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An ion mobility-mass spectrometer (IM-MS) interface is
described that can be employed to perform collisional
activation and/or collision-induced dissociation (CID)
with good transmission of mobility separated ions to the
MS analyzer. The IM-MS interface consists of a stacked-
ring ion guide design, where the field strength and
pressure ratio can be operated such that structural
rearrangement reactions and/or CID are achieved as a
function of the effective ion temperature. The ion dynam-
ics and collisional activation processes in the IM-MS
interface are described as a function of the ion-neutral
collisions, ion kinetic energies, and effective ion temper-
ature. The applicability of the IM-CID-MS methodology
to studies of peptide ion fragmentation is illustrated using
a series of model peptides.

Since the introduction of electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI), there has
beenexplosivegrowthintheareaofbiologicalmassspectrometry.1-4

Biological mass spectrometry has also benefited greatly from
technological advances in time-of-flight mass spectrometry (TOF-
MS), as well as instrumentation specifically designed for acquisi-
tion of fragment ion spectra, namely, post-source decay (PSD)5-7

and tandem MS instruments.8-17 MALDI and TOF-MS are highly
compatible and the analytical utility of MALDI-TOF-MS has been
further complimented by advances in off-line high performance
liquid chromatography (HPLC) and capillary electrophoresis (CE)
for high throughput peptide sequencing and tandem MS experi-
ments for interrogation of complex chemical mixtures, that is,
characterization and identification of peptides and proteins using
enzymatic digestion.18-23

Tandem MS has proven to be an effective method for
elucidating molecular structure, especially for the analysis of
biological compounds. A drawback of tandem TOF-MS for
complex mixture analysis is the requirement for serial data
acquisition. That is, ions are preselected by MS1, subjected to
collisional activation, and the resulting fragment ion spectra
(MS2) are recorded and stored.24-26 To achieve a higher
throughput in the tandem MS analysis, several research groups
have attempted to design instruments and data acquisition
techniques that circumvent serial data acquisition.27-32 In par-
ticular, we have previously demonstrated that IM-MS can be used
for acquisition of fragment ion spectra data without preselecting
the parent ions since they are already separated in the IM
domain.33,34 Further improvement in ion transmission and frag-
mentation efficiencies of IM-MS instrumentation is needed.
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In this work, we focus on the ion dynamic description of the
CID process that is performed in the IM-MS interface as a way
to obtain fragment ion spectra, that is, the collisional activation
of parent ions is described. Ion dynamic simulations (i.e., number
of ion-neutral collisions, ion kinetic energies, and effective ion
temperatures) are presented and compared with experimental
results. The application of a MALDI-IM-CID-MS platform is
illustrated using a series of model peptides.

INSTRUMENTAL SECTION
The MALDI-IM-oTOF mass spectrometer used for these

studies has been described previously.35-39 Briefly, ions are
formed in a IM drift cell by irradiating the sample plate with the
output from a microcrystal Nd:YAG laser (355 nm, Powerchip
Nanolaser, JDS Uniphase Corp.). In the IM drift cell, ions are
separated on the basis of ion-neutral collision cross-sections;
typical operating conditions are 3 torr of Helium buffer gas and
field strength/pressure ratios (E/P) of 10-35 V cm-1 torr-1. The
IM drift cell consists of a stacked-ring ion guide design,36,39

where electrode pairs are spaced 1.5 mm apart and the spacing
between the electrode pairs is 3.0 mm. Subsequent electrodes are
connected via a resistor divider network composed of 1 MΩ
resistors. Thus, the field strength across electrode pairs is ∆V/
1.5 mm, whereas the field strength between electrode pairs is
∆V/3.0 mm. This configuration yields an alternating high and low
electric field strength for the stacked-ring ion guide design (Figure
1).36 Note that the stacked-ring ion guide design36,39 differs from
the periodic focusing ion guide,40,41 that is, the periodic focusing
ion guide consists of thick, uniformly spaced ring electrodes,
where the high and low field strength configuration is a conse-
quence of the field strength between the electrodes and the
penetrating electric field into the electrode’s aperture, respectively.

For the study described here, the instrument was modified to
allow the IM drift cell to operate as two independent cells (see
Figure 1). Analogous to region 1, region 2 consists of a stacked-
ring ion guide design,36,39 where electrode pairs are spaced 1.5
mm apart and the spacing between the electrode pairs is 2.5 mm.
Region 1 performs as a typical IM drift cell and achieves ion
separation on the basis of ion neutral collision-cross section, and

CID is performed in region 2. For example, the field strength (E)
and pressure (P) applied to region 1 (IM drift cell), expressed as
E/P ratio in units of V cm-1 torr-1, was maintained in the range
of 10-35 (low-field limit42); whereas in region 2, the E was
tuned either to (i) a low-field value (e.g., ∆V ) 90-135 V across
4.5 cm) to solely transfer the parent ions to the o-TOF, or (ii)
a high-field value above the threshold for collisional activation
(e.g., ∆V ) 135-600 V across 4.5 cm) to induce dissociation
and transfer the parent and fragment ions into the o-TOF
source (Figure 1).

The ion source (MALDI sample plate) and IM drift cell is
designed in such a way that gas admitted to the ion source leaks
into the IM drift cell through a large diameter orifice (∼3 mm,
defined by the electrode inner diameters). Gas leaks through a
smaller aperture (0.5 mm) into region 2 (CID region) and exits
through a relatively large diameter orifice (∼1.3 mm, defined by
the electrode inner diameters). Thus, the pressure in region 1
(IM drift cell) is nearly constant, but the gas flow from region 1
through region 2 (CID region) into vacuum (10-5-10-6 torr)
produces a significant pressure gradient. In region 2, the
increasing E/P ratio results in ion heating (collisional activa-
tion), which can result in rearrangement reactions and/or CID.

Ions exiting the IM drift cell are focused (by a multielement
Einzel lens) into the o-TOF ion source. The TOF is biased at a
potential of -6 kV, and the ions are extracted by applying a voltage
pulse to the TOF push/pull electrodes (+675V/-675 V, respec-
tively); the TOF extraction potential is pulsed at a rate 10-20 kHz,
and typical mass resolution for the reflectron TOF is 3000. For
comparison purposes, MS/MS and MSn CID experiments were
also performed in an Applied Biosystems 4700 Mass Spectrom-
eter (Framingham, MA) and in a ThermoFinnigan LCQ Deca
Mass Spectrometer (San Jose, CA), respectively.

ION TEMPERATURE SIMULATIONS

To understand the extent of ion heating that occurs in the IM-
MS interface, we first modeled the pressure gradient using the
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Figure 1. Schematic drawing of the IM-CID-oTOF instrument
(Configuration C) and pressure drop (in color bar scales). The
pressures in the IM cell and in the oTOF regions were set to 1 and
10-6 torr, respectively.
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Fluent 6.2.16 (Fluent, Inc., Lebanon, NH) computer software.43

The pressure profile was incorporated into a Simion 3D44 user
developed program, which was used to determine the effective
ion temperature (Teff) along the interface axis. For these
simulations, we assumed ideal gas behavior where the specific
heat capacity (cp), thermal conductivity, and viscosity param-
eters are determined by a Helium-Helium pair interaction
potential (kinetic theory). A Helium-Helium Lennard-Jones
potential with 2.96 Å equilibrium internuclear distance and
10.98 K interaction energy (ε/k) was employed.45 The ion
trajectories in region 1 and 2 were calculated considering an
Elastic Hard Sphere Scattering model (EHSS) for the ion-
Helium collisions.46 Ion kinetic energy (KE) and number of
collisions were recorded as a function of the distance along
the axis of regions 1 and 2. The effective ion temperature (Teff)
was defined as the fraction (R) of the difference of the ion
kinetic energy before (KEi) and after the collision (KEf) relative
to the bath gas temperature (TBG), that is, Teff = TBG + R(KEi

- KEf). The R coefficient is typically determined from direct
measurements of monatomic kinetic energies 47,48 or from the
kinetics of reactions whose temperature dependence has been
established by other means.49-52 In this paper, we focus on the
description of the ion dynamics rather than the absolute deter-
mination of Teff, and we arbitrarily chose an alpha value of 0.5,
which is a reasonable estimate for the ion kinetic energy
difference (before and after collision) that can be converted to
internal energy per collision.53 Absolute determination of Teff

using this experimental setup will be discussed in a future
paper.54

SAMPLE PREPARATION

The peptides used in this study were either purchased from
Bachem Americas Inc., (Torrance, CA) (GGR, RGG, and GRG)
or synthesized in our laboratory (WAGLK, RVGVAGG, VGVRAGG,
and VGVAGGR). MALDI samples were prepared using a 1:1
matrix/analyte solution, which was then deposited on a stainless
steel sample plate. The analyte concentration was 1 mg/mL in
aqueous solution. Matrix solution was 5 mg/mL of R-Cyano-4-
hydroxycinnamic (R-CHCA) in a mixture of acetonitrile/water (1:
1 v/v) with final concentration of 0.1% of trifluoroacetic acid and
10 mM of ammonium phosphate. For MSn experiments, peptides
were electro-sprayed, at a concentration of 5 µmolar in a 1:1
(v/v) water/methanol with 1% acetic acid solution into a
ThermoFinnigan LCQ Deca Mass Spectrometer.

RESULTS AND DISCUSSION
The coupling of IM and TOF instruments involves the technical

challenge of optimizing ion transmission from high pressure (1-10
torr; optimum pressure of the IM drift cell) to high vacuum
regions (10-6 - 10-8 torr; working pressure range of the TOF
region) of the spectrometer. There are numerous ways to
transfer ions from a high pressure to high vacuum region, but
each design has specific advantages and disadvantages. For
example, our original IM drift cell terminated to high vacuum
using a small aperture (500 µm diameter). The sharp pressure
drop on the low pressure side of the cell is ideal for most IM-
TOF MS experiments38 (pressure profile A in Figure 2),
because the ions exiting the drift cell experience very few
collisions which increases ion transmission to the TOF ion source.
On the other hand, positioning a skimmer some distance (∼4 mm)
from the aperture (500 µm diameter) introduces a pressure plateau
between the aperture and skimmer (pressure profile B in Figure
2). The pressure profile B is determined by the inner diameter
of the skimmer and the background pressure in the aperture-
skimmer region; characteristic pressure profiles for a 1 mm skim-
mer and a 8 × 10-3 and 10-1 torr pressure in the aperture-
skimmer region are illustrated in Figure 2. Configuration B has
the advantage of creating a differential pumping region and can
be used for collisional heating, that is, declustering of ions and
access to other low activation-energy fragmentation channels, by
varying the field strength applied between the aperture and the
skimmer. As described in this paper, a stacked-ring ion guide
interface positioned after the IM cell expands the length of the
higher pressure region (pressure profile C in Figure 2) and,
analogous to configuration B, can be used for collisional activation.
The main difference between the configuration C compared to B
arises from the use of relatively lower electric field values to
achieve the same ion heating conditions because of a higher
number of ion-neutral collisions over the same distance, that is,
the collisional activation regime is achieved in a more gentle way
(low energy collisions) and the activation time is longer (∼10-100
µs). In configuration C, once the parent ions achieve the collisional
activation threshold, the excess and spread in kinetic energy of
the fragment ions is smaller, and a higher ion transmission into

(43) Fluent, 6.2.16 ed.; Fluent Inc.: Lebanon, NH.
(44) Scientific Instrument Services Inc.: Ringoes, NJ.
(45) Anderson, J. B. J. Chem. Phys. 2001, 115, 4546–4548.
(46) Ding, L.; Sudakov, M.; Kumashiro, S. Int. J. Mass Spectrom. 2002, 221,

117–138.
(47) Lunney, M. D. N.; Buchinger, F.; Moore, R. B. J. Mod. Opt. 1992, 39,

349–360.
(48) Vedel, F. Int. J. Mass Spectrom. Ion Processes 1991, 106, 33–61.
(49) Basic, C.; Eyler, J. R.; Yost, R. A. J. Am. Soc. Mass Spectrom. 1992, 3,

716–726.
(50) Brodbelt-Lustig, J. S.; Cooks, R. G. Talanta 1989, 36, 255–260.
(51) Hart, K. J.; McLuckey, S. A. J. Am. Soc. Mass Spectrom. 1994, 5, 250–259.
(52) Nourse, B. D.; Kenttamaa, H. I. J. Phys. Chem. 1990, 94, 5809–5812.
(53) Douglas, D. J. J. Am. Soc. Mass Spectrom. 1998, 9, 101–113.
(54) Fernandez-Lima, F. A.; Wei, H.; Gao, Y. Q.; Russel, D. H. J. Phys. Chem. A

2008, submitted for publication.

Figure 2. Calculated pressure gradient for three different interface
configurations: (A) 500 µm aperture positioned at the exit of the drift
cell, (B) 500 µm aperture followed by a 1 mm diameter skimmer
positioned 4 mm downstream, and (C) a two compartment drift cell
as shown in Figure 1. In each case the drift cell pressure is maintained
at 1 torr of Helium and the TOF source at 10-6 torr. For B, plots are
shown for two different pressures, 8 × 10-3 and 0.1 torr.
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the o-TOF source is obtained relative to configuration B. The
collisional activation in region 2 with a longer-length, high pressure
region (configuration C) shares many similarities with early work
done by Price et al. and Blom and Munson55,56 where the extent
of fragmentation in a drift-tube region at a 0.1-1.0 torr pressure
was controlled by the drift voltage setting.

The pressure drop in an IM-MS interface is defined by the
pressure difference in the IM and TOF region, the pumping speed,
and the impedance of the IM-MS interface. In configuration C
the impedance of the skimmer-ion guide is proportional to the
length of the ion-guide and to the inner diameter of the skimmer
and ion-guide electrodes (Figure 1). The field strength in the ion-
guide can be applied in numerous ways, analogous to previously
reported IM cell designs (e.g., uniform or periodic).31,32,41 The
configuration described in this paper consists of ring electrodes
distributed along the IM axis in a 3:5 spacing ratio, with the same
voltage drop applied between each electrode, which creates an
alternating high-low field strength configuration (EH:EL) between
subsequent electrodes (see region 2 of Figure 1). The high-
low field strength is related as EL ) 0.6EH, where EH ) ∆V/l ×
n, ∆V is the total voltage drop across region 2, n is the number
of electrodes in the ion guide, and l is the shortest electrode
spacing distance.

Ion trajectory simulations were used to illustrate the influence
of the pressure gradient (number of collisions) and applied field
strength (relative ion-neutral velocities) on the ion heating
process (Teff) in the stacked-ring ion guide IM-MS interface.
For example, the number of collisions, the ion kinetic energy,
and the Teff of ions as they traverse the IM-MS interface under
low field strength values across region 2 (EH ) 40 V/cm) are
contained in Figure 3a. The average Teff and ion kinetic energy
(red line) oscillate as a consequence of a EH:EL field strength
configuration of the ion guide electrode design of region 2.
Although the EH and EL values are constant, there is a pressure
drop in region 2, that is, the E/P ratio is increasing. The
increase in E/P causes the number of collisions/mm to
decrease and the ion kinetic energy to increase toward the end
of region 2. As a result, a larger kinetic energy is transferred
into internal energies toward the end of region 2 (Teff ∝ ∆KE),
that is, the average Teff increases as the ions drift in region 2.
Although only a small increase in Teff is observed at EH ) 40
V/cm, when the field strength in region 2 is increased to a
higher value (EH ) 150 V/cm), a gradual ion heating is
observed as depicted in the larger Teff values illustrated in
Figure 3b. This simulation shows that a stacked-ring ion guide
design is well-suited for controlled ion heating (collisional activa-
tion) in the IM-MS interface because (i) the number of collisions
can be controlled by the pressure drop (length of the ion guide),
and (ii) the collision energy can be tuned by adjusting the field
strength (EH). It is important to note that the kinetic energy
distribution of precursor and fragment ions exiting region 2
does not compromise the TOF resolving power, that is, the
fraction of ion kinetic energies derived from the collisional
activation/dissociation is small relative to that provided by the
beam shaping and steering lenses.

In fact, as a consequence of the multicollisional nature of the
ion activation/deactivation process in region 2, this experiment
shares similarities with previously reported activation methods
in radio frequency ion trap and Fourier transform - ion cyclotron
resonance mass spectrometers, for example, (i) collisional activa-
tion in radio frequency ion trap 57-59 and sustained “off-resonance”
irradiation (SORI) collisionally activated dissociation (CAD),60-62

(ii) blackbody infrared dissociation (BIRD),63 and infrared mul-

(55) Price, P. C.; Swofford, H. S.; Buttrill, S. E. Anal. Chem. 1977, 49, 1497–
1500.

(56) Blom, K.; Munson, B. J. Am. Chem. Soc. 1983, 105, 3793–3799.

(57) Gronert, S. J. Am. Soc. Mass Spectrom. 1998, 9, 845–848.
(58) Goeringer, D. E.; Duckworth, D. C.; McLuckey, S. A. J. Phys. Chem. A 2001,

105, 1882–1889.
(59) Tolmachev, A. V.; Vilkov, A. N.; Bogdanov, B.; Pasa-Tolic, L.; Masselon,

C. D.; Smith, R. D. J. Am. Soc. Mass Spectrom. 2004, 15, 1616–1628.
(60) Gauthier, J. W.; Trautman, T. R.; Jacobson, D. B. Anal. Chim. Acta 1991,

246, 211–225.
(61) Laskin, J.; Futrell, J. H. Mass Spectrom. Rev. 2005, 24, 135–167.
(62) Boering, K. A.; Rolfe, J.; Brauman, J. I. Int. J. Mass Spectrom. Ion Processes

1992, 117, 357–386.

Figure 3. Simulations of the ion dynamics in the CID interface
(configuration C). The dots represent single ion-neutral collisions, and
the red lines the average for several ion trajectories. The numbers of
collision/mm, the kinetic energy (eV), and the effective ion temperature
(K) are illustrated for the “no CID” (a) and “CID” regime (b) for a singly
charged model molecule of 615 Da mass and 180 Å2 ion-neutral
collision cross section ion (σHe-[M+H]

+), equivalent values to those
expected for a [M + H]+ peptide such as RVGVAGG, VGVRAGG,
and VGVAGGR. The field strength in the IM cell is 15 V cm-1 torr-1

and in the CID region are EH ) 40 V/cm and EH ) 150 V/cm for the
“no CID” and “CID” regime, respectively.
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tiphoton dissociation (IRMPD).64 All of these techniques involve
a periodic ion heating mechanism prior to ion dissociation. In our
case, as a consequence of the EH/EL field strength configuration,
ions are heated/cooled as they drift in region 2, whereas in
the previously mentioned techniques the ion heating/cooling
occurs by (i) ion excitation using a waveform in which ions
are continuously undergoing accelerating/decelerating cycles,
or (ii) IR photon absorption/radiative emission cycles. Although
the activation time scale in our experiment (∼10-100 µs) is
shorter than those previously mentioned, a low energy rear-
rangement with decomposition occurring by the lowest energy
pathway is the most probable dissociation mechanism. That
is, the slow ion-heating by multiple, low energy collisions
increases the fragmentation efficiency of the lower energy
dissociation channels.

The variation of the relative abundances in the fragment ion
spectra as a consequence of the activation process that occurs in
region 2 when the field strength is increased (EH ) 100-164
V/cm) is illustrated in Figure 4 for a model peptide ion
(RVGVAGG, [M + H]+). At lower field strengths (EH up to 100
V/cm), region 2 transfers the ions into the TOF ion source
without fragmentation (as shown in Figure 4a). As the field
strength increases (EH ) 100-164 V/cm) fragment ions are
observed, where the fragment ion population varies from a high
abundance of high m/z fragment ions to a high abundance of
low m/z fragment ions with the field strength increase. The
first dissociation channel observed is the neutral loss of NH3

through the reaction [M + H]+ f [M - NH3 + H]+ + NH3.
Higher energy dissociation channels showed a neutral loss of
NH3 for the most abundant fragment ions. These results agree
with the simulation shown in Figure 3, that is, at low field
strength ions are transmitted into the TOF ion source and, as
the field strength is increased, the collisional activation thresholds
of higher energy dissociation channels are achieved.

The low-energy, multicollision nature of the activation
process in region 2 suggests that dissociation occurs through
the lowest energy dissociation channels, and with the field
strength increase, higher energy dissociation channels become
energetically accessible. To obtain a better description of the
RVGVAGG ([M + H]+) parent and fragment ion dissociation
pattern, MSn experiments using a ThermoFinnigan LCQ
Deca Mass Spectrometer (San Jose, CA) were also per-
formed. In the MSn experiments, m/z ions of interest are
isolated and further subjected to collisional activation until
the first dissociation channel is observed. For the RVGVAGG
([M + H]+) ions, the MSn experiments were performed until
the lowest m/z fragment ions were observed (in this case,
arginine immonium ions), and the results are summarized
in the scheme contained in Figure 5. The first and lowest
energy dissociation channel is the neutral loss of NH3 from
the [M + H]+ parent ion, in good agreement with the IM-
CID-MS results contained in Figure 4 and previous BIRD
experiments.63 Subsequent fragmentation of the [M - NH3 +
H]+ ion leads to the observation of bi - NH3 and ai - NH3

type ions (MS3). Fragmentation of bi - NH3 and ai - NH3 ions
leads to the observation ai - NH3 and bi-1 - NH3 ions (MS4),
respectively. This pattern continues until the observation of
arginine immonium ions. The MSn dissociation scheme of

(63) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E. R. J. Am. Chem.
Soc. 1996, 118, 7178–7189.

(64) Bomse, D. S.; Woodin, R. L.; Beauchamp, J. L. J. Am. Chem. Soc. 1979,
101, 5503–5512.

Figure 4. MALDI-IM-CID-oTOF fragmentation spectra of the RVGVAGG ([M + H]+) peptide ion at different field strengths in region 2 (EH )
100-164 V/cm).
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the RVGVAGG ([M + H]+) ions is consistent with the low-
energy, multicollisional nature of the CID observed in region
2, that is, the variation from a high abundance of high m/z
fragment ions to a high abundance of low m/z fragment ions
as the field strength is increased is a consequence of the
sequential fragmentation pattern of the RVGVAGG ([M +
H]+) ion as depicted in Figure 5.

Fragmentation of RVGVAGG [M + H]+ ions at higher
collision energies yields bi and ai type ions (MS2). Subsequent
fragmentation of the bi - and ai - type ions shows the neutral
loss of NH3 as the lowest energy channel (MS3), and at higher
energies the observation of ai - and bi-1 - type ions (MS3),
respectively. As a result, most of the fragmentation channels
lead to the observation of fragment ions with the neutral loss
of NH3. This is in agreement with the trend observed in the
IM-CID-MS experiment, as shown in Figure 4. That is, the
neutral loss of NH3 for a- and b- fragment ions is the lowest
energy and first observed dissociation channel, which is
exemplified by the large abundance of fragment ions with a
loss of NH3 in the IM-CID-MS spectra contained in Figure 4.

The collisional activation of other R containing peptides (e.g.,
RGG, GRG, GGR, VGVRAGG, and VGVAGGR peptides - see
Supporting Information) also share the neutral loss of NH3 from
the [M + H]+ parent ion as the first and lowest energy
dissociation channel (Figure 5). Peptides that do not contain R,
however, do not show the neutral loss of NH3 as the more
abundant dissociation channels. This is illustrated in the
example of Figure 6a, where a IM-CID-MS spectrum for WAGLK
([M + H]+) peptide ion is contained. The CID spectrum
consists primarily of a-, b-, and y- type fragment ions and no
neutral loss of NH3 is observed. The high abundance of
fragment ions observed in the CID spectra using the stacked-
ring ion guide design for the IM-CID-MS permits an accurate
identification of the parent ion, which makes this instrument a
good candidate for the analysis of biological samples. Notice

that in the case of IM-CID-MS, as we mentioned before, the
CID is performed concurrently since the parent ions are already
separated in the IM domain, unlike in other tandem MS
experiments where the masses of the parent ions must be
selected individually. That is, the IM-CID-MS is a feasible tool
for analyses of complex samples because of its large throughput
and the relatively short time scale on which the analysis is
performed.

In addition, to evaluate the applicability of the stacked-ring ion
guide of the IM-CID-MS for routine peptide characterization, the
IM-CID-MS fragmentation was compared to that of the MALDI
MS/MS CID, which is commonly used in routine MS/MS analysis
of biological samples. The MALDI MS/MS CID was performed
in an Applied Biosystems 4700 Mass Spectrometer (Framingham,
MA). In the MALDI MS/MS CID, the fragmentation spectra show
similar features to those observed in the IM-CID-MS: a large
abundance of a-, b-, and y- type ions with neutral loss of NH3 for
the R-containing peptides (Figures 6b and 7). The similarities
of the MALDI MS/MS CID and IM-CID-MS data may be
attributed to the multicollisional nature of the CID process.65

CONCLUSIONS
The use of a stacked-ring ion guide and pressure gradient

configuration as an IM-MS interface to study the collisional
activation and the lowest energy dissociation pathway of ions
exiting the IM drift cell is described. The Teff extracted from the
ion dynamic simulations provides a good description of the
physical processes that occur during the ion heating mecha-
nism as a consequence of E/P ratio increase as the ions drift
in region 2. The collisional activation and low energy, multi-
collisional nature of the IM-CID-MS was verified with frag-
mentation studies of a series of model peptide ions. The high
abundance of fragment ions observed in the CID spectra using
the stacked-ring ion guide design for the IM-CID-MS permits
an accurate identification of the parent ion, which makes this
instrument a good candidate for the analysis of biological
samples. The stacked-ring ion guide design for the IM-MS
interface shows good transmission of IM separated ions to the
MS source at low field strength (Teff ∼ TBG), and as field
strength is increased (Teff > TBG), can be employed to perform
collisional activation leading to rearrangement reactions and/
or fragmentation.

(65) Cotter, R. J.; Griffith, W.; Jelinek, C. J. Chromatogr. B 2007, 855, 2–13.

Figure 5. Ion fragmentation MSn scheme observed for the RVGVAGG
([M + H]+) peptide ion.

Figure 6. (a) MALDI-IM-CID-oTOF and (b) MALDI-MS/MS CID
spectra of the WAGLK ([M + H]+) peptide ion.

Figure 7. MALDI-MS/MS CID spectrum for the RVGVAGG ([M +
H]+) peptide ion.
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The characterization of a molecule on the basis of mobility or
collision cross-section, mass-to-charge ratio, and tunable fragmen-
tation pattern in a single apparatus is a feasible tool for analyses
of complex samples owing to its large throughput and the
relatively short time scale on which MALDI-IM-CID-MS experi-
ments can be conducted when compared with traditional MALDI-
MS/MS CID methodology. In a separate paper, the applicability
of the IM-MS interface for the analysis of complex biological
mixtures (e.g., higher molecular weight model peptide ions and
protein digest) will be discussed.66
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