fourier transform mass spectrometry,
1- and 2-aminoanthracene,
reactions, 185,188-189,189¢
reactions of fluorene, 185
Negative ion chemical ionization (NICI)
reactions, Fortran program to perform
swept double resonance experiment, 178
Negative ion chemical ionization (NICI)
spectra :
experimental sequences, 178
experimental conditions, 177-179
Negative ion laser desorption mass spectrum
hesperidin, 151,152f
N-{2-(5,5-diphenyl-2,4-imidazolidinedion-
3-yl)ethyl]-7-acetoxy~1-naphthalene
sulfonamide, 151,153/
Nyaquist criterion, 27

o

Orbit size, optimum, 47
Organometallic chemistry, 156

P

Peptides
higher molecular weight,
reproducibility problems, 134
poly(ethylene glycol), 134,135/-136f
spectrum of poly(phenylalanine), 134
LD-FTMS spectra, 129-133
cytochrome-C (equine), 102,104f
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Peptides S
LD-FTMS spectra—Continued
glucagon, 102,103/ Scaling, 50
insulin (bovine), 102,104/ Secondary ion mass spectrometry—Fourier
insulin (bovine and porcine), 102,104/ transform mass spectrometry
melittin, 102,103 (SIMS-FTMS), 117,118/,119f
neurotensin, 102,103/ Secondary ion mass spectrometry—Fourier
Phase modulation, 27 transform mass spectrometry—mass
Photoappearance curves, 158-159 spectrometry (SIMS-FTMS-MS), 120f
Photodissociation Self-Cl, description, 73,74f
description, 134,137 Signal-to-noise ratio, 90
large ions Single laser desorption—dissociation,
cis-dichloro-trans-dihydroxo-bis~2- t-butylpyridinium cation, 148,149/
propanamine-platinum (IV) Software requirements
(CHIP), 144,145/ database management, 94
procedure, 142 phasing, 91,92/,93f
protonated N.N’-bis(4,6-dimethoxy- rapid scan—correlation ICR, 91,93/
salicylidene)-4-trifluoromethyl- timesharing, 94
o-phenylenediiminato cobalt (II) versatile pulse sequence, 91,94
(CoSALOPH), 144,146/ Space charge theory, assumptions, 47
metal ion-ligand species Static secondary ion mass spectrometry,
information from, 160,162,161f Fourier transform mass spectrometry
requirements, 160 spectrum of valinomycin, 89f
uses, 159 Steel, stainless
MFe*, 170-172 magnetic fields in machined cell, 111
MLt magnetic fields in unworked cell, 111
bond energies, 164,165¢ Stored waveform inverse Fourier transform
Co™pentene, 167,168,169/,171f (SWIFT)
spegtra of FeOH*and FeCO™, 162-164,163f advantages, 30
ML?, 168-170 excitation, 25,26f,27
Ni(C H4), 171 problems, 27
Photodissociation spectra, 158 selective ejection of most abundant
Plasma desorption (PD) ions, 29/
(252 C{-PD) simultaneous ejection and
advantages, 118 excitation, 30,31f
experimental techniques, 118 use of two successive SWIFT waveforms, 30
Polycyclic aromatic hydrocarbons, Supercritical fluid chromatography-Fourier
behavior related to electron transform mass spectrometry (SFC-FTMS)
affinity, 175 advantages, 68
Probe, special for photodissociation instrumentation, 68
experiments, 128,130f separation of caffeine and methyl
Problems of FTMS stearate, 68,69/
nonuniform tuning of mass spectra, 37-42  Surface-induced dissociation (SID), 121
possible solutions, 41 Swept double resonance, reaction of fluorene
Pseudomolecular ions, formation, 140 with water, 182,184/
Pulse sequence, 3,4f Swept double resonance experiment, Fortran
Pulsed-valve CI program, 178
description, 85 Synchronization, excitation waveform and ion
examples, 86/,87/ cyclotron motion, 37,38f
R

Rapid scan—correlation ICR, software
requirements, 91,93/
Resolution, 65
daughter ion spectra, 10 T
high-mass ions, 50

Resonance-enhanced multiphoton Tandem Fourier transform mass spectrometry,

ionization (REMPI), 98 large molecules, 116124
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Tandem quadrupole-Fourier transform mass
spectrometry (Q-FTMS)
problems, 101
modifications to spectrometer, 102
peptides, 102-105
signal-to-noise ratio, 102
Time domain spectrum, formation, 2
Time-of-flight mass spectrometry, 98
Transition metal ion chemistry, gas phase
characteristics, 155-156
metal-ligand bond energies, determination,
164,165t
Transmission efficiency, definition, 101
Trapped ion cell, schematic, 2,4f
1,3,5-Trimethylbenzene, 10
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U

Ultramark 1621, positive ions, 96f

z

Z-mode excitation
mass discriminating z-losses, 39 -
mechanism, 37
model, 37,39
reduction of 39
"trap-switch” experiment, 39,40/
Z-motion, 39
Zero-filling, 27
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