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Abstract
A new instrument that combines ion mobility spectrometry (IMS) separations with tandem mass
spectrometry (MSn) is described. Ion fragmentation is achieved with vacuum ultraviolet
photodissociation (VUV PD) and/or collision-induced dissociation (CID). The instrument is
comprised of an approximately 1 m long drift tube connected to a linear trap that has been
interfaced to a pulsed F2 laser (157 nm). Ion gates positioned in the front and the back of the
primary drift region allow for mobility selection of specific ions prior to their storage in the ion
trap, mass analysis, and fragmentation. The ion characterization advantages of the new
instrument are demonstrated with the analysis of the isomeric trisaccharides, melezitose and
raffinose. Mobility separation of precursor ions provides a means of separating the isomers and
subsequent VUV PD generates unique fragments allowing them to be distinguished.
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Introduction

More than a decade ago, instrumentation was introduced
that combined ion mobility spectrometry (IMS) with

time-of-flight (TOF) mass spectrometry (MS), providing a
means for collecting mobility information for mixtures of ions
in a single experimental sequence [1]. Since that time, a number
of research groups have applied this technology to the analysis
of biomolecular ion structure and the characterization of
complex mixtures [2–6]. Shortly after the first “nested”
measurements [1], methods were developed for fragmenting
mobility-dispersed precursor ions with IMS-TOF instrumenta-
tion [7–11]. IMS-MS/MS datasets offered advantages in that
fragment ions could be linked directly to precursor ions because
of their coincidence in drift time (tD). IMS-MS and IMS-MS/
MS instrumentation has been applied to the characterization of
complex mixtures such as those encountered in proteomics,
glycomics, and metabolomics experiments [12–19].

A challenge for current IMS-MS instruments is the
inability to identify ions of similar mobilities with the
parallel collision-induced dissociation (CID) approach [7].
This challenge arises because fragment ions from multiple
precursors overlap in the mobility dimension. Here, we
report the development of a new instrument that combines
mobility separations with a linear ion trap device. This
combination allows mobility and mass selection of precursor
ions. Additionally, multiple stages of tandem mass spec-
trometry (MSn) can be performed for selected precursor ions.
An excimer (F2) laser is mounted to the instrument allowing
for vacuum ultraviolet photodissociation (VUV PD) experi-
ments leading to the production of unique, diagnostic
fragment ions not accessible by CID. The instrument is
attractive for the characterization of isomeric species such as
those encountered in mixtures of carbohydrate molecules;
the drift tube provides a means for ion separation [20, 21]
and the different fragmentation techniques can be availed for
ion identification.

Here, we describe the instrument and illustrate the
approach by analysis of a simple oligosaccharide mixture.
Oligosaccharides and carbohydrates perform a wide variety
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of roles in nature. They serve as nutrients or storage units in
energy metabolism, play vital roles in molecular recognition,
and provide scaffolding for cell walls, connective tissue, and
exoskeleton shells [22–24]. Although MS is a powerful
diagnostic tool, oligosaccharides present a challenge for MS
techniques as they exist in various branched isomer forms
[22]. Single-stage tandem mass spectrometry (MS2) has been
used with some success in confirming structural information
associated with single carbohydrate species [25, 26]. The
low-energy fragmentation process of CID is of limited use
for these analyses because it primarily produces glycosidic
bond cleavages. Multi-stage MSn experiments [27, 28] are
often more effective for carbohydrate analysis. Although
isomeric ions tend to form similar MS2 fragments [27], it has
been shown that many of these species can be isolated and
further fragmented in ways that reveal precursor ion structures.
In higher order MSn, the number of remaining ions begins to
introduce limitations. Additionally, this technique requires
substantial expertise in the selection of fragment ions for each
MSn step, as not all fragment ions reveal sufficient structural
information to identify ion precursors [28].

Recently, high-energy dissociation techniques have been
investigated as a means to provide fragment ions that are
more informative leading to a greater ability to distinguish
carbohydrate precursor ions [29–32]. Such techniques seek
to produce polysaccharide fragment ions through either
diagnostic glycosidic cleavages or characteristic cross-ring
cleavages of single subunits. VUV PD has been shown to
yield intense cross-ring fragmentation of oligosaccharides,
which allows for the determination of specific fragmentation
pathways [29, 30].

In the present work, the capabilities of the new IMS-MS
instrument are demonstrated. Melezitose and raffinose, two
isomeric trisaccharides, are electrosprayed, separated by
IMS, and fragmented using both VUV PD and CID. We
note that the current instrumentation is similar to that
reported in foundational work that coupled IMS separations
with a Paul trap device used to fragment mobility-selected
peptide and carbohydrate ions [33]. Exceptions include the
addition of photofragmentation capabilities and the pressure
regime of the mobility separation. Operation at lower
pressures (present work) limit the achievable resolution of
the drift tube device due to the use of lower drift voltages,
however, such conditions increase the overall signal because
ions from the continuous electrospray source can be stored
in an ion trapping region prior to each injection into the drift
tube. Below, examples of useful applications for the new
instrumentation are presented.

Experimental
Instrumentation Overview

IMS techniques [34–37] and theory [38–43] as well as the
instrumentation utilized to obtain IMS measurements [2, 5, 7,
15, 44–56] have been described in detail elsewhere. Here, a

detailed description of the new instrumentation is provided.
Figure 1 shows a schematic of the new IMS-MS instrument.
The front half, up to and including the second funnel (F2 in
Figure 1), is similar to instruments described elsewhere [34, 38,
40–42]. Briefly, ions from an electrospray ionization (ESI) [57]
source are continuously focused through and collected in an
hour-glass ion funnel [5] (F1). Periodically the ions are pulsed
into the linear drift region that is 0.98 meters long and filled
with ~3 Torr of a buffer gas mixture (see below). Ions traverse
the drift region under the influence of a uniform electric field
(~2.3×103 Vm–1) where they separate according to differences
in their mobilities through the buffer gas. Ions are then selected
by these mobilities using an ion selection gate (Figure 1) and
enter a second ion funnel (F2) where they are radially focused
to the center axis of the drift tube. Upon exiting the F2 region,
ions traverse a short (~5 cm) drift interface region prior to
exiting the drift tube through a conductance limiting (0.20 cm)
aperture. Here the ions enter the LTQ Velos instrument
(Thermo Electron, San Jose, CA, USA) where they are directed
by rf guides into the higher-pressure linear ion trap. They are
subsequently passed to the lower-pressure linear ion trap where
they are stored, mass analyzed, and periodically subjected to
ion dissociation steps (VUV PD and/or CID).

Recording Ion Mobility Distributions

Drift time (tD) distributions are recorded by scanning a delay
time that is associated with the application of potentials to
the ion introduction and ion selection gates of the instru-
ment. The ion introduction gate consists of a single, gridded
lens (90% transmittance Ni mesh grid; Precision Eforming,
Cortland, NY, USA) located in the exit region of F1. To
prevent ions from leaking into the drift region, the potential
of this lens is maintained ~40 V higher than the last lens of
F1. The applied voltage on this lens is dropped by 60 V for
150 μs every 18 ms to allow a pulse of ions to enter the drift
region. The application of this voltage is synchronized to a
pulsing scheme that is utilized to apply voltages to the ion
selection gate. The ion selection gate consists of two-gridded
lenses that are spaced apart by 0.32 cm. During the majority
of the time, a repulsive field (62.5 Vcm–1) is maintained
between the two lenses. At specified delay times (with
respect to the pulse applied to the introduction gate), the
field is converted to an attractive field (21.9 Vcm–1) to allow
transmission of mobility selected ions. tD distributions are
generated by recording the ion current for each delay time
setting. This setting is then scanned across the entire tD range
of ~10 to ~25 ms using time increments of ~80 to 150 μs. The
sample introduction pulse and the delay time settings are
controlled by two four channel digital/delay pulse generators
(Stanford Research Systems, Sunnyvale, CA, USA).

The tD range noted above occurs over a relatively long
timescale because the buffer gas used in these studies
consists of a mixture of He and air. For these experiments,
He is leaked into the drift tube directly behind the F2 region
(Figure 1). By maintaining a slightly higher pressure in the
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ESI desolvation region, a small amount of gas from the
atmospheric source leaks into the drift region. These
operating conditions increase the overall sensitivity of the
measurements because ions do not have to travel against a
gas flow at the drift tube entrance; rather, the gas flow into
the drift tube helps to increase the number of ions within
each initial pulse. The buffer gas mixture also permits the
use of significantly higher fields than drift tubes that utilize
3 Torr of pure He. Usage of a higher drift field increases the
overall resolving power of the mobility separation.

Mass Spectrometer Settings and Ion
Fragmentation

The ion trap can be used as a simple mass analyzer to
determine the mass to charge ratio (m/z) of the ions exiting
the drift tube. The LTQ Velos is operated without
modification to its operating system. To record mass spectra
for all ions, the ion gates in the drift tube are turned off and
the automatic gain control function of the mass spectrometer
is applied. Mass spectra represent a number of integrated
scans. Engaging the ion gates inside the drift tube allows the
recording of m/z distributions for mobility selected-ions. For
these datasets, the automatic gain control is turned off and a
sample injection time of 8 s is employed. A two-dimen-
sional, tD(m/z) dataset is acquired by collecting such m/z
distributions for all tD delay settings as described above. For
each delay setting, a mass spectrum is recorded for 1 min,
leading to a total time of ~1 h to collect drift time
distributions for all species across the m/z range employed.
The 1-min collection time is somewhat arbitrary and has in
part been chosen for these studies because of the current
manual data collection process (i.e., each mass spectrum is
saved and labeled individually); in the future, automation
will allow faster data acquisition rates.

Ions that are stored in the linear trap can be fragmented
with CID or VUV PD. The former method is accomplished

using the normal operating procedures of the LTQ Velos
instrument. Ions are collisionally activated by applying a
resonant rf excitation waveform for 10 ms with normalized
collision energy of 25% and an activation q of 0.25. The
instrument has also been modified to accommodate photo-
dissociation experiments by employing a F2 laser
(EX100HF-60, GAM Laser) as previously described [58–
60]. The 157 nm VUV light is introduced at the beginning of
the activation step (10 ms) with the normalized collision
energy set to 0%. One hundred fifty scans are integrated for
each dataset using an 8 s injection time resulting in a total
data collection time of ~20 min for VUV PD datasets. The
large number of scans is necessary to provide the S/N
displayed in these experiments; however, other samples may
require additional or fewer scans in order to produce the
same data quality. In the data presented here, precursor ions
have been mass selected to remove any lower signal ions of
similar mobility. Upon mass selection a diagnostic trigger
signal is enabled in Tune Plus during the activation stage of
mass analysis. The ion trap outputs a 2 V TTL pulse to a
delay generator (555 model; Berkeley Nucleonics Corp., San
Rafael, CA, USA), which triggers the laser. To fire the laser
during a particular stage of MSn the activation diagnostic
trigger is enabled in the software. The laser’s output energy
is approximately 2 mJ [58].

Sample Preparation

Melezitose (99% purity) and raffinose (98% purity) have
been purchased from Sigma-Aldrich (St. Louis, MO, USA)
and are used without further purification. Melezitose,
raffinose, and a mixture of the two (all at 0.25 mg/mL)
have been prepared in a water:acetonitrile (50%:50% by
volume) solution with 2 mM NaCl. The samples are infused
through a pulled-tip capillary (350 μm o.d.×75 μm i.d.) at a
flow rate of 18 μL·h–1 using a syringe pump (KD Scientific,
Holliston, MA, USA). The solution in the capillary tip is
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Linear Ion TrapQuadrupole

Drift Tube

Selection Gate

Introduction Gate
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Differential Pumping Region
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Figure 1. Schematic of the IMS-MS instrument. The ion source, ion gates, drift tube, and ion trap are labeled. As shown, the
laser is aligned with the linear ion trap and can be used to introduce 157 nm light into the back of the ion trap. Details of the
instrument components are discussed in the text
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biased at ~+2000 V above the potential applied to the
instrument entrance aperture to provide [M + Na]+ electro-
sprayed ions.

Data Analysis

The data are recorded using the XCalibur 2.1 software suite
and processed using software developed in house. To obtain
tD and m/z distributions as well as two-dimensional tD(m/z)
distributions, the raw data for individual, mobility-resolved
m/z datasets are compiled into a single three-column array file
containing tD, m/z, and intensity information. From this file, tD
distributions are created by extracting all data points within a
narrow m/z range centered about the mass associated with the
precursor ion of interest. All extracted data points are integrated
across the m/z range for each tD bin.

Results and Discussion
Ion Mobility Distributions for [M + Na]+ Ions

Melezitose [α-D-Glcp-(1→3)-β-D-Fru-(2↔1)-α-D-Glcp]
and raffinose [α-D-Galp-(1→6)-α-D-Glcp-(1↔2)-β-D-Fru]
are two isomeric trisaccharides differing only in sequence
and linkage. ESI of an equimolar mixture solution (see
above) produces a single peak at 527 in the m/z distribution
corresponding to the [M + Na]+ precursor ions of both
isomers. By integrating all points across a narrow m/z range
(±5 Da), it is possible to generate the tD distribution for the
precursor ions as shown in Figure 2. The two peaks
associated with the higher- and lower-mobility ions centered
at 16.2 and 16.7 ms, respectively, are nearly baseline

resolved in the tD distribution. By comparing these times
to those obtained from independent analyses of the pure
compounds, these respective peaks are assigned to the [M +
Na]+ melezitose and raffinose ions.

Theoretically, the two peaks should exhibit Gaussian-
shaped profiles. The features shown in Figure 2 are pointed
at the peak apex. These peak shapes result from an
undersampling of the ion populations. For the distribution
shown in Figure 2, tD delay settings are spaced 100 μs apart.
At most there are five points (baseline to baseline) across
each peak. These settings have been used to collect the
samples because significant loss in ion signal is observed at
shorter selection times. The cause of this ion loss has not
been thoroughly investigated; however, it may result in part
from fringing fields that penetrate into the region preceding
the ion gate resulting in an ion beam “recovery” time that is
on the order of 50 to 100 μs. Nevertheless, with the peak
shapes generated by the mobility separation it is possible to
estimate a resolving power (R) for this IMS separation:

R ¼ tD
�t

ð1Þ

In Equation (1), Δt corresponds to the full width at half
maximum (FWHM) of the tD distribution peak. From such
an analysis for [M +Na]+ raffinose ions, the resolving power of
the instrument is approximately 75, which is a moderately-high
resolutionmobility device [5, 20, 61–67]. This resolving power
is near that (~70) calculated for the transport of a single
conformation through the drift tube using the transport
equation and an equivalent drift time bin size. The two values
agree to within the determination uncertainty.

As a final note, the peak heights of the features in
Figure 2 are considered. Assuming similar ionization
efficiencies for the two molecules in the mixture, the
difference in peak heights may result from factors associated
with the measurement. Certainly, increased sampling of the
dataset features should provide a more accurate representa-
tion of the amount of a given ion. Additionally, it is noted
that the collection of this dataset is different from most IMS
measurements, where the dispersion of ions on very short
timescales allows the collection of distributions in a single
experimental sequence. For these data, mobility selections
occur over a relatively long timescale and, thus, peak height
differences may be reflective of changes in source ESI
conditions. Nevertheless, the relatively similar peak heights
from such long timescale experiments is encouraging and
suggests that quantitative assessments with the approach are
possible. Future work will focus on methodologies to derive
quantitative information for molecules in complex mixtures
using the instrumentation presented here.

Low-Energy CID of Mobility Selected Ions

Figure 3 shows mass spectra obtained by selecting the two
peaks in the tD distribution and subjecting each to
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Figure 2. The tD distribution obtained for the analysis of the
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compounds. Labels and schematic representations of the
two different isomeric structures are provided for the
identified features
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energizing collisions in the ion trap. The CID spectrum
for [M + Na]+ melezitose ions shows three major peaks at
m/z=527.0, 365.1, and 347.0. These features correspond
to the [M + Na]+ precursor ions, loss of a single

monosaccharide subunit, and the loss of water from the
first fragment ion, respectively. The CID spectrum of [M
+ Na]+ raffinose ions is dominated by two peaks at m/z=
527.0 and 365.1. As before, these ions are identified as
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Figure 3. CID spectra of (a) melezitose and (b) raffinose obtained by mobility selection of [M + Na]+ precursor ions from the
mixture analysis. Selections have been made at tD values of 16.2 and 16.7 ms, respectively (Figure 2). Major fragment peaks are
labeled
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the precursor ion and the fragment consisting of a single
monosaccharide subunit loss. A very small feature

corresponding to water loss for the first fragment ion is
also evident. It is noteworthy that the CID spectra yield
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different relative intensities for the precursor ions of the two
different isomers. Additional experiments as a function of
collision energy have shown that the differences in fragmenta-
tion patterns are preserved from the onset of fragmentation to
higher energy settings. Thus, mobility selection of the
precursor ions followed by CID may be used to distinguish,
but not characterize these two isomers.

High-Energy VUV PD of Mobility Selected Ions

Although the CID spectra provide distinguishable patterns
for the two precursor ions, very limited structural informa-
tion is obtained. Previously, it has been shown that VUV PD
can produce unique fragment ions for oligosaccharide and
N-glycan ions [29, 68]. The efficacy of VUV PD to produce
improved structural information for these ions has also been
investigated. Figure 4 shows the VUV PD spectra for [M +
Na]+ melezitose and raffinose ions. As found in previous
studies, substantially more fragment ions are formed by
photodissociation. However, because the isomers are com-
posed of the same three monosaccharide units, many of the
fragments are common to both species. These include ions
with m/z values of 348.1, 365.1, 393.1, 467.0, and 496.0.
These fragments can be attributed to fragmentation on one of
the six-membered rings. As both carbohydrates have this
monosaccharide subunit in common, it is likely that the
fragment ions are the same in both cases.

Photodissociation of the higher-mobility [M + Na]+

melezitose ions results in four peaks not produced by
fragmentation of raffinose. These fragments appear at m/z
values of 317.1, 333.1, 421.1, and 453.1. The structures of
these fragments have been identified according to conven-
tional carbohydrate nomenclature [69] as the Z2 − CH2OH,
Y2 − CH2OH,

0,2A2 – CH3OH, and the 0,2A2 ions,
respectively. Similarly, fragment ions with m/z values of
349.1, 363.1, 423.1, and 438.1 are observed in the photo-
dissociation spectrum of the lower-mobility [M + Na]+

raffinose ions but not in the spectrum for melezitose precursor
ions. These diagnostic fragment ions have been assigned as the
Z2 + H, Y2 − H, 0,3A3, and

2,4A3 + H species.

Higher Order Tandem MS

For the carbohydrate sample mixture described in this study,
IMS-MS2 (with VUV PD) has been sufficient to distinguish
the two isomers; however, this may not be the case for more
complex systems. In such experiments, IMS-MSn92 may be
required to identify specific sample components. Addition-
ally such an approach may allow experiments to go beyond
the generation of a few diagnostic peaks to perform
polysaccharide de novo sequencing. The instrument
described here has the capability to perform MS10 experi-
ments and can substitute one of the CID steps with VUV
PD. To demonstrate higher-order tandem MS, CID has been
performed on the Y2 – H fragment ion produced by
photodissociation of the mobility-selected [M + Na]+

raffinose ion precursor. In the MS3 spectrum (Figure 5),
three dominant fragment ions are produced upon collisional
activation. These include the 1,3X1, Y1 – H, and Z1 – H ions
at m/z values of 303.0, 201.0, and 184.9, respectively.

Applications of the New Instrumentation

The new IMS-ion trap instrument described here is
extremely versatile and should find utility in the analysis
of a number of different samples. Of particular interest are
mixtures that contain isobaric species. The recent applica-
tions of IMS separations in the characterization of glycan
isomers [16, 17], suggests that the new approach should be
useful in characterizing structures of these species. For such
studies, the combination of mobility separation with VUV
PD and subsequent CID is attractive because it provides the
greatest opportunity to obtain corroborative fragments for
mixture component identification. Another potential appli-
cation is in the field of petroleomics. IMS-MS studies have
shown that many isobaric species are not fully resolved in
the IMS domain [70, 71]. However, the generation of
diagnostic fragments that are coincident in tD with precursor
ions may allow the separation of specific ions including
those with overlapping mobilities. Additionally, the instru-
mentation can be used to pinpoint sites of post-translational
modification (PTM) as well as to determine specific
collision cross sections for peptide ions containing PTMs.
Finally it is noteworthy to consider the incorporation of
multidimensional IMS (IMSn) techniques [20, 64]. Straight-
forward modification of the drift tube would allow the
insertion of ion activation regions that can be used to
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fragment precursor ions or induce structural transformations.
Such an instrument would allow the characterization of
mobility-separated fragment ions or new ion conformations.

Summary
A new instrument that combines IMS separations, ion trapping,
and ion fragmentation techniques has been described. A
particularly novel aspect of the new instrumentation is the use
of VUV PD to produce unique fragment ions for specific,
mobility-separated precursor ions. The method has been
illustrated by characterizing the ions formed by electrospraying
a mixture of the isomeric trisaccharides melezitose and
raffinose. Currently, the ability to perform VUV PD and CID
in MSn experiments is limited only by the number of available
ions suggesting that in the future many species may be
characterized extensively to determine precursor ion structures.
Thus, the technology described here shows significant promise
for analyzing complex mixtures of geometric isomers.
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