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a  b  s  t  r  a  c  t

Ion  mobility  spectrometry  (IMS)  coupled  to mass  spectrometry  (MS)  has  seen  spectacular  growth  over
the  last  two  decades.  Increasing  IMS  sensitivity  and  capacity  with  improvements  in  MS  instrumentation
have  driven  this  growth.  As a result,  a diverse  new  set  of  techniques  for  separating  ions  by  their  mobil-
ity have  arisen,  each  with  characteristics  that  make  them  favorable  for  some  experiments  and  some
mass  spectrometers.  Ion  mobility  techniques  can  be  broken  down  into  dispersive  and  selective tech-
niques  based  upon  whether  they  pass  through  all mobilities  for later  analysis  by  mass  spectrometry  or
select ions  by  mobility  or  a related  characteristic.  How  ion  mobility  techniques  fit within  a more  com-
plicated  separation  including  mass  spectrometry  and other  techniques  such  as  liquid  chromatography  is
of fundamental  interest  to separations  scientists.  In  this  review  we  explore  the  multitude  of ion  mobility

techniques  hybridized  to  different  mass  spectrometers,  detailing  current  challenges  and  opportunities
for  each  ion  mobility  technique  and  for what  experiments  one  technique  might  be  chosen  over  another.
The  underlying  principles  of  ion  mobility  separations,  including:  considerations  regarding  separation
capabilities,  ion  transmission,  signal  intensity  and  sensitivity,  and  the impact  that  the  separation  has
upon  the  ion  structure  (i.e.,  the possibility  of  configurational  changes  due  to ion  heating)  are  discussed.

© 2015  Elsevier  B.V.  All  rights  reserved.
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Fig. 1. ESI-IMS spectrum of cytochrome c showing separation of different charge
states by IMS.
 M.A. Ewing et al. / J. Chr

. Introduction

Ion mobility spectrometry (IMS), also at times known as plasma
hromatography [1] and ion chromatography [2–4], was originally
eveloped as a tool for the separation of ions of interest by a lin-
ar field applied to a drift tube containing a buffer gas [5]. The
uffer gas impedes ion progress, counteracting the acceleration of
he ions in applied electric fields. As a result, ions travel at a ter-

inal velocity proportional to the inverse of their collision cross
ection (CCS), a parameter that describes the orientational average
f collision rate, in a manner analogous to the terminal velocity of a
kydiver depending on the skydiver’s shape. The CCS is smaller for
ore compact (more spherical) molecules than for more extended

nes (e.g., planar structures, extended chains, helices, etc.) and thus
ields insight into the overall shape. For example, this insight has
een used to determine that carbon clusters exist as chains, rings,
lanar graphite-like sheets, and fullerenes depending on the num-
er of atoms in the clusters [2,6–11]. In the seemingly distant field
f structural biology, the approach has been used to determine
he topology of an intact ATPase as well as conditions that favor
he attachment and detachment of different components and the
ynamics of those components [12,13].

In addition to identifying the shape of a given ion, ion mobil-
ty can be used to separate mixtures containing isobaric (and thus
someric) ions by shape [14]. In particular, the separation time of
rift tube ion mobility spectrometry (typically milliseconds) fits
ell between that of liquid separation techniques such as liquid

hromatography and capillary electrophoresis, with typical sepa-
ation times of seconds to minutes, and mass spectrometry (MS),
hich often operates on the microsecond time scale. Because of

he unique separation phenomenon, the ability to glean structural
nsights from the CCS, and the relative time scale of drift tube sep-
rations and mass spectrometric analyses, coupling IMS  with MS
an be used to influence a range of useful separation parameters,
ielding: enhanced peak capacity, reduction in total analysis time,
eduction of chemical noise, decreased detection limit, and valuable
nalyte structural information.

Since the dawn of the millennium, IMS  has emerged as a pow-
rful means of enhancing the separation of components found in
omplex mixtures – that is, these methods are especially valuable
hen coupled to other separation techniques such as mass spec-

rometry and liquid chromatography [15–26]. The extra dimension
f separation has enhanced the number of peptides identified in
roteomics studies [18,27–29] and enabled metabolomics stud-

es [26,30,31]. The ability to dissociate ions in parallel [32–38]
as promised to advance the identification of proteins in the field
f proteomics [21,23,27,39]. The ability to distinguish isomers of
lycans presents a novel diagnostic tool for disease progression
40–42]. And the ability to predict CCS from peptide sequence
an enhance the confidence in peptide assignment [43–45]. Many
ther fields have benefited from the increased separation powers
vailable when ion mobility spectrometry is coupled to mass spec-
rometry including petroleomics [46,47] and polymer separation
48–51].

One of the most powerful aspects of this technology is that it
an provide information about the three-dimensional structures of
ons – where few options for determining structure exist. While
he determination of cross-section from the conformation of the

olecule and the relation to diffusion constants was first described
y Mack in 1925 using beeswax [52], it was not regularly applied
o IMS  for quite some time. This aspect of these measurements was
evolutionized in the early 1990s by the Bowers and Jarrold groups

hen they compared measured mobilities or cross sections with

alues that were calculated for trial geometries generated by com-
utations [2–4,6,53–58]. While this modern use of the approach

s now widely used, from its inception, IMS  was used to infer the
Adapted with permission from D. Wittmer, B.K. Luckenbill, H.H. Hill, Y.H.
Chen, Electrospray-ionization ion mobility spectrometry, Anal. Chem., 66 (1994)
2348–2355. Copyright 1994 American Chemical Society [59].

structure and composition of analytes, such as in the separation of
the charge states of cytochrome c shown in Fig. 1 [59].

Groups at Bell Labs [60–62] and Georgia Tech [63,64] first cou-
pled ion mobility spectrometry with mass spectrometry over 50
years ago but the technique saw limited analytical use. Much of the
earliest instrumentation in this field was dependent upon scan-
ning a dual gate ion mobility setup [60,62–64] to determine the
mobility of ions by only gating out those ions that traversed the
drift tube in a predetermined time, and then scanning the delay
between the entrance and exit gates. IMS  coupled to orthogonal
time-of-flight (TOF) MS  was  first developed by McAfee et al. [60];
on a similar instrument Young et al. [61] was able to generate mul-
tiple pulses into the TOFMS flight tube per drift spectrum but still
required scanning the pulses into the TOFMS flight tube to obtain
a full spectrum [61]. Full spectral coverage, and the accompanying
increase in throughput, was  only obtained with the development
of nested orthogonal TOFMS [65], whereby ions were pulsed into a
TOFMS across the entire time course of the drift separation in order
to obtain the mass and mobility for (conceptually) all ions in a single
mobility separation as described in more detail below. The dra-
matic increase in throughput and sensitivity make this a key step
delineating older techniques used for analyzing simple mixtures
from newer experiments wherein complex mixtures can be ana-
lyzed. Demonstrations of high signal [18] with the new advances in
instrumentation drove further advances in instrumentation as the
requirements of different applications determined what aspects of
the separation were preferable.

In this review we examine a range of IMS–MS-based experi-
ments – primarily focused on enhancing separations of complex
mixtures. Taking into account the wide range of needs of different
experiments, we consider what factors might lead a user to prefer
some techniques available for coupled mobility and mass separa-
tions. To better understand the distinctions between techniques,
we will examine each technique individually, focusing on funda-
mentals of the technique, the separation capacity, the limits of
detection, the relationship between the instrumentally measured
mobility and the gas-phase structure, and the causes and effects
of heating of ions within the instruments provided. For each tech-
nique we also provide an example experimental dataset and a very

brief discussion of the data that is intended to familiarize the reader
with how data from hybrid IMS–MS instruments is typically dis-
played. For a detailed understanding of each dataset that is shown,
the interested reader will need to examine the original publication.
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Since the development of nested drift tube (DT) IMS–MS,
umerous other ion mobility separation techniques have matured
r are under development. We  will examine them according to
heir order of development within two broad classes. The first class,
ispersive or nested techniques, corresponds to separations with
omplete spectral coverage in a single separation. Among the dis-
ersive techniques are dispersive DTIMS [65], traveling wave ion
obility spectrometry (TWIMS) [66,67], and trapped ion mobility

pectrometry (TIMS) [68,69]. The second class, selective or scanning
echniques, transmit ions of a selected mobility (or related charac-
eristic of the ion), requiring scanning the selection characteristic
o obtain a full spectrum of all ions. Selective techniques dis-
ussed herein are selective DTIMS [5], differential mobility analysis
DMA) [70–74], field asymmetric waveform ion mobility spectrom-
try (FAIMS) also called differential mobility spectrometry (DMS)
75,76], overtone mobility spectrometry (OMS) [77,78], circular ion

obility spectrometers [79], and transversal modulation ion mobil-
ty spectrometry (TM-IMS) [80].

.1. Separating ions based on differences in gas-phase structure

Ion mobility separations are based on differences in ion struc-
ures (or cross sections) and charge states [81]. The latter is
traightforward and is determined by the excess charge on each
pecies. Ion cross sections are related to the average shapes of the
on, which in effect determines the collision rate with the buffer gas
81]. More compact conformations undergo fewer collisions with
he buffer gas than do more open (or elongated structures). Thus,
ompact species with small collision cross sections have higher
obilities than do more open forms of the ion.
To determine the experimental CCS of an ion, the mobility,

 = v/E, must be determined: where K is the proportion between
he speed an ion moves, v, and the electric field to which it is sub-
ected, E [81]. Mobilities of ions were first observed and measured
n the Cavendish laboratory by Rutherford [82] and Zeleny [83]. This
aboratory was overseen by J.J. Thomson who was at the same time
iscovering the electron [84] in a very similar experiment where
e was examining the negatively charged particles from a cath-
de ray source. Rutherford and Zeleny, known more for his later
ork on spraying fluid from a capillary at voltage, worked on the

ons formed from X-rays and while Rutherford first determined ion
elocities, he saw no difference when independently measuring
he velocities of positively charged and negatively charged ions.
eleny measured the ratios of the different velocities of the nega-
ively and positively charged ions within his instrument, obtaining
atios of mobilities that distinguished the ions in methods that bear

 strong resemblance to modern DTIMS and DMA  instruments [83].
hese discoveries significantly advanced our understanding of the
obility of ions in gases.
Because the mobility depends on the temperature and pressure

f the measurement, a reduced mobility, K0 which has been normal-
zed to standard temperature and pressure, is typically reported. In
ow electric fields, the Nernst–Townsend–Einstein relation [1,81]
elates the mobility and the diffusion coefficient. The diffusion coef-
cient or mobility can be used to derive a CCS for an ion, the net
ffect for a linear drift tube is Eq. (1), the Mason–Schamp equation
1,81],

 = ze

16

(
18�

kbT

)1/2( 1
mI

+ 1
mB

)1/2 tE

L

1
N

(1)

here L is the length of the drift tube, t is the drift time, kb is the

oltzmann constant, T is the temperature, mI is the mass of the ion,
B is the mass of the buffer gas molecules, and N is the number
ensity of the buffer gas at the temperature and pressure of the
xperiment.
gr. A 1439 (2016) 3–25 5

To infer a structure from a mobility, molecular modeling is
typically combined with a CCS estimating algorithm such as the
projection approximation [2,52,53], exact hard-sphere scattering
[55], trajectory method [56,57], projection superposition approx-
imation [85–88], or scattering on electron density isosurfaces
[89–91]. One important factor to note is that CCS values will change
in different gasses, and while this is often approximately pre-
dictable, it is important to measure ions in different buffer gasses
for the most accurate CCS values [92–98]. Additionally it should be
noted that the Mason–Schamp equation is exact only in the limit
of zero field as it is the truncation of a power series; electric fields
where the Mason–Schamp is accurate are typically referred to as
the low-field regime. While resolving powers of 10–100 are com-
mon  [4,46,69,99–106], measured mobilities and CCS can be quite
precise, with percent relative deviations between measurements
often between ∼0.1% and 2% [96,106–109]. Keeping in mind this
difference between accuracy and precision, care must be taken
not to over-interpret CCS values, despite their utility in comparing
amongst the myriad of techniques presented herein.

One of the most important considerations when studying the
gas-phase structure of ions, especially in attempts to relate the
gas-phase structure back to the original solution-phase structure,
is the heating of ions from ionization to detection. There is evi-
dence that some ions retain some information of their original
solution structure [110–119]; in the case of native MS  often the
gross structure, such as the topology of a protein complex, is
retained [114], yet there are many cases where the structure clearly
changes in transition from solution to analysis [115,120–123]. The
desolvation of ions results in evaporative cooling that locks some
structures into place at some point in the electrospray ionization
process [124] such that the lack of solvent may  impede structural
rearrangement; the amount of heating necessary to overcome the
barriers to rearrangement is different for every ion with larger ions
exhibiting less heating due to inelastic collisions and thus more
able to handle equal electric fields [81]. While the dominant effect
of heating ions is often in interface regions, especially the region
where desolvation occurs [113,124–126], separation by ion mobil-
ity occurs in an electric field and can also lead to heating of the ions
[81]. In the gas-phase, temperature is typically viewed as propor-
tional to the square of the velocity of the particles being measured.
In ion mobility experiments, ions are directed by the electric field,
having a higher root mean square velocity in the direction of the
electric field than orthogonal to it. Since the velocity is not equal in
all directions, more complex theories of temperature must be used
[81] but at higher electric fields, the internal energy of the ions
can be increased, potentially resulting in changes in conformation
[81].

Typically the mobility of an ion (and implicitly its structure) does
not significantly change in the low-field regime, a regime where the
electric field, E, relative to the pressure, p, (or number density of
gas, N) is low, often below ∼0.1–10 Td [81,95]. The cutoff between
high- and low-field regimes is both highly variable between species
and gradual for many ions, with the mobility slowly changing as
the electric field changes [81]. As ions heat up, they often start to
unfold and change structure, although changes in mobility can also
be due to the changes in the energy and momentum transfer of
collisions [81]. This ion temperature affects the accuracy of the CCS
information and the relevance of the CCS to the solution structure.
Lower temperature experiments, including those done in cryogenic
drift tubes, are often more useful for relating the structural infor-
mation in the gas-phase back to the solution structures [127–131].
On the other hand, high temperature experiments [113] (or long

trap times before analysis [132]) can be used to anneal distinct
conformations of a single species into fewer peaks with narrow
peak widths, depending on the analytes of interest and their rate
of conversion [133].
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. Instrumentation and techniques

Two fundamental figures of merit are important for ion mobil-
ty techniques, the limit of detection and the separation capacity.
he limit of detection (LOD) can vary wildly within a technique
nd between analytes and thus we will typically describe general
mprovements on signal transmission rather than specifics LODs.
eparation capacity on the other hand is best described by peak
apacity. As noted in Eq. (1), there is a correlation between CCS, and
herefore ion mobility and drift time, and m/z. Because of this, the
eak capacity is not strictly the multiplication of the peak capac-

ties of IMS  and MS  but instead must account for the correlation
etween CCS and m/z and deviations from that [134]. The corre-

ation is dependent on the molecular-class (or family of structural
ypes), as can be seen when different compounds cluster in slightly
ffset portions of the full spectrum [106,135]. A definition of peak
apacity is nuanced because one needs to understand how many
eatures can be resolved at a specific m/z and this may  change with
/z; thus resolving powers are typically reported.

Resolving power describes the width of a peak relative to
ts location in the spectrum and typically changes only slightly
etween different species of the same charge state on the same

nstrument. Because CCS, mobility, and drift time correlate rea-
onably well for all low-field techniques, resolving power is a
easonable but coarse benchmark for comparison between the
urrent state of most instruments and techniques, with caveats
or each technique described within the corresponding technique.
here is significant variation in reported resolving powers between
echniques, with the resolving power increasing with charge on
he analyte. Typical resolving powers range from ∼5 to 60 for
ow resolution instruments [4,46,69,99–104] and up to 200–1000
136–140] for the highest reported resolving powers, depending
n the technique of interest. For traditional drift tube ion mobility
pectrometry (DTIMS), resolving power can be approximated from
he ratio of the drift time to the full width at half-maximum of the
eak as in Eq. (2) [1],

 ≡ t

�t
=

(
zeEL

16kbT ln 2

)1/2
(2)

.1. Dispersive (nested) ion mobility techniques coupled to mass
pectrometry

Stand-alone ion mobility spectrometers are often run with con-
inuous detectors that disperse signal across temporally distinct
ins at all (analyzed) drift times rather than selecting ions at the
nd of the drift tube before detection. To couple with mass spec-
rometry this mode of operation becomes more difficult because
he mass spectrometric analysis must be completed before the next
in of drift times are analyzed, in a mode denoted nested. Disper-
ive ion mobility separations analyze all injected ions in one batch,
liminating losses due to ions not being of the selected mobility,
nd thus have a clear advantage over selective techniques when
igh throughput and maximum total signal is desired. Additionally,

n a mode first described as parallel fragmentation [20,32,36–38]
nd now also incorporated within HDMSE [141], ion mobility tech-
iques allow for fragmentation after mobility separation and before
ass analysis, such that parent and fragment ions are aligned in

rift tube for easy assignment. With nested techniques, this paral-
el fragmentation allows for the accumulation of potentially tens of
housands of fragment spectra very quickly [27]. With proper ion

ptics, nested ion mobility spectrometry–mass spectrometry can
e conceivably performed with any mode of mass analysis [65],
ut the ease of coupling with TOF mass analysis led to the develop-
ent of DTIMS as the first nested IMS–MS technique [65]. Two  other
gr. A 1439 (2016) 3–25

nested modes have since been developed, based around TWIMS
[66,67] and TIMS [68,69].

All nested hybrids of ion mobility spectrometry and mass spec-
trometry share similar ideal characteristics. After generation, ions
must be accumulated before entering into the mobility separa-
tion device in which they are separated, after separation they are
injected into a mass analyzer. In the ideal, losses in transfer between
each step would be minimized, accumulation would show minimal
loss no matter the length of time, and mass or CCS biases would
be nonexistent. In practice all of these difficulties occur to varying
degrees based upon the specific geometry and potentials applied
and should be considered with care when examining instruments
rather than techniques.

2.1.1. Nested drift tube ion mobility spectrometry–time of flight
mass spectrometry

By developing a method to inject ions into an orthogonal TOFMS
at a rate proportional to their egress from the drift tube, Clemmer
and coworkers developed the first fully nested IMS–MS technique
[65]. In the instrument schematic shown in Fig. 2, ion optics after
the drift tube set the velocity of ions such that ions traverse approxi-
mately the length of the orthogonal TOF injection window, injecting
(ideally) all of the ions that exit the drift tube into the TOFMS. The
time from the injection of ions into the flight tube until impact on
the detector is measured and converted to m/z while the time from
the pulse of the drift tube entrance gate until the TOF pulse is the
drift time, also called the arrival time in some manuscripts. Because
the flight time is typically in microseconds and the drift time is
typically in milliseconds, this results in a nested two-dimensional
spectrum. The bin size in the drift time is the periodicity of the TOF
pulser; within this bin size no differences in drift times are distin-
guishable. Thus there is a small loss in potential resolving power
in the mobility (drift time) dimension (compared to a continuous
direct detector without mass analyzer) at the gain of significant
resolving power in the new m/z dimension. In practice the loss of
resolving power is negligible as typical resolving powers are less
than 300 [136] in the best linear drift tubes to date and more bins
(ToF pulses) are applied than the resolving power of the instrument
[142].

Early experiments demonstrated the wide range of possible uses
for this technology; examples chosen from this long list of experi-
ments show the use of IMS–MS for the separation and analysis of
components of a tryptic digest as shown in Fig. 3 [143], and the
separation of different classes of compounds as shown in Fig. 4
[144]. While nested DTIMS–TOFMS drastically reduced the loss
in signal from the duty cycle of the drift tube exit gate within a
scan, losses due to the duty cycle of the drift tube entrance gate
were still significant [65]. A major development in reducing ion
losses at the drift tube entrance gate was the incorporation of a
trap before injection into the drift tube. Large increases were seen
going from injection of a continuous stream to a Paul trap [145],
then to a linear ion trap [18], and more recently to ion funnel
traps [21,23,146–149]. The last step provided trapping at higher
pressures (∼1–10 Torr) and thus alleviated ion losses going from a
lower pressure regime (mTorr) to a higher pressure regime (Torr),
a pressure gradient more commonly seen in the instruments with
an ion trap prior to the drift tube. Another major loss of signal was
found to be the radial diffusion of the ion cloud beyond the focus-
ing ability at the rear of the drift tube. Again ion funnels in the
middle of and at the back of the drift tube maximized transmis-
sion of ions [142,146]. Recent developments in instrumentation of
DTIMS–MS have focused on eliminating signal loss by using radio

frequency (rf) confinement or an equivalent DC confinement more
efficiently and even throughout the entire length of the drift tube
[103,148,150–160]. This allows for longer drift tubes with the same
signal, and longer drift tubes can obtain higher resolving powers
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Fig. 2. Method of nested ion mobility spectrometry–time of flight mass spectrometry (IMS–TOFMS) with an orthogonal TOFMS. Ions enter from an ion source on the left
and  are trapped before being injected into the drift tube. Ions separate under the electric field in the drift tube before entering the orthogonal acceleration region and being
pulsed  into the TOF sequentially such that in theory all ions should reach the TOF detector. Improvements in electronics enabled the pulsing of all ions as they exited the
drift  tube, obtaining full coverage of the spectrum without the need for scanning the timing of a selective exit gate across length of the full spectrum, and thus increasing the
signal  of ion mobility coupled to mass spectrometry.

Reprinted with permission from S.C. Henderson, S.J. Valentine, A.E. Counterman, D.E. Clemmer, ESI/ion trap/ion mobility/time-of-flight mass spectrometry for rapid and
sensitive analysis of biomolecular mixtures, Anal. Chem., 71 (1999) 291–301. Copyright 1999 American Chemical Society [143].

Fig. 3. Separation of a mixture of peptides from a tryptic digest of myoglobin. Source conditions have a significant effect on not just conformations but also peptide intensity,
with  higher voltages leading to more singly charged peptides.

Reprinted with permission from S.C. Henderson, S.J. Valentine, A.E. Counterman, D.E. Clemmer, ESI/ion trap/ion mobility/time-of-flight mass spectrometry for rapid and
sensitive analysis of biomolecular mixtures, Anal. Chem., 71 (1999) 291–301. Copyright 1999 American Chemical Society [143].
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Fig. 4. (i) Two-dimensional IMS–MS spectrum showing the separation of different classes of compounds, carbon clusters, polyhistidine, and polypropylene glycol. Summed
mass  and mobility spectra are shown on the left (ii) and bottom (iii) of the two-dimensional spectrum. A vertical pair of dashed lines is used to delineate the portion of the
spectrum summed together (between the dashed lines) to obtain the mobility distribution shown on the right (iv). A horizontal pair of dashed lines is used to delineate the
mass  spectrum shown on the top (v).
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eprinted from International Journal of Mass Spectrometry, 240, John A. McLean, B
lsevier  [144].

hile still yielding relevant CCS values by utilizing the low-field
egime. The increasing sensitivity of DTIMS–MS instruments has
ade a wide range of separations desirable [143,144]. Ever more

omplex samples are being analyzed although typically in the same
ormat as shown in Figs. 3 and 4, with drift time and m/z  as two sep-
rate axes, color or intensity of shading denoting the intensity of
eaks for an overall spectrum, and integrated mass and drift spec-
ra from the entire data set or from selected ranges of m/z and drift
ime taken as needed to fully explore the data set and demonstrate
nteresting features.

An interesting advance in nested IMS–MS came in using
elatively empty portions of the spectrum through parallel frag-
entation [32–38]. Collisionally induced dissociation after ions

xit the drift tube results in fragments at the same drift time as
he parent but over a wide range of m/z  such that fragments are
ften outside the band of components separated by ion mobility
pectrometry [32]. The alignment of drift time enables associa-
ion of fragments together with the parent ion as shown in Fig. 5.
issociation can also be employed at the beginning of the drift

ube to separate fragment ions by shape [161]. The unfolding of
ons can be investigated upon the deposition of collisional energy
122,162,163], yielding energetics about various gas-phase confor-

ations [164].
Most DTIMS–MS experiments are operated in the low-field

egime for maximum structural information, but higher fields lead
o increased resolving power as seen in Eq. (2). When it is purely

he separation capabilities of IMS  that are desired, the electric field
hould be optimized for the experiment at hand, but it is typical
o use electric fields safely in the low-field regime when struc-
ural information is desired. Care must be taken with the latter
n T. Ruotolo, Kent J. Gillig, David H. Russell, 301–315, 2005, with permission from

type of experiments to ensure that the heating does not modify the
mobility and CCS of each measured species in ways that contradict
the validity of the experiments. At very high electric fields, espe-
cially for lower pressures in the drift tube, electrical breakdown can
become a problem in accordance with Paschen’s Law.

Resolving powers of DTIMS–MS instruments range up to ∼250
[14] but vary significantly from instrument to instrument and typ-
ical resolving powers are often ∼60–80 [106], especially in the
range of pressures more common in highly sensitive instruments.
Because of the wide range of instruments available, we  note here
only limited examples as any desirable resolving power under 250
can be found and will be dependent upon the molecular system
being analyzed. As one of the first techniques developed, and the
dominant coupled IMS–MS technique in the literature, we  refer-
ence all other techniques to nested DTIMS–MS for comparison.
Since the original development of DTIMS–MS, a number of com-
mercially available instruments have been developed containing
this coupling including those by TOFWERK, Excellims, and Agilent,
democratizing the field.

2.1.2. Traveling wave ion mobility spectrometry–mass
spectrometry

A similar nested ion mobility technique known as TWIMS  was
commercialized a decade ago by the Waters Corporation in the
Synapt line of instruments [66,67,105,165]. This high performance
instrument has significantly advanced the field of ion mobility

spectrometry–mass spectrometry through its versatility and
widespread availability. TWIMS  uses a stacked ring ion guide
(SRIG), which operates effectively as a drift tube, but with a
dynamic application of electric field to separate the ions. Rather
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Fig. 5. Heat maps of IMS–MS (left) and IMS–MS/MS (right) spectra of [d-Ala2,3] Met-Enkephalin. [d-Ala2,3] Met-Enkephalin is fragmented before entry into the drift tube in
the  left spectrum demonstrating separation of fragment ions. Fragmentation of the mobility-separated fragments is performed after mobility separation showing temporal
alignment in the drift spectrum but separation of fragments by the time-of-flight mass analyzer. Fragments formed before ion mobility fall along a band of correlated drift
times  and flight times. Fragmentation at the rear of the drift tube uses portions of the spectra previously devoid of peaks and leads to assignment of fragment ions to parent
i
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eprinted with permission from C.S. Hoaglund-Hyzer, J.W. Li, D.E. Clemmer, Mobili
000  American Chemical Society [32].

han a linear electric field through the full length of the SRIG,
WIMS  uses a traveling wave of electric potential that pushes
ons along similar to a surfer as shown in Fig. 6. In the ideal case,

 wave moves ions incrementally toward the detector before
assing the ion, whereupon ions slow down before being picked
p by the next wave and moved incrementally forward again. The
obility of the ion determines how often a wave passes the ion

nd thus how many waves are required for an ion to transit the
RIG [66,166]. Similar to many DTIMS instruments currently in use
r development, the SRIG also uses radio frequency-confinement
o eliminate losses of ions due to radial diffusion [66,67].

Other than this method of propagation within the drift
ube, TWIMS  instruments typically operate identical to nested
MS–TOFMS instruments. Thus most of the benefits of that
echnique apply here. The portion of ions analyzed by mass spec-
rometry is very high and arrival times correspond approximately
ith the CCS. Parallel fragmentation can be performed in a mode

nown as HDMSE [141] where alignment of arrival times for peaks
rom parent ions and fragment ions can be used in very high
hroughput data-independent acquisition in proteomics experi-

ents [27].
In addition to the many common attributes with nested

MS–TOFMS, TWIMS  has a number of advantages due to the partic-
lar instrument arrangement, commercialization of the technique,
nd the maturity of the line of instruments. Ions in the most recent
eneration, the Synapt G2-Si, follow a trajectory from ion genera-
ion (typically ESI or MALDI) to a stepwave ion guide, a selecting
uadrupole, a trap SRIG, a SRIG for ion mobility separation, a trans-
er SRIG, and finally a reflectron TOF mass analyzer. The stepwave

on guide is a novel method of purifying ions from uncharged sol-
ent by directing primary gas flow along a linear path and using an
ffective electric field to direct ions into a parallel linear path and
rom there into the rest of the instrument. The selecting quadrupole
ling for parallel CID of ion mixtures, Anal. Chem., 72 (2000) 2737–2740. Copyright

can then be used to select ions by mass prior to ion mobility separa-
tion, or directed to pass all ions through. The trap SRIG is primarily
to accumulate ions before injection into the ion mobility cell, but
can also be used to hold ions for electron transfer dissociation or
collision induced dissociation (CID) prior to mobility separation.
Because injection from low pressure (such as the quadrupole) to
higher pressure (where high pressure is desired for higher resolving
power of ion mobility separation), the Synapt G2-Si uses two stages
of drift gas to bring ions from low pressure to a higher pressure of
helium (less massive and thus less ion losses upon injection) to the
same pressure of nitrogen (more massive, but minimal losses upon
injection from an equal pressure of helium) [105,165]. After ion
mobility separation, fragmentation can be performed in the trans-
fer SRIG in a manner analogous to parallel dissociation. Finally the
reflectron TOF mass analyzer can be operated in “sensitivity” or
“resolution” mode where ions pass through a reflectron either once
for lower mass resolution but higher sensitivity or thrice for higher
mass resolution but lower sensitivity.

The Synapt is a good example of inventive coupling to enable a
range of operational modes from operation as a quadrupole-TOF
mass spectrometer with the SRIGs evacuated of buffer gas, to a
MS–ETD-IMS–CID-MS type instrument if selecting by mass in the
quadrupole, fragmenting by ETD (or alternatively CID), separating
by ion mobility, fragmenting again by CID, and then analyzing by
TOFMS [167]. The ion mobility separation has two  major parame-
ters that can significantly impact operation, the velocity and height
of the traveling wave. The combination of these two  can be used to
target select species with high resolving power in mobility terms,
possibly even beyond that of a typical DT IMS  of the same length, but

also leads to a requirement of calibration against known standards,
a restriction of the range of mobilities that are optimally resolving,
and more heating of the ions. Because of the traveling wave nature
of the ion mobility separation, determination of the CCS from the



10 M.A. Ewing et al. / J. Chromatogr. A 1439 (2016) 3–25

Fig. 6. Schematic of a Synapt G2 instrument showing ion generation through electrospray ionization, optics to guide ions through a quadrupole to the ion mobility cell and
then  on to the time-of-flight MS.  Bottom: Method of propagation of ions of different mobilities in traveling wave ion mobility spectrometry where ions surf the wave as it
propagates down the stacked ring ion guide from left to right. Smaller ions (of the same charge) typically have higher mobilities and travel farther under the influence of an
electric  field over a given period of time; larger ions lag behind. As the wave moves, fast ions surf the front of the wave for a higher percentage of time, always staying ahead
of  the wave ridge, while larger ions fall back over the wave, slowing down as they occupy a region with zero electric field before speeding back up as the next wave reaches
them.  At a constant velocity wave, ions reaching the exit of the stacked ring ion guide more quickly have been passed by fewer waves and thus the number of waves which
pass  an ion is directly proportional to the arrival time of the ion.

Adapted in part from the International Journal of Mass Spectrometry, 261, Steven D. Pringle, Kevin Giles, Jason L. Wildgoose, Jonathan P. Williams, Susan E. Slade, Konstantinos
T ation
q missi
2

w
d
I
t
t
t
d
t
e
t
b
l

halassinos, Robert H. Bateman, Michael T. Bowers, James H. Scrivens, An investig
uadrupole/traveling wave IMS/oa-ToF instrument, 1–12, Copyright 2007, with per
004 John Wiley & Sons, Ltd.

ave parameters is difficult [166], and in practice calibration stan-
ards are employed for which CCS values were obtained in linear DT

MS  with nitrogen buffer gas. Waves that move too slowly and with
oo high of a peak height compared to the mobility of ions within
he drift cell can cause ions to surf the wave, never rolling back over
he traveling wave and thus taking the minimum time to transit the
rift cell, the time for one wave to propagate from the beginning of
he mobility SRIG to the end of it [165]. If multiple ions have high

nough mobilities to surf the wave, there is no significant separa-
ion of these ions in the T-wave [165]. In practice the ability to tune
oth the velocity and height of the wave results in a range of mobi-

ities separated efficiently by the T-wave that is broad enough that
 of the mobility separation of some peptide and protein ions using a new hybrid
on from Elsevier [165]. Adapted in part from Ref. [66] with permission. Copyright©

ions not separated are typically only those not of interest. Finally,
there is some heating of ions in TWIMS  [168], sometimes several
hundred degrees worth of heating [169,170], sometimes very small
amounts of heating [166]. The heating of ions is more significant for
smaller ions and thus ion structure for peptides and small proteins
can be quite different from that measured in the low-field regime
of a linear DT IMS  instrument [170].

Resolving powers for the Synapt-G2 instruments have been

reported to be ∼45 [105], high for a short 28 cm long SRIG with
∼3 mbar of pressure. Additionally, a new circular TWIMS  drift tube
under development promises significantly higher resolving powers
and is discussed below. Because of the maturity of Synapt line, the
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ig. 7. TWIMS–MS spectrum of a model mixture of polymer PEG 1000, plasticizer
acuum on a Synapt G2. Total mass spectrum on the left and two-dimensional nest

eproduced from Ref. [50] with permission from John Wiley and Sons.

oftware has been well-developed, and many experiments have
een well-developed on this line of instrumentation. In particu-

ar the HDMSE has been combined with liquid chromatography
or impressive proteomic separations. Recently, almost 50,000 pep-
ides were fragmented and identified from a single LC–IMS–MS run
sing an adjustable CID fragmentation energy in the transfer cell
27]. Numerous systems have been characterized by TWIMS–MS
ncluding polymers shown in Fig. 7 [50]. In a manner similar to
hat observed for nested IMS–MS, Fig. 7 demonstrates the power
f TWIMS–MS in separating components of a mixture of species
hat overlap in the mass spectrum based upon their mobilities. As
n IMS–MS, regions of the spectrum are extracted for analysis in
ither the m/z or drift dimensions as needed to fully explore the
ata.

.1.3. Tandem ion mobility spectrometry–mass spectrometry
While the nested IMS–MS measurement is very efficient, the

etermination of an ion’s mobility and mass is only a part of the
tory. Under many conditions, ions will undergo structural tran-
itions in the gas-phase and the new structures that are formed
ften have mobilities that differ from the initial structures. This
eads to additional separation strategies that have been termed
MS–IMS–MS [142]. In an instrument having a nested IMS–MS con-
guration, IMS–IMS techniques are employed in an instrument
hat utilizes multiple drift regions (for IMS–IMS two drift regions
re used [142]; higher order separations, e.g., IMS–IMS–IMS or
MSn can be carried out with three or more drift regions [171]).

 schematic diagram of a simple IMS–IMS instrument is shown in
ig. 8 [142,172]. In this instrument a distribution of mobility sepa-
ated ions is created in the first drift region. An ion selection gate
an be used to select species with specific mobilities for ion acti-
ation. The activation process involves utilization of a higher field
egion to create energizing collisions and at elevated temperatures

 new distribution of ion structures is generated. These are then
eparated in a second drift region in the typical nested IMS–MS
ashion.

Collisional activation after one stage of separation and before
nother is very useful for structural applications such as identifying
as-phase energy barriers [164,173] and even using these barriers
o determine how much of an effect solvent has on various struc-
ures [118]. Without collisional activation, IMS–IMS is identical to

ingle stage IMS  with a longer drift tube in DTIMS, or has a compa-
able increase in separation capacity for other techniques, with the
otable exception of TM-IMS noted below where a second stage
liminates background signal from non-selected ions [174]. This
EH 640, and property modifier DADBU generated using matrix assisted ionization
S–MS plot on the right.

can be used to advantage in the experiment, with only a change in
potential needed to elicit a rapid conversion of an instrument from
high resolution without activation to tandem IMS  with activation
and back.

With the advent of combing, tandem ion mobility separations
show great promise for highly complex samples [172]. In comb-
ing, ions from the first stage of mobility separation are gated into
the second stage in short windows interspersed such that the acti-
vation between the first and second stage of separation leads to
almost complete coverage of the mobility spectrum in the second
dimension but no more as conceptually demonstrated in Fig. 9.
Ions that are selected in the same tooth of the combing exper-
iment have approximately the same mobility before activation,
but often activation will result in different enough mobilities to
achieve separation in the second phase of separation. If ions were
not pre-selected, then these activated ions would overlap with
other ions, but by selecting and then activating, peak capacity
can be dramatically increased [172]. With the rapid speed of gas-
phase separations and high rate at which electrical potentials can
be switched, combing can enable very high throughput and high
peak capacity separations. There is a small cost in signal, a fac-
tor of 5 or 10 depending on experimental conditions chosen, but
a dramatic increase in peak capacity, potentially greater than a
100-fold increase [172]. We  expect that further developments in
coupling of ion mobility techniques may  significantly increase the
peak capacity and thus separation capability of ions.

2.1.4. Trapped ion mobility spectrometry–mass spectrometry
TIMS offers a unique method of nesting ion mobility spec-

trometry with potentially any mass analyzer. Instead of a nearly
stationary buffer gas as in DTIMS or TWIMS, trapped ion mobility
spectrometry uses a high flow of buffer gas to push ions forward and
a slowly adjusting electric field to restrain ions from entering the
mass analyzer as shown in Fig. 10 [69,175,176]. The retarding elec-
tric field is ramped from a high electric field that retards all ions to a
low electric field to retard effectively no ions, allowing the flowing
buffer gas to carry ions of interest into the mass spectrometer for
mass analysis. Because the electric field acts to retard ion motion
instead of directing their motion, TIMS ejects ions with larger CCS
before ions of smaller CCS, giving an inverted drift spectrum rela-
tive to DTIMS and TWIMS  [69]. Like many other axial dispersion ion

mobility separations, TIMS uses rf confinement to minimize loss of
ions to collisions with the lenses and walls of the device [69]. One
major advantage of TIMS instruments is their small size, typically
only 5–10 cm long, and the independence of length and resolving
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Fig. 8. Top: Schematic of an IMS–IMS–MS instrument. Bottom: accompanying pulse sequence for which gates are pulsed. Ions are generated by ESI on the left, accumulated
in  a Smith-geometry ion funnel before being pulsed into drift region D1 at the pulses shown in (A). Selection of ions by mobility is achieved at gate G2 (B) in a singular fashion
or  in a combing fashion (C). Finally, the TOF is pulsed continuously (D) in order to obtain m/z for all ions as they exit drift region D2 and enter the TOF.

Adapted in part with permission from S.L. Koeniger, S.I. Merenbloom, S.J. Valentine, M.F. Jarrold, H.R. Udseth, R.D. Smith, D.E. Clemmer, An IMS–IMS analog of MS–MS,
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nal.  Chem., 78 (2006) 4161–4174. Copyright 2006 American Chemical Society [14
alentine, D.E. Clemmer, Improving the efficiency of IMS–IMS by a combing techniq

ower. In DTIMS and TWIMS, increased drift tube length leads to
ncreased resolving power, and lab footprint can often be a practical
onsideration in limiting instrument resolving power when other
onstraints are included, but this is not as significant of a concern
ith TIMS [176,177].

Engineering the fine control of gas with minimal turbulence is
ore difficult than the fine control of electric field which is why  a

ingle buffer gas flow rate is used to direct ions toward the mass
pectrometer with a variable electric field to select ions by mobility
178]. The resolving power is controlled by the velocity of the buffer
as, the electric field ramp speed, and the rf confinement. Increas-
ng the velocity of the buffer gas increases the required retarding
lectric field for ions to be trapped which can lead to the high-field
imit or electrical breakdown at the extremes, but not before resolv-
ng powers consistently of 250 can be achieved [138,177–179].
lower ramping of the electric field leads to slower rates of ejec-
ion from the TIMS device into the mass analyzer, requiring longer
rapping before the TIMS device, hindering limits of detection as
he efficiency of ion trapping at higher pressures drops dramati-
ally as the time of ion trapping increases [148,180] and TIMS can
ave the longest ion trap times of any technique described herein

178]. Current research, as for all ion mobility techniques with
ccumulation prior to analysis, involves increased efficiency of pre-
obility trapping; significant strides toward this has recently been

ccomplished for rapid analyses [181]. Long trap times may  also be
apted in part with permission from S.I. Merenbloom, S.L. Koeniger, B.C. Bohrer, S.J.
al. Chem., 80 (2008) 1918–1927. Copyright 2008 American Chemical Society [172].

problematic for structural analyses as some structures [132,133]
have been shown to change over time in the gas-phase. The abil-
ity to change the trap time could however open up experiments
examining the evolution of structure over time in the gas-phase in
experiments complementary to those performed previously [132].
A final concern with TIMS for structural analysis is the applicabil-
ity of the fields. The equations derived for structural analysis all
depend on the relative motion of the ions and the buffer gas and
the comparison to the uniformity of the fields, but the changes in
fields in different regions of the instrument could lead to differ-
ences in structural determination between this technique and more
traditional drift tube analyses. Despite these differences, TIMS–MS
analysis of ubiquitin structure shows results that compare favor-
ably with measurements from DTIMS as shown in Fig. 11 [182].
A number of voltages clearly influence the temperature of the
ions and thus the distributions of conformers, with compact, par-
tially folded states, and elongated states observed in different ratios
depending upon the specific applied voltages, a consistent theme
amongst IMS–MS experiments where particular care must be taken
in understanding the instrument voltages on the cross-sections
measured. We look forward to seeing more studies comparing pro-

tein structures between them in order to ascertain the magnitude
of this effect.

The ability to change the ramp rate and even to make the
ramping discrete [183] makes the technique particularly suited for
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Fig. 9. Method of combing in IMS–IMS. (a) Hypothetical summed distribution of
all  mobilities from a complex mixture. (b) Single selection from the hypothetical
distribution with different colors under the primary peak indicating multiple over-
lapping species that will separate after activation. (c) Combing-selection of multiple
teeth from under the entire distribution, each with several species under a single
peak. (d) Activation after combing showing that species with the same mobility in
the first dimension of IMS  change differently upon activation and separate, filling
up the spectrum while reducing overlap between different species. (For interpreta-
tion  of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Reprinted with permission from S.I. Merenbloom, S.L. Koeniger, B.C. Bohrer, S.J.
V
n
S

d
a
c
a
m
a
d
a

2
m

m
a
n
s

Fig. 10. Schematic and method of elution of ions of different mobilities in trapped
ion mobility spectrometry. Ions enter from the left pushed by the flow of gas and
are  trapped in an ion funnel trap by the high electric field retarding from the right.
As the retarding potential is reduced, the field, and thus the force, F = q·E (where q is
the charge), on the ions buffer-gas directed pressure-dependent force to determine
alentine, D.E. Clemmer, Improving the efficiency of IMS–IMS by a combing tech-
ique, Anal. Chem., 80 (2008) 1918–1927. Copyright 2008 American Chemical
ociety [172].

ispersive analysis with slower mass analyzers such as FTICR–MS
nd IT–MS, although longer separation times must also be recon-
iled with liquid-phase separations prior to TIMS–MS for broadest
pplicability. Unfortunately, this technique is still in early develop-
ent and has yet to be commercialized but shows great potential as

n alternative dispersive ion mobility separation and in coupling a
ispersive ion mobility separation with mass analyzers other than
n orthogonal TOFMS, including an FTICR–MS [183].

.2. Selective ion mobility spectrometry techniques coupled to
ass spectrometry

In addition to nested ion mobility techniques, there are many

ethods for transmitting ions of only a selected mobility and then

nalyzing the resultant mass spectrum or vice versa. In these tech-
iques, a two-dimensional spectrum is obtained by scanning the
election method and stitching together a spectrum from the sum
net  movement, reduces and ions propagate into the mass analyzer.

Reprinted with permission from Ref. [69] with kind permission from Springer Sci-
ence and Business Media.

of multiple mass spectra across different transmitting mobilities
or from the sum of multiple drift spectra across different mass-
to-charge ratios. Ions that are not selected are lost, neutralized
on lenses that are at the minimum potential reached from the
ion trajectory [83] or within the selective mass spectrometer. The
ideal mobility-selective technique would neutralize no ions of the
desired mobility with the ability to completely and instantly tune
the width of transmitted mobilities. Thus the selective technique
could be used to pass ions of all mobilities or of only the desired
mobility as befits the experiment. Selective techniques will often do
better in cases where dispersive instruments are not as well-suited
such as slower mass analyzers like ion trap mass spectrometers
[26,184–186], Fourier transform ion cyclotron resonance (FTICR)
[187,188] and Orbitrap mass spectrometers [189]. Uses include
increasing signal to noise by reducing chemical noise [190], purifi-
cation of a desired charge state [185], the latter also for less common
post-mobility separation analyses such as cold ion traps [191] and
laser-induced fluorescence [188].

Among the most powerful uses is the ability to perform
MSn (n > 2) after mobility selection. While parallel fragmentation

enables MS2 after dispersive ion mobility separations, coupling
to e.g. an ion trap mass spectrometer via selective ion mobil-
ity separations can lead to the harnessing of the immense and
well-developed power of repeated fragmentation steps. Despite
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Fig. 11. Distributions of ubiquitin [M+7H]7+ across different DC voltages applied across the entrance funnel (Vf) and peak-to-peak RF voltage amplitudes (Vpp). Distributions
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how  significant resemblance to previous work [116,117] and demonstrate the ef
ecrease with increasing Vf and Vpp.

dapted from Ref. [182] with permission of The Royal Society of Chemistry.

oupling of ion mobility to ion trap mass spectrometers with CID
26,185], VUV-PD [186], and ETD [26], most experiments, with the
otable exception of FAIMS [184,185,192], have been on prototype

nstruments with proof-of-principle experiments and only a few
ave seen regular use. The utility of coupling FAIMS to ion traps for
Sn [184,185,192] has demonstrated the combination of selective
obility separations and MSn for n > 2 is an underdeveloped area

n tandem IMS–MS experiments.
In this section we discuss selective DTIMS, DMA, FAIMS and DMS

here grouped with FAIMS), OMS, circular ion mobility techniques,
nd TM-IMS as mobility analyzers to couple to mass spectrometers.
f these techniques, FAIMS stands out as unique in that it separates
y the ratio of mobilities at high and low fields rather than directly
n the mobility at a given electric field, as described in more detail
elow. As trapping technology improves, there remains the ques-
ion of whether a selective technique could recycle ions back to the
ntrance region, or trap them for later analysis when the scan of the
obility selection reaches the appropriate value. This recycling of

ons for repeated analysis mirrors some portions of circular tech-
iques and could overcome one of the largest potential limitations
f these techniques, the high limit of detection when obtaining a
omplete mobility spectrum of a single sample.

.2.1. Selective drift tube ion mobility spectrometry coupled to
ass spectrometry

The traditional ion mobility separation device was  the linear
rift tube ion mobility spectrometer. Ions are produced by a source,
ften accumulated, and then enter the drift tube through some
ntrance gate. The entrance gate synchronizes ions as they enter
he drift tube in order to ensure accurate measurement as they exit
he drift tube. A spectrum of ion intensity compared to the time to
ransit the drift tube is often called a mobility distribution although
here are many names found in the literature including drift dis-
ribution, arrival distribution, and mobilogram. While continuous

easurements of signal or current over drift time are common in
tand-alone linear drift tubes, a full mobility spectrum could not
e collected at the same time as a full mass spectrum in the orig-

nal instruments. As described above, the earliest drift tubes were
ll employed in a selective fashion, either selecting by mass or by

obility.
Because this method of coupling makes no requirements about

he relative analysis times of the coupled techniques, it is of
articular interest when coupling to quadrupoles [162,193–195],
 increasing voltage on heating of the ions as compact portions of the distribution

sector mass spectrometers [196], ion traps [186], and even cold
ion traps [191]. Because of the maturity of a linear drift tube, the
simplicity of construction, and large number of experimentalists
experienced with drift tubes, this can be quite beneficial when a
high fidelity mobility filter is desired. Resolving power will match
that of nested DTIMS–TOFMS, but a full spectrum typically requires
a scan and thus sensitivity can only be matched for a single ion,
not for the entirety of a complex mixture. If only one ion is of
interest, such as in cold ion traps, this is a reasonable technique of
choice, but it fails to take advantage of the natural nesting between
DTIMS and TOFMS and requires trapping before analysis similar to
all dispersive techniques and separate from many other selective
techniques. While trapping can often be done efficiently, it is
difficult to eliminate ion losses when trapping, especially at longer
time periods and current research often focuses on improving ion
accumulation and transmission [148,180,197].

To increase signal, entrance and exit gates can be pulsed in
a matched fashion to allow overlap of signals at a given exit
gate pulse with mobility deconvolution using Fourier [198–200]
or Hadamard [140,201–203] techniques. The resulting increase in
sensitivity improves resolving powers and enhances the use of
selective DTIMS for high resolution mass spectrometry. Several
companies now sell versions of this separation including TOFWERK
for an all-encompassing IMS–TOFMS system [140] and Spectro-
glyph for attachment to an Orbitrap [204].

2.2.2. Differential mobility analysis–mass spectrometry
DMA  takes the idea of directing ions by their electric field against

a retarding buffer gas and flips it on its head, having the buffer
gas push the ions orthogonal to the electric field and determining
whether the ions can pass from one slit to another as the elec-
tric field is varied, as shown in Fig. 12. Like most of the selective
techniques discussed here, DMA  transmits ions of a given mobility
and a scan of the electric field is required to obtain a full spectrum
of ions by mobility. DMA  has its roots in aerosol analysis [70] and
was modified to enable molecular analysis [70,73,74] and then cou-
pled to mass spectrometers [205] where it has seen extensive use
in examining structural transitions of families of ions of clusters
and polymers, the latter shown in Fig. 13. DMA allows a contin-

uous stream of ions, an improvement over the use of DTIMS as a
selective technique where ions must be trapped and injected into
the drift tube and losses can be expected in the process of trapp-
ing ions. While ion funnels have reduced pre-mobility separation
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Fig. 12. Top: Method of separation of ions by differential mobility analyzer. Ions
are injected along an electric field going from top to bottom. An orthogonal flow of
gas from left to right pushes ions down from the inlet slit toward the exit slit. Ions
whose mobility match the length from inlet slit to exit slit, the flux of the flowing
gas,  and the electric field as given by the equation in the figure (where Z is mobility
and L is the width of the slit) will reach the exit slit and leave the tube. Ions whose
mobility does not match these parameters will not exit the tube and will instead
be  eliminated on the lens that acts as the wall. Bottom: Schematic of physical DMA
cell.

Reprinted from the International Journal of Mass Spectrometry, 298, Juan Rus,
David Moro, Juan Antonio Sillero, Javier Royuela, Alejandro Casado, Francisco
Estevez-Molinero, Juan Fernández de la Mora, IMS–MS studies based on coupling a
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electric fields will traverse the two  plates and exit device at CV = 0 V,
ifferential mobility analyzer (DMA) to commercial API–MS systems, 30–40. Copy-
ight 2015, with permission from Elsevier [72].

osses down to low levels in DTIMS, there are still small losses if
he outlet stream is discontinuous due to the use of a gate as in
elective DTIMS. DMA  devices in contrast have losses due to a lack
f focusing (e.g. rf focusing as in TWIMS, DTIMS, and TMIMS) and
iffusion of ions beyond the width of the exit slit, the latter can be
djusted by changing the width of the slit where increasing width
educes resolution but increases signal [70].

Additionally, DMA  devices are often operated at atmospheric
ressure whereas most modern DTIMS and TWIMS  instruments
perate at reduced pressures [98]. As a result, any concerns about
hanges in the structure of ions upon going from higher to lower
ressure regimes are mitigated until after mobility separation, a
enefit or a disadvantage depending upon the experiment [98].
ecause DMA–MS can be run with a low electric field, most ions
an be examined in the low-field regime, although ions with high
nough mobilities may  require high electric fields to counter the
ow of gas. Since the low-field regime is defined by E/p, the higher
ressure of a DMA instrument means that in practice almost all
xperiments are done in the low-field regime, DMA–MS is partic-
larly useful as a selective filter in the low-field regime.

The limiting factor on the resolving power of most current

MA  instruments is the control of the flow of buffer gas rel-
tive to the inlet and outlet slits. Small manufacturing defects
an result in turbidity at high gas-flows and large instruments,
gr. A 1439 (2016) 3–25 15

resulting in dispersal of a species of ions of the same mobility rela-
tive to the average path of that species and as a result DMA  resolving
powers are typically a bit lower than top-end DTIMS instruments
although commercial DMA–MS, DTIMS–MS and TWIMS–MS instru-
ments offer comparable resolving power in the mobility dimension.
With offset slits and the high flow of gas, no current DMA  can
easily by set to transmit ions of all mobilities, a highly desirable
feature in an ideal selective technique. As the oldest, most well-
understood, and robust continuous ion mobility filter for low-field
experiments, DMA  instruments for coupling with mass spectro-
meters have many advantages and have been commercialized by
SEADM (Boecillo, Spain). Although most DMA instruments have
been coupled to quadrupole and quadrupole-TOF mass spectro-
meters [72,206,207], they have also been extended to FTICR mass
spectrometers [188] and we expect other variations to surface in
the near future as their low-field and structural selectivity makes
for a good fit with more detailed post-mobility-selection analyses
and their recent availability by SEADM makes for ease of coupling
to mass spectrometry.

2.2.3. Field asymmetric waveform ion mobility
spectrometry–mass spectrometry and differential mobility
spectrometry–mass spectrometry

FAIMS is known by a number of names including DMS  and
Differential Ion Mobility Spectrometry (DIMS). In this review we
will use the abbreviation FAIMS to avoid confusion with DMA,
although FAIMS and DMS  often refer to slightly different geome-
tries [208,209]. FAIMS was originally developed in the USSR [208]
before significant development was  done in coupling to mass
spectrometry by Guevremont and coworkers [17,76,190,210–214].
Shvartsburg and others have since drastically increased the reso-
lution of FAIMS and DMS  devices [22,137,208,215,216]. For a more
detailed history of FAIMS and DMS  and some recent developments
in applications and buffer additives to improve resolution, we refer
the reader to a recent review by Schneider et al. [208].

Unlike all other techniques discussed in this review, FAIMS does
not separate directly on the basis of mobility, but rather by the
ratio of low-field to high-field mobilities, and thus the separation
is orthogonal to the m/z measured by a coupled mass spectrometer.
The orthogonality of the separation leads to high peak capacities for
FAIMS–MS and as a result this technique has become very popular.
Because of the overlap in physical parameters – ion mobility being
core to both separation techniques – FAIMS is often linked to ion
mobility spectrometry. We  discuss FAIMS in brief in this review
as it is a gas-phase technique with very similar characteristics to
the many other selective ion mobility separation techniques, and
because the separation principle has significant overlap.

The two  main geometries are a cylindrical geometry known as
FAIMS and a geometry using two flat plates known as DMS  [208].
For simplicity we will refer to the flat geometry when discussing
ion motion despite our use of the term FAIMS as the separation
principle is the same, only the geometry and attendant device char-
acteristics differ. As shown in Fig. 14, ions enter from an entrance
slit and traverse between two plates toward an exit slit. The field
between the two  plates is alternated, in one phase a relatively low
electric field is typically applied for longer periods of time and
directing ions toward one plate while a high electric field is typ-
ically applied for shorter periods of time and directing ions toward
the other plate. A DC offset is applied to the entire set of applied
electric fields such that the time-average of the low and high elec-
tric fields is not zero, and this offset, known as the compensation
voltage (CV), is scanned. Ions whose mobility in the low and high
whereas those whose mobility is greater in the high electric field
phase will need an opposite sign of the CV to traverse the device
compared to those whose mobility is greater in the low electric
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Fig. 13. DMA–MS spectra for polyethylene glycol generated by electrospray ionization. Structural changes can be seen within families of similar ions as the m/z increases.
(a)  shows the full two-dimensional spectrum whereas the remaining panels show expanded portions of the spectrum. The notation xz denotes the level of aggregation (x)
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eprinted with permission from Ref. [51] with kind permission from Springer Scien

eld phase. A full spectrum is collected by scanning the CV, and
herefore FAIMS, like DMA, is a selective scanning technique.
FAIMS has become a very popular technique as a result of its
rthogonality to mass spectrometry, where the CV is not tied to
he m/z as is the CCS and mobility determined in DTIMS, TWIMS,
MA, or any other technique discussed herein. However, this same

ig. 14. Method of separation of ions in FAIMS/DMS. The shorter time period but
igher electric field is applied going up while the longer time period but lower
lectric field is applied down in the example shown here, with compensation voltage
pplied.  ̨ > 0 denotes an ion that moves farther during the higher electric field than
he  lower electric field and do not reach the exit slit before being neutralized on
he  lens that acts as the wall, in contrast to  ̨ < 0 which denotes the opposite net

otion (farther in the lower electric field) but also does not exit the device.  ̨ = 0
enotes ions that move equally in both directions and exit the device at the given
ompensation voltage.

eproduced from Ref. [209] with permission of The Royal Society of Chemistry.
d Business Media.

orthogonality makes determination of the CCS in the same manner
as IMS  impossible [17]. As a selection technique, FAIMS or DMS  is
among the most mature, with several companies making commer-
cial FAIMS instruments for coupling to mass spectrometers, includ-
ing Ionalytics owned by ThermoFisher, Sionex in collaboration with
AB Sciex to make SelexION, Owlstone, and GAA Custom Engineer-
ing. Extremely high resolving powers of several hundred have been
achieved [137,216]; however, the resolving power of FAIMS does
not directly compare to the resolving power of any other technique
within this review, as the separation phenomenon is different, the
scaling of the axes are quite different, and in some cases each
technique will be preferable. Shvartsburg et al. have discussed the
possibility of higher order techniques that use more complex wave-
forms and higher electric fields beyond those found in FAIMS [217].
The alignment of the entrance and exit slit for FAIMS devices means
that this technique can be set to have no oscillating waveform in
order to pass through all ions regardless of mobility, although the
small size of the devices used to achieve the highest resolving pow-
ers may  lead to diffusion of the ions and loss against the walls of the
device if pressure is not reduced. Since pressure cannot be instantly
tuned, the ability to rapidly switch between selective transmission
and broadband transmission without loss of signal can be hindered
in some geometries and experimental conditions.

Improvements in instrumentation have led to the change from
a cylindrical geometry where ions are traversing from slit to slit

between two  cylindrical electrodes, to a planar geometry where
ions travel between two planar electrodes [208,209]. This geom-
etry in concordance with constant improvements on electronics,
machining tolerances, changes in buffer gas, and the ability to
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Fig. 15. FAIMS spectra of [M+15H]15+ and ([M+16H]16+ charge states of cytochrome
c  in different gas conditions from pure N2 (black/left, magnified portions as dashed
lines) to 50% N2/50% H2 (blue/center, magnified portions as dashed lines), to 16%
N2/84% H2 (pink/right, magnified features in maroon). Increasing amounts of H2

enabled higher resolution and thus elucidation of more conformers across the dif-
ferent charge states.

Reprinted with permission from A.A. Shvartsburg, Ultrahigh-resolution differential
ion  mobility separations of conformers for proteins above 10 kDa: onset of dipole
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ake smaller devices has led to improvements in transmission
fficiency and resolving power. Such devices have been coupled to
uadrupoles [76], TOFMS [210], quadrupole-TOFMS [214], ion traps
184,185,189,192,218], FTICR-MS [187,219], orbitraps [185,189],
nd cold ion traps [191]. A wide variety of applications have seen
he use of FAIMS, among them attempts to solve how much struc-
ural information can be gleaned from FAIMS–MS, where different
harge states of cytochrome c are shown in Fig. 15, which despite
he natural heating of FAIMS still shows multiple peaks that appear
o be distinct conformations [137]. The new high resolution FAIMS
nstruments are helping to separate out these different states.

.2.4. Overtone mobility spectrometry–mass spectrometry
OMS  uses a segmented drift tube with alternating electric fields

long the axis of ion propagation to select ions of a given mobility
ith the frequency of field alternation determining the mobility of

ransmission [78]. The segmented drift tube is made up of alter-
ating elimination and transmission regions [78]. The electric field

n transmission regions is constant and only the applied voltages
hanges to generate a sawtooth waveform where the electric field

n elimination regions alternates between forward and backward
s shown in Fig. 16. A significant fraction of ions whose mobility
atches the frequency of field application will traverse the drift

ube coincident with the transmitting (forward propagating) field

ig. 16. (a) Instrument schematic for OMS  showing segmented drift tube with a funnel
ethod  of separation of ions in OMS  for the simplest case, two-phase OMS  where two ph

ube.  (c–e) Phases are alternated for equal periods of time, each period of time shown a
ons  fill the instrument. Elimination regions are lines containing darkened bars, where th
nto  them are eliminated. Undarkened bars are for ease of viewing only. (c) Ions at the fu
hown  in the bottom left. (e) When the fields are applied three times as fast, ions traverse
ottom right. (d) At a frequency of twice the fundamental frequency, as shown in the to
ever  reaching the end of the device.

dapted with permission from Ref. [78] with kind permission from Springer Science and 
alignment?, Anal. Chem., 86 (2014) 10608–10615. Copyright 2014 American Chem-
ical  Society [137].

 midway through the drift tube for radial focusing. (b) Applied potentials for the
ases are shown, denoted as phases A and B above the expanded portion of the drift
s a line, visualized as a snapshot at the beginning of that period of time of where
e darkened bars are elimination regions that are active – that is ions that traverse
ndamental frequency traverse one segment per phase and the entire drift tube as

 1/3 of a segment per phase and also traverse the entire drift tube as shown in the
p right, ions only traverse half a segment each phase and are eliminated quickly,

Business Media.
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Fig. 17. OMS–MS spectrum of a tryptic digest of hemoglobin, myoglobin,
cytochrome c doped with substance P using a four-phase wavedriver and showing
increased resolving power with increased overtone. Bands can be seen for overtones,
demonstrating the increased resolving power with higher overtones as well as the
8 M.A. Ewing et al. / J. Chr

n the elimination regions, whereas all ions whose mobility does
ot match the frequency of field application will reach an elimi-
ation region when the field is eliminating (propagating toward
he nearest lens or grid rather than toward the detector) and the
on will be directed toward lenses upon which it will neutral-
ze [77,78,220,221]. As such OMS  selects ions by mobility based
pon their axial motion in a varying electric field analogous to cars
ttempting to make it through a series of red lights at constant
elocity.

The resolving power of OMS  scales well with length, nearly lin-
arly in some cases, dependent upon a number of variables [77,78].
ecause of the mode of operation of the elimination regions as a
eries of gates, diffusion has less of an effect in reducing resolving
ower than is seen in DTIMS. A more complete treatment of resolv-

ng power can be found in Ref. [143] but it should be noted that only
stimates for upper and lower bounds for resolving power can be
erived analytically, a complete determination of resolving power
equires numerical integration from the convolution of Gaussians
ith boxcar functions. Because of the favorable scaling with length,

he theoretical miniaturization of OMS  compares favorably with
MS, and resolving powers for 2 meter instruments have exceeded
00 [133]. OMS is typically operated in the low-field regime, sim-

lar to DTIMS, and the difficulties increasing resolving power by
ncreasing the electric field are exacerbated by the increased volt-
ge, and thus increased likelihood of electrical breakdown, across
liminating elimination regions. The near-continuous beam exit-
ng an OMS device makes OMS  a good technique for coupling to
echniques where the isolation of a single mobility or structure is
esired as the requirements on trapping at the front of the drift tube
re less. Because OMS resolving power increases with increasing
vertone, the technique can often be set to transmit a wide range
f mobilities at low overtones and a narrower range with increasing
vertone with the only difference between the frequency at which
he potential waveform is applied. This rapid switch is mitigated by
he incompleteness of the switch, where the low overtones do not
ass all mobilities but instead a broad range, and the high overtones
uffer from loss of signal [221].

Original instrumentation demonstrated the proof of concept of
MS  but newer instrumentation has removed the grids used to
efine the electric fields, instead using a radial eliminating field to
ove ions to the lenses and an axial propagating field with rf con-

nement to transmit matched mobilities [104]. This gridless OMS
evice had limits of detection in the low attomole range when cou-
led to a home-built TOFMS and inserted into a longer linear DTIMS
evice [104]. Overtones of the fundamental peak occur in OMS
here they are useful in improving resolving power [77,78,133]

nd as shown in Fig. 17 but can also result in overlapping overtones
hat make identifying peaks difficult. A new method of selecting
he transmitting overtone or overtones (selected overtone mobility
pectrometry – SOMS) by changing the ratio of lengths of time that
ifferent phases are pulsed has recently expanded the overall peak
apacity of the OMS  technique [222]. At present all OMS  instru-
ents have been couple to TOFMS instruments, but we expect

hat OMS  will find use in low-field isolation of gas-phase ions by
tructure prior to more involved analyses.

.2.5. Circular ion mobility spectrometers coupled to mass
pectrometers

While the resolving power of a DTIMS instrument is propor-
ional to the square root of the applied electric field, the electric field
tself is often limited to achieve separation in the low-field regime
or reasons described above. At a given applied electric field, among

he easiest methods of increasing resolving power for a given class
f species is increasing the length; however, the resolving power
cales with the square root of the length, and thus diminishing
eturns and practical constraints on instrument length often limit
need for selection of overtones due to possible overlap.

Adapted from Ref. [230] with kind permission from Springer Science and Business
Media.

the resolving power. One method of overcoming the practical con-
straints on length is to send ions around a circular drift tube, but
circular drift tubes cannot use a static electric field to push ions
around the circle as the ions will eventually reach the minimum of
the electrical potential, travel to the lowest potential lenses, and be
neutralized. To obtain cyclic motion the electric field is varied with
the motion of the ions to ensure that they can always be driven
around the circle. The two primary methods used to accomplish
this vary the electric fields in the manner of OMS  [79,136,223],
shown in Fig. 18 and TWIMS  [224]. Resolving powers of over 1000
[136] (examples of mixtures at lower resolving powers shown in
Fig. 19) and 200 [139] have been reported for the two  methods
respectively.

One major complication with circular drift tubes arises from the
possibility of high mobility ions lapping low mobility ions. If ion
A travels twice as fast as ion B, then ion A will travel two cycles
around the circle in the time it takes ion B to travel one cycle, and
both will be at the same point in space. OMS methods have elim-
inated this by the use of an elimination region and having such
a long elimination region that no overtones are produced. Only
ions whose mobility matches the frequency of the applied fields
transit the circular drift tube. As a selective technique, the first
circular drift tube operated in an OMS-like mode avoids the chal-
lenges of faster ions lapping slower ions. The newer TWIMS  circular
drift tube operates in a dispersive mode and thus runs into this
challenge. Originally the TWIMS  circular drift tube was primarily
operated by using only a narrow window of ejection from the cir-
cular drift tube, which limits the overall mobility range, but new
modes of operation include the possible use of a ringdown mode
[139,225] to obtain a series of peaks from which the mobilities
can be determined via deconvolution from the repeating pattern
to obtain mobilities.

Unlike most other selective techniques, circular drift tubes
require the trapping of ions to accumulate them before injection
into the drift tube. As a result, the advantages that would be gained

by passing all ions from the source through the instrument, instead
of accumulating ions, are mitigated. Instead, a new advance in
circular drift tubes is the possibility of zoom mode ion mobil-
ity spectrometry. Zoom mode operation of circular drift tubes as
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Fig. 18. Schematic of circular drift tube operated in OMS-like mode. Ions are generated by ESI, accumulated in funnel F1 before being gated into the circular drift tube via
gate  G1. The wavedriver is alternated between phases to propagate ions around the circular drift tube. In the conventional mode, gate 2 is alternated between open going
a  TOF (
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round  the circular drift tube one more time (G2b open) and directing ions into the

eprinted with permission from S.I. Merenbloom, R.S. Glaskin, Z.B. Henson, D.E. C
482–1487. Copyright 2009 American Chemical Society [79].

hown in Fig. 20 uses a circular drift tube orthogonal (and possi-
ly but not necessarily overlapping) to a linear drift tube. Ions can
ither traverse a single pass of the linear drift tube in a dispersive
TIMS–MS or TWIMS–MS experiment or be injected into the cir-
ular drift tube and then pass as many times as desired around the
ircular drift tube. This allows a low resolution mode in a shorter
ime using the linear drift tube (operated in DTIMS or TWIMS  mode)
r a higher resolution mode that takes longer for analysis (operated
n OMS or TWIMS  mode), as befits the needs of the experiment.

urthermore, zoom mode allows targeting of the high resolution
nalysis to only those parts of the spectrum that is of interest,
ith a lower resolution for the complete dispersive mode IMS–MS

pectrum.
G2a open).

er, High-resolution ion cyclotron mobility spectrometry, Anal. Chem., 81 (2009)

2.2.6. Transversal modulation ion mobility spectrometry–mass
spectrometry

TM-IMS is a new technique [80,174,226,227] that operates by
using a single oscillating orthogonal (to the trajectory of net ion
motion) electric field to determine whether ions transmit from the
entrance slit to the exit slit or instead miss the exit slit and are
neutralized as demonstrated in Fig. 21. Ions follow an axial elec-
tric field from the entrance slit to the exit slit and deviate from
this trajectory on the basis of the orthogonal (deflector) field. Only

ions that transit the device at an integer multiple of the oscillation
period of the deflector field will exit through the exit slit. The oscil-
lation frequency of the deflector field can then be scanned to obtain
a mobility spectrum. Overtones are observed in TM-IMS-integer
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Fig. 19. Spectra from a circular drift tube experiment. Individual spectra of
angiotensin II (Ang II), bradykinin (BK), and substance P (sub P) at 20 cycles around
the  circle along with a mixture showing incomplete separation at 20.75 cycles and
very high resolution at 90.75 cycles. Drift field application frequency is inversely
proportional to mobility.

R
f
(

m
t
s
t

Fig. 21. Method of separation of ions in TM-IMS. Ions who feel the effect of the
deflector field for an integer cycle of the deflector field exit the ion outlet while ions
that feel it for a non-integer cycle collide with the outlet electrode and are lost.

Reprinted from the International Journal of Mass Spectrometry, 376, César
Barrios-Collado, Guillermo Vidal-de-Miguel, Numerical algorithm for the accurate
evaluation of ion beams in transversal modulation ion mobility spectrometry:

F
o
o
t

eprinted with permission from R.S. Glaskin, M.A. Ewing, D.E. Clemmer, Ion trapping
or  ion mobility spectrometry measurements in a cyclical drift tube, Anal. Chem., 85
2013) 7003–7008. Copyright 2013 American Chemical Society [136].
ultiples of the fundamental deflector oscillation frequency also
ransmit ions of the same mobility and thus we expect species of
ignificantly different mobilities to overlap in frequency. Because
he oscillating field is restorative in nature, bringing ions back to a

ig. 20. Schematic of an instrument for zoom mode ion mobility spectrometry with a sour
n  the right. Interrupting the linear drift tube is a chamber containing a circular drift tub
f  the schematic. The circular drift tube is shown rotated into the plane of the schematic a
ube  or be directed into the circular drift tube dependent upon the voltages applied to th
Understanding realistic geometries, 97–105, 2015, with permission from Elsevier
[227].

central path, instead of eliminating as in OMS, it does not appear
that the same method used to select overtones in OMS  can be used
to select overtones in TM-IMS, but we remain hopeful that such
spectral simplification can be obtained. Because the selection is by
way of an orthogonal electric field, turning off the field should result
in transmission of ions of all mobilities. Unfortunately the selection
is not complete as unselected ions can still exit the device in bursts
as their path crosses the exit slit and result in some background
[80,174]; however, these bursts or pulses of unselected ions can be
eliminated through the use of a dual-stage TM-IMS device [174]
and as shown in Fig. 22.

Despite the young age of this technique, shown especially by
achieved resolving powers of ∼60 [174,227], its many interesting
characteristics show promise. In many ways they resemble those
of a DMA  instrument: a constant flow of mobility selected ions
through a high pressure device. The constant flow is ideal for exper-
iments where a maximum flow of a mobility selected ion is desired
and the high pressure offers advantages in the coupling to ion gen-
eration at atmospheric pressure. TM-IMS instruments are typically

operated in the low-field regime due to the high pressure, and the
concerns about the stability of gas-flow are eliminated in TM-IMS
where the flux of gas is not so high as to often result in turbid-
ity. By moving away from a high flux of gas, TM-IMS instruments

ce on the left, a linear drift tube down the center and a time-of-flight mass analyzer
e orthogonal to the ion trajectory through the linear drift tube and out of the plane
bove its location within the instrument. Ions can propagate through the linear drift
e lenses at the interface.
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Fig. 22. TM-IMS spectra of different tetraalkylammonium ions measured at differ-
ent  m/z selections in a quadrupole after TM-IMS separation showing good separation
and very little background on a tandem IMS–IMS instrument.

Reprinted with permission from G. Vidal-de-Miguel, M.  Macía, C. Barrios, J. Cuevas,
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ransversal modulation ion mobility spectrometry (IMS) coupled with mass spec-
rometry (MS): exploring the IMS–IMS–MS possibilities of the instrument, Anal.
hem., 87 (2015) 1925–1932. Copyright 2015 American Chemical Society [174].

hould be operable at a range of pressures depending upon appli-
ation, and also avoid the difficulties in engineering high resolution
evices while avoiding turbidity due to small irregularities in sur-
ace. Similar to other slit-based instruments such as FAIMS and
MA, TM-IMS resolving power is in part limited by the slit width,
nd narrowing the slit should increase the resolving power but at a
ost to signal. As with most mobility separation techniques, increas-
ng the electric field, in particular the deflector field, can be used to
ncrease the resolving power, but at the cost of moving out of the
ow-field regime and possible electrical breakdown. Unlike OMS,
M-IMS does not appear to lead to increased resolving power at
igher overtones but at the same time signal does not decrease with
igher overtones, thus selection would be ideal to reduce overlap
f peaks but should not effect resolving power nor reduce signal. At
resent TM-IMS has been coupled to a triple quadrupole [174] and

 linear ion trap [174], but we expect more couplings in the future.

. Conclusions

In this review we have discussed the past, present, and future
f current mobility separation techniques, from the nesting of IMS
nd MS  to the new techniques of TIMS and TM-IMS. Most of the
nstrumentation advances of the last two decades have come in
ncreased IMS  sensitivity through an improved coupling to ion gen-
ration and mass spectrometers. One of the key current bottlenecks
n improving hybrid IMS–MS instrumentation is an improvement
n IMS  resolution, with very few advances since the turn of the
entury. An order of magnitude improvement in resolving power

ould revolutionize the field, transforming IMS  into a technique

hat could regularly separate protomers, ions that differ only in the
ocation of a proton [228]; isotopologues, ions that differ only in iso-
opic composition, in a method that could result in an internal mass
gr. A 1439 (2016) 3–25 21

scale [229]; and isotopomers, ions that differ only by the location
of different isotopes [215]. With the multitude of new techniques
and technologies under development, there is significant hope for
a major breakthrough in resolution which promises to fundamen-
tally change our understanding of structure, in a manner analogous
to how high resolution mass spectrometry has enabled a wide range
of new experiments. Among the few areas where sensitivity is still
a significant bottleneck is circular (or very long path-length) drift
tubes, where a design centered around structures for lossless ion
manipulation [152–155] or a similar technology might assist in ion
transmission and manipulation and thus enable increased separa-
tion capacity.
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