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A theoretical model, based on the Lorentz equations for ion motion and the mass action law, is
developed for two-dimensional Fourier-transform mass spectrometry known as 2D FT-ICR or
2D FTMS. The theory illustrates that the modulation of 2D FT-ICR ion signals in the
additional time dimension comes from the modulation of the primary ion speed by the 2D
excitation pulses. The modulation of the primary ion speed is found not to be sinusoidal and
the modulation of the ion signals in 2D FT-ICR spectra is found to be complicated even in the
simplest chemical system. The complex modulation creates higher harmonic components in
the spectra. Based on the model, a data processing algorithm is proposed. The results show
that the Fourier transformation should be performed stepwise in order to obtain complete
information, and that the phase portion of the frequency domain generated by the second
Fourier transformation should not be discarded since it contains useful information.

{. INTRODUCTION

Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometry is becoming a very useful tool in analyti-
cal chemistry.! Although many researchers cite the high res-
olution and wide mass range as basic advantages of the tech-
nique,” the capability for study of ion-molecule reactions
and for determination of ion structures also plays an impor-
tant role in its applications.?

The current understanding of ion-molecule reactions
and ion structures should be partly credited to the introduc-
tion of tandem mass spectrometry.* One of the most attrac-
tive characteristics of FT-ICR is that one can perform tan-
dem mass spectrometry experiments in a single trapped-ion
cell.’ Conventional mass spectrometry techniques require
spatially distinct regions for the ion separations. In a
FT-ICR experiment on the other hand, ions are formed by a
variety of methods and the ions of interest can be isolated by
ejection of the other ions. The speed of the isolated ion(s)
can then be increased through acceleration with an excita-
tion pulse(s). The accelerated ions collide with neutrals in
the ICR cell to produce products which can be detected later
by the usual excite—detect pulse sequence. The Fourier
transform of the time-domain signal gives a frequency do-
main result that contains the mass-to-charge ratio informa-
tion on the ions.

Although the experimental procedures stated above are
suitable for the study of any type of ion—molecule reaction,
they are most widely used in collision-induced dissociation
(CID) experiments.® In a CID experiment, the collision of
ions with collision gas atoms or molecules produces daugh-
ter ion fragments which carry structural information about
the parent ions. Moreover, the structure of the parent ions
may be deduced by analysis of the daughter fragmentation
patterns. These tandem mass-spectrometry (MS) tech-
niques with CID can be used to study ion-molecule reac-
tions or to determine ion structures that involve a small
number of ionic species. However, when a chemical com-
pound becomes complicated or when a mixture is to be ana-
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lyzed, the experimental procedures quickly become very
complex and time consuming.

The technique of two-dimensional (2D) FT-ICR mass
spectrometry was first introduced by Pfindler et al.” The
techniques of 2D FT-ICR are very new. While its underly-
ing principles have not been fully understood, it has great
potential in that, in theory, it allows one to examine a// the
ion-molecule reactions in a system in one experiment. Fu-
ture development of the method requires a breakthrough on
theoretical as well as experimental aspects.

In this paper, we offer a comprehensive model based on
the motion of ion packets and on the mass action law to
interpret the modulation in the additional time dimension
shown as #, in Fig. 1. The discussion does not attempt to
include all the possible processes in 2D FT-ICR operations,
but instead focuses on the modulation information transfer
from the phase relations of the 2D FT-ICR excitation to the
detected ion signals. The mass spectral characteristics are
discussed and a data processing algorithm is proposed based
on the model.

Il. 2D FT-ICR EXPERIMENTAL PROCEDURES

The pulse sequence (Fig. 1) of a 2D FT-ICR chemical
cycle is realized by inserting a pair of excitation pulses

ION GENERATION

A Pz
t, 2D FT-ICR EXCITATION
Pa CONVENTIONAL
EXCITE-DETECT
PULSES
o tx—ﬁ’

QUENCHING [——l-

FIG. 1. The pulse sequence of 2D FT-ICR experiments differ from conven-
tional ID FT-ICR by the addition of pulses P, and P, with the evolution
time ¢,.
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(P,,P,) with a time delay ¢, between P, and P, after the ion-
generation event but before the ion-reaction period. The
time delay, z,, the evolution time, provides another time di-
mension for the 2D FT-ICR spectrum. For a certain ¢,, the
basic excite—detect pulses generate a time-domain transient
signal which can be Fourier transformed to give the frequen-
cy-domain mass spectrum which is assigned as w, , the ordi-
nary FT-ICR frequency dimension. The magnitude spec-
trum measures the numbers of ions present in the ICR cell at
the detection time. The phase portion of the frequency do-
main, which arises in response to the excitation pulse (P;)
does not usually give useful chemical information in ID FT-
ICR, and therefore is discarded. In 2D FT-ICR the evolu-
tion time ¢, can be incremented systematically and a series of
time-domain transient signals in the detection time variable
t, can be obtained. These time-domain ion transient signals
are subject to Fourier transformation in dimension ¢, to give
a series of spectra. We denote the series spectra as a function
of both ¢, and w,, S(#,,»,). The information in 5(¢,,0,)
can be Fourier transformed in the time dimension #, to give
the two dimensional magnitude spectrum S(w,,»,) and
phase function P(w,,,).

. MODULATION OF THE SPEED OF PRIMARY IONS

Since the spectra in the frequency dimension o, are the
very familiar 1D FT-ICR spectra, this discussion concen-
trates on the interpretation of the dimension #,. To under-
stand the physical significance of ¢;, the simplest chemical
system is used as shown in the following reaction:

A*+N-B* + P 1

Here A * represents the primary ion(s) present in the ICR
cell before the reaction time starts. N represents the neutral
molecules, and B * represents the ion(s) produced by the
reaction (1) during the reaction time period, ¢, .

In order to simplify the model, the following assump-
tions are made regarding the physical conditions of the ex-
periment: (a) the combination of the pair of excitation
pulses does not cause ion ejection; (b) any ¢, is less than the
2D excitation pulse length. The first assumption implies that
a single 2D excitation pulse can only excite A * to an orbital
with a diameter less than half of the cell dimension. The
second condition assures that, during the short evolution
time, the phase diffusion of the excited-ion packet is mini-
mized and can be ignored in the model.

Figure 2 summarizes the model. Before the 2D excita-
tion, the primary ions A7 are trapped in the center of the
ICR cell. The ions have a thermal velocity distribution
(about 0.03 eV of kinetic energy). The first 2D excitation
pulse (P,) brings the ion packet into an orbital with in-
creased kinetic energy {(which may be 10 ¢V or more). The
ions move coherently in the orbital during the evolution time
period (¢, ). The second excitation pulse further excites the
ion packet into a higher-energy orbital or deexcites it into a
lower orbital depending on the phase relationship of the two
pulses at the cyclotron frequency of A *. The modulation
can be expressed as (see the Appendix):

Va = Vao{2[1 + cos(w, 2,) 1}'/% 2)
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FIG. 2. The graphic representation of a simple theory for 2D FT-ICR
shows that the product , t, controls the modulation of the speed of ion

A * . Theion reaction period ¢, gives changes in the relative ion populations,
and the signal detected at the end of ¢, is transformed to give the mass spec-
trum showing relative intensities of A+ and B*.

Here V, is the ion packet speed at the end of the excitation
pulse P,, V,, is the speed of the ion packet A * at theend of
the excitation pulse P 1. When the phaseis equal to 27n (with
n=20,1,2,..) or @, t, = 2mn, the ion packet is excited into
the highest orbital and ¥V, = 2V, ,. When the phase is equal
to7(2n + 1) orw, t; = w(2n + 1), the ion packet is deex-
cited back to its initial thermal state. Figure 2 contains
further information on other cases. The result is that the
speed of the primary ion packet is, therefore, modulated with
the frequency w, .

IV. MODULATION OF ION SIGNALS

The population of ions A * at the end of the excitation
pulses, P, and P,, does not depend on ¢, since no ions are
ejected and no significant reaction occurs. During the reac-
tion period (¢, ), the ions A* collide with neutrals in the
ICR cell and are converted into B * ions, For clarity, we also
assume that there is no ion loss in the reaction period, that all
the ions can be detected by the final excite—~detect pulse se-
quence, and that the reaction is endoergic (for example, that
the product ions arise from primary ion dissociation asin a
collision-induced dissociation experiment). During reaction
under these conditions, the population of A * decreases and
the population of B increases. If the ion packet of A+ is
excited into a higher orbital, theions A * will possess higher
speed and will have a higher collision energy with the neu-
trals. Reaction (1) is then accelerated and an increase of the
product ion abundance occurs as shown in the first case in
Fig. 2. The second and fourth cases show no net increase in
product formation after the second pulse. The pattern is il-
lustrated in Fig. 2. Thus, the modulation of the speed of the
primary ions AT at the beginning of the reaction period
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results in the modulation of populations of both the A * and
B * ions. From this qualitative analysis, two conclusions can
be drawn. First, the populations of both the primary ions
(A ") and the product ions (B* ) are modulated with the
cyclotron frequency (@, ) of the primary ions. The modula-
tion of the ions A™* results in a peak at (w,,0, ) on the
diagonal in the two-dimensional magnitude spectrum S(w, ,
®, ), and the modulation on the product ions results in an
off-diagonal peak at (wg,®, ) in S(w, ,®, ) which provides
evidence of the reaction (1). Second, the modulation of the
primary ions and the modulation of the product ions are in
opposite phases.

The speed modulation by the pair of excitation pulses P,
and P, is not sinusoidal: a more complex modulation of the
ion signals is expected from the model. For simplicity, we
presume that the speed of A * does not change in the reac-
tion period until the ions collide with neutrals to produce
B *, and also that the reaction cross section can be expressed
as follows:

E<E oo
U(E)::[O’ threshold 3)

o E> Epresno.
The assumption of the reaction cross section agrees with the
rigid-sphere kinetic model with a threshold energy
(E\hresnoia - Reaction (1) is a pseudo-first-order reaction for

a constant pressure of neutrals, and the rate equation can be
expressed as

—d[AT)/dt=k[AT]IN], k=V,y0o(E). (4)
Here V,y is the relative speed of A* and N. It is approxi-
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FIG. 3. Theoretical modulation functions of ion signal (with zero threshold
energy) are shown in (a) with their magnitude spectra shown in (b) for the
conditions in which parameter c has the following values: (1) 0.2, (2) 1.0,
and (3) 5.0.

With an increase in reaction time (¢, ) or an increase in the
pressure of neutrals, the parameter c increases. The results in
Fig. 3 illustrate that for the theoretical ion signal modulation
function, f(¢) = exp{ — ¢[1 + cos w, t]'/2}, an increase in

mately equal to the speed of A+ in the laboratory frame. ta b
o(E) is the reaction cross section.
The solution of (4) is
[A*]=[A*]ee ™", (5)
where [A " ], is theinitial ion population of A + and ¢, is the . I l ]
reaction time. Substituting (2) in the above equation gives 22 2
[AT ]oexp{ — e[ 1+ cos(wati)] ”2}’ f ¥ £
[a*1=1"". 6)
{A ]O’ 4 ‘EiExhreshold
and ¢ = (2)"%t,00V.o[N]. The energy is given by - ; l L —
E=1/2ym,V? =m,V}[1 4 cos(w,t,]. By conserva- b
tion of total ion numbers, we also have
[AT]o(1 —exp' el Foosteaw]™ )
[B+] — { o 1[5 Elhl‘eshold
07 14 1 |E<E' ] ) 1
(N 4 4b

Since the modulation of the ion populations are not sin-
usoidal as seen in Egs. (6) and (7), higher harmonic compo-
nents in the spectra exist. The value of parameter ¢ and the
value of the threshold energy (E esnoa ) in Egs. (6) and (7)
have an influence on the structure of the spectra obtained
from the use of the additional dimension (¢, or w, ). Figure 3
shows three plots of function (6), each with its correspond-
ing magnitude spectra obtained by Fourier transformation
for the case with E .q = 0. This special case is the result
of the rigid-sphere model with no threshold energy term.

FIG. 4. Theoretical modulation functions of ion signal with parameter
¢ =1 are shown in (a) with their magnitude spectra shown in (b) for the
conditions in which the threshold energy has the following values: (1)
Ethreshold =0.5E,,,, (2) Epreshold = 0.28E,,,,, (3) Eipreshoia = 0.125E,,
and (4) Ey, o = 0. The maximum energy is defined as 2m V3.

2x )
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parameter ¢ gives an increase in the higher harmonic compo-
nents. However, decreasing the magnitude of parameter ¢
not only decreases the relative intensity of the higher har-
monics, but decreases the absolute intensity of the funda-
mental frequency as well.

Figure 4 shows the spectral changes as a function of the
threshold energy for the theoretical ion signal modulation
function, f(t) =exp{ —c[1 + cos w, £]'/?}, with
AN and P(t) =e, with i oo
(E=im,V?*=musV}[1+coswat]). The four plots of
function (6) have the value of parameter c fixed (¢ = 1.0)
and the value of the threshold energy is changed from 0 to
0.5 of the maximum energy (E,,, = 2m¥V3). Theintroduc-
tion of the threshold energy term gives a truncation of the ion
signal along ¢, and produces complexity in the magnitude
spectrum.

The relative intensities of the harmonics shown in Figs.
3 and 4 depend on the experimental conditions and the na-
ture of the chemical system. One more general conclusion
can be drawn. The harmonics exist because the modulation
on the ion signals is not sinusoidal.

V. DATA PROCESSING

As mentioned in Sec. I, the 2D FT-ICR experiment first
generates a data array in two time dimensions (#,,t, ). Only
the magnitude spectra S(¢,,w, ) from the fast Fourier trans-
form on ¢, give useful information, and the phase portion of
the frequency domains can be discarded. Therefore, any
spectral analysis method which generates spectral density
can be used for the first data processing step. One example is
the maximum entropy method which promises to generate
high-resolution spectral density.®

Fourier transform of S(¢,,@, ) on ¢, yields a 2D magni-
tude spectrum S(w,,», ) and a phase function P(w,,w, ).
S(w,,w,) gives basic information on the chemical system
which includes the masses of the primary and product ions
as well as the direction of reaction. P(w, ,w, ) provides addi-
tional information on the reactions. In the model discussed
above, the phase at (w, ,wg ) is 180° from that at (@, @, ).
In experiments conducted under different experimental con-
ditions from this model, the phase difference might be zero.
For example, if the amplitude of the 2D FT-ICR excitation
pulses is too high, the primary ions would be ejected during
the second pulse for certain value of #;, This would result in
the modulation of population for the primary ions at the
beginning of reaction period. The loss of the primary ions
would cause a decrease of the product ion signals. In this
case the modulation of product ion signal could be the same
as (in phase with) the primary ions as observed in the pre-
vious experiments by Pfandler ez al.”®®. The model dis-
cussed here illustrates that the phase function contains use-
ful information and should not be discarded. Since only the
relative phase has physical significance, a phase reference
should be established for comparison. Here we propose that
the diagonal elements of the phase function P(w,,w, ) be set
to zero for reference and others adjusted accordingly. That
is,

P(0,0,) — P(@,0,) ), = o, = P (@,,0,)

P,(w,,m,) is the adjusted new phase function.

for all w,.
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V1. CONCLUSION

The model developed above shows that the introduction
of the additional time dimension in 2D FT-ICR causes mod-
ulation of the primary ion speed. The propagation of the
speed modulation to the ion signals is complicated. It de-
pends heavily on the experimental conditions and the nature
of the chemical system under study.

Although the model presented above is simplified, gen-
eral conclusions can be drawn from it.

(1) 2D FT-ICR spectra in frequency domains come

from the modulation of the primary ion speed;

(2) propagation of the speed modulation to the ion sig-
nals depends on the ion loss mechanism and ion
chemistry;

(3) harmonic components exist in the 2D magnitude
spectra;

(4) the phase function contains useful information
about the chemical system.

APPENDIX

The motion of a charged particle with mass of m and
charge of ¢ in a static magnetic field B, along the z axis and
an electric field along the x axis can be described by the
Lorentz equations (the z-direction motion is discarded):

dv

x q
o = (—I—n—)Ex(t) + wgv,, (Al)
dv,
—— = — Woly,
dt (A2)
By

o= """
m

If (during the ion excitation) the electric field oscillates
with the ion resonance frequency, @, /27, E, () can be ex-
pressed for 2D FT-ICR excitation pulses as

Eysinwyt, O0<t<T or T+t <t<2T+1
E, (1) = .
0, otherwise,
(A3)
(A4)
|
T T .
t=0 T T+ ¢, 2T+ ¢,

The solutions of Eqs. (Al) and (A2) in absence of exci-
tation are

(AS5)
(A6)

U, () = 0,0 COS gt + )y Sin wyt,
U, (1) = — vy Sin gt + v, COS Wt
The solutions during the ion excitation are

U, (2) = Uyg €OS @t + vy sin oot + [(gEyt)/2m]sin wyt,
(A7)

U, (1) = — v, Sin Wyt 4 v, COS Wyt
+ [(gEqt)/2m]cos wyt — [(QEy)/2ma,]sin wgt.
(A8)

The last term of Eq. (A8) can be ignored if the excita-
tion runs more than ten cycles. We assume that the initial ion
speed is zero (¢ =0) and the excitation pulse length (T
satisfies the relationship w, T = 2n7 (n is integer). The sec-
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ond assumption does not set any limitation on the generality
of the result (see the results below).

The ion velocity at the end of the first excitation pulse
(¢t = T) is obtained by Eqs. (A7) and (A8) with the initial
conditions of v,y =0 and v, = 0:

v, (1) =0, v,(T)=v, v,=gET/2m. (A9)

The ion velocity at the end of the evolution time period
(t=T +t,)isgivenby Egs. (A5) and (A6) with Eq. (A9)
as the initial condition:

v (T + 1)) = v, sin wgty,

U, (T + 1) = vy COS wpt.

Repeating the procedures, we obtain the ion velocity at
the end of the second excitation pulse (¢ =27 4+ ¢, ):

v, (T+t,) =v,sinwgyt,,

v, (T4 1)) = v(1 + cos wyty).

Therefore, the ion speed at the end of the excitation
pulses can be expressed as:

v(#,) = v[2(1 + cos wyt,) ]2

If the pulse duration 7" does not satisfy the relation
woI = 2nm (n = 1,2,...), the result will be

v(t,) = vo{2[1 + cos wo (T — £,)1}'/2
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