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Abstract

In the present work we describe the principles of operation, versatility and applicability of a
trapped ion mobility spectrometer (TIMS) analyzer for fast, gas-phase separation of molecular
ions based on their size-to-charge ratio. Mobility-based separation using a TIMS device is shown
for a series for isobar pairs. In a TIMS device, mobility resolution depends on the bath gas
velocity and analysis scan speed, with the particularity that the mobility separation can be easily
tuned from low to high resolution (/>50) in accordance with the analytical challenge. In contrast
to traditional drift tube IMS analyzer, a TIMS device can be easily integrated in a mass
spectrometer without a noticeable loss in ion transmission or sensitivity, thus providing a powerful
separation platform prior to mass analysis.
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Introduction

Over the last decades, there has been an increasing use of lon Mobility Spectrometry (IMS)
for a wide variety of applications (e.g., see review [1]). This is partially caused by the
developments of new types of IMS analyzers (e.g., periodic focusing DC ion guide, [2, 3]
segmented quadrupole drift cell, [4] multistage IMS, [5] field asymmetric IMS [6] and
transient wave ion guide [7]). A common pursuit has been the increase in the mobility
separation and ion transmission. Several groups have shown the advantage of coupling IMS
to mass spectrometry (MS), thus achieving two dimensional separations based on the ion-
neutral collision cross section (Q/z) and the mass-to-charge, respectively [8-11]. In
particular, IMS-MS has the capability of separating ions of different classes along
characteristic mobility trend lines (e.g., fullerenes, peptides, nucleotides, lipids, etc.); the
IMS-MS separation in chemical classes is of great utility in the analysis of complex
mixtures in the field of proteomics, [12, 13] glycomics, [14] metabolomics [15] and
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petroleomics [16]. Further on, it has been shown that IMS-MS coupled with Collision
Induced Dissociation (IMS-CID-MS) has the unique advantage that pre-selection of the
parent ions is not necessary, since they are already separated in the IMS space [17, 18].
Combined with theoretical calculations of the conformational space of molecular ions, IMS
permits the determination of candidate structures that give the best description of a given
molecular system (e.g., electronic states, clusters, peptides, protein complexes) [19-21].

Several research groups have focused on achieving high resolution IMS separation (/”>50)
[22-25]. In this pursuit, radial ion diffusion and low conductances in the high-to-low
pressure interface have been hindrances to guarantee high sensitivity, while maintaining the
high mobility separation. Here, with a new approach, a Trapped lon Mobility Spectrometer
(TIMS) is described, which is capable of producing high resolution IMS separation that can
be easily integrated into a mass spectrometer (MS) for IMS-MS analyses. The present paper
will focus on the principles of operation, versatility and advantage of a TIMS device over
traditional drift tube configurations. In particular, a series of examples showing the ability to
distinguish molecular isobars will be shown.

Experimental methods

The concept behind TIMS is the use of an electric field to hold ions stationary against a
moving gas, so that the drift force is compensated by the electric field and ion packages are
separated based on their size-to-charge ratio. This concept follows the idea of a parallel flow
ion mobility analyzer (see more details in [26, 27]), with the main difference that ions are
also confined radially to guarantee higher ion transmission and sensitivity.

In the present work, the TIMS analyzer is incorporated into the ion funnel of a micrOTOF-
Q™, quadrupole orthogonal time-of-flight mass spectrometer (Bruker Daltonics Inc., MA).
The TIMS funnel is comprised of three main regions: the entrance funnel, the mobility
analyzer section, and the exit funnel. The same RF (950 kHz and 200400 Vpp) is applied to
all electrodes including the entrance funnel, the mobility separating section, and the exit
funnel. Each funnel electrode is divided into four electrically insulated segments, which are
used to create a dipole field in the entrance and exit section to focus the ions downstream
and a quadrupolar field in the separation region to radially confine the ions during the ion
trapping and analsis. That is, in the entrance and exit region the RF between adjacent plates
are 180° out phase, while in the analyzer region the RF phase only alternates between
adjacent segments. Only the inner diameter and electrode spacing varies between the three
sections from 20 to 8 to 1 mm in the entrance, analyzer, and exit region respectively.

A simple schematic and operation sequence are shown in Fig. 1. Briefly, ions are generated
using the Apollo Il Electrospray lon Source (Bruker Daltonics Inc., MA), and in a first step,
are pushed through the entrance funnel and trapped in the mobility analyzer section. The
weak electric field (E/p<10 Vem™ Torr™1) in the mobility separation section increases along
the axial section while an RF applied to the electrodes confines the ions radially. Thus, the
electric field compensates the gas drift force for a Q/z range. lons with Q/z that are too large
to be trapped will exit the analyzing section and are not considered in the separation. After
ions are injected and thermalized (fill time), the electric field in the mobility separating
section is slowly decreased (ramp time), and ions elute as a function of their mobility, from
high to low Q/z values. The axial electric field in the mobility analyzer section is define by
the voltage difference between the entrance and exit electrodes (AVyamp), where all
intermediate electrodes are electrically connected through a resistive dividor that creates an
increasing electric field across the analyzer axis.

Once ions elute from the mobility separation section, they pass through the exit funnel and
on towards the QTOF mass analyzer. As the voltage on the mobility analyzer section is
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being ramped, the 0TOF analyzer is used to acquire a series of mass spectra—one mass
spectrum every 0.2 ms. Each of these mass spectra correspond to a given elution voltage in
the voltage ramp and therefore to a specific ion mobility. After emptying the separation
section, a new cycle starts. The results of several successive TIMS analyses may be co
added in order to produce a statistically meaningful TIMS-MS spectrum.

The TIMS funnel was controlled using in-house software, written in National Instruments
Lab VIEW, and synchronized with the micrOTOF-Q acquisition program. In particular,
TIMS voltages were defined using National Instruments data acquisition cards (NI-
PXI1-6704, NI-PXI-6289, NI-PX1-6361) and a 1 GHz digitizer (NI-PXI-5154) was used for
the MS data acquisition. Separation was performed using nitrogen as a bath gas at ca. 300 K
and typical P1 and P2 values are 2.6-3.4 and 2.6 mbar, respectively. The difference between
P1 and P2 defines the bath gas flow velocity (typically few m/s). P1 and P2 pressure values
are achieved by varying the pumping impedance at P1 and P2 inlet/outlets with a butterfly-
like valve.

lon-neutral collision cross sections (CCS) were theoretically calculated for comparison
purposes for the here separated model targets following the methodology described in ref
[20]. Candidate structures were optimized and submitted to a series of annealing cycles to
generate the total conformational space and CCS were calculated at the end of each cycle. In
particular, CCS values were determined for helium as a bath gas and at a temperature of ca.
300 K using the MOBCAL software [28, 29].

Sample material used in this study were purchased from Sigma (St. Louis, MO) and used as
received. Samples were dissolved in a 1:1 (v/v) water/methanol solution at concentrations of
1-10 pmolar. Solutions were infused at a rate of 3 pl/min using a conventional
pneumatically assisted ESI sprayer.

Results and discussion

The separation in a TIMS device can be described in the center of mass frame using the
same principles as in a conventional drift tube [30, 31]. That is, in conventional drift cells
ions are pushed through a stationary gas whereas in the TIMS analyzer ions are held in place
against a moving gas. Since mobility separation is related to the number of ion-neutral
collisions (or drift time in traditional cells), the mobility separation in a TIMS device
depends on the bath gas drift velocity, ion confinement and ion elution parameters. For
example, the mobility range of analysis is directly related to the ratio of the gas velocity and
the axial electric field range (4K=vgy/4Ey). The quadrupolar field in the analyzer section
does not have any axial component; that is, the RF is responsible for keeping the ion radially
confined and has little or no role in the mobility separation.

The TIMS funnel can be operated in “transmission” mode or in “IMS” mode. In
transmission mode the DC potentials on all the funnel elements are set to continually push
ions downstream—i.e. without a mobility separation. In transmission mode the analyzer
entrance potential is set higher—i.e. more repulsive to the ions—than that of the analyzer
exit. Similarly, the funnel entrance, and deflection plate are set to successively higher
potentials when operating in transmission mode. In transmission mode ions elute
continuously from the TIMS analyzer and MS spectra can be collected. In IMS mode, each
MS spectrum is correlated to the elution voltage at which the ion package exits the TIMS
analyzer. Mass spectra obtained in transmission mode, were similar in intensity and mass
range to those obtained in the instrument with a conventional funnel.

To illustrate the capabilities of a TIMS device, mobility separations were performed for a
series of model isobar pairs. Figure 2 contains the mass spectra for Tetracain and Mianserin
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isobar pairs (Am/z = 20 mDa) and 3-Methodymorphinam and Dextrorphan (Am/z=0) isobar
pairs. Theoretical calculations showed that larger mobility differences are expected between
Tetracain (Kye = 4.68 cm? V~1s71) and Mianserin (Kpe=5.74 cm? V~1s71) isobar pairs
compared to 3-Methodymorphinam (Kue = 5.44 cm? VV~1s71) and Dextrorphan (Kye=5.67
cm? V~1s71) isobar pairs (see 3D molecular representation in Fig. 2). Although the mobility
separation varies with the bath gas type (helium vs nitrogen), a high mobility resolution is
necessary to particularly separate the second pair. When mobility separation is performed,
baseline mobility separation can be achieved with the TIMS analyzer when ~2>50 (e.g.,
R=52 and 55 for data shown in Fig. 2a and b, respectively).

In a simplistic view, the mobility separation and resolution depends on the electric field
increase (ramp rate) for a constant pressure drop (bath gas velocity). Figure 3 shows the
variation of the mobility separation as a function of the ramp rate for the case of 3-
Methodymorphinam and Dextrorphan (Am/z=0) isobar pair. In the instrument, the potential
at the exit of the analyzer section is held constant while that at the entrance is ramped. In
these experiments, the ramp range (i.e. a starting and ending potential) and ramp duration
are individually addressed. The ramp rate is thus set as a range divided by a duration. The
mobility separation at a constant bath gas velocity is directly related to the ramp speed; that
is, a decrease in the ramp speed leads to an increase in the mobility resolution. In practice,
the mobility resolution can be increased by decreasing the ramp range (see Fig. 3a) and/or
by increasing the ramp duration (see Fig. 3b).

In a TIMS device, the mobility resolution is defined as R = K/(4K =(Vout = Velution)/4V,
where Veution @and Vot are the potentials at the entrance and exit, respectively, of the
analyzer at the time of elution and AV is the width of the peak at half height. Notice that the
resolution equation indirectly depends on the bath gas velocity, i.e., the resolution is defined
for a given field strength and a mobility value that is related to a bath gas velocity value. An
increase in the velocity of the gas will lead to an increase in the mobility resolution.
Experimental conditions (e.g., pumping impedance, electric breakdown of the bath gas, etc.)
will in practice limit the maximum resolution that can be achieved. For experiments
represented in Fig. 3a, as the potential difference across the analyzer section decreases from
40 V to 7 V for a fixed ramp time (50 ms and 500 ramp steps), the mobility resolution
increases from 20 to 40, respectively. In Fig. 3b, while keeping a constant potential
difference across the separation region (7 V), the increase in the ramp time from 50 to 750
ms resulted in an increase in mobility resolution from 40 to 70, respectively. A forthcoming
paper will contain more detailed descriptions of the mability resolution and ion transmission
dependence on the bath gas velocity, electrodes geometry and applied RF.

The TIMS device can be easily coupled to a MS analyzer. In the configuration used in the
present paper, the mobility separation was complemented with MS by using the quadrupole
and oToF analyzer of the micrOTOF-Q instrument. Mobility and mass are considered to be
orthogonal to one another, leading to plots like the one in Fig. 4 [17, 18]. Fig. 4 shows a 3D-
IMS—MS projection plot for the case of mianserin and tetracaine isobars. In the TIMS-
oTOF coupling, the only limitation is that MS analysis has to be performed for each electric
field step (elution voltage value) to guarantee that IMS separation is not compromised.
Moreover, since TIMS separation is only electric field dependent (time-independent), ions
transfer time between the TIMS exit and the oToF analyzer does not affect the mobility
separation. In addition to simple IMS—-MS experiments like that of Fig. 4, our TIMS-Q-
OTOF instrument can be used to perform, for example, IMS-CID-MS or IMS-MS-CID-MS
experiments.
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Conclusions

The use of a TIMS device for fast, gas-phase separation is demonstrated for a series of
molecular isobar pairs. A mobility resolution of more than 50 was demonstrated in a device

of

less than 10 cm length. Results showed that the mobility resolution is inversely dependent

on the mobility separation ramp speed. TIMS-MS coupling provides a powerful separation
platform, where the mobility separation is not time dependent but rather is dependent on the
elution potential. Thus, the TIMS mobility analysis can be tailored for resolution and
mobility range as a function of the application.
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