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Abstract 31 

Tandem ion mobility (IM) enables the characterization of subpopulations of ions from 32 

larger ensembles, including differences that cannot be resolved in a single dimension of IM. 33 

Tandem IM consists of at least two IM regions that are each separated by an ion selection region. 34 

In many implementations of tandem IM, ions eluting from a dimension of separation are filtered 35 

and immediately transferred to the subsequent dimension of separation (selection-only 36 

experiments). We recently reported a mode of operation in which ions eluting from a dimension 37 

are trapped prior to the subsequent dimension (selection-trapping experiments), which was 38 

implemented on an instrument constructed using the Structures for Lossless Ion Manipulations 39 

(SLIM) architecture. Here, we use a combination of experiments and trajectory simulations to 40 

characterize aspects of the selection, trapping, and separation processes underlying these modes 41 

of operation. For example, the actual temporal profile of filtered ions can be very similar to the 42 

width of the waveforms used for selection, but depending on experimental parameters, can differ 43 

by up to ±500 µs. Experiments and simulations indicate that ions in selection-trapping 44 

experiments can be spatially focused between dimensions, which removes the broadening that 45 

occurred during the preceding dimension. During focusing, individual ions are thermalized, 46 

which aligns and establishes common initial conditions for the subsequent dimension. Therefore, 47 

selection-trapping experiments appear to offer significant advantages relative to selection-only 48 

experiments, which we anticipate will become more pronounced in future experiments that make 49 

use of longer IM separations, additional dimensions of analysis, and the outcomes of this study. 50 

  51 
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Introduction 52 

A variety of techniques are available to probe the interactions and assembly of 53 

biomolecules. Many techniques such as x-ray diffraction or cryogenic electron microscopy 54 

provide high resolution images of molecules, but require or benefit from restricting molecules to 55 

single, static conformations during the experiment [1, 2]. Native mass spectrometry (MS) uses 56 

aqueous solutions at biologically relevant pH and soft ionization methods to minimize the 57 

disruption of solution-phase interactions during gas-phase analysis [3]. Native MS often provides 58 

data that is complementary to condensed-phase measurements. For example, negative-stain 59 

electron microscopy and native MS experiments were used to determine the stoichiometry and 60 

spatial arrangement of the subunits comprising the Cascade ribonucleoprotein complex [4]. 61 

The addition of ion mobility (IM) to native MS enables the separation and near-62 

simultaneous characterization of multiple structural conformers of a biomolecule or biomolecular 63 

complex [5–8]. IM is a gas-phase electrophoretic technique that uses an electric field to rapidly 64 

separate ions in a neutral gas based on differences in their shape and charge [9–11]. However, 65 

the conformational heterogeneity of protein ions, rather than the resolving power or accuracy of 66 

the instrument, limits the quality of the data in most experiments [12, 13]. Tandem IM improves 67 

upon one-dimensional IM by enabling the isolation of structural conformations prior to an 68 

additional IM separation. Tandem IM consists of at least two IM regions that are each separated 69 

by an ion selection region; the IM regions can disperse ions in time [12, 14–18], field [19], or 70 

space [17, 20] depending on the design of the instrument. Most ion selection methods use time-71 

dependent, voltage-controlled gates to selectively transmit ions of a desired mobility by 72 

destabilizing the trajectories of ions that arrive at different times [15, 21]. Previously, ion gating 73 

has been performed using grid mesh electrodes [21], Bradbury-Nielsen gates [22, 23], or the 74 
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voltage bias between two adjacent ion funnels [24]. There are also examples of trapping ions 75 

between dimensions of IM [24, 25]. Tandem IM has been used to study the stability of structural 76 

subpopulations, demonstrating that protein ions in the gas phase have conformational 77 

subpopulations that are unresolved in one-dimensional IM [12, 26, 27]. Additionally, structural 78 

subpopulations analyzed by tandem IM may retain a “memory” of structural conformations that 79 

existed in solution [18, 25]. 80 

Recently, the Structures for Lossless Ion Manipulations (SLIM) architecture [28] was 81 

used to create a tandem IM instrument. Between the IM dimensions of that instrument, 82 

subpopulations are selected in a time-dependent fashion by diverting other ions off of the axis of 83 

transmission and onto a secondary pathway towards a collection electrode [25]. SLIM devices 84 

consist of mirrored pairs of printed circuit boards that are patterned with sets of electrodes to 85 

generate electric fields that control ion movement [29–31]. In this implementation, DC ± RF 86 

potentials are applied to create an electrostatic drift field that mimics RF-confining drift cells 87 

[29, 32, 33]. Ion selection uses a tee in which two intersecting sets of electrodes create a collinear 88 

and an orthogonal path from the incidental linear path [30]. Independently controlled voltages 89 

applied to electrodes located at the intersection of the two paths enable control of the ion path. 90 

By manipulating the potentials on these electrodes as a function of time, ions are diverted from 91 

the collinear and onto the orthogonal path, enabling mobility-based sorting of ions [25, 34, 35]. 92 

In these tandem IM experiments, ion selection is followed by a separate trapping region [25]. Ion 93 

trapping is achieved by applying independently controlled DC potentials to electrically isolated 94 

boards [25, 36] to inhibit ion transmission. Discrete ion selection and trapping elements in this 95 

instrument enable multiple modes of tandem IM. 96 
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We recently used this implementation of tandem IM to probe the dynamics of native-like 97 

cytochrome c ions trapped at ambient temperatures for up to ~33 seconds [25]. This 98 

implementation used uniform drift fields to enable the direct determination of the mobilities of 99 

the ions in each dimension [33], i.e., before and after trapping. These tandem IM experiments 100 

demonstrated ion isolation and trapping of subpopulations of protein ions. Here, we characterize 101 

the selection and trapping processes underlying those experiments. Understanding the factors 102 

that affect tandem IM experiments using SLIM will help improve future analyses of the 103 

structural stability and heterogeneity of native-like biomolecules so that these methods can be 104 

applied to differentiate similar biomolecules. 105 

 106 

Methods 107 

Experimental Overview 108 

The instrument used for these experiments (Figure 1A) has been described previously 109 

[25, 33]. [GRGDS+H]+ ions were generated using electrokinetic nanoelectrospray ionization [37] 110 

from solutions containing 0.1 mg mL−1 GRGDS (490 Da, Waters Corporation 700005089) in a 111 

49.5/49.5/1 (v/v) mixture of water, acetonitrile, and formic acid. Ions from electrospray were 112 

introduced into the first vacuum chamber, where they were accumulated in an ion funnel trap 113 

[38]. Lowering the potential of two of the grid electrodes in the ion funnel trap releases a packet 114 

of ions (Figure 2) into the second vacuum chamber, which contains an ion funnel with a 115 

rectangular cross section [39], an ion mobility drift region, and an ion funnel with a circular cross 116 

section [40, 41] (Figure 1A). The first and second chambers were operated at pressures of 3.98 117 

and 4.04 Torr nitrogen gas, respectively, which was maintained by controlling the conductances 118 

to a vacuum pump and introducing 5 mL min–1 of N2 gas (standard temperature and pressure) 119 
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into the second chamber. The drift fields in the post-trapping region of the ion funnel trap, the 120 

rectangular ion funnel, and the circular ion funnel were 14, 4, and 6 V cm–1, respectively. The 121 

ion mobility drift region was constructed using the SLIM architecture (Figures 1B and 1E), in 122 

which planar electrodes are deposited directly onto printed circuit boards that apply DC ± RF 123 

potentials [29–31]. Pairs of electrode-facing, 7.62 x 7.62 cm boards, with a 3.97 mm board-to-124 

board distance, form modules that were combined to enable the tandem IM experiments 125 

described here (Figure 1B).  After the circular ion funnel, ions were analyzed using a Waters Q-126 

Tof Premier mass spectrometer and an independent analog-to-digital converter (ADC, Keysight 127 

Technologies Acqiris U1084A, Santa Rosa, CA), as described previously [33]. 128 

 129 

Tandem IM 130 

Ions were first accumulated and then released from an ion funnel trap, as described 131 

previously [38, 41]. To accumulate and trap ions, the trap grid and exit grid in the ion funnel trap 132 

were increased by 4 and 32 V, respectively, relative to the preceding ion funnel electrode. These 133 

potentials were reduced for 375 μs to inject ions for IM separation (Figure 2). Ions pass through 134 

three linear modules prior to entering the tee module (position 4, Figure 1B). The boards 135 

comprising this module contain a linear array of electrodes (the collinear path) to transmit ions 136 

along the path to the mass analyzer, and an orthogonal array of electrodes (the orthogonal path) 137 

to divert ions away from the mass analyzer (Figure 1F) [34, 35, 42]. Mobility filtering is 138 

performed by applying time-dependent DC potentials to the “switch guard” and “switch rung” 139 

electrodes near the intersection of the collinear and orthogonal paths (Figure 1B and 1F). To 140 

transmit ions along the collinear path, the switch rung and guard were raised to +11 V relative to 141 

the switch region. To divert ions down the orthogonal path, the switch rung was lowered to 0 V 142 
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and switch guard raised to +16 V relative to the switch region. Ions in the orthogonal path will 143 

experience a drift field of 6 V cm–1. The time during which the switch electrodes were 144 

programmed to transmit ions will be referred to as the “programmed window” (Figure 2). 145 

Tandem IM was performed using “selection-only” and “selection-trapping” modes of 146 

operation. In both modes, ions are separated in the first dimension of IM (1D), which includes all 147 

transfer funnels and SLIM modules prior to the switch region. For “selection-only” experiments, 148 

ions of interest are selectively transmitted through the tee and then immediately enter the second 149 

dimension of IM (2D, Figure 1C). The use of 1D and 2D to represent the first and second 150 

dimensions of a multidimensional separation is common in the chromatography community [43]. 151 

In “selection-trapping” experiments, ions are selected in the tee region and accumulated in the 152 

“junction trap” immediately prior to module 5 (Figure 1B). Independent DC voltage control was 153 

enabled at the output of module 4 and the input of module 5; trapping was performed by 154 

elevating the input DC voltage of module 5 above the output DC voltage of module 4 (Figure 155 

1B). The bias between those two points will be referred to as the “applied trap height”. The 156 

applied trap height was decreased to release the accumulated ions into 2D (Figure 1D), and then 157 

raised again just prior to the next ion packet arriving at the switch. In both modes, 2D includes 158 

both the remaining SLIM modules and the final ion funnel. A summary of the time-dependent 159 

potentials used in these experiments is shown in Figure 2.  160 

 161 

Determining Ω Values using SLIM 162 

Ions are separated using a constant DC gradient; no traveling waves are used in this 163 

implementation of SLIM. As validated previously [33], the drift velocity (vD) of ions under these 164 

conditions depends on their mobility (K) and the applied electric field (E):  165 
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 𝑣𝑣D = 𝐾𝐾𝐾𝐾 (1) 166 

Measurements were conducted as a function of E to determine K values and the transport times 167 

outside the SLIM drift region (t0). Ω values were then determined using the Mason-Schamp 168 

equation [44]: 169 

 𝛺𝛺 = 3𝑒𝑒𝑒𝑒
16𝑁𝑁

� 2π
𝜇𝜇𝑘𝑘BT

�
1
2� 1
𝐾𝐾

 (2) 170 

where e is the elementary charge, z is the ion charge state, N is the drift-gas number density, µ is 171 

the reduced mass of the ion and drift gas (N2), kB is the Boltzmann constant, and T is the drift-172 

gas temperature of 300 K.  173 

 174 

Ion Trajectory Simulations  175 

Ion trajectories were simulated in SIMION 8.1 [45] using electrode dimensions reported 176 

previously [33], 4 Torr N2 gas, and an estimate of the mean free path based on a previously 177 

reported Ω value for [GRGDS+H]+ [46]. For trajectories used to characterize ions stored in a 178 

junction trap, the HS1 hard sphere approximation was used with previously reported methods 179 

[25, 32]. To characterize ion selection, trajectories were simulated using Stokes law dampening. 180 

The potentials applied to electrodes mimicked those applied during the corresponding 181 

experiments, except that ions in the orthogonal path will experience a drift field of 20 V cm–1 182 

(whereas ions in the experiments will experience a field of 6 V cm–1 in that region). At the start 183 

of each ion trajectory, the switch region was programmed to divert ions. After some initial time, 184 

the switch guard and switch rung electrodes were set to transmit ions (ttransmit; Figure S1A) for 185 

the duration of the programmed window. Immediately after the programmed window (tdivert; 186 

Figure S1A), these electrodes were set to divert ions again. Ion trajectories for each programmed 187 

window were performed as a function of the starting position upstream of the switch region 188 
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(Figure S1). The starting positions were selected based on the expected positions of the ion after 189 

every 7 µs of drift given the conditions in the collinear region. Using this approach and holding 190 

ttransmit constant was easier to implement than using a constant starting position and varying 191 

ttransmit, but is expected to provide similar information. The final position of the ion was recorded 192 

and used to determine whether the ion was diverted or transmitted. 193 

 194 

Results and Discussion 195 

The objective of this study is to understand the factors that affect the selection and 196 

trapping processes underlying a recently reported instrument for IM-IM-MS [25] that made use 197 

of the Structures for Lossless Ion Manipulations (SLIM) architecture. Two operational modes 198 

were evaluated for that implementation of tandem IM. In selection-only experiments, ions are 199 

separated using the first and second IM dimensions (1D and 2D, Figure 1C). The switch region in 200 

between these two IM dimensions is used to selectively transmit subpopulations of ions. In 201 

selection-trapping experiments, ions that are selectively transmitted from 1D are transferred to a 202 

junction trap (Figure 1D); this junction trap was used to accumulate and store ions prior to 2D. 203 

The time required to reach the switch region depends on the mobility of the ion. Therefore, in 204 

both operational modes, the same ttransmit and tdivert were used to isolate ions at the end of 1D 205 

(Figure 2). 206 

[GRGDS+H]+ was selected to evaluate these tandem IM experiments because the arrival-207 

time distributions measured using other IM instruments are consistent with a single, gas-phase 208 

structure (Figure S2). Thus, experimental peak widths of [GRGDS+H]+ will be sensitive to any 209 

additional contributions to broadening beyond diffusion and gating [13]. The peak width of a 210 

single conformer of [GRGDS+H]+ was estimated from the initial width of the ion packet (375 211 
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µs), and diffusion of the ions during IM and any other subsequent analysis. The width at the base 212 

of this distribution was estimated using this equation for the separation of a single-conformer ion 213 

[47, 48]: 214 

 𝑤𝑤conformer
2 =  𝑤𝑤gate

2 +  ∑𝑤𝑤diff
2  = 𝑤𝑤gate

2 +  ∑ 32𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛

�𝐿𝐿𝑛𝑛
2

𝐾𝐾𝑉𝑉𝑛𝑛
�
2

𝑛𝑛   (3) 215 

where Vn is the drift voltage and Ln the drift length of each of n drift regions in the instrument 216 

after gating. The drift regions included in this calculation will depend on the experiment; the 217 

widths at base estimated for each drift region are summarized in Table S1. K was calculated 218 

using the collision cross section value for [GRGDS+H]+ reported previously [46]. For these 219 

tandem IM experiments, the gating term will be used to represent the ion trapping or filtering 220 

that affects the initial temporal width of the ion packet.  221 

 222 

Results from Selection-Only Tandem IM 223 

To evaluate selection-only tandem IM experiments, the full population of [GRGDS+H]+ 224 

ions generated by electrospray ionization was compared to two subpopulations. For these 225 

experiments, the collinear drift field and switch guard voltages during ion diversion were kept 226 

constant at 6 V cm–1 and +16 V relative to the switch region, respectively. The entire 227 

[GRGDS+H]+ distribution was transmitted from 1D to 2D by deactivating the switch from 32.00 228 

(ttransmit) to 36.375 (tdivert) ms relative to the beginning of ion injection (Figure 2). This created a 229 

4.375 ms programmed window during which the ions could pass through the switch region and 230 

onto the 2D (Figure 1C). Two different temporal regions of the entire distribution were selected 231 

by transmitting drift times 33.250 to 33.750 and 34.625 to 35.125 ms (0.500 ms programmed 232 

windows). To enable direct comparisons of the arrival-time distributions resulting from these 233 

three experiments, the residence times of ions in 2D (the 2D time) were calculated: 234 
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 𝐷𝐷 2 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑡𝑡measured −
𝑡𝑡transmit+𝑡𝑡divert

2
−  𝑡𝑡0 (4) 235 

where tmeasured is the arrival-time at the detector relative to when ions were released from the ion 236 

funnel trap and t0 is the transport time of ions from the end of 2D to the detector (i.e., the 237 

residence time inside the attached Q-Tof Premier instrument). The value for t0 was determined 238 

from E-dependent measurements. Figure 3A shows the 2D times for the three populations 239 

characterized using these selection-only experiments.   240 

The experimental distributions were characterized using the observed width at base 241 

(wobs), which was determined from 4σ of the normal distribution that has the smallest root mean 242 

square deviation with the experimental distribution. The experiments using a 4.375 ms 243 

programmed window yielded wobs of 3.5 ms that is similar to, albeit slightly wider than, that 244 

expected for a single conformer that was released from the ion funnel trap (wgate = 0.375 ms) and 245 

underwent diffusion along 1D and 2D (wconformer = 3.0 ms). Both experiments using 0.500 ms 246 

programmed windows yielded distributions (wobs = 1.8 ms) that are narrower than the preceding 247 

wobs or wconformer values. In contrast, that wobs value is similar to that calculated assuming wgate = 248 

0.500 ms and diffusion through 2D (wconformer =1.8 ms). The similarities in those widths are 249 

consistent with both subpopulations of [GRGDS+H]+ consisting of a single conformer. The 250 

observed and expected distributions of each selected population are summarized in Table 1. 251 

Narrower programmed windows filter away much of the diffusional broadening that 252 

occurs during 1D, resulting in narrower distributions at the detector after 2D. In Figure 3A, the 253 

distributions for the two subpopulations are similar to each other, but appear at shorter 2D times 254 

than the distribution of the full population. The difference in the 2D times for the subpopulations 255 

versus the full populations can be attributed to bias caused by the corrections introduced using 256 

Equation 4. Briefly, if ions eluting from 1D are not well centered between ttransmit and tdivert, the 257 
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resulting 2D times may be biased, which demonstrates a challenge in interpreting the results for 258 

different populations obtained using selection-only tandem IM experiments. 259 

 260 

Effects of the Programmed Window 261 

To investigate the effect of the programmed window on the width of peaks in selection-262 

only mode, [GRGDS+H]+ was analyzed as a function of the width of the programmed window, 263 

using the same collinear drift field and switch guard voltage as the preceding experiments. The 264 

intensity of the transmitted ions increases by two orders of magnitude as the programmed 265 

window is increased from 250 to 2000 µs, with a more modest increase as the programmed 266 

window is increased from 2000 to 16000 µs (Figure 4). Since the midpoint of each programmed 267 

window was optimized to be near the centroid of the [GRGDS+H]+ peak from 1D, it is intuitive 268 

that the greatest gains in intensity come from the initial widening of the programmed window.  269 

The wobs values of these distributions are plotted in Figure 4. These values are then 270 

compared with wconformer, calculated assuming that wgate equals the width of the programmed 271 

window and diffusion along 2D. The wobs and wconformer values are similar for short programmed 272 

windows. The wobs values increase with increasing programmed window until the transmitted ion 273 

packet is no longer limited by the width of the programmed window (~4000 µs). That is, the 274 

relative contributions from the programmed window will increase with that parameter until wobs 275 

is instead limited by the width of the distribution eluting from 1D.  276 

 277 

Which Ions are Actually Transmitted? 278 

The preceding analysis assumed that the temporal width of the ion packet entering 2D 279 

was equal to the width of the programmed window, which Figure 4 shows may not be valid 280 
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under all conditions. To assess that assumption, including the effects of the collinear drift field 281 

and the switch guard voltage used to divert ions, ion trajectories in the tee module were 282 

simulated as described in the Methods section. Representative trajectories are shown in Figure 283 

S1. Ions that arrive in the switch region before the switch is deactivated (Figure S1B) or after the 284 

switch is reactivated (Figure S1D) were diverted to the orthogonal path and not transmitted. Ions 285 

that arrive in the switch region while it is deactivated (Figure S1C) or whose trajectories are not 286 

sufficiently diverted by the switch region (Figure S1B and S1D), are transmitted. As a 287 

consequence of the design of the simulations, each trajectory corresponds to 7 µs of the incident 288 

beam. Therefore, the actual window of transmitted ions (wactual) is the product of 7 µs and the 289 

number of transmitted trajectories, which depends on the potentials applied to electrodes during 290 

the simulations. Although the drift field along the orthogonal path in these simulations (20 V cm–291 

1) is greater than that used in the preceding experiments (6 V cm–1), we expect that the trends in 292 

the simulations should provide insights into the experiments. 293 

Figure 5A shows wactual as a function of programmed windows ranging from 50 to 2000 294 

µs at collinear drift fields of 4, 6, or 8 V cm–1. The selection efficiency is defined as the ratio of 295 

wactual to the programmed window; the solid grey line in Figure 5 corresponds to a selection 296 

efficiency of unity. Selection efficiency decreases with collinear drift fields, e.g., at a 4, 6, and 8 297 

V cm–1 a programmed window of 500 µs yields wactual values of 21, 476, and 770 µs, 298 

respectively. Interestingly, for 8 V cm–1 the selection efficiency is greater than unity for all 299 

programmed windows considered. High fields along the collinear axis enable continued 300 

transmission of ions through the switch region despite the contributions from fields in the 301 

orthogonal direction. Depending on how close the ion is to the end of the switch region and the 302 
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field along the collinear path, some partially diverted ions may be transmitted, which results in 303 

larger wactual values and increased selection efficiency. 304 

The effects of varying switch guard voltages on the selection efficiency is shown in 305 

Figure 5B. The selection efficiency decreases with increasing switch guard voltage, e.g., using a 306 

programmed window of 500 µs and switch guard voltages of +16, +36, and +56 V yields wactual 307 

values of 476, 175, and 0 µs, respectively. This decrease is attributed to increased field 308 

penetration in the switch region by the higher switch guard potentials, which results in more 309 

efficient diversion of ions to the orthogonal path. At high switch guard voltages, only ions on the 310 

edge of the switch region will avoid diversion when the switch guard is active. Since the width of 311 

the programmed window affects the number of transmitted ions, changes in the selection 312 

efficiency will affect the sensitivity and selectivity in selection-only and selection-trapping 313 

experiments. 314 

 315 

Results from Selection-Trapping Tandem Ion Mobility 316 

In selection-trapping mode, the ions transmitted from 1D are first accumulated in the 317 

junction trap (Figure 1B). The junction trap was established by biasing the beginning of module 318 

5 relative to the end of module 4 by the “applied trap height”, e.g., Figure 6A shows the DC 319 

potential at the surface of the boards near the interface of the two modules. The period after 320 

selection during which the junction trap accumulates and stores ions will be referred to as the 321 

“delay time”. A common delay time of 3.8 ms was used for all selection-trapping experiments 322 

(Supporting Information Figure S3) in order to ensure all selected ions are transferred and 323 

accumulated in the junction trap, while also minimizing residence time in that trap. After the 324 

delay time, ions were released from the junction trap and separated along 2D.  325 
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The 2D times in selection-trapping experiments are calculated by subtracting t0 from 326 

tmeasured (Figure 2). Figure 3B shows 2D times in selection-trapping mode are shorter than those 327 

from selection-only mode (Figure 3A) using the same programmed windows. This is attributed 328 

to the shorter length of 2D in selection-trapping experiments (see Figures 1C and 1D). The 329 

distributions resulting from all three programmed windows are similar to each other. That is, as a 330 

consequence of accumulating ions in the junction trap prior to 2D, differences in the programmed 331 

windows used for ion selection do not carry over or bias the 2D times. The wobs values for these 332 

distributions (1.7 to 1.8 ms, Table 1) are slightly larger than calculated for a single conformer 333 

assuming no contributions from gating (wgate = 0 ms) and diffusion along 2D (wconformer = 1.5 334 

ms). The small differences between these wgate and wconformer values, as well as the 335 

appropriateness of assuming no contributions from gating, will be discussed in the following 336 

section.  337 

 338 

Effective Trap Height and Spatial Distribution of Ions During Junction Trapping 339 

In order to characterize the effects of drift field and applied trap height on selection-340 

trapping experiments, ion trajectories were simulated using drift fields of 4, 6, or 8 V cm–1 with 341 

an applied trap height of +12 V as well as applied trap heights of +10, +12, or +14 V with a drift 342 

field of 6 V cm–1. These conditions are all adequate to accumulate and trap incident ions over the 343 

time scales of the simulations and in selection-trapping experiments. The electrostatic potential 344 

along the axis of transmission (the rotational axis of symmetry along z) for these conditions is 345 

shown in Figure 6B. Each potential exhibits a local minimum that is prior to the interface 346 

between the two modules, which is the origin of the axis. The effective trap height, which was 347 

calculated by subtracting the potential at the local minimum (Vmin) from the potential at the local 348 
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maximum (Vmax) near the interface between the two modules, is plotted in Figure 6C. These 349 

values are systematically lower than the corresponding applied trap height because of the 350 

superimposed drift field. Increasing the applied trap height from +10 to +14 V, while holding the 351 

drift field at 6 V cm–1, increases the effective trap height from to 5.2 to 8.4 V. Conversely, 352 

increasing the drift field from 4 to 8 V cm–1 with an applied trap height of +12 V decreases the 353 

effective trap height from 7.8 to 5.9 V.  354 

The effective drift length, which is used to calculate K and Ω values determined from 2D 355 

times, will depend on the location of ions as they are released from the junction trap. To 356 

characterize the location of ions in a junction trap, single ion trajectories were simulated using 357 

the HS1 hard sphere approximation. In each trajectory, the z position of the ion was recorded 358 

prior to each collision with the background gas. This data was used to generate a histogram of 359 

positions. Depending on the conditions, the median position was 2 to 4 mm before the interface 360 

between the two modules (Figure 6D). That distance decreased with increasing drift field and/or 361 

decreasing applied trap height, but does not appear to be correlated with the effective trap height. 362 

The 95% confidence intervals of the positions span <1.5 mm (Figure 6D).  363 

The analysis in the preceding section assumed no contributions from gating (i.e., wgate = 0 364 

ms). The effective temporal distribution of ions as the applied trap height is decreased to zero to 365 

release ions can be estimated using the spatial distribution of trapped ions along the z axis, K, E, 366 

and N. For example, the effective temporal distribution of ions released from a junction trap 367 

established using an applied trap height of +12 V and fields of 4, 6, and 8 V cm–1 are 330, 160, 368 

and 60 μs, respectively. Using a wgate value of 160 μs and diffusion through 2D with a field of 6 369 

V cm–1 yields a wconformer value of 1.5 ms, which is very close to the value calculated assuming 370 

no contributions from gating. Because this value is still less than the wobs values determined for 371 
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the corresponding experiments (1.8 ms), this suggests that this analysis is underestimating the 372 

wgate in the experiments or that there are additional sources of broadening that have not been 373 

included. For example, the spatial distribution of ions in the junction trap may expand as the 374 

applied trap height is decreased to zero or the mobility separated ions may experience 375 

broadening during transfer through the mass spectrometer.  376 

 377 

Selection-Only versus Selection-Trapping Tandem Ion Mobility 378 

 To compare the results from selection-only and selection-trapping experiments in the 379 

context of a structural MS experiment, the data plotted as a function of 2D times in Figure 3 were 380 

replotted as a function of apparent Ω in Figure 7. This conversion was made using Equations 1 381 

and 2. Even though the [GRGDS+H]+ ions in these experiments are expected to have a single 382 

conformation, thus the same K, the apparent Ω distributions determined using selection-only 383 

experiments depend on the programmed window used for ion selection. The Ω distribution 384 

determined using the wider programmed window is not only wider than those determined using 385 

the narrower programmed windows, but it is also biased to larger values. This bias was also 386 

observed in the 2D time distribution, as discussed earlier, and propagated through the conversion 387 

to an apparent Ω distribution. Such artifacts in the apparent Ω distributions, which are 388 

characterized here for ions of the same K, would make it more challenging to characterize 389 

differences between subpopulations of ions with different K in future experiments without 390 

extensive characterization of the selection process.  391 

In contrast, the apparent Ω distributions determined using selection-trapping experiments 392 

appear to be independent of the programmed window. That is, the selectively transmitted ions 393 

eluting from 1D are spatially focused prior to 2D. This focusing can remove broadening that 394 
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occurred during 1D, even when different fractions of the broadened population are filtered away. 395 

Therefore, focusing removes the inherent tradeoff between maximizing sensitivity and 396 

minimizing wgate that is inherent to selection-only tandem IM experiments, as demonstrated in 397 

Figure 4. After focusing, the spatial and kinetic properties of the ions will equilibrate under the 398 

conditions of the junction trap; therefore individual ions will lose memory of the spatial and 399 

kinetic properties that they had during selection. This process aligns ions that were selected using 400 

different timing schemes and establishes common initial conditions prior to 2D. Alignment 401 

enables facile and direct comparisons of results between different tandem IM experiments, which 402 

will be even more valuable when characterizing differences between subpopulations of ions with 403 

different K. 404 

 405 

Conclusions 406 

Tandem IM enables the independent characterization of subpopulations of ions from 407 

larger ensembles. For an instrument operated using selection-only and selection-trapping modes 408 

(Figures 1C and 1D), ion transmission, filtering, and focusing were characterized using a 409 

combination of experiments and trajectory simulations. In selection-only experiments, 410 

decreasing the width of the programmed window that was used to selectively transmit ions 411 

eluting from 1D decreases the width of ions eluting from 2D, but at the cost of decreased ion 412 

intensity (Figure 4). Additionally, differences between the middle of the programmed window 413 

and the middle of the temporal distribution of transmitted ions were observed to bias the 2D 414 

times, which can make it more challenging to interpret the results of experiments using different 415 

programmed windows (Figures 3A and 7A). Trajectory simulations were used to evaluate the 416 

relationship between the programmed window, experimental parameters, and the temporal 417 
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profile of the ions that are transmitted from 1D to 2D. The actual window of transmitted ions can 418 

be very similar to the programmed window, e.g., for programmed windows >300 µs using a 419 

collinear drift field of 6 V cm–1 and a switch guard bias of +16 V (Figure 5). However, the actual 420 

window can vary considerably (±500 µs) depending on the drift field and switch guard bias used 421 

for selection. 422 

In selection-trapping experiments, ions are briefly trapped between 1D and 2D. The 423 

trapped ions are spatially focused prior to 2D, which can remove broadening that occurred during 424 

1D. During focusing, individual ions appear to lose memory of the spatial and kinetic properties 425 

that they had during selection, which aligns ions that were selected using different timing 426 

schemes and establishes common initial conditions prior to 2D (Figures 3B and 7B). The 427 

trajectory simulations suggest that trapped ions are confined in a region along the drift axis 428 

spanning ~1.5 mm (Figure 6D). Assuming that ions retain this spatial distribution as they are 429 

released into 2D, this would correspond to a narrow temporal distribution (e.g., for ions release 430 

from a trap establish using drift field of 6 V cm–1 and an applied trap height of +12 V, the 431 

effective temporal distribution would be 160 μs, which would be a minor source of broadening in 432 

most IM experiments). These results also indicate that trapped ions will be localized 2 to 4 mm 433 

prior to where the potentials are applied to establish the trap, which should be accounted for in 434 

the drift length used for data analysis.  435 

These results will be useful for designing and interpreting the results of future tandem IM 436 

experiments. Selection-trapping experiments appear to offer many advantages relative to 437 

selection-only experiments. We anticipate that these advantages will become more pronounced 438 

in future experiments that will make use of longer IM separations (hence greater diffusion during 439 

each dimension) and additional dimensions of analysis.  440 
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 624 
 625 
 626 
Table 1. Summary of Programmed Windows, Drift Time Distributions, and Ω Distributions. 627 
 628 

 Unit Selection-Only Selection-Trapping 
ttransmit ms 32.000 33.250 34.625 32.000 33.250 34.625 
tdivert ms 36.375 33.750 35.125 36.375 33.750 35.125 
Programmed Window ms 4.375 0.500 0.500 4.375 0.500 0.500 
2D time ms 23.0 22.8 22.8 20.1 20.0 20.1 
wobs ms 3.5 1.8 1.8 1.8 1.7 1.8 
wconformer ms 3.0 1.8 1.8 1.5 1.5 1.5 
Ω nm2 2.06 2.04 2.03 2.06 2.05 2.05 
wobs nm2 0.48 0.25 0.25 0.30 0.28 0.31 
wconformer nm2 0.41 0.25 0.25 0.25 0.25 0.25 

 629 
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 631 

 632 

Figure 1. (A) Drawing of the hybrid instrument, which has been described previously [25, 33]. 633 

(B) Photograph of the array of SLIM modules used for these experiments, with the top board of 634 

each module removed. (C) In selection-only tandem IM experiments, ions are first separated 635 

during transport from the transfer funnels (post-trapping region of the ion funnel trap and the 636 

rectangular ion funnel) to the switch on module 4, which selectively transmits ions of interest 637 

that are then separated further during transport to mass spectrometer. (D) In selection-trapping 638 

tandem IM experiments, ions selected at the switch region are transferred to the junction trap, 639 

which is established by biasing the DC potentials between modules 4 and 5. After a delay, the 640 

trapped ions are released and separated during transport to mass spectrometer. (E) Side view of a 641 

module, showing the coordinate system as well as the guard and rung electrodes. (F) Photograph 642 

of the region near the switch, showing the electrodes that are controlled to direct ions to the 643 

collinear or orthogonal paths.   644 
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 645 
 646 
 647 
 648 

 649 
 650 

Figure 2. Representative residence times for ions in (A) selection-only and (B) selection-651 

trapping, as well as (C) representative potentials of selected electrodes during [GRGDS+H]+ 652 

experiments. Both the ion funnel trap and the junction trap were programmed to release ions 653 

when tmeasured = 0 ms. In selection-only mode, tmeasured is the drift time through both 1D and 2D, 654 

while in selection-trapping mode tmeasured monitors the drift time through 2D. The programmed 655 

window used to selectively transmit ions depends on the time points (ttransmit and tdivert) when the 656 

relative potentials of the switch guard and rung electrodes were modulated. The delay time is 657 

defined as the average time of ttransmit and tdivert until the release of the junction trap. 658 

 659 
  660 
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 662 
 663 
 664 
 665 
 666 

 667 
Figure 3. 2D time distributions determined using (A) selection-only and (B) selection-trapping  668 

analysis of [GRGDS+H]+, based on experiments performed using a 6 V cm−1 drift field and 4.0 669 

Torr N2. For both modes, the entire population was isolated using a programmed window from 670 

32.000 to 36.375 ms (shaded distribution). Two subpopulations were isolated using programmed 671 

windows from 33.250 to 33.750 ms (solid red trace) or 34.625 to 35.125 ms (dashed blue trace). 672 

In the selection-trapping experiments, the applied trap height was +12 V. For comparison, the 673 

expected distribution for a single conformer of [GRGDS+H]+ was calculated and is shown using 674 

a black dashed line.   675 
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 676 

 677 

Figure 4. Results from the selection-only analysis of [GRGDS+H]+ performed using a 6 V cm–1 678 

drift field and a switch guard voltage of +16 V relative to the switch region. The observed width 679 

at base (wobs, circles) is similar to that expected for a single conformer (wconformer, heavy dashed 680 

line) estimated using Equation 3 and assuming that wgate equals the programmed window. The 681 

expected width at base from diffusion (short dotted line) shows the diminishing contribution of 682 

diffusion as the programmed window is increased. The expected width at base for a single 683 

conformer with a wgate from the ion funnel trap (wgate = 375 µs) and diffusion through 1D and 2D 684 

(wconformer, light dashed line) is also plotted. The ion intensity (squares) is plotted on the right 685 

vertical axis. For all experiments, the switch guards and switch rung were set to +11 V relative to 686 

the switch region to transmit ions along the collinear path. To divert ions down the orthogonal 687 

path, the switch rung was set to 0 V and switch guard set to +16 V relative to the switch region. 688 

  689 
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 701 

Figure 6. (A) DC potentials at the surface of the boards near the interface between modules 4 702 

and 5 used to create a junction trap. The interface of modules 4 and 5 is defined as 0 mm along 703 

the z axis. The DC potential (B) and the effective trap height, defined as the difference between 704 

the local minimum and local maximum of the DC potential (C), along the axis of transmission. 705 

(D) Box plot representations of the median and 95% confidence interval of the z-axis positions of 706 

a [GRGDS+H]+ ion stored in the junction trap.    707 
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Table S1. Drift Voltages, Expected Drift Time, and Expected Widths for Single-Conformer 

[GRGDS+H]+ Ions Transported Through Instrument. 

 
Unit 

Post-trap, Ion 
Funnel Trap 

Rectangular 
Ion Funnel 

6 SLIM 
Modules 

Circular 
Ion Funnel 

Applied Drift 
Voltagea 

V 37.3 30.6 271 37.4 

Expected 
Drift Time 

ms 0.899 11.6 36.8 6.47 

Expected 
wdiffusion 

ms 0.134 1.90 2.2 0.963 

a Using a drift field of 6 V cm–1. 
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Figure S1. Representative trajectories 

used to probe the actual transmission 

window of [GRGDS+H]+. These 

simulations use a programmed window of 

1500 µs, a collinear drift field of 6 V cm-1, 

and a +16 V switch guard bias. (A) 

Modulation of switch guard and switch 

rung electrode potentials used in ion 

selection simulations. The ttransmit was kept 

constant for all trajectories at a given drift 

field (drift fields of 4, 6, and 8 V cm–1 had 

ttransmit values of 2500, 2000, and 1000 µs, 

respectively) while tdivert was changed to 

achieve the desired programmed window. 

Starting positions are shown for ion 

trajectories that arrive in the switch region 

(B) when the programmed window begins 

or (C) during the programmed window, or 

that are (D) within the switch region at the 

end of the programmed window. The red 

box in each image spans the starting 

positions that will result in transmission. 

The tan boxes map the electrode surface 

found in the vicinity of the switch region; 

the orange squares and rectangle are the 

switch guard electrodes and the switch 

rung electrode, respectively. 

  



S-4 

 

 

 

 

 

Figure S2. Peak width as a function of reciprocal drift voltage for [GRGDS+H]+ determined 

using an RF-confining drift cell operated at 1.006 Torr nitrogen gas. Observed experimental peak 

widths (FWHMobs, triangles) plotted with the values expected based only on diffusion 

(FWHMdiff, squares) and based on gating and diffusion (FWHMdiff+gate, circles). 
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Figure S3. Relative voltage applied to the switch guards during the selection-trapping 

experiments in Figures 3 and 7. For simplicity, a common delay time of 3.812 ms is used to 

describe the time between the first and second IM dimension. Note, the switch rung voltage (not 

shown) is also modulated using these same times. 
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