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Abstract

In this study, a method for measuring ion collision cross sections (CCSs) was
proposed through time-frequency analysis of ion trajectories in quadrupole ion traps. A
linear ion trap with added high-order electric fields was designed and simulated. With
the presence of high-order electric fields and ion-neutral collisions, ion secular motion
frequency within the quadrupole ion trap will be a function of ion motion amplitude,
thus a function of time and ion CCS. A direct relationship was then established
between ion CCS and ion motion frequency with respect to time, which could be
obtained through time-frequency analysis of ion trajectories (or ion motion induced
image currents). To confirm the proposed theory, realistic ion trajectory simulations
were performed, where the CCSs of bradykinin, angiotensin I and II, ubiquitin ions
were calculated from simulated ion trajectories. As an example, differentiation of

isomeric ubiquitin ions was also demonstrated in simulations.

Key words: collision cross section; time-frequency analysis; linear ion trap; high-order

field; ion-neutral collision; isomer.
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1. Introduction

Ion structure analysis is an important topic in mass spectrometry (MS), especially
during the analyses of biomolecules. Structural analyses of proteins are critically
important for understanding their biological functions. Up to now, tandem MS
techniques, such as collision induced dissociation (CID),'” electron transfer
dissociation (ETD)*® and electron capture dissociation (ECD),”'” have been developed
and widely applied in proteomics for the analyses of peptide mass fingerprint (PMF)
and post-translational modifications (PTM). Nevertheless, identifying ions with the
same mass-to-charge ratio (m/z) but different structures such as isomers, stable
conformers and protein complexes with multi-conformations, are still challenging
topics. Ion collision cross section (CCS) measurements with ion mobility spectrometry
(IMS) techniques have also been applied as a complementary method to study ion
structure.'

To measure the CCS of an ion, several instruments and techniques have been
developed, such as drift-time ion mobility spectrometry (DTIMS)'®,
differential-mobility spectrometry (DMS)'’, high-field asymmetric waveform ion
mobility spectrometry (FAIMS)* and traveling wave ion mobility spectrometry
(TWIMS).>! During an IMS experiment, it is necessary to pay attention to ion
fragmentations or conformation variations caused by high-energy collisions with
buffer gas molecules.”” Ton CCS measurements have also been realized in ion
cyclotron resonance cells (ICR) in vacuum environments through measuring the line

. . 22
width of mass peaks in a mass spectrum.
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Capable of performing mass analysis and tandem MS, ion traps have been widely
used in MS instruments, especially in hybrid MS instruments.>2® The electric field
within a practical quadrupole ion trap can be expressed as a summation of quadrupole
electric field and high-order electric fields.”” Although high-order electric fields would

29-31

normally cause mass resolution degradation™ and chemical mass shifts, they are

inevitable’ and introduced by electrode truncation,” geometry deviation,** space

charge effects® %

and etc.. On the other hand, proper use of high-order electric fields
could enhance the performances of an ion trap, such as the nonlinear ion resonance
ejection in high capacity ion traps (HCT, Bruker Corporation) and ion traps with
simplified geometries.”’

In this study, high-order electric fields were added into a linear ion trap on
purpose, and a time-frequency analysis method was proposed to measure the CCS of
an ion within the ion trap. Previous studies have shown that even-order electric fields
would cause ion motion frequency shift, which depends on ion motion amplitude. At
the same time, ion motion amplitude would decay due to ion-neutral collisions, in
which the collision probability is a function of ion CCS. With these in mind, a
relationship between ion motion frequency shift and ion CCS was established and
utilized to measure ion CCSs through time-frequency analyses of ion trajectories in the

38'42). Theoretical results were

linear ion trap (or ion motion induced image current
verified by number simulations, and calculation of the CCSs of bradykinin, angiotensin

/Il and ubiquitin ions were demonstrated, including the identification of ubiquitin

1somer ions.
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2. Theory

In an ideal quadrupole ion trap (100% quadrupole electric field), ion motion
frequency is independent of ion motion amplitude. In a practical system, ions trapped
within a quadrupole ion trap could be affected by high-order electric fields, which will

result in nonlinear resonances*

and “mass shift”. Theoretical analyses have shown
that even-order fields may lead to ion motion frequency shifts, while odd-order fields
lead to ion motion center displacements.37 Besides high-order fields, ion motion could
also be affected by ion-neutral collisions.*” When considering both effects, ion-neutral
collisions will induce ion motion amplitude decay, and reduced ion motion amplitude
will lead to ion motion frequency shift with the presence of high-order fields.
Therefore, the relationship between ion CCS and ion motion frequency could be
established.

The electric potential (@) in a linear ion trap can be written as a weighted

summation of high order fields,*

x3-3xy? x*—6x2yZ4y*

_ x2—y?
¢ = [U —Vcos(2t)] (4, P +A;——+ 4,

Po I

+) ()

5 3,,2 4 6 4.2 2.,4_,,6
x>—=10x +5x x°—15x +15x -
As Y 2 4 Ag 4 Yy Y
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where U and V are the amplitudes of the applied DC and RF voltages; Q2 is the angular
frequency of the RF voltage; A», A3, A4, As and A are the dimensionless amplitudes of
high-order fields (for instance, 4, corresponds to quadrupole field and Aj corresponds
to hexapole field); x and y are the Cartesian coordinates; po is the distance from trap
center to x- or y-electrode.

With the pseudo-potential approximation,49 a differential equation based on
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Newton’s second law can be constructed. Ignoring odd-order fields, ion motion

equation can then be expressed as,

6(2A42+34,46) uS+ +F(A, 2)u2n—1) Q)
ne

84,44
2 zu3 + 2.4
A2°Pp A2°Ppo

u"' = —wi(u+
where u could be either x or y, wy is ion motion angular frequency in x- or y-
direction. Although the pseudo-potential approximation is only accurate for ¢ < 0.4 (in
the Mathieu equation), it could give reasonable results for ¢ < 0.7 in most cases. >

Solving Eqn. 2 with the harmonic balance method, the modified ion secular

frequency (f) can be derived as, '

3a? 5a% 35a8

f:f0J1+TE3+?E5+ oa 67+"' (3)

where a; is ion motion amplitude, f; is ion secular frequency without considering
high-order fields, €3, €5, €, are coefficients representing the perturbations of
even-order fields on ion motion.

When only octopole field is considered, the modified ion secular frequency can be

f=foli+iate )

When only dodecapole field is considered, the modified ion secular frequency

f=h /14‘%@1455 Q)

To take the ion-neutral collision effect into account, analytical expressions of ion

written as,

84,4

Azpo?

where €3 =

becomes,

184,
Azpo*

where €5 =

motion trajectories with a realistic collision model need to be obtained first. Since the
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kinetic energy of an ion may vary significantly at different operation stages in an ion
trap, the mixed collision model was used in this study. The mixed collision model was
proposed as a combination of Langevin and hard-sphere collision models, where the
collision probability is assumed to be a summation of an ion velocity independent term
and an ion velocity dependent term.’*> With the mixed collision model, ion trajectory

can be written as, *’

1

G =5 — (6)
(1/ag+c)e2 —c
. N . . . 85w
where a( is ion initial displacement or motional amplitude and ¢ = 3:6"; 01 =
1
ap(M+m)
mM p

7o TRmeM is the Langevin damping coefficient; &, = ohard_sphereﬁﬁ is
the hard-sphere damping coefficient and Onard—sphere = nré is the collision cross
section, where 7y is the effective radius of the ion; q is the electric charge numbers of
the ion; a, is the polarizability of the buffer gas; &, is the permittivity of vacuum; p
is the pressure of the buffer gas; T is temperature; k is the Boltzmann constant; M is
the mass of the buffer gas and m is the mass of the ion.

Substituting Eqn. 6 into Eqn. 4 or 5 (depends on which high-order field was

added), a direct relationship between ion secular frequency and ion effective radius (r)

could be set up. For example, when octopole field was applied, we could have,

-2
[

f=fo[1+3e ((l/ao +o)et — C) ()

As shown in Eqn. 7, ion secular frequency is changing with time with the presence of

octopole field (with an example shown in Figure 1a). Since ¢ is a function of ion

hard-sphere CCS (0hard—sphere)> 10n CCSs could be calculated after knowing the ion
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secular frequency variations with respect to time, which can be done by performing
time-frequency analysis on the ion trajectory (or the image currents collected from

experiments). After rewriting, the relationship between fand y can be written as,

5 5 -2
f=f 1+%63(1/a0971t+(eft—1>8ﬂ£ M r2> )

38, Tk m+M 'O
Figure la shows a typical the time-frequency mass spectrum after time-frequency
analysis of an ion trajectory. Therefore, to perform experiments, the linear ion trap
should have the capability of collecting ion image currents.*

A schematic process to determine ion CCSs from ion motion frequency was given
in Figure 1b, 1c and 1d. As plotted in Figure 1b, ions with the same m/z ratio but
different collision cross sections/effective radiuses would have different trajectories,
specifically the ion with larger physical size decays faster than the other ion under the
same condition. The left figure in Figure 1d shows the ion motion frequency curves
versus time (namely ion time-frequency curves) for these two ions, which were
obtained by applying the short time Fourier transform™ (STFT) on ion trajectories. The
frequency shift at time zero is the same for both ions, since both ions have the same
initial condition. For the large ion (with faster ion motion amplitude decay in Figure
1b), its motion frequency will quickly converge to its secular frequency (f in Eqn. 7).
Ion motion frequency of the small ion would also converge to the same secular
frequency (fy), but with a slower speed. This convergence speed could be used to
characterize ion CCSs (the left Figure 1d inset figure). To that end, a straight line was
plotted to connect the starting point and the ending point of ion motion frequency, and

the area (S) between ion time-frequency curve and this straight line could be used to
8
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quantify this convergence speed. The right figures in Figure 1d plot the frequency

difference (df) between ion motion frequency and the straight line versus time (namely,

©CoO~NOUTA,WNPE

df-versus-t curve). Finally, this area, S, could be translated back to ion collision cross
11 sections/effective radiuses using Eqn.8. As shown in Figure lc, a one-to-one
14 relationship could be built between this area (S) and ion radius (7p), when all other
parameters were kept the same, including m/z of ions and ion trap operating conditions.
19 The gradient of the S-versus-ry curve relates to the ion CCS measurement resolution,
and a more accurate CCS could be obtained at the steeper region of the curve as

24 indicated in Figure 1c.
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3. Numerical Simulation

To validate theoretical results, simulation experiments were performed using a
home-developed ion trajectory simulator which was coded in MATLAB (The
MathWorks Inc. USA).>" ** > Ton motion differential equation was solved by the
5™ order Runge-Kutta integration method. The variation of ion frequency with respect
to time was analyzed by the Fast Fourier Transform (FFT) and STFT. A realistic
collision model, which combines the Langevin’s collision model and the hard-sphere
collision model, was used to calculate the collision probability in the simulation
program.”’ Elastic collision model was applied to calculate the energy transfer between
the ion neutral collision pair.

The linear ion trap used in this study has dimensions of xo = yp = 5 mm (center to
electrode distance) and the RF trapping field was the summation of quadrupole field
with either octopole field or dodecapole field. Following are the operation parameters
(otherwise specified): the RF signal applied on the ion trap had a frequency of 1 MHz
and amplitude of 400 V(; ion initial displacement ap = 3 mm; temperature was set at
300 K; Helium was used as the buffer gas (1 mTorr); ion trajectories was simulated for
5 ms. Ubiquitin (with +7 charges, +9 charges), bradykinin and angiotensin I/II were

used as model ions in this simulation.

10
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4. Results and Discussions
4.1 Parameter optimization

Instrument parameters of the ion trap were first optimized, including the
percentage of high-order electric fields (octopole and/or dodecapole fields) and buffer
gas pressure. Angiotensin II (m/z 524, ion effective radius 0.883 nm’®) was used in the
optimization process.

High-order electric field. High-order electric field is the key factor in ion CCS
measurement, which induces ion motion frequency shift with respect to time. However,
high-order electric fields may also cause degradation of mass resolution and mass shift.
Therefore, percentages of high-order electric fields should be carefully controlled. To
characterize the effects of high-order electric fields, controlled percentage of either
octopole or dodecapole field (from -10% to +10%) was added into the linear ion trap
for a comparison study. As shown in Figure 2, an octopole electric field would
generally induce larger ion motion frequency shifts than a dodecapole field.
Furthermore, the convergence speed of the ion motion frequency is faster with an
added dodecapole field, since a dodecapole field will have much less field strength
toward the center of the ion trap.48 To have a long enough ion motion signal with
frequency shift, octopole field is chosen over dodecapole field. A negative octopole
field is then determined, since negative high-order field would induce more ion motion
frequency shift as shown in Eqn. 4, as well as in Figure 2b and 2d. Furthermore, it has
been shown that ion ejection resolution could be enhanced with added negative
octopole fields.”” Finally a -3% octopole electric field was chosen as the high-order

11
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fields in the linear ion trap, which is a compromise between octopole field induced ion
instability and a large enough ion motion frequency shift.

Buffer gas. Helium and nitrogen are normally used as the buffer gases in
quadruple ion traps.”® * Since nitrogen is 7 times heavier than helium and the
molecular polarizability of nitrogen (1.7403 X 10>* cm®) is approximate 8 times that of
helium (0.2051x10* cm?), so nitrogen is expected to have a stronger damping effect
on ion motions (Figure 3a). Under low pressure conditions (10° Torr) and using
helium as the buffer gas, the attenuation coefficient of ion motion amplitude is small
(Figure 3b). To have large enough ion motion frequency shift for ion CCS calculation
(measurable area S Figure 3c), it is necessary to extend image current collection
duration. On the other extreme, under high pressure conditions (10~ torr) and using
nitrogen as the buffer gas, ion motion frequency shift would happen in a much shorter
time (Figure 3b). However, shorter time also causes lower frequency resolution in a FT
analysis process. Furthermore, the CCSs of ions also vary significantly, for example,
the radius of a protein ion is on the level of 1~8 nm, while on the level of < 2.5 nm for
a small peptide. The operating conditions should be optimized for different types of
ions to make sure there is enough time to collect the ion motion signal (5 ms for
instance) for accurate time-frequency analysis. In general, high mass buffer gas and/or
high pressure should be used for protein ions, while low mass gas and/or low pressure
can be applied for small ions. For the ions analyzed in this work (7 varies from 0.8 nm
to 2.3 nm, and m/z is below 1250 Da), helium at 1 mTorr could be used as the buffer
gas, where ion CCS measurements could achieve reasonable resolutions at the steeper

12
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region of the S-versus-#y curve (Figure 3d).

To maximize both mass resolution and resolving power in determining ion CCSs,
operation parameters of the ion trap were optimized, including the effects of ¢ value
and the ion excitation mode.

q value. ¢ value is an important parameter during the operation of an ion trap,
which determines ion secular frequency. High-order fields induced ion motion
frequency shift is also a function of g value. At ¢ values of 0.3 and 0.6, the ion motion
frequency shift at time zero is 105.754 KHz and 211.518 KHz, respectively. However,
since the theoretical results (Eqn. 7) would be more accurate at lower g values, as well
as to avoid nonlinear resonance points at high g regions (Figure 4a), it is suggested that
the ion trap should work at low ¢ regions (< 0.4) when performing ion CCS
measurement. Due to the non-destructive nature of image current measurements, the
proposed ion CCS measurement could be carried out before a dipolar resonance
ejection. Therefore, the dipolar resonance ejection could also be performed at high ¢
regions for optimized mass resolution.

Ion excitation mode. To experience the high-order field induced frequency
shift, as well as for image current detection, ions need to be excited to a larger radius
before performing CCS measurements. There are two ion excitation modes, the
broadband ion excitation and the narrow band ion excitation. In the broadband ion
excitation mode, ions within a mass range were excited simultaneously using a
broadband AC waveform, such as a short duration DC pulse or a stored waveform
inverse Fourier transform waveform (SWIFT).60'62 Ions with different m/z ratios could

13
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be excited to the same radius or different radiuses, which can be controlled by
adjusting the power distribution within the SWIFT waveform. With broadband ion
excitation, all excited ions would experience the same RF voltage, thus different ¢
values. Therefore, different ions would have different S-versus-ry curves. As an
example, four ions with m/z 250 Da, 500 Da, 1000 Da and 2000 Da were placed in the
linear ion trap with a 400 V., RF signal applied. These four ions would be trapped at q
values of 0.6258, 0.3129, 0.1565, 0.0782, respectively. After excited to the same radius
(3 mm), the S-versus-ry curves for these four ions were generated and plotted in Figure
4b. A steeper range exists in the low ion radius range for ions with low m/z ratios, ~
0.4 nm to 1.6 nm for the ion with a m/z ratio 250 Da, for instance. For ions with larger
m/z ratios, the steeper range lies in a bigger ion radius range, ~ 2.0 nm to 8.0 nm for
the ion with a m/z ratio 2000 Da. Since ions with larger m/z ratios would typically
have bigger ion radiuses, results suggest that the broadband excitation and detection
method would be a fast and reasonable approach for CCS measurements for ions
within a mass range.

In the narrow band excitation mode, ions with different m/z ratios could be
excited and have their CCSs measured one-after-another at the same ¢ value. As shown
in Figure 4c, the S-versus-ry curves were generated at the same ¢ value (0.3) for these
four ions (m/z 250 Da, 500 Da, 1000 Da and 2000 Da). In this case, the S-versus-r
curves have a similar trend, while large ions would have a relatively wider steep range.
In this mode, optimized q values could be selected for ions with different m/z ratios for
maximized CCS resolving power.

14
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4.2 Simulation results of ion CCS measurements

Broadband measurement. With the broadband ion excitation and detection,
trajectories of four ions were simulated, including angiotensin I (+3 ion, m/z 433 Da,
rp 1.022 nm), angiotensin II (+2 ion, m/z 524 Da, r( 0.883 nm), bradykinin (+1 ion, m/z
1060.2 Da, ry 0.883 nm) and ubiquitin (+9 ion, m/z 952 Da, ry 2.291 nm). In the
simulation, ions were all excited to 3 mm; RF voltage was set at 400 Vo, 1 MHz;
Helium was used as the buffer gas, 1 mTorr; image current was collected for 5 ms.
Figure 5a shows the time-frequency mass spectra of these four ions. After analyzing
the frequency shift, the df-versus-¢ curves could be generated (the solid lines in Figure
5b). The df-versus-t curves generated from simulated ion trajectory agree well with
those calculated from theoretical calculations (the dashed lines in Figure 5b). Jittering
of the df-versus-¢ curves in simulation results (Figure 5b) might be due to the random
nature of ion-neutral collisions in simulation. Simulation was repeated five times, and
the calculated CCSs were shown in Table 1 and Figure 5c. Ion CCSs measured with
this time-frequency analysis method agree well with the CCS values (taken from ion
mobility measurements).’® ®* ** When experiments were performed, many other
factors would degrade the performance of this time-frequency analysis method, such as
the noise level in the image current detection circuit, space charge effects, ion

fragmentation and etc.

ro(nm) Relative
1 x lculat
Sample from IMS Calculated r9(nm) error(%)
angiotensin | 1.022 0.972+0.054 -4.84
angiotensin 11 0.883 0.840+0.063 -4.94

15
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bradykinin 0.883 0.86710.085 -1.78
+9 ubiquitin 2.291 2.172£0.051 -5.21

Table 1. CCSs obtained from time-frequency analysis of trajectory simulations.

Note *: radius rp was calculated using s = nroz, s the CCS from IMS results.

Analysis of isomer ions. The identification of isomer ions is an important task
in ion structure analysis, especially for biomolecules (such as proteins) which would
have different conformations. By analyzing the CCSs of ions besides m/z ratios,
isomer ions could be resolved using the time-frequency analysis method. As a
demonstration, the two isomers of ubiquitin ions with +7 charges (m/z 1224 Da, ry
2.047 nm for one isomer, o 2.243 nm for the other isomer)®** were studied through ion
trajectory simulations followed by the time-frequency analyses. A g value of 0.1278
was used in the simulation for these isomer ions. As shown in Figure 6a and 6b, these
two isomer ions would have the same ion secular frequency with the same ion motion
amplitude. With different ion-neutral collision rates, isomer ions could be
differentiated in the time-frequency spectrum (Figure 6a). Thus, their corresponding
df-versus-t curves were also different as shown in Figure 6b. The CCSs of these two
ubiquitin ions obtained from simulations were shown and compared with theoretical

values® in Table 2 and Figure 6c.

ro(nm) Calculated Relative
Sample from (nm) ror(%)
IMS ro CITo 0

+7 ubiquitin small isomer ~ 2.047 1.911£0.050  -6.67
+7 ubiquitin large isomer ~ 2.243  2.085+£0.105  -7.01

16
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Table 2. CCSs obtained from time-frequency analysis of trajectory simulations for

ubiquitin ions with +7 charges.

4.3 Practical considerations in experiments

Control of high-order fields. Accurately control the percentage of high-order
fields is one of the most important parameters in this method. A larger percentage of
high-order electric field will increase ion motion frequency shift and help improve ion
CCSs measurement resolution. On the other hand, larger high-order electric field also
leads to reduced m/z resolution and instability regions in the stability diagram of an ion
trap. A precise control of the high-order fields depends on machining and assembly
accuracy of the ion trap,” as well as surface roughness.”* In a practical mass
spectrometry system, a calibration sample with given CCS can be used to calculate the
percentage of the high-order fields (according to Equ.8) in the fabricated ion trap
before testing unknown samples.

Image current signal processing. In order to calculate the CCS of an ion
accurately from the image current, a time-frequency curve with high resolution in both
time and frequency domain is required. However, there is typically a tradeoff for
obtaining high resolutions in both time domain and frequency domain. STFT is a
straight forward time-frequency analysis method, and other methods could be tested in
the future to improve the resolutions.®*® On the other hand, the time-frequency curve
will be “truncated” at both ends, since a finite length of time domain signal (the size of

the window for STFT) is required to generate a frequency data point (Figure 5b and

17
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6b). As a result, the calculated area S is expected to be smaller due to the lack of
frequency data points at the beginning and end of the time-frequency curves. A system
error will then be introduced, and the calculated ion radii/CCSs from this method
would be smaller than the theoretical ion radii/CCSs (Figure 5c¢ and 6c¢). Furthermore,
electrical and chemical noises exist in the image current signal measured from a
practical ion trap, which were not considered in the simulation. Gaussian noise and the
coupling of rf signal on the image current detection circuit are the major sources of
electrical noises,” which will degrade ion CCS measurement and need to be
minimized. Chemical noises could be avoided by isolating ions of interest before
performing the CCS measurement.

Difference between IMS results and CCS measured in ion trap. Typically an IMS
operates at a much higher pressure than that in a quadrupole ion trap.70 Therefore, the
CCS measurement results might be different from that obtained from a quadrupole ion
trap using the method proposed in this work. The CCS measurements at a much lower
pressure has been demonstrated in FT-ICR cells, and those results do not overlap but
show linear correlation with IMS results.”? In addition, ion-neutral collision energies
and collision models are also different in IMS, ion traps and FTICR cells, which might
also contribute to the differences in CCS measurement results. It is also believed that
the CCS results from this method would also have linear correlation with those from

IMS measurements, but not necessarily equal to each other.

5. Conclusion

A proof-of-concept, time-frequency analysis technique for determining ion CCSs
18
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via analyzing the ion trajectories (or ion image currents) in quadrupole ion traps was
demonstrated theoretically, and verified by simulations. With the mixed collision
models and the pseudo-potential approximation, analytical expressions of modified ion
secular frequency in a linear ion trap were obtained using the harmonic balance
method. Based on theoretical derivation, df-versus-¢ and S-versus-ry curves could be
used to calculate ion CCSs. The CCS measurements of ubiquitin, bradykinin,
angiotensin I and II were simulated, and a relative error within ~6% could be achieved
in simulations under optimized conditions. Isomer ions of ubiquitin could also be
distinguished. As a complementary ion structure analysis technique, this
time-frequency based ion CCS measurement method would add new capabilities to
quadrupole ion traps. Further researches are highly demanded to realize this method in

experiments.

19
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31 Figure 1. Schematic process of measuring ion CCSs using time-frequency analyses. (a)
32 A typical time-frequency mass spectra in which ion secular frequency shift with time;
33 (b) decayed ion trajectories for two ions with the same m/z but different CCSs; (¢) the
35 S-versus-7y curve; (d) ion time-frequency curves (left) and df-versus-t curves (right) for
36 two isomers. See text for details.
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Figure 2. High-order field effects on ion motion frequencies. (a) ion time-frequency
curves under different percentages of octopole fields; (b) ion df-versus-¢ curves under
different percentages of octopole fields; (c) ion time-frequency curves under different
percentages of dodecapole fields; (d) ion df-versus-¢ curves under different percentages
of dodecapole fields. Angiotensin II with o= 0.883 nm (CCS) and m/z = 524.
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32 Figure 3. Buffer gas effects on ion CCS measurements using the time-frequency
33 method. (a) ion damping processes with different buffer gases; (b) ion time-frequency
curves with different buffer gases; (c) ion df-versus- curves with different buffer gases;
36 (d) ion S-versus-ry curves with different buffer gases. Angiotensin II with »y= 0.883
37 nm (CCS) and m/z = 524.
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Figure 4. The S-versus-ry curves at different operating conditions. (a) Angiotensin II
trapping at different ¢ values; (b) different ions with ion trajectories acquired at the
same rf voltage, 400 V., (broadband measurement); (c) different ions with ion
trajectories acquired at the same ¢ value, 0.3 (narrow band measurement).
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Figure 5. Measured ion CCSs from ion trajectory simulation. (a) Time-frequency mass
spectra of 4 ions (1. bradykinin, 2. ubiquitin with +9 charges, 3. angiotensin II, 4.
angiotensin I); (b) the corresponding df-versus-¢ curves by simulation (solid lines) and
df-versus-t curves by theoretical calculation (dashed lines); (c) theoretical CCSs versus

CCSs obtained from simulation.
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Figure 6. Analyses of isomers with the time-frequency method. (a) Simulated
time-frequency curves of two isomers; (b) the corresponding df-versus-¢ curves by
simulation (solid lines) and df-versus-¢ curves by theoretical calculation (dashed lines);
(c) theoretical CCSs vs CCSs obtained from simulation. Ubiquitin with +7 charges and
m/z =1224, the larger isomer 7o = 2.047 nm and the smaller isomer 7= 2.243 nm.
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