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Abstract

In principle, two-dimensional (2D) Fourier transform ion cyclotron resonance (FTICR) mass spectrometry offers
identification of all precursor-product ion pairs (equivalent to all precursor ion scans, all product ion scans, and all neutral loss
scans), as well as relative rate constants for all precursor gas-phase ion–molecule reactions and distinction between
fragmentation and adduction processes, in a single, automatically acquired data set. However, although the principles of 2D
FTICR techniques were demonstrated more than ten years ago, very few analytical applications have yet been demonstrated.
Here, we apply 2D FT/FTICR tandem mass spectrometry, by stored waveform inverse Fourier transform modulation of ion
cyclotron radius (and thus ion kinetic energy), to an experimental mixture of proton-bound (and sodium-bound) amino acid
dimer ions. Although several ion fragmentation pathways may be identified, interpretation is hindered by significant noise
along each slice passing through a precursor ion peak on the diagonal of the 2D mass spectrum. By analogy to “t1” noise in
2D nuclear magnetic resonance spectroscopy, we are able to simulate such noise by varying the absolute and relative numbers
of trapped precursor ions in data acquisitions corresponding to different horizontal slices of the final 2D spectrum. Signals at
harmonic multiples of the ion cyclotron frequencies are well modeled by simulations allowing for nonlinear dependence of
product ion abundance on precursor ion cyclotron radius modulation magnitude. The present results show that successful future
implementation of 2D FT/FTICR tandem mass spectrometry experiments will require careful control of the number of trapped
precursor ions, to avoid loss in dynamic range by “contamination” of the rest of the mass spectrum by signals from the most
abundant ions. (Int J Mass Spectrom 210/211 (2001) 101–111) © 2001 Elsevier Science B.V.
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1. Introduction

One-dimensional “double-resonance” nuclear
magnetic resonance (NMR) techniques [1] were re-

placed by multidimensional Fourier transform NMR
spectroscopy (FT-NMR) [2] shortly after it became
available. Although the two-dimensional (2D) exper-
iment is less efficient (because it requires interroga-
tion at every discrete spectral frequency rather than
just at the NMR frequencies of the peaks of interest),
it offers the very great advantage that it is automated,
both in implementation and in interpretation, thereby
greatly expanding number of researchers who can
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exploit the method to determine through-bond (scalar)
and through-space (dipolar) couplings between mag-
netic nuclei in a molecule. In fact, Ernst’s develop-
ment of 2D NMR contributed at least as much as his
development of one-dimensional FT-NMR to his
1991 Nobel Prize recognition.

2D Fourier transform ion cyclotron resonance
mass spectrometry (FTICRMS) in principle offers
similar advantages for identifying pairs of ions “cou-
pled” by ion–molecule reactions or dissociative col-
lisions, as seen in Fig. 1. As explained in more detail
in the following discussions, the precursor ion mass
(or cyclotron frequency) spectrum is located on the
diagonal of a 2D plot of iso-magnitude contours. Ion
products of reaction or dissociation of a given precur-
sor ion appear as peaks along a horizontal slice
passing through the precursor ion mass (or cyclotron
frequency), to yield a “product ion spectrum.” Simi-
larly, peaks along a vertical slice passing through a
given product ion mass (or cyclotron frequency)
identify all of the precursors leading to that product,
to yield a “precursor ion spectrum.” Peaks along a line
parallel to the diagonal identify precursor/product ion

pairs differing by the loss of the same neutral mass, to
give a “neutral loss spectrum.” Products with m/z
values lower than that of their precursor (e.g. singly
charged fragments of a singly charged precursor)
appear to the right of the diagonal, whereas products
with m/z values greater than that of their precursor
(e.g. adducts or charge-reduced ions) appear to the left
of the diagonal. Finally, the relative magnitudes of the
off-diagonal peaks correspond to the relative rates for
the ion–neutral collisions or reactions that formed
them. Thus, in a single 2D FTICR mass spectrum, one
can in principle identify all ion fragmentation/reaction
pathways and kinetics, in a single automated experi-
ment.

Three primary methods have been devised to add a
second dimension to FTICR mass spectra. The first
method is by analogy to 2D nuclear Overhauser
enhancement spectroscopy (NOESY [3]); a delay, t1,
between two excitation events results in modulation
of the ion radius depending on the phase of the ion
motion at the onset of the second excitation [4,5].
Second, in the stored-waveform ion radius modula-
tion (SWIM) technique [6], the same effect is
achieved by replacing the series of incremented tem-
poral delays by a series of stored-waveform inverse
Fourier transform (SWIFT) [7,8] excitations. Both of
these methods involve Fourier data reduction in both
dimensions, and may thus be considered “FT/FT”
experiments. A third approach is to encode/de-encode
data in the second dimension by Hadamard rather than
Fourier transformation [9–11]. Since Fourier trans-
form data reduction is still used for the other dimen-
sion, this approach may be denoted “HT/FT.” As with
FT/FTICRMS, the HT/FT approach allows recovery
of a one-dimensional tandem mass spectrometry (MS/
MS) spectrum from a linear combination of spectra
containing more than one precursor peak.

Despite its potential major advantages, 2D FT-
ICRMS has not yet supplanted one-dimensional
MS/MS methods [12,13]. In fact, although the first 2D
FT/FTICRMS experiment was described by Boden-
hausen and co-workers in 1987 [4], only a handful of
applications have since appeared, for several reasons,
the first of which is well known and the rest of which
form the subject of this article. First, mass spectra are

Fig. 1. Schematic 2D FT/FTICR mass spectrum, viewed from
above as constant-magnitude contours. Appropriate slices through
this single display yield: the precursor ion m/z spectrum (diagonal
slice); an m/z spectrum of all product ions from a given precursor
ion (product “scan,” horizontal slice), an m/z spectrum of all
precursors leading to the same product (precursor scan, vertical
slice), and all precursor/product pairs differing by loss of the same
neutral (neutral loss scan, slice parallel to diagonal). Adducts and
fragments are also readily distinguished, and the relative magni-
tudes of the off-diagonal peaks correspond to the relative rates for
ion–neutral fragmentation or reaction (see text).
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typically much more sparse than NMR spectra. Thus,
the competing one-dimensional MS/MS experiment
requires one spectrum to isolate each of a relatively
small number of precursor ions, whereas the corre-
sponding FT/FT experiment requires acquisition of N
spectra, in which N is the desired resolving power in
the second dimension (say, 256, 512, etc.). Thus, a net
gain obtains only if the improvement in signal-to-
noise (S/N) ratio compensates for the larger required
number of spectra. For example, if a FT/FT mass
spectrum requires 256 spectra, and if co-addition of 5
one-dimensional MS/MS spectra suffice to yield an
acceptable S/N ratio, then the FT/FT experiment will
be preferred only if the number of precursor ions
exceeds 256/5 � 51. Of course, the FT/FT experiment
improves the S/N ratio by a factor of up to N1/2

relative to the one-dimensional MS/MS experiment,
but that improvement may not be needed if the initial
S/N ratio is sufficiently high. For this reason, the
FT/FT experiment is usually not worth considering
for samples consisting of relatively few components.
[The HT/FT approach avoids this difficulty, but re-
quires a priori knowledge of the precursor ion mass-
to-charge (m/z) ratios.]

However, recent interest and demonstration of the
advantages of FTICRMS for analysis of complex
mixtures, ranging from hydrocarbons [14,15] to di-
gests of proteins [16], has revived interest in the 2D
approach. The prospect of automated MS/MS analysis
of such mixtures could help to discriminate isomers
(by fragmentation or ion–molecule reaction), or gen-
erate partial amino acid sequences of peptides.

In this article, we apply the SWIM FT/FTMS
method to a complex mixture, namely, proton-bound
dimers and sodium-bound dimers of amino acids.
Facile collision-induced fragmentation of the dimers
simplifies the experiment. We originally intended to
simplify proton affinity measurements by creating and
analyzing the fragmentations of a number of dimers
simultaneously. In the course of that effort, we iden-
tified a major problem in applying 2D ICRMS to a
complex sample with a wide dynamic range of pre-
cursor ion relative magnitudes: namely, the high level
of t1 (modulation) noise. Simulations allow us to
identify four major sources of such t1 noise. The first

is “white” noise due to random variation in the
number of trapped ions from one data set to the next.
This problem is even more severe for electrospray
ionization than for previous electron ionization exper-
iments. A second problem is “pink” noise (predomi-
nantly at low frequency due to slow variation in the
number of trapped ions over the duration of the
experiment. A third source of distortion (as well as
appearance of signals at unwanted harmonic frequen-
cies) is the nonlinearity of fragmentation efficiency as
a function of excitation magnitude. A final source of
noise is the small random variation in the relative
abundance of trapped ions of different m/z values.

2. Theory

The principles of SWIM excitation for 2D FT/
FTICRMS were laid out by Ross et al. in 1993 [6]. A
sinusoidal modulation of the cyclotron radius of the
ions at each frequency of the precursor ion region is
achieved by applying a series of excitation waveforms
that are also sinusoidal in the frequency domain. Each
time-domain waveform is generated by inverse Fou-
rier transform of the desired frequency-domain mag-
nitude spectrum [17]. The excitation magnitude,
Mj(�), at a given frequency � (�low � � � �high) for
the jth modulation waveform (0 � j � n) is given by

Mj ��� �

1 � cos� j�� � � �low

vhigh � �low
��

2
(1)

From Eq. (1), the modulation waveform magnitude
spectrum is zero for a precursor ion cyclotron fre-
quency, �low. The excitation for a precursor ion whose
cyclotron frequency falls at the midpoint between �low

and �high is modulated at magnitudes, (1/2, 1, 1/2, 0,
1/2, 1, . . .), through n/4 cycles. For a precursor ion of
the highest cyclotron frequency, �high, the modulation
takes the values (1, 0, 1, 0, . . .), through n/2 cycles.
Since the data are decoded by a Fourier transform,
this (maximum frequency) modulation matches the
Nyquist criterion exactly, so that no aliasing
(foldover) occurs. Therefore, to each frequency, �, in
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the precursor ion range is associated one unique
modulation frequency, �mod, in the second dimension.
The relationship between those frequencies is

�mod �
n

2

� � �low

�high � �low
(2)

In this configuration, the series of ion excitations
effectively modulates the cyclotron radius of each
precursor ion of different m/z at a different frequency.
Note that Fourier data reduction in the second dimen-
sion will be valid only if the product ion relative
abundance varies linearly with precursor ion cyclo-
tron radius. In particular, if the ion speed in a plane
perpendicular to the applied magnetic field is fast
enough that the hard-sphere collision model can be
applied (namely, an ion cyclotron radius greater than
�1 mm [18]), then the ion–neutral collision fre-
quency is proportional to ion speed and thus to ion
cyclotron radius [19].

3. Experimental

3.1. FTICRMS experiments

Proline, isoleucine, and phenylalanine were pur-
chased from Sigma (St-Louis, MO) and used without
further purification. Solvents (HPLC grade) were
purchased from J.T. Baker (Phillipsburg, PA). The
various amino acids were dissolved in methanol:
water:acetic acid (50:50:2) at a concentration of 100
�M to 1 mM. (A rather high concentration of analyte
was needed to generate good abundances of proton-
bound dimer ions.)

FTICR mass spectrometry was performed with a
passively shielded 9.4 T instrument configured for
external accumulation of ions [20] and controlled by
a modular ICR data acquisition system (MIDAS)
[21]. The microelectrospray ionization [22] flow rate
was 0.3 to 0.5 �L/min, and ions were accumulated in
the first octopole for 1–3 s. Adjustment of the octo-
pole frequency to 2.5 MHz partially eliminated lower-
mass monomeric ions. The relative concentrations of
the three amino acids in the solution were adjusted to

yield comparable relative FTICR mass spectral peak
magnitudes for the various homo- and heterodimers.

A typical experimental event sequence is shown
schematically in Fig. 2. The 256 or 512 SWIM
excitation waveforms were generated by an extension
of the MIDAS SWIFT generator. The user inputs only
the frequency limits (�low and �high), the magnitude
limits (see Sec. 4), the desired number of waveforms,
and the desired waveform shape. The required num-
ber of 32 K waveforms is then generated and stored.
The MIDAS control software then loads the wave-
forms as needed, and records 64 K time-domain
transients for 256 or 512 successive cycles. A con-
trolled pulse of argon (10�7 Torr) before the SWIM
excitation event provides a collision gas. Ions are then
allowed to collide with bath gas during a 3 s pump-
down period. Because the actual pressure in the ICR
cell is not precisely controlled during the experiment,
it is difficult to assess whether single or multiple
collision conditions apply.

Two-dimension transformation of the data set
was performed by use of a specific extension of the
MIDAS software, which allows for various apo-
dization and zero-filling operations to be performed
in both dimensions of the dataset. Also, the order of
the Fourier transform can be specified: one can
either transform each time-domain data (row) to a
(one-dimensional) magnitude spectrum and then
the transform the modulation domain data (col-
umn), or one may FT the modulation domain to
yield a (one-dimensional) complex spectrum and
then transform the complex time-domain data. The
order in which the transforms are applied does not
significantly change the resulting spectrum. Stan-

Fig. 2. Experimental event sequence (time axis not to scale) for 2D
ESI FT/FTICR mass spectrometry (see text).
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dard Hamming apodization and one zero-filling
[23] were performed in both the time and modula-
tion domains.

3.2. Simulations

A simulation program takes as input the set of
mass-to-charge ratios, whose magnitudes (both total
number of ions and relative numbers of ions of
different m/z) can vary from one excitation modula-
tion to the next. The fragmentation magnitude was set
to match the experimental magnitude (namely, �20%
extent of fragmentation at maximum excitation ener-
gy), and a dissociation versus energy curve was set at
a defined threshold above which the extent of frag-
mentation varies linearly with precursor ion kinetic
energy. That threshold was set at the same level for
every species. (Although we expect different thresh-
old energy for different dimers, the thresholds in this
example are close enough so that this assumption does
not greatly alter the simulation results. Similarly, we
did not attempt to define the relative abundances of
the various MS/MS product ions—although calcula-
ble from the kinetic method, they are not important
for the present demonstration.) From the collision-
induced dissociation (CID) product ion relative mag-
nitudes, we generated a reconstructed series of time-
domain transients, which were then processed by
exactly the same software and with the same data
manipulation as the experimental data.

4. Results and discussion

4.1. Mass spectrum of a multicomponent mixture

Proton affinities may be estimated by producing
proton-bound heterodimers in an electrospray ioniza-
tion (ESI) source and measuring product ion abun-
dance ratios from the MS/MS fragmentation patterns
for these dimers, by means of the “kinetic method”
developed by Cooks and co-workers [24]. Our origi-
nal goal was to amplify that approach by producing
MS/MS spectra not one at a time, but rather a whole
series in a single experiment. Initially, due to lack of

precise control of the fragmentation energy, the goal
was to rank proton affinities qualitatively, based on
fragment ion relative magnitudes. Our experiment
thus resembles multiple simultaneous bracketing [25]
rather than a true proton affinity measurement. We
then intended to proceed, by modeling the energetic
conditions as a function of the modulation magnitude,
to a complete analysis based on the kinetic method. A
simple mixture of three amino acids (Pro, Ile, and
Phe) was chosen as a test case, because their tabulated
proton affinities are similar (Table 1), so that strong
proton-bound heterodimer formation is predicted. The
concentration ratios of the three amino acids were
adjusted (Ile/Phe/Pro, 3/2/1) so as to produce compa-
rable relative abundances of the various heterodimers
(see Fig. 3). Although only three individual com-
pounds are present in solution, the high concentration
of amino acids led to the formation of a number of
gas-phase adduct ions: the six expected proton-bound
homo- and heterodimers, six lower-abundance sodi-

Table 1
Proton affinity (PA) and gaseous basicity (GB), in kJ/mol, for
each of the amino acids in the present experiments [26]

Amino acid PA GB

Isoleucine 917.4 883.5
Proline 920.5 886.0
Phenylalanine 922.9 888.9

Fig. 3. ESI FTICR mass spectrum of a (3:2:1) isoleucine:phe-
nylalanine:proline amino acid mixture, at a total concentration of 1
mM. The low-magnitude unlabeled peaks between the proton-
bound dimers are the corresponding sodium-bound dimers.
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um-bound dimers, and even some sodium-bound tri-
mers ([Pro]3Na�, [Ile,Pro,Pro]Na�, [Phe,Pro,Pro]
Na�) could be identified. The presence of these
additional sodiated species adds to the complexity of
the spectrum, and enhances its value for resolving
multiple precursor/product pairs in the 2D experi-
ment.

4.2. Experimental 2D mass spectrum

Our first FT/FTICR mass spectra exhibited a very
strong contamination in the modulation dimension by
relatively high-magnitude peaks at multiple harmon-
ics of the expected ion cyclotron frequency. The
presence of harmonic signals indicates that excitation
of the precursor ions occurs over a range of cyclotron
radius within which ion fragmentation does not vary
linearly with precursor ion radius. The nonlinearity
arises in two primary ways. First, linearity obtains
only above a minimum precursor ion kinetic ener-
gy—at lower precursor energy, the product ion spec-
tra (horizontal slices in Fig. 1) are distorted. Con-
versely, at sufficiently high radius modulation
amplitude, precursor ions are ejected radially before
they can fragment-that effect primarily distorts the
precursor ion spectra (vertical slices in Fig. 1).

This problem was anticipated [6], and the solution
is to modulate between a nonzero initial radius and a
maximum radius at which precursor ions are not
ejected in significant number. Experimentally, broad-
band SWIFT excitation of the ions was adjusted to
yield minimum excitation at an amplitude at which
product ion abundance reached �5% of the initial
precursor ion population. Maximum excitation ampli-
tude was chosen at �5 times the lowest excitation
energy. Thus, a typical SWIM excitation waveform
defines a sinusoid varying between 20% and 100% of
maximum magnitude (Fig. 4). The frequency bound-
aries are chosen to span only the frequencies of the
precursor ions of interest (from 700 kHz/206.1 Da to
400kHz/360.6 Da), because there is no need to mod-
ulate the radius of ions not present in the precursor
m/z spectrum.

A typical resulting ESI FT/FTICR mass spectrum
is shown in Fig. 5. As in Fig. 1, the m/z spectrum of

initially present precursor ions appears on the diago-
nal (dashed) line extending from lower left (400 kHz,
or m/z 360.6) to upper center (700 kHz, or m/z 206.1).
Each horizontal slice extending from one of the peaks
on the diagonal represents an MS/MS (one-dimen-
sional) spectrum, in which fragment product ions
appear at lower m/z than their precursor ion. (Adduct
ions or product ions of lower charge than their
precursor ion could appear at higher m/z (i.e. to the
left of the diagonal precursor peak) on the same
horizontal slice.) Precursor ions leading to the same
product ion appear as peaks on a vertical slice
extending downward from where a given product ion
would be projected to appear on the diagonal.

As in 2D FT-NMR, it is simpler (with respect to
both interpretation and and volume of data to be
analyzed) to consider one-dimensional slices of the
2D spectrum, to yield one-dimensional equivalent
product ion and precursor ion spectra. Before analyz-
ing the fragmentation patterns, we stop to note the
presence of numerous above-threshold noise spikes
distributed throughout a vertical slice passing through
each precursor peak on the diagonal. (Much lower-
magnitude noise is similarly distributed along a ver-
tical slice passing through each product ion m/z as
well.) In fact, the magnitude of these precursor-
associated noise peaks often exceeds that of the
desired off-diagonal product ion signals. The problem

Fig. 4. Ion modulation stored waveform no. 32 of a sequence of 256
excitation wave forms of a 2D FTICR experiment. The minimum
magnitude is set at 20% of the maximum magnitude, so that ion
kinetic energy always exceeds the threshold above which fragmen-
tation varies quasilinearly with excitation magnitude (see text).
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becomes especially evident from comparison of the
noise levels (plotted on the same ordinate scale) for
horizontal (Fig. 6, left) and vertical (Fig. 6, right)
slices through the (Pro,Ile)H� dimer diagonal peak of

Fig. 5. The noise level in the second dimension (Fig.
6, right) can be as large as �20 times that for the first
dimension (Fig. 6, left), when the frequency of a slice
passes through an ion cyclotron resonance frequency.

Fig. 5. Constant-magnitude contours of a 2D FT/FTICR mass spectrum, for a mixture of proton-bound dimers and sodium-bound dimers of
three amino acids. The top and right axes show the mass-to-charge ratio corresponding to ion cyclotron frequency (bottom) and modulation
frequency (left). Starting at a given precursor ion m/z value on the diagonal (dashed line), a horizontal projection shows a peak at the m/z of
each product ion from that precursor. Conversely, starting at a given product ion m/z value, a vertical projection shows a peak at the m/z of
each precursor ion leading to that product.

Fig. 6. One-dimensional slices of the 2D FTICR spectrum of Fig. 5. Left: Horizontal slice at modulation no. 79 ([Pro,Ile]H� precursor ion).
This slice may be read as a one-dimensional MS/MS product ion spectrum, in which [Pro,Ile]H� precursor ions are seen to dissociate to yield
[Pro]H� product ions. Right: Vertical slice (displayed at the same vertical scale) through m/z 247.1 (Ile,Pro]H�), showing the much higher
noise level due to fluctuation in number of precursor ions (“t1” noise-see text). The small peaks at modulation nos. 100 and 20 correspond to
first and second harmonic multiples of the ICR frequency of [Pro,Ile]H� (see text).
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In other words, part of the signal magnitude for ions
of a given m/z appears in Fig. 5 as noise distributed
along a slice passing through that ion’s cyclotron
frequency. Finally, although the noise level in a given
horizontal slice of Fig. 5 (as in Fig. 6, left) is
comparable to that for 10 summed conventional
one-dimensional CID MS/MS spectra, close exami-
nation reveals that a small (but measurable) noise
peak appears at the m/z of each of the precursor ions
(not just the one leading to the product ions on that
horizontal slice). Such noise peaks can be especially
troublesome if the precursor ion magnitudes vary
widely. In the present experiments, we adjusted the
amino acid initial concentrations so as to yield dimer
ions of comparable relative magnitudes. If, instead, an
equimolar mixture of amino acids is used, then the
proline and phenylalanine dimer ions dominate the
FT/FT spectrum, and even in the horizontal slice for
[Ile,Ile]H� dimer fragmentation, the dominant peaks
are those of [Phe,Pro]H� and ProH�.

The fragmentation patterns for the six proton-
bound dimer ions, inferred from the presence of
off-diagonal peaks in the FT/FT spectrum of Fig. 5,
are summarized in Table 2. The observed fragmenta-
tion behavior deviates somewhat from that based on
the proton affinities and gaseous basicities tabulated
by Hunter and Lias [26]. However, given that the
precise energetic conditions in the 2D experiment are
not known (since the cyclotron radius and thus the
kinetic energy vary for each experiment, and since

single and multiple collisions may both occur), only
qualitative conclusions may be drawn. For the kinetic
method [24] to yield an accurate value, a constant
effective temperature (or constant collision energy)
would be required. Nevertheless, in the absence of
major entropic factors, the most abundant product ion
would be expected to be the one with the highest
proton affinity. The FT/FTICR experiment thus pre-
dicts an expected amino acid proton affinity rank
order, PA(proline) � PA(phenylalanine) � PA
(isoleucine), whereas the NIST tabulation (Table 1)
permutes the first two: PA(phenylalanine) � PA
(proline) � PA(isoleucine). In support of the present
finding, many authors have ranked proline as having a
higher proton affinity than phenylalanine, based on
the kinetic method [27–29], on bracketing experi-
ments [30], and on high-pressure mass spectrometry
equilibrium measurements [31]. Although the present
experiment does not definitively resolve the issue, it
shows that 2D FT/FTICRMS does have potential
value for such measurements, by simultaneously
bracketing the proton affinities of a series of com-
pounds with an appropriate (other) series of reference
compounds of known proton affinities.

Another interesting feature of this 2D FTICR
spectrum is the presence of fragmentation products of
three of the sodium-bound dimers (Table 2). With
these fragmentary results, we suggest the following
ordering of the corresponding sodium ion affinities
(SIA): SIA(phenylalanine) � SIA(proline) � SIA
(isoleucine), namely, the same order as that given by
experiments based on the kinetic method [32].

4.3. Simulated 2D spectra

The results of the previous section demonstrate
that 2D FTICR holds significant promise for the
characterization of complex mixtures, provided that
the level of modulation (second-dimension) noise can
be reduced. Fig. 6(right) illustrates several contribu-
tions to that noise. First, some harmonic spikes are
still visible, although they persist at only �2 times the
noise level. We attribute the harmonic signals to some
residual precursor ion ejection and to the nonlinearity
of the fragmentation versus precursor ion cyclotron

Table 2
Observed fragmentations of the proton-bound dimers and some
sodium-bound dimers of three amino acids (Pro, Ile, and Phe);
M: high magnitude fragment; m: low magnitude fragment above
modulation noise level; ?: magnitude too small to distinguish
from noise in the modulation dimension

Dimer ProH� IleH� PheH� ProNa� PheNa�

[Pro,Pro]H� M
[Pro,Ile]H� M ?
[Ile,Ile]H� M
[Pro,Phe]H� M m
[Ile,Phe]H� ? M
[Phe,Phe]H� M
[Ile,Pro]Na� m
[Phe,Pro]Na� m
[Phe,Ile]Na� M
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radius modulation magnitude at high modulation
magnitudes. In any case, the harmonic signals are well
localized and do not significantly interfere with data
interpretation. Second, the increased noise at low
modulation frequency likely arises from slow varia-
tion in experimental conditions as the different spectra
are sequentially recorded. One could redistribute this
noise throughout the entire spectrum by pseudo-
random ordering of the modulation wave forms
(somewhat like random slice ordering in magnetic
resonance imaging data acquisition), but it is as easy
to increase slightly the modulation window so that no
precursor ions are present in the first modulation
cycles. Third, as discussed above, the primary con-
cern is the noise distributed throughout the modula-
tion frequency range, because it can overwhelm the
desired signal from products of other precursor ions.
This third effect was noted in the first HT/FT exper-
iments [10] where it was denoted as “cross-talk,” and
was attributed to variations in ion magnitude from one
sequence to the next, for ions generated inside the trap
by electron ionization. Variation in number of ions
from one spectrum to the next is expected to vary
even more for electrospray ionization (as in the
present experiments), due to slight changes in the

solution flow rate, drying air current, and any of
numerous other parameters. In fact, we observed a
20% variation in the total number of the trapped ions
(based on total observed ICR signal) from one spec-
trum to the next.

Fig. 7(left) shows a 2D FT/FTICR mass spectrum,
simulated in the absence of noise or nonlinearity in
product ion abundance versus precursor ion cyclotron
radius modulation magnitude. Based on the locations
of the nine off-diagonal peaks, nine product ions are
clearly identified. Horizontal slices passing through
diagonal peaks identify the product fragment ions
from each of five precursor proton-bound dimer
precursor ions. Vertical slices identify the precursor
ions whose fragmentation leads to each of three
product ions. (Sodium-bound dimers were not in-
cluded in this simulation.)

Fig. 7(right) shows a simulated FT/FTICR mass
spectrum modified to match the experimental 2D
spectrum of Fig. 5. The simulation incorporates four
sources of modulation noise: a 20% random variation
in total ion population from one experiment to the
next (based on the experimentally observed variation
noted in the preceding paragraph), truncation of 10%
of the precursor ion population due to assumed radial

Fig. 7. Simulated 2D FTICR spectra, assuming the same extent of fragmentation for all possible product ions. Left: Ideal behavior (linear
system, no noise). The product ion slices (horizontal dashed lines) are shown for each of six precursor ions (except for [Ile,Ile]H�, due to lack
of space between the lines). The precursors for each of three product ions are shown in the vertical dashed lines. Right: Same data, but with
additional 20% random scan to scan fluctuation in total ion population, 10% ejection of precursor ions at high modulation magnitude, 5% slow
monotonic variation in the total ion population, and 5% random relative ion population.
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ejection at high modulation amplitude, a slow (5%
monotonic increase from modulation no. 1 to modu-
lation no. 256) in mean ion population over the course
of the 2D data acquisition period, and a 5% random
variation in relative ion abundances from one spec-
trum to the next. The close agreement between exper-
imental and simulated 2D mass spectra suggests that
we have accounted for all of the principal sources of
modulation noise in the FT/FTICRMS experiment.

5. Conclusions

The present results show that the most important
step in making 2D FTICR analytically useful for
tandem mass spectrometry analysis of complex mix-
tures is to reduce the noise in the second (vertical)
dimension to an acceptable level. The principal source
of that noise is variation in the number of trapped ions
from one data acquisition to the next. If one had an
independent means of counting the ions, one could (as
suggested by Williams et al. for HT/FTICR [10])
scale the magnitude of each time-domain transient
signal to account for the varying number of ions. For
example, an ion whose m/z lies outside the modula-
tion excitation range could serve as a reference. The
problem, however, is to find a compound that does not
react with the mixture, and lies outside the mass range
of interest. Another solution could be to sum several
time-domain transients for each modulation excita-
tion. However, FT/FTICR experiments already re-
quire at least 256–512 separate modulation excita-
tions. The advantage over a standard one-dimensional
MS/MS experiment would be lost if too many tran-
sients must be required. It is worth noting that our
attempts to perform Hadamard transform FTICR
spectra of derivatized trypsin digests [33] have hit this
same problem of variation in the total amount of ions.
Thus, some innovative way of controlling the number
of trapped ions produced by an unstable external ESI
source will be needed before before 2D FTICR can
become a widespread analysis tool for MS/MS of
complex mixtures.

A second major problem (although not in this
example) is that it is difficult in practice to choose a

single range of ICR radius modulation amplitude
(FT/FT) or threshold CID energy or infrared irradia-
tion intensity (HT/FT) that applies to all components
of a complex mixture [33]. Thus, unless all of the
components of the mixture happen to fragment over
approximately the same range of collision energy (or
multiphoton infrared intensity:duration product), then
nonlinearity in the modulation dimension again leads
to harmonics and/or absence of off-diagonal peaks
due to subthreshold modulation excitation.

In spite of these problems, 2D FT/FTICRMS has
proved quite efficient for analysis of the present
sample mixture of three electrosprayed amino acids:
not only were we able to identify six proton-bound
dimers from off-diagonal peaks in the 2D spectrum,
but we characterized the dissociation products of three
additional sodium-bound dimers, even though exper-
imental conditions had not been optimized for either
their production or for their fragmentation. Thus, out
of the 12 precursor ions between 220 	 m/z 	 360, 9
gave rise to interpretable fragmentations when sub-
mitted to SWIM experiments. Considering that the
three missing fragmentations are those from ions of
low initial relative abundance, the 2D method can be
deemed successful. Additional experiments con-
ducted by application of HT/FTICR on derivatized
tryptic peptide digest mixtures have shown a similar
capability of multidimensional techniques in FTICR
to perform efficient MS/MS experiments [33].

Acknowledgements

The authors acknowledge Michael Freitas for ini-
tial integration of SWIM into the MIDAS SWIFT
generator, and also Fei He and Christopher L. Hen-
drickson for helpful discussions. This work was sup-
ported by the NSF National High Field FT-ICR
Facility (CHE-99-09502), Florida State University,
and the National High Magnetic Field Laboratory.

References

[1] J.D. Baldeschwieler, E.W. Randall, Chem. Rev. 63 (1963) 81.
[2] R.R. Ernst, G. Bodenhausen, A. Wokaun, Principles of

110 G. van der Rest, A.G. Marshall/International Journal of Mass Spectrometry 210/211 (2001) 101–111



Nuclear Magnetic Resonance in One and Two Dimensions,
Oxford University Press, London, 1987.

[3] G. Bodenhausen, R.R. Ernst, J. Am. Chem. Soc. 104 (1982)
1304.
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