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‭CONSIDERATIONS FOR THE DEVELOPMENT AND IMPLEMENTATION OF‬

‭STRUCTURES FOR LOSSLESS ION MANIPULATIONS‬

‭(SLIM) PLATFORMS‬

‭Abstract‬

‭by Zackary R. Kinlein, Ph.D.‬
‭Washington State University‬

‭May 2024‬

‭Chair: Brian H. Clowers‬

‭Owing to its unique geometry, traveling wave structures for lossless ion manipulations‬

‭(TW-SLIM) is able to maneuver ions at elevated pressures (2-4 Torr) without incurring‬

‭significant ion loss. Building upon this unique capability, TW-SLIM has shown promise‬

‭as a technique which can redefine the limits of ion mobility separations and potentially‬

‭serve as a platform for gas-phase ion experiments. While the ultimate fate of the‬

‭technique remains unknown at the time of this work, the greatest obstacle at present is‬

‭clear: limited access to the technique. Motivated by a desire to expand both access to‬

‭TW-SLIM and the scope of its capabilities, the work outlined herein outlines numerous‬

‭approaches that simplify TW-SLIM implementation, optimize TW-SLIM analyses, and‬

‭showcase the technique’s ability to aid in experiments outside of traditional separations.‬

‭Regarding implementation, technologies that reduce the cost of TW-SLIM experiments‬

‭were evaluated, and tools that enable individuals with limited skill sets to develop‬

‭TW-SLIM platforms were disseminated. Concerning experimentation, observations that‬

‭pertain to the concurrent analysis of disparate species as well as the transmission of‬
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‭dynamic biomolecules are explored and used to inform strategies to optimize TW-SLIM‬

‭methodologies. Lastly, utilization of TW-SLIM as a platform for gas-phase ion chemistry‬

‭showcases the ability of TW-SLIM to address complex chemical phenomena.‬
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‭CHAPTER ONE: GENERAL INTRODUCTION‬

‭Ion mobility spectrometry (IMS) is an analytical technique which separates‬

‭gas-phase ion populations based on their differing mobilities. An ion’s mobility (K) is‬

‭typically defined as a proportionality coefficient between its velocity (v‬‭d‬‭) and the‬

‭magnitude of an applied electric field (E) which drives the ion through a neutral colliding‬

‭gas (eq. 1.1).‬

‭(1.1)‬‭𝐾‬ =
‭𝑣‬

‭𝐷‬

‭𝐸‬

‭Differences in mobility arise from differential interactions with the neutral colliding gas‬

‭and are often associated with collisional cross section, which loosely relates to the size‬

‭of the ions. For this reason it is often said that IMS is a technique which separates ions‬

‭based on their size, though it should be noted that this statement is a gross‬

‭oversimplification of the complex chemical and physical factors which ultimately govern‬

‭IMS experiments.‬‭1–3‬

‭The most common form of the IMS experiment is drift tube IMS (DTIMS) in which‬

‭ions are driven through a counterflow of buffer gas by a linear electric field (Figure‬

‭1.1a).‬‭3‬ ‭Larger ions (lower mobility) will undergo‬‭a greater number of collisions with the‬

‭buffer gas and thus reach the end of the drift tube later than the smaller (higher mobility)‬

‭ions, enabling mobility-based separations which are observed in the time domain. Given‬

‭the relatively simple design, limited material consumption, and rapid analysis times‬

‭associated with DTIMS, it is unsurprising that the technique has seen significant use as‬

‭a tool for onsite threat detection.‬‭4–6‬

‭1‬

https://paperpile.com/c/PppNvF/ZWUVl+tow7h+yqTXM
https://paperpile.com/c/PppNvF/yqTXM
https://paperpile.com/c/PppNvF/JAWFp+q6ALT+irng4


‭While DTIMS continues to see use in the field of threat detection,‬‭7,8‬ ‭it’s important‬

‭to recognize that much of the ongoing IMS research now focuses on different‬

‭approaches and applications. Owing to the development of techniques such as‬

‭electrospray ionization‬‭9‬ ‭and the ever growing interests‬‭in the omics’ fields,‬‭10–12‬ ‭IMS has‬

‭seen increasing use as a tool for the analysis of biologically relevant molecules.‬‭13,14‬ ‭Due‬

‭to the complex organization of biomolecules, those interested in analyzing these‬

‭species are often met with numerous challenges such as the differentiation of isomeric‬

‭species.‬‭15,16‬ ‭Given that IMS separation relates to‬‭ion size, isomeric differentiation is‬

‭possible assuming the instrument is able to distinguish between closely related‬

‭species.‬‭16,17‬

‭The ability of analytical instrumentation to separate similar species is often‬

‭quantified as resolving power (R‬‭p‬‭), where higher R‬‭p‬‭corresponds to more powerful‬

‭separations. For DTIMS systems, diffusion limited R‬‭p‬ ‭is defined as:‬

‭(1.2)‬‭𝑅‬
‭𝑝‬

=
‭𝑡‬

‭𝐷‬

‭Δ‬‭𝑡‬ ≈ ‭1‬
‭4‬ (

‭𝑞𝐿𝐸‬
‭𝑘‬

‭𝑏‬
‭𝑇𝑙𝑛‬(‭2‬) )

‭1/2‬

‭where t‬‭D‬ ‭is an ion’s drift time, Δt is the peak width‬‭at half-maximum, q is the ion charge,‬

‭L is the length of the drift tube, E is the electric field, k‬‭b‬ ‭is Boltzmann’s constant, and T is‬

‭the temperature.‬‭2,18‬ ‭Equation 1.2 suggests that R‬‭p‬ ‭can be enhanced by elongating the‬

‭drift tube, increasing the field strength within the drift tube, or lowering the temperature‬

‭of the system. While equation 1.2 may make the solution to isomeric separations in‬

‭DTIMS appear straightforward, each of the aforementioned means of increasing R‬‭p‬

‭suffer from practical limitations. Temperature modulation complicates instrument design,‬

‭can compromise electrical components, and is often difficult to measure accurately,‬

‭2‬

https://paperpile.com/c/PppNvF/79GdL+Y3gdy
https://paperpile.com/c/PppNvF/zRp4Q
https://paperpile.com/c/PppNvF/8yXj8+EuhGF+uJ4jK
https://paperpile.com/c/PppNvF/nF4CZ+nxfey
https://paperpile.com/c/PppNvF/sgXvu+Sofi7
https://paperpile.com/c/PppNvF/Sofi7+EVsr2
https://paperpile.com/c/PppNvF/tow7h+8gpQD


‭particularly over extended periods.‬‭19‬ ‭With regards to DTIMS length and field strength,‬

‭increasing these parameters can quickly spiral into endeavors which require specialized‬

‭power supplies and increase the likelihood of electrical breakdown. To give an example,‬

‭a typical DTIMS operating at atmospheric pressure will often utilize an electric field‬

‭gradient in the range of 300-600 V/cm. For a modest 20 cm DTIMS, this requires the‬

‭application of a 6-12 kV bias to be placed at the start of the DTIMS. If either the field‬

‭strength or length were to be doubled, this would require 12-24 kV to be applied to the‬

‭start of DTIMS. While certainly achievable, biases of this magnitude are best avoided‬

‭for both financial and safety reasons.‬

‭In order to work around the limitations of DTIMS, a number of different IMS‬

‭techniques have been developed such as trapped IMS (TIMS),‬‭20‬ ‭field asymmetric IMS‬

‭(FAIMS),‬‭21‬ ‭and traveling wave IMS (TWIMS).‬‭22,23‬ ‭While‬‭distinct in their approaches,‬

‭each of these IMS approaches utilize nonlinear, dynamic electric fields which enable for‬

‭enhanced separations while avoiding many of the pitfalls associated with DTIMS. In the‬

‭case of TWIMS, the introduction of local minima and maxima with regards to potential‬

‭allow for extended separation pathlengths without accompanying increases in voltage.‬

‭These local minima and maxima are provided via dynamic electric fields which have‬

‭been dubbed “traveling waves” (TW). Explained simply, TW are transient potential wells‬

‭which “move” at a rate defined by the user. The depth of the wells is often defined as‬

‭“TW amplitude” and the rate at which the wells move is defined as “TW speed” (Figure‬

‭1.1b).‬

‭3‬

https://paperpile.com/c/PppNvF/DAjPG
https://paperpile.com/c/PppNvF/oE6Cu
https://paperpile.com/c/PppNvF/4Lv7d
https://paperpile.com/c/PppNvF/NIf5R+F9dUV


‭Figure 1.1. Variation in voltage as a function distance along the drift region for DTIMS‬

‭(a) and TWIMS (b) systems. The linear voltage drop across DTIMS systems creates a‬

‭static, homogeneous electric field which drives ions through the drift region. The electric‬

‭fields within TWIMS systems are transient, shifting as a function of TW speed. The bias‬

‭between the crests and troughs of the TW defines the TW amplitude.‬

‭The movement of the potential wells is made possible by defining a repeating set of‬

‭electrodes and sequentially stepping which electrodes are biased “high” or "low” in a‬

‭given instance. In response to the motion of the TW, ions will be pushed in the same‬

‭direction that the TW is being stepped as they are driven towards the centers’ of the‬

‭wells. Ions which are fast enough to keep up with the TW (i.e., higher mobility species)‬

‭will simply ride at the front of the wave and are said to be “surfing”. In contrast, lower‬

‭mobility species which cannot keep up with the TW will begin to rollover the TW and fall‬

‭into preceding wells, subsequently taking longer to reach the detector. Given that the‬

‭frequency of ion rollover defines an ions arrival time at the detector and is inversely‬

‭related to mobility, TWIMS is able to provide mobility based separation that can be‬

‭observed in the time domain. More in-depth discussion regarding TW fields and ions’‬

‭response to said fields are detailed elsewhere.‬‭24–26‬

‭4‬

https://paperpile.com/c/PppNvF/Z7BwW+YJEKP+Xt48l


‭Figure 1.2. Visualization of ion separation in TWIMS systems. In this scenario, the‬

‭highest mobility ions (light blue) are surfing at the front of the waves, not rolling over,‬

‭and consequently arriving at the detector first. The lowest mobility ions (purple) are‬

‭unable to keep up with the TW and repeatedly rollover, causing them to reach the‬

‭detector last. Ions whose mobilities fall between the others (green) arrive somewhere in‬

‭between the other ion species.‬

‭For many years, TWIMS instrumentation was largely limited to the Synapt‬

‭systems produced by Waters (Milford, MA).‬‭23,27‬ ‭Applying‬‭TW technology to a geometry‬

‭which is similar to that of traditional DTIMS, the Synapt line provided a means for many‬

‭to explore TWIMS for the first time. While significant in the greater context of TWIMS, it‬

‭should be noted that the resolving power of the Synapt line was rather limited, due in‬

‭part to the modest length of the TWIMS region (18.5-24.5 cm).‬‭27‬ ‭While not restricted in‬

‭5‬

https://paperpile.com/c/PppNvF/F9dUV+pOfBE
https://paperpile.com/c/PppNvF/pOfBE


‭the same way as DTIMS systems, the length of the Synapt TWIMS region was‬

‭nonetheless bound by the necessity to package the instrument in a way that is‬

‭conducive to a commercial laboratory setting. Put differently, while a cylindrical TWIMS‬

‭system could be extended to several meters in length without running into the electrical‬

‭breakdown issues associated with DTIMS, such a system would nonetheless be overly‬

‭cumbersome. Fortunately, future developments in the field of TWIMS instrumentation‬

‭would remedy this issue via the implementation of alternative geometries.‬

‭In 2015, the first publication regarding a new TWIMS technique, traveling wave‬

‭structures for lossless ion manipulations (TW-SLIM) was published out of Pacific‬

‭Northwest National Laboratory (PNNL).‬‭28‬ ‭Building upon‬‭the original SLIM instruments‬

‭which implemented linear electric fields,‬‭29,30‬ ‭the‬‭TW-SLIM systems leveraged the‬

‭modular, planar geometry of its predecessor to produce a highly flexible TWIMS‬

‭platform. Constructed using printed circuit boards (PCB), TW-SLIM systems lend‬

‭themselves to a high degree of design variability while undercutting the cost of‬

‭traditional materials such as stainless steel. While not as inert or robust as traditional‬

‭materials, PCB has nonetheless proven a feasible material for the assembly of‬

‭analytical instrumentation and has seen growing use in the field of IMS.‬‭31‬

‭In order to assemble TW-SLIM, two mirror-image TW-SLIM PCB (TW-SLIM‬

‭boards) are placed in parallel to create a space between the boards which is typically‬

‭around 3 mm (Figure 1.3). Each of these TW-SLIM boards are equipped with three‬

‭primary types of electrodes; guard, RF, and TW, which collectively form the TW-SLIM‬

‭“track” in which ions are confined and separated (Figure 1.4a). Guard electrodes border‬
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‭the TW-SLIM track and are biased with DC to prevent ion loss in the lateral direction.‬

‭RF electrodes are placed throughout the central region of the track and provide radial‬

‭confinement which prevents ion termination at the board surfaces.‬

‭Figure 1.3. Mirror-image TW-SLIM boards (a) which are placed in parallel (b) to create a‬

‭space between the boards in which ion populations are manipulated.‬

‭Figure 1.4. Schematic of a TW-SLIM monomer (a) and a photograph of a TW-SLIM‬

‭segment which consists of 2 monomers.‬
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‭As with any ion guide which relies on RF for ion confinement, the range of‬

‭mass-to-charge ratios (m/z) which can be concurrently transmitted effectively is limited‬

‭for a given set of RF conditions (i.e., RF frequency and amplitude).‬‭32‬ ‭While often‬

‭glossed-over in the literature, this constraint placed on TW-SLIM experiments via the RF‬

‭is of significant importance to those interested in utilizing TW-SLIM for broader‬

‭analyses. To further complicate matters, the combination of the guard and RF fields‬

‭creates a pseudo-quadrupolar environment in which variation in one of either the guard‬

‭or RF biases impacts the ion’s response to the other. For example, an increase in guard‬

‭bias will compress an ion packet laterally and subsequently cause the packet to expand‬

‭radially towards the board surfaces altering the RF fields that the ions feel. Located‬

‭between the RF tracks, the TW electrodes are responsible for generating the TW which‬

‭enables ion separation. The TW electrodes are typically numbered off (TW electrode 1,‬

‭TW electrode 2,...) and laid out in repeating sets (TW electrodes 1-8, TW electrodes‬

‭1-8,...). The TW is generated by varying which electrodes are high or low in a given‬

‭instance. An example of how this variation creates a TW is shown in Figure 1.5.‬

‭8‬
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‭Figure 1.5. Visualization of electrode stepping which creates traveling waves.‬

‭Electrodes highlighted in blue represent those in the “high” state, whereas the other‬

‭electrodes are “low”. The bias between the high and low is defined as TW amplitude.‬

‭The time in between the instances is controlled by varying the TW speed.‬

‭While variations in electrode layout have been explored,‬‭26,33‬ ‭most TW-SLIM‬

‭configurations subscribe to a number of standard conventions. RF and TW tracks are‬

‭typically organized in a 6:5 configuration in which 5 TW tracks are located in the spaces‬

‭between 6 RF tracks (i.e., each TW track is bordered by two RF tracks). Adjacent RF‬

‭tracks are 180‬‭o‬ ‭out-of-phase to one another. TW electrodes‬‭are laid out in repeating‬

‭sets of 8 and operate using a “4 high, 4 low” system in which an equivalent number of‬

‭electrodes are high or low in a given instant. Square waves are the most common style‬

‭of TW, though other waveforms such as sin waves have been used.‬‭25,34‬ ‭While an‬

‭in-depth discussion regarding board design will be provided in Chapter 3, it is worth‬
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‭noting that a full set of electrodes (1-8) defines the TW-SLIM monomer (Figure 1.4a)‬

‭which is then propagated to create highly complex TW-SLIM paths.‬

‭While the fundamentals of TW-SLIM have remained largely the same, the‬

‭complexity and utility of TW-SLIM boards has evolved rapidly since the technique’s‬

‭inception. The first TW-SLIM system reported in the literature was a linear design which‬

‭provided a 30 cm TW-SLIM path for separation.‬‭28‬ ‭The‬‭next major advancement came‬

‭shortly after which showcased the ability of TW-SLIM to maneuver ions around 90‬‭o‬

‭turns without significant losses in sensitivity or separation.‬‭35‬ ‭Though important in the‬

‭context of TW-SLIM’s development, it should be noted that this feat is also of profound‬

‭significance to the broader IMS community. With exception to the cyclic IMS system‬

‭developed by the Clemmer group‬‭36‬ ‭and the original‬‭non-TW SLIM systems,‬‭30,37‬ ‭ion‬

‭turning was primarily limited to high vacuum instruments wherein ion manipulation is‬

‭more facile.‬‭38,39‬‭.‬

‭Pairing the extended linear paths showcased in the original TW-SLIM‬

‭publication‬‭28‬ ‭with the ability to perform 90‬‭o‬ ‭turns,‬‭35‬ ‭PNNL then unveiled what would‬

‭quickly become the predominant TW-SLIM profile: the serpentine path. The serpentine‬

‭design enables for extensive TW-SLIM paths (>10 m) to be laid out on boards which‬

‭themselves have limited footprints.‬‭40‬ ‭The last major‬‭TW-SLIM development by PNNL‬

‭which will be discussed in depth is the ion switch.‬‭41‬ ‭Ion switches are electronically‬

‭isolated TW electrodes which can transition between a static DC potential which‬

‭prevents ion progress, or a TW potential which enables ions to continue along a path.‬

‭The two primary functions of an ion switch are rerouting and blocking. Rerouting‬
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‭enables TW-SLIM to aid in complex experiments such as multiplexing, tandem IMS, and‬

‭cyclic separations which enable theoretically infinite pathlengths for separation.‬‭41,42‬

‭Blocking enables the TW-SLIM to both accumulate and inject ions, removing the need‬

‭for additional gating hardware such as ion funnel traps.‬

‭Aside from PNNL, a select few entities have delved into TW-SLIM research and‬

‭development. On the commercial side of things, Mobilion (Chadds Ford, PA) unveiled‬

‭their “SLIM-based ion mobility product” in the summer of 2020. Targeting markets such‬

‭as biomarker research, food and environmental analysis, and therapeutic‬

‭characterizations, Mobilion has published a number of articles that showcase how‬

‭TW-SLIM could aid in clinical environments.‬‭34,43,44‬ ‭While not a TW-SLIM platform, it is‬

‭important to acknowledge the cyclic-IMS system developed by Waters, which draws‬

‭many parallels to TW-SLIM and has seen an impressive degree of growth and‬

‭implementation.‬‭45‬ ‭In the academic sphere, the first‬‭research group to publish work‬

‭utilizing an independently developed TW-SLIM platform was the Rizzo group at the‬

‭Swiss Federal Institute of Technology in Lausanne (EPFL). Building upon a wealth of‬

‭experience with regards to infrared spectroscopy‬‭46,47‬ ‭and glycan analysis,‬‭48,49‬ ‭the work‬

‭performed by the Rizzo group showcased the capability of TW-SLIM to slot into complex‬

‭instrumental configurations and aid in differentiating highly similar species.‬‭50,51‬

‭In the Fall of 2019, the Clowers group at Washington State University (WSU)‬

‭began independently developing TW-SLIM platforms. Starting with TW-SLIM boards‬

‭that could fit in the palm of your hand, TW-SLIM research at WSU has rapidly expanded‬

‭to include a vast array of configurations, investigations, and collaborations.‬‭52–54‬ ‭Though‬
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‭the totality of TW-SLIM research at WSU can be attributed to a number of individuals,‬

‭much of the foundational work will be covered in this dissertation. Having been involved‬

‭in the development of TW-SLIM at WSU from the start, my work addresses many of the‬

‭challenges associated with beginning TW-SLIM research and is particularly valuable to‬

‭those interested in developing their own TW-SLIM systems.‬

‭One of the broader goals of the work I performed at WSU was to increase the‬

‭accessibility of TW-SLIM. While the rapid growth of TW-SLIM has been staggering,‬

‭greater access to the technique represents the next major step in its development.‬

‭Increased access enables new and valuable perspectives to advance and mold‬

‭TW-SLIM in ways yet unseen. Considering that TW-SLIM has already shown the ability‬

‭to redefine the limits of a field (IMS) which is becoming increasingly involved in tackling‬

‭complex analytical challenges, the work outlined herein is of great significance to the‬

‭analytical community.‬

‭Beginning with the issue of limited access to TW-SLIM instrumentation, Chapters‬

‭2 and 3 will discuss efforts to lower the practical barriers to TW-SLIM implementation.‬

‭More specifically, Chapter 2 will outline strategies and technologies which not only‬

‭reduce the cost of TW-SLIM experiments, but also simplify the instrumental setup as a‬

‭whole. Chapter 3 takes aim at remedying perhaps the most significant hindrance to‬

‭TW-SLIM adoption: limited knowledge of PCB design and instrument assembly. Given‬

‭that the skills and knowledge associated with designing and assembling instrumentation‬

‭are often excluded from traditional chemistry programs, this work may enable otherwise‬

‭highly qualified individuals to begin experimenting with TW-SLIM. Recognizing that the‬
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‭complexity of TW-SLIM analysis may deter those without prior knowledge of the‬

‭technique, Chapters 4 and 5 outline work which delves into the complexities of‬

‭TW-SLIM analysis and informs strategies for method development. Chapter 4 seeks to‬

‭address the issue of concurrently analyzing disparate species in TW-SLIM while‬

‭Chapter 5 provides insights into the analysis of labile biomolecules.‬

‭In addition to improving access to TW-SLIM, the efforts outlined in Chapters 2-5‬

‭were also building towards another goal: the evaluation of TW-SLIM as a platform for‬

‭probing gas-phase ion chemistry. Recognizing that experiments of such complexity‬

‭require not only advanced instrumentation but also a robust understanding of TW-SLIM‬

‭analysis, our eventual exploration of these matters represents a culmination of all the‬

‭lessons learned over the course of my time at WSU. Chapter 6 will cover how we built‬

‭towards gas-phase ion chemistry experiments, discuss some preliminary results‬

‭concerning hydrogen-deuterium exchange (HDX) in TW-SLIM, and conclude with some‬

‭discussions regarding future work in this area.‬
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‭CHAPTER TWO: ACCELERATING PROTOTYPING EXPERIMENTS FOR TRAVELING‬

‭WAVE STRUCTURES FOR LOSSLESS ION MANIPULATIONS‬

‭Reprinted (adapted) with permission from Kinlein, Z. R.; Anderson, G. A.; Clowers, B. H.‬
‭Accelerating Prototyping Experiments for Traveling Wave Structures for Lossless Ion‬
‭Manipulations.‬‭Talanta‬‭2022,‬‭244‬‭, 123446. doi: 10.1016/j.talanta.2022.123446.‬
‭Copyright {2022} Talanta.‬

‭2.1 Attributions‬

‭The authors whose work contributed to the following manuscript include Zackary‬

‭R. Kinlein, Gordon A. Anderson, and Brian H. Clowers. Zackary R. Kinlein is credited‬

‭with conducting the investigation and was the primary author of this work. Gordon A.‬

‭Anderson is credited with contributions to software and methodology. Brian H. Clowers‬

‭is credited with conceptualization, supervision, funding acquisition, contributions to‬

‭software, and writing.‬

‭2.2 Preface‬

‭The work presented in this chapter was adapted from the first manuscript‬

‭detailing a TW-SLIM system developed at WSU. While published in 2022, this work‬

‭represents a culmination of efforts that began in 2019 with regards to building a‬

‭TW-SLIM system from scratch. While the experiments outlined in this chapter may be‬

‭the simplest, it’s important to recognize that this work represents a major milestone for‬

‭both WSU and TW-SLIM as a whole. For WSU, the lessons learned on the path to‬

‭publishing this work provided the foundation upon which numerous future TW-SLIM‬

‭platforms would be built. More broadly, in spite of limited experience and resources, a‬
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‭fully functional TW-SLIM system was developed and implemented which suggests that‬

‭similar efforts at other institutions and research teams is possible.‬
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‭2.3 Manuscript‬

‭Abstract‬

‭Traveling wave structures for lossless ion manipulation (TW-SLIM) has proven a‬

‭valuable tool for the separation and study of gas-phase ions. Unfortunately, many of the‬

‭traditional components of TW-SLIM experiments manifest practical and financial barriers‬

‭to the technique’s broad implementation. To this end, a series of technological‬

‭innovations and methodologies are presented which enable for simplified SLIM‬

‭experimentation and more rapid TW-SLIM prototyping. In addition to the use of multiple‬

‭independent board sets that comprise the present SLIM system, we introduce a‬

‭low-cost, multifunctional traveling wave generator to produce TW within the TW-SLIM.‬

‭This square-wave producing unit proved effective in realizing TW-SLIM separations‬

‭compared to traditional approaches. Maintaining a focus on lowering barriers to‬

‭implementation, the present set of experiments explores the use of on-board injection‬

‭(OBI) methods, which offer potential alternatives to ion funnel traps. These OBI‬

‭techniques proved feasible and the ability of this simplified TW-SLIM platform to‬

‭enhance ion accumulation was established. Further experimentation regarding ion‬

‭accumulation revealed a complexity to ion accumulation within TW-SLIM that has yet to‬

‭be expounded upon. Lastly, the ability of the presented TW-SLIM platform to store ions‬

‭for extended periods (1 s) without significant loss (<10%) was demonstrated. The‬

‭aforementioned experiments clearly establish the efficacy of a simplified TW-SLIM‬

‭platform which promises to expand adoption and experimentation of the technique.‬
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‭Introduction‬

‭Ion mobility spectrometry (IMS) is an analytical technique which separates‬

‭gas-phase ions via their mobility, which is loosely related to physical size, as they‬

‭traverse the medium while being driven by an electric field.‬‭1,2‬ ‭Renowned for their speed‬

‭of analysis and relative simplicity, IMS techniques have seen widespread‬

‭implementation in the fields of threat detection‬‭6,55,56‬ ‭and the investigation of‬

‭physiologically relevant biomolecules.‬‭13,14,57‬ ‭More‬‭recent analyses have even leveraged‬

‭IMS for the separation of isomeric species, something that has proved troublesome for‬

‭many analytical techniques.‬‭58–60‬

‭The most common implementation of IMS is drift tube IMS (DTIMS) which uses a‬

‭linear, homogeneous electric field to measure gas-phase mobility coefficients. The‬

‭ability of a DTIMS to separate ions of similar mobility is quantified as resolving power‬

‭(Rp) which, when limited only by diffusion, is defined as:‬

‭(2.1)‬‭𝑅‬
‭𝑝‬

=
‭𝑡‬

‭𝐷‬

‭Δ‬‭𝑡‬ ≈ ‭1‬
‭4‬ (

‭𝑞𝐿𝐸‬
‭𝑘‬

‭𝑏‬
‭𝑇𝑙𝑛‬(‭2‬) )

‭1/2‬

‭where t‬‭D‬ ‭is an ion’s drift time, Δt is the peak width‬‭at half-maximum, q is the ion charge,‬

‭L is the length of the drift tube, E is the electric field, k‬‭b‬ ‭is Boltzmann’s constant, and T is‬

‭the temperature.‬‭2,18‬ ‭Like many analytical techniques,‬‭the ability to separate increasingly‬

‭similar species remains a focal point of experimentation and investigation in the field of‬

‭IMS. According to equation 2.1, Rp can be improved by increasing the strength of the‬

‭electric field, elongating the drift tube, or decreasing the temperature. While‬

‭conceptually simple, these approaches to increasing resolving power suffer from‬

‭practical limitations.‬‭3,61,62‬ ‭Given that implementing‬‭temperature controls requires more‬
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‭complex instrumentation and robust electronics, lowering the temperature of the system‬

‭is not always feasible nor practical for many experimental scenarios.‬‭19‬ ‭While increasing‬

‭the field strength could, in theory, simply be accomplished by “turning a knob” it is‬

‭important to note that higher fields require highly specialized power supplies and can‬

‭contribute to electrical breakdown. Likewise, given the linear nature of the fields within a‬

‭DTIMS, increasing the length of the system would require increasing the voltage at the‬

‭start of the drift region to maintain the desired electric field, once again requiring‬

‭capable power supplies and contributing to electrical breakdown.‬

‭While certainly the most recognizable, the DTIMS is not the only IMS technique‬

‭in use today. Debuting in the early 2000s,‬‭22‬ ‭traveling‬‭wave IMS (TWIMS) has seen‬

‭commercial implementation and widespread application.‬‭23,63,64‬ ‭Unlike DTIMS which‬

‭applies a static linear electric field, the electric fields in a TWIMS are transient and‬

‭dynamic.‬‭24,65‬ ‭In TWIMS, separation is achieved as‬‭the frequency at which ions “roll over”‬

‭waves is dependent upon their mobilities.‬‭24‬ ‭The more‬‭frequently an ion rolls over, the‬

‭greater its arrival time at the detector. Perhaps one of the biggest advantages of TWIMS‬

‭is that the length of the separation region can theoretically be increased without‬

‭increasing the voltage at the start of the region. This is due to the transient nature of the‬

‭waves which leads to local minima and maxima, as opposed to absolute minima and‬

‭maxima required for DTIMS.‬

‭While promising, there remain several hurdles surrounding the advancement of‬

‭TWIMS. For instance, while the length of a TWIMS is not limited by issues of electrical‬

‭breakdown, there remains practical limitations on length with regards to the physical‬
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‭size of the instrument. These limitations are of particular concern for commercial‬

‭instrumentation which must be assembled and housed in a fashion that makes for‬

‭reasonable placement/storage in a laboratory. Additionally, the electrode structure of‬

‭commercially available TWIMS limit the range of traveling wave and RF amplitudes that‬

‭can be applied during analysis, which ultimately‬‭constrains‬‭the range of‬‭m/z‬‭values that‬

‭can be simultaneously analyzed with the system‬‭.‬‭27‬‭Behaving in a fashion similar to a‬

‭stacked ring ion guide, there is a window of m/z and mobility values that allow for stable‬

‭ion motion within the TW-SLIM system.‬‭32,66‬

‭A potential solution to the shortcomings of traditional TWIMS, known as traveling‬

‭wave structures for lossless ion manipulation (TW-SLIM), debuted in 2015 and has‬

‭already seen a wide range of applications and modifications.‬‭28,35,67–69‬ ‭Comprised of‬

‭inexpensive and readily customizable printed circuit boards (PCB), TW-SLIM offers a‬

‭simplified electrode structures which, when paired with the low cost of PCBs, lends to‬

‭rapid and creative prototyping. One of the most significant advancements in TW-SLIM‬

‭has been the implementation of serpentine ultralong paths with extended routing‬

‭(SUPER) which enable for theoretically infinite pathlengths for separation.‬‭41‬ ‭Having‬

‭remedied the issues of length and electrode structure that hamper traditional TWIMS‬

‭techniques, the possibility for TW-SLIM to catalyze the advancement of TWIMS and‬

‭IMS as a whole, is apparent.‬

‭Despite showing great promise, there remains a series of obstacles that stand‬

‭between TW-SLIM and its ultimate potential as a high-powered, low-cost gas phase‬

‭separation technique. While SLIM may be constructed of inexpensive materials, the‬
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‭technology used to generate the waveforms in the SLIM requires a degree of‬

‭sophistication which manifests both applicative and financial barriers to its‬

‭implementation. Additionally, more simplistic TW-SLIM experiments typically rely on ion‬

‭funnel traps (IFT) for injection which require levels of fabrication precision that are not‬

‭readily available to most laboratories. Lastly, the primary means of detection in‬

‭TW-SLIM experiments are mass spectrometers (MS). While MS is undoubtedly a‬

‭powerful analytical tool, the issue of cost as well as compliance with pressure‬

‭requirements can limit implementation and slow prototyping efforts.‬

‭Recognizing the obstacles to TW-SLIM implementation, the following manuscript‬

‭outlines an instrumental platform capable of performing the basic operations typical of a‬

‭TW-SLIM, while utilizing an expansive array of techniques which reduce the practical,‬

‭financial, and intellectual barriers to experimentation. With regards to TW generation,‬

‭the efficacy of a simple and inexpensive multifunctional traveling wave generator (MFT)‬

‭was evaluated, and was found to perform comparably to more traditional approaches.‬

‭Concerning ion injection, an on-board injection mechanism (OBI) was employed which‬

‭mitigated the need for an IFT, simplifying the experiment. The ability of this OBI to‬

‭simultaneously aid in on-board ion accumulation (OBA), as outlined elsewhere,‬‭70‬ ‭was‬

‭evaluated as well. Regarding ion detection, this report details the use of an‬

‭appropriately shielded Faraday plate designed specifically for the TW-SLIM experiment‬

‭serving as an inexpensive alternative to the MS techniques or highly complex charge‬

‭detection schemes previously reported.‬‭71‬ ‭Lastly, the‬‭potential for this simplified‬
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‭TW-SLIM platform to aid in more complex experimentation was evaluated as it proved‬

‭capable of storing ions for extended periods of time (1 s) with minimal loss.‬

‭Experimental‬

‭Tetraoctyl ammonium bromide (T8, nominal mass: 466 Da) and tetradodecyl‬

‭ammonium bromide (T12, nominal mass: 690 Da) were purchased from Sigma-Aldrich‬

‭(St. Louis, MO). Morphine (nominal mass: 285 Da) standards were purchased from‬

‭Cerilliant (Round Rock, TX). All data presented were collected using a solution of 10 µM‬

‭morphine and 1 µM each of T8 and T12 prepared in methanol (HPLC grade, Fisher‬

‭Chemical, Fair Lawn, NJ) with 0.1% formic acid (Honeywell-Fluka, Muskegon, MI).‬

‭A schematic of the instrument used throughout the presented work is shown in‬

‭Figure 2.1A. Ions were generated via electrospray ionization (ESI) using a 75 µm ID‬

‭glass capillary emitter with a sample flow rate of 3 µL/min, controlled by a Model 11‬

‭Syringe Pump from Harvard Apparatus (Holliston, MA). The ESI emitter was biased 2.2‬

‭kV relative to an adjacent stainless-steel inlet capillary (560 µm i.d., 1600 µm o.d.)‬

‭purchased from McMaster-Carr (Elmhurst, IL). Having traversed the heated (160‬‭o‬‭C)‬

‭capillary, ions were focused by an ion funnel (897 kHz, 240 V‬‭p-p‬‭)‬‭housed in a low‬

‭pressure (2.45 torr) chamber before being transported to a second, smaller ion funnel‬

‭(1.1 MHz, 140 V‬‭p-p‬‭) housed in a slightly higher pressure‬‭(2.50 torr) chamber. The gas‬

‭inside each of the chambers was ambient air as the focus was on the characterization‬

‭of the drive electronics and not theoretical ion-neutral cross section accuracy. Pressure‬

‭was measured in each chamber using Setra Model 730 capacitance manometers‬
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‭(Boxborough, MA). The disparate chamber pressures and offset of the capillary as‬

‭depicted in Figure 2.1A were implemented to limit the transmission of neutral solvent‬

‭molecules into the second chamber. After traveling through the second ion funnel, ions‬

‭arrived at the first TW-SLIM segment referred to as the “drag” board. Electrodes‬

‭designated as blocks A, B, and C (Figure 2.1B) on the drag board could be operated‬

‭either as TW electrodes or as blocking electrodes, in which case they were biased‬

‭above the adjacent electrodes using a static DC potential. In the context of the‬

‭presented work, block B was used as a point of ion packet injection, serving the role of‬

‭an ion gate found in traditional ion mobility experiments. Upon switching from the block‬

‭to the TW state, block B would permit the transmission of ions. The width of the injection‬

‭is defined as the period in which block B operated as TW electrodes. The use of block A‬

‭as either TW or blocking electrodes was varied between experiments and will be‬

‭discussed in further detail when appropriate. For all the experiments discussed, block C‬

‭remained in the TW state.‬

‭Having navigated the drag board, ions then reached the interface between the‬

‭drag board and a second TW-SLIM segment, referred to as the zipper board in‬

‭reference to the track design (Figure 2.1C). The zipper design was implemented as it‬

‭provides enhanced pathlenghts for separation without greatly increasing the length of‬

‭the PCB. Unlike previous iterations of the TW-SLIM experiment, this setup uses two‬

‭distinct sets of SLIM segments, located adjacent to each other, as opposed to a singular‬

‭set of SLIM boards. The impact of this multi-segmented approach and the flexibility‬

‭associated with its implementation will be explored in future publications. The total‬
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‭pathlength used for separation from the point of injection to the end of the zipper was‬

‭approximately 70 cm. A custom Faraday plate was placed directly adjacent to the end of‬

‭the zipper board and served as the primary detector. A detailed schematic of the custom‬

‭Faraday plate is provided Figure 2.S1. Current detected at the Faraday plate was‬

‭amplified using a Keithley Model 427 current amplifier (10‬‭9‬ ‭Gain, Rise time: 1 ms,‬

‭Cleveland, OH) and the signal was recorded as a function of time using an Analog‬

‭Discovery 2 (Digilent Inc., U.S). All data presented in this manuscript were derived from‬

‭spectra averaged 100 times. Each data point represents an average of 5 spectral‬

‭replicates with the standard deviation of those 5 replicates representative of the‬

‭uncertainty of the measurement. Peak identities were assigned by analyzing individual‬

‭standards of each of the 3 analytes (morphine, T8, and T12). Data were processed‬

‭using Python notebooks developed in-house. A sample notebook is provided in the‬

‭supporting information.‬

‭Figure 2.1‬‭.‬‭(a) Schematic of the instrument used throughout‬‭the presented work. (b)‬

‭Annotated images of the “drag” board and (c) “zipper” board. Images are not to scale.‬
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‭The following TW-SLIM conditions were used throughout all the presented‬

‭experiments and were controlled using a modular intelligent power source (MIPS) from‬

‭GAA Custom Electronics (Kennewick, WA) unless otherwise stated. Ions were confined‬

‭laterally by guard electrodes biased 11 V to the TW, and radially by RF electrodes‬

‭operating at 1.27 MHz, 300 V‬‭p-p‬‭. The TW amplitude‬‭was 22 V‬‭p-p‬ ‭and the TW speed was‬

‭128 m/s. Further details regarding the configuration of the SLIM boards can be found in‬

‭the supporting information. To be clear, the outlined TW conditions were selected for‬

‭optimized ion transmission and storage experiments and were not optimized for‬

‭resolving power. While conditions which reduce peak width and subsequently enhance‬

‭resolving power are achievable, it is worth noting that observed peak widths did not‬

‭differ substantially from those predicted by theory for a single pass TW-SLIM‬

‭experiment and the minimal path length used (Figure 2.S2).‬‭18‬

‭Compared to the MIPS system, which uses 8 different DC channels to generate‬

‭the associated TW, the MFT uses a single DC supply to generate‬‭all‬‭of the TW signals.‬

‭For experiments involving the MFT, a SPD3303X-E programmable DC power supply‬

‭purchased from Siglent (Solon, OH) was used to provide the DC bias which was‬

‭modulated by the MFT to produce the TW. Key to the MFT functionality is the‬

‭multi-channel switch that is commonly used for medical ultrasound applications (e.g.,‬

‭Maxim 14803). Interestingly, the electrical requirements for ultrasound applications and‬

‭the modulation of multiple electrodes are directly analogous to the TW experiments.‬

‭Additionally, it is worth noting that the MFT in its current configuration is controlled by a‬

‭M0 microcontroller (Adafruit Trinket M0) and contains the same core functionality as the‬
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‭MIPS including TW generation, frequency adjustment, forward and backward TW‬

‭movement, float capacity, and TW halt functionality. The system additionally‬

‭accommodates an external trigger to cycle through pre-programmed events.‬

‭Results and Discussion‬

‭In order to evaluate the efficacy of the MFT as a TW generator, its performance‬

‭was placed in the context of its more traditional counterpart, the MIPS. This was‬

‭accomplished by operating the TW-SLIM in two modes: “MIPS mode” where both the‬

‭drag and zipper TW were generated by the MIPS, and “MFT mode” where the drag TW‬

‭was generated by the MIPS and the TW of the zipper was provided by the MFT. Mobility‬

‭spectra collected when operating the instrument in these different modes provided the‬

‭foundation for analyses of the MFT performance. While preliminary data indicates that‬

‭both the drag and zipper TW can be effectively generated by a single MFT, an emphasis‬

‭was placed on evaluating the ability of the MFT to work in tandem with a MIPS in the‬

‭presented analyses. For all comparisons between the MIPS and MFT mode, block A‬

‭remained in the TW state throughout the analyses and no TW conditions that favor‬

‭accumulation were implemented. Initial testing revealed an apparent variation between‬

‭spectra collected in the MIPS and MFT modes, as there was a noticeable shift to later‬

‭arrival times and subsequent increases in peak width when operating in MFT mode‬

‭(Figure 2.2A). This shift is attributed to subtle but real deviations (~ 0.3 V) from the‬

‭desired TW amplitude present in each system, which when compounded, resulted in the‬

‭behavior shown in Figure 2.2A. It is worth noting that if analyses hinge on tightly aligned‬

‭TW generated within a system in which MFT and MIPS work in tandem, it is possible to‬
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‭tune the TW amplitude of either the MIPS or MFT so that the system performs similarly‬

‭to how it would with just MIPS or MFT (Figure 2.2B). For clarity, the spectra shown in‬

‭Figure 2.2B correspond to actual spectra where the MFT TW amplitude was tuned to‬

‭match that of the MIPS, and not alignment through digital signal processing.‬

‭Figure 2.2.‬‭Mobility spectra collected when TW were‬‭generated in MIPS mode (blue)‬

‭and MFT mode (red). The spectra on the top (a) are misaligned due to variations in TW‬

‭amplitude which, once corrected for, produce the spectra on the bottom (b). The‬

‭injection width used when collecting the presented spectra was 1 ms, with the exception‬

‭of the spectra labeled “MIPS (200 μs Inj. Width).” Peaks at (approximately) 10, 27, and‬

‭45 ms correspond to morphine, T8, and T12, respectively.‬

‭A more thorough analysis of the MFT’s performance was accomplished by‬

‭comparing numerous spectral metrics for each analyte, across different injection widths,‬

‭when operating in MFT mode relative to MIPS mode (Figure 2.3). For these analyses,‬

‭the amplitude of the TW generated by the MFT was not corrected to align with that‬
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‭corresponding MIPS spectra. Consequently, as observed in Figure 2.2, the arrival times‬

‭are consistently greater when operating in MFT mode relative to MIPS mode. This‬

‭increased arrival time naturally coincides with the observed attenuation in peak‬

‭amplitude as peaks broaden due to ion populations undergoing diffusion for a longer‬

‭period. It is important to note that while peak amplitudes were slightly diminished when‬

‭operating in MFT mode, peak areas remained comparable, with no peak area varying‬

‭more than 10% relative to its respective value generated when operating in MIPS mode.‬

‭This suggests that the diminished peak amplitudes are in fact the result of diffusion and‬

‭not ion loss. The most substantial difference between the two modes is observed for‬

‭T12 when operating with a 100 µs injection width. This pronounced deviation is‬

‭attributed to an observed high mobility bias of the injection mechanism which limited the‬

‭population of the injected T12 ion packet (Figure 2.2b). This type of behavior is well‬

‭within expected levels of performance as mobility bias is well documented for‬

‭modulated ion populations.‬‭72–74‬ ‭Unsurprisingly, the‬‭diminished ion population exhibited‬

‭greater run-to-run variability which manifested as greater deviations from the‬

‭corresponding MIPS mode values and greater deviations between measurements.‬

‭Considering that the deviations observed in Figure 2.3 can be largely attributed to the‬

‭TW amplitude generated by the MFT differing from that of the MIPS (which can be‬

‭mitigated relatively easily) and the presence of a mobility bias in an injection method,‬

‭the comparable performance of the MFT mode relative to that of the MIPS is extremely‬

‭promising. Given the relative simplicity and low cost of the MFT, its ability to operate‬

‭in-tandem with a MIPS expands the suite of simultaneous TW-SLIM experiments to‬

‭augment future TW-SLIM configurations and increasingly complex TW-SLIM designs.‬
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‭Figure 2.3. Spectral metrics for each analyte, across different injection widths, when‬

‭operating in MFT mode relative to MIPS mode. An agreement of 100% would indicate‬

‭that the value attributed to MFT mode is identical to that which was collected when‬

‭operating in MIPS mode. Raw data associated with these plots can be found in Table‬

‭S1.‬

‭Much like the MFT, the use of OBA and OBI offers a simple and serviceable‬

‭alternative to a more traditionally used technique: the ion funnel trap.‬‭32,53‬ ‭While used in‬

‭the context of ion injection in the MFT evaluation, static potentials have been used in‬

‭other TW-SLIM experiments which exploit the nature of TW to allow for the‬

‭accumulation of high density ion populations relative to the continuous current‬

‭generated by an ESI emitter.‬‭70,75,76‬ ‭Given the apparent‬‭benefits to sensitivity that come‬

‭with ion accumulation, experiments were performed to characterize the ability of the‬

‭presented instrument to accumulate large ion populations. For simplicity, the MFT was‬

‭excluded from these analyses as the emphasis was on ion accumulation, not TW‬

‭28‬

https://paperpile.com/c/PppNvF/C56Er+rWYKb
https://paperpile.com/c/PppNvF/lvJRH+rzwf9+zhkcD


‭generation. Prior to injection, the TW operates under conditions aimed at increasing the‬

‭likelihood of ion roll over (lower TW amplitude and or higher TW speed) akin to the‬

‭approach outlined by Deng et al. which has shown to increase ion accumulation in‬

‭TW-SLIM.‬‭70‬ ‭Per the nomenclature established by Deng‬‭et al., these conditions are‬

‭referred to as a “gentle” traveling wave (GW).‬‭70‬ ‭In‬‭our implementation, after some period‬

‭defined as “accumulation time,” block A is raised to a static DC bias, block B transitions‬

‭to a typical TW electrode for some period (i.e., injection width), and the TW returns to its‬

‭usual conditions used for separation (22 V‬‭p-p‬‭, 128‬‭m/s). These separation conditions are‬

‭maintained until the SLIM has been cleared of all injected ions after which point the‬

‭timing cycle repeats. The transition of block A to a static DC bias during the injection‬

‭period was done to ensure that the ion population being injected consisted only of ions‬

‭accumulated when the GW was implemented.‬

‭The first set of experiments regarding accumulation were aimed at evaluating‬

‭how different GW conditions impact the accumulation of different ion species. GW‬

‭conditions in which TW amplitude was held constant while TW speed was increased,‬

‭and conditions in which TW speed was held constant while TW amplitude was lowered,‬

‭were applied. Variations in the observed peak areas for morphine and T12 as a function‬

‭of different GW conditions are presented in Figure 2.4. The accumulation time used for‬

‭these experiments was 15 ms and the injection period was 3.2 ms. The 3.2 ms injection‬

‭was chosen as it provided enough time across all conditions to allow for the region‬

‭between blocks A and B to be cleared of ions. Data recorded at 22 V‬‭p-p‬ ‭and 128 m/s‬

‭represent a baseline in which no GW was applied and ions were accumulated under‬
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‭normal TW conditions. When achieving GW conditions using increased TW speed, both‬

‭morphine and T12 show an increase in peak area relative to their baseline values.‬

‭Interestingly, morphine observed greater relative gains to its peak area using the‬

‭reduced TW speed approach compared to T12 which showed modest and, in some‬

‭cases, negligible gains. In agreement with results published by Deng et al., decreasing‬

‭TW amplitude proved to have the greater impact on the accumulated ion populations‬

‭compared to varying TW speed.‬‭70‬ ‭Peak areas for both‬‭compounds were consistently‬

‭greater when using the reduced amplitude GW, except for that of T12 when a TW‬

‭amplitude of 12 V‬‭p-p‬ ‭was applied. The noticeable depreciation‬‭of the T12 peak area as‬

‭the TW amplitude decreased from 18 to 12 V‬‭p-p‬ ‭is attributed‬‭to poor confinement of T12‬

‭ions. In contrast, morphine shows only a minor decline in peak area and only at the‬

‭lowest TW amplitude evaluated (12 V‬‭p-p‬‭). These distinctly‬‭different trends in peak area‬

‭for morphine and T12, suggests that considerations should be made regarding factors‬

‭that influence confinement (guard bias and RF amplitude/frequency) as well as the‬

‭range of mobilities being analyzed when accumulating ions in TW-SLIM.‬
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‭Figure 2.4. Plot of peak area vs TW amplitude and speed. Data collected when the TW‬

‭amplitude was held constant (22 V‬‭p-p‬‭) while TW speed‬‭was increased are shown in red.‬

‭The data shown in blue were collected when the TW speed was held constant (128 m/s)‬

‭and the TW amplitude was reduced.‬

‭Having established that the presented instrument could effectively accumulate‬

‭ions, an additional round of experiments was performed in which the impact of‬

‭accumulation time on the population of differing ion species was evaluated. The same‬

‭experimental workflow for accumulation outlined previously was used for these analyses‬

‭as well; however, the GW conditions used this time were static, 16 V‬‭p-p‬ ‭and 128 m/s,‬

‭and the injection width was 2 ms. The GW conditions were selected based on the‬

‭results shown in Figure 2.4. An injection width of 2 ms was chosen as it had proven‬

‭capable of providing ample time to clear all ions from the region between blocks A and‬

‭B for the GW conditions chosen for these analyses. The impact of accumulation time on‬

‭ion populations is presented in Figure 2.5A. Similar to observations made by Deng et‬

‭al., the total ion current (approximated here as the sum of the peak areas of morphine,‬
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‭T8, and T12) increases as a function of time until eventually plateauing.‬‭70‬ ‭Interestingly,‬

‭plots of peak area vs accumulation time for each compound individually reveal behavior‬

‭that deviates from that of the total ion population. With exception of the largest species,‬

‭T12, ion populations reach a local maximum at a given accumulation time (10 ms for‬

‭morphine, 30 ms for T8), after which point the ion population begins to decrease before‬

‭eventually stabilizing. Figure 2.5B displays peak areas for each of the 3 compounds,‬

‭normalized to their apex, as a function of accumulation time. Both the accumulation time‬

‭at which the local maxima is reached for each compound and the magnitude of the‬

‭decrease that follows appears to be related to the size of the ion species. Morphine,‬

‭being the smallest of the ion populations, reaches its maxima before T8 and‬

‭experiences a decline of 49±2% relative to its apex, a decline far greater than that of T8‬

‭(16±2%). The apex for T12, the largest species, coincides with the plateau of the total‬

‭ion current and shows no significant decline. While limited in scope, these results‬

‭suggest that as ions are allowed to accumulate for longer and longer periods, space‬

‭charge effects begin to play a considerable factor in determining which ion species‬

‭dominate the accumulation space, with higher abundance species “pushing out” those‬

‭with smaller contributions to the total charge in the system. While not surprising given‬

‭reports and personal experience with ion funnel traps,‬‭77,78‬ ‭these results remain notable‬

‭when considering OBA and OBI approaches for TW-SLIM experiments. Similar to the‬

‭results of the GW condition experiments, this evaluation of the impact of accumulation‬

‭time suggests that when accumulating species of disparate size in a TW-SLIM, it is‬

‭imperative to recognize that a “one size fits all” approach may be detrimental to select‬

‭ion populations.‬
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‭Figure 2.5. (a) Plot of Peak area vs accumulation time for the 3 analytes individually, as‬

‭well as the sum of the three (“Total”). For this experiment “Total” is used to approximate‬

‭the total ion current, given that the three analytes are the only ones present in the‬

‭solution. (b) Plot of peak area for each of the three compounds normalized to their‬

‭greatest value as a function of accumulation time.‬

‭The results of the experiments discussed previously suggest that the presented‬

‭instrument can perform many of the basic operations typical of a TW-SLIM experiment.‬

‭As a final assessment of the presented TW-SLIM platform, the potential for this set-up‬

‭to be used for more complex TW-SLIM experiments was evaluated. More specifically,‬
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‭the ability of this instrument to store ions for extended periods of times, a technique that‬

‭could enable a user to probe issues of gas-phase chemistry, was evaluated. For these‬

‭experiments, ion storage was accomplished by first allowing ions to enter the TW-SLIM‬

‭and then subsequently halting the TW entirely, creating a series of static ion traps‬

‭throughout the SLIM. Two different approaches to ion storage were evaluated: a‬

‭post-injection halt in which ions were injected, allowed to separate for 5 ms, and then‬

‭halted, as well a pre-injection halt in which the TW was halted while ions were trapped‬

‭between blocks A and B prior to injection. Normal TW conditions were resumed after‬

‭the halt period. The conditions for these experiments were identical to those of the‬

‭accumulation time evaluation but with a static accumulation time of 15 ms and the‬

‭added halt step. For both the pre- and post-injection experiments, the TW amplitude‬

‭was 22 V‬‭p-p‬ ‭during the halt period.‬

‭During the initial evaluation of ion storage within TW-SLIM, the MIPS was used to‬

‭halt and store ions within the system. These experiments served as the baseline for‬

‭comparison to the MFT. With the capacity to accept an external trigger to adjust TW‬

‭parameters, the MFT has the ability to mimic the functionality of the standardized MIPS‬

‭platform. For the sake of brevity, the full complement of storage experiments was not‬

‭repeated as the capacity to match the MIPS functionality with the MFT was effectively‬

‭demonstrated in Figures 2.2 and 2.3. Storage experiments conducted using the MFT‬

‭demonstrated the capacity to control the TW modulations required for extended ion‬

‭storage. Figure 2.S3 illustrates the recorded ion signal using the MFT for a condition‬
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‭where no halting was observed and an ion population held within the SLIM system for 1‬

‭s using a post-injection halt.‬

‭Results showing the impact of storage time on the observed area and intensity of‬

‭the T12 peak are shown in Figure 2.6. For both peak area and amplitude, the reported‬

‭values were normalized to their respective values when no storage was implemented.‬

‭Sample spectra collected with no halt and a 1 s halt period are shown in Figure 2.S4.‬

‭After halting the ions for a period of 1 s, the post-injection data for both peak area and‬

‭amplitude depreciates less than 10% relative to the unhalted data, whereas the‬

‭pre-injection data shows losses of approximately 50%. It’s also worth noting that both‬

‭peak areas and amplitudes from the post-injection halt experiment remained relatively‬

‭static, whereas the pre-injection data decreases as a function of accumulation time until‬

‭50 ms, at which point the values begin to plateau. Considering that the pre-injection‬

‭experiment does not allow for ions to separate prior to storing them, the most likely‬

‭cause of the significant loss and the trend of said loss is space charge effects, as a‬

‭large population of ions is confined between blocks A and B. When ions are allowed to‬

‭spread out on the board (i.e., the post-injection halt) these detrimental effects are not‬

‭observed. While some loss of ions appears inevitable when storing with the presented‬

‭approach, allowing ion populations to disperse prior to storing them mitigates the‬

‭losses, indicating that the proposed platform could potentially serve as a tool for the‬

‭exploration of gas phase ion chemistry.‬
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‭Figure 2.6. Variation in peak area (top) and amplitude (bottom) as a function of halt‬

‭time. “Post-injection halt” refers to data collected when the ions were stored post‬

‭injection, after 5 ms of separation. “Pre-injection halt” data was collected when ions‬

‭were stored in the region between blocks A and B, prior to injection.‬

‭Conclusions‬

‭The presented multi-board TW-SLIM platform realizes the fundamental‬

‭operations typically performed in single-board TW-SLIM experiments, while offering‬

‭several simplifications that lower the barriers to its implementation. Recognizing that the‬

‭MFT as a TW generator is considerably less complex and more economical than its‬

‭traditional counterpart, the MIPS, its impressive performance implies it may play a role‬

‭in augmenting future TW-SLIM experiments. By using MFTs, one could perform‬

‭TW-SLIM experiments in which numerous distinct TW are generated within a single‬

‭TW-SLIM, allowing for more complex experiments with a wide range of functionality.‬

‭Like the MFT, the use of OBA and OBI simplifies the TW-SLIM experiment, removing‬
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‭the need for an ion-gating mechanism independent of the TW-SLIM. While the nature of‬

‭the OBA and OBI does produce a mobility bias, optimization of the TW conditions‬

‭during the injection period could potentially allow a user to fine-tune the range of‬

‭mobilities effectively injected by the OBI. While not explored in the context of this‬

‭manuscript, the use of distinct SLIM segments does not appear to adversely impact the‬

‭TW-SLIM experiment. A more thorough investigation on the impact of distinct SLIM‬

‭segments will be presented in a future publication. The use of multiple distinct SLIM‬

‭segments could allow a user to construct a diverse array of TW-SLIM configurations‬

‭using a series of interchangeable SLIM boards of varying functionality. Lastly, to our‬

‭knowledge, the presented TW-SLIM platform is the first to use a shielded Faraday plate‬

‭as a detector to collect raw spectra. More sophisticated charge detection mechanisms‬

‭have been reported previously but have yet to demonstrate spectra with comparable‬

‭signal to noise ratios.‬‭71‬ ‭While limited in its functionality,‬‭the Faraday plate is far more‬

‭economical than other detectors and eliminates concern regarding the process of‬

‭venting a mass analyzer. The ability to rapidly bring the instrument to and from vacuum‬

‭allows for more frequent adjustments to this system which affords considerable benefits‬

‭when prototyping new TW-SLIM designs.‬

‭Though the scope of the experiments conducted with this simplified TW-SLIM‬

‭platform is limited, the value of such a system has been shown already as it has‬

‭enhanced our understanding of the underlying mechanics of SLIM accumulation. While‬

‭a simple approach to accumulation may degrade the quality of analysis for some‬

‭species, understanding how accumulation conditions affect given ion species may allow‬
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‭a user to selectively improve the abundance of a given species of interest. Furthermore,‬

‭this TW-SLIM platform has shown potential as a tool for the exploration of ion chemistry‬

‭as it is capable of storing ions for extended periods (1 s), allowing a user ample time to‬

‭introduce reactants into the region where these ion populations are stored. The‬

‭implementation of storage times that exceed 1 s were precluded from the presented‬

‭work but will be explored in future publications as the trends shown in Figure 2.6‬

‭suggest greater storage times are achievable. The development of TW-SLIM platforms‬

‭such as the one presented in this manuscript are critical as they allow for more‬

‭widespread implementation of the technique by introducing a modular assembly‬

‭approach and reducing costs while increasing flexibility using the MFT.‬
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‭Supporting Information‬

‭SLIM Configuration‬

‭TW electrodes (1 mm long x 0.4 mm wide) were laid out in repeating sets of 8,‬

‭with each electrode in the set assigned a number (1-8). The TW was generated by‬

‭modulating the 8 electrode sets in a 4 high, 4 low pattern. For each electrode number, 5‬

‭electrodes were laid out across the width of the SLIM path with RF electrodes (0.4 mm‬

‭wide) placed in between them, creating a 6:5 rf:TW configuration. Each RF electrode‬

‭was 180‬‭o‬ ‭out-of-phase to adjacent RF electrodes. Guard‬‭electrodes were 3.1 mm wide.‬

‭The space between the top and bottom boards for both the drag and zipper section was‬
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‭maintained at 3.2 mm using nylon spacers purchased from McMaster-Carr (Elmhurst,‬

‭IL).‬

‭Figure 2.S1. Schematic and photo of the custom Faraday plate used throughout all‬

‭presented experiments.‬
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‭Figure 2.S2. Plots of theoretical‬‭12‬ ‭and actual peak‬‭widths observed for morphine as a‬

‭function of injection width.‬

‭Table 2.S1. Data associated with the evaluation of the MFT mode performance relative‬

‭to that of MIPS mode, at injection widths of 100 μs (a), 500 μs (b), and 1000 μs (c).‬

‭a)‬
‭100 μs Injection‬

‭Analyte‬ ‭Metric‬ ‭MIPS‬ ‭MFT‬ ‭Agreement (%)‬

‭Morphine‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭6.3‬‭± 0.‬‭5‬ ‭6.2‬‭± 0.‬‭6‬ ‭98‬‭±‬‭12‬

‭Peak Amp. (nA)‬ ‭0.037‬‭±‬‭0.002‬ ‭0.034‬‭±‬‭0.003‬ ‭92‬‭±‬‭10‬

‭Arrival Time (ms)‬ ‭9.63‬‭± 0.0‬‭4‬ ‭10.17‬‭± 0.0‬‭6‬ ‭105.7‬‭±‬‭0.8‬

‭T8‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭7.2‬‭± 0.‬‭2‬ ‭7.5‬‭± 0.‬‭1‬ ‭103‬‭±‬‭3‬

‭Peak Amp. (nA)‬ ‭0.0301‬‭±‬‭0.0006‬ ‭0.026‬‭±‬‭0.001‬ ‭85‬‭±‬‭4‬

‭Arrival Time (ms)‬ ‭27.6‬‭±‬‭0.1‬ ‭28.8‬‭±‬‭0.1‬ ‭104.4‬‭±‬‭0.6‬

‭T12‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭4.7‬‭± 0.‬‭7‬ ‭4.2‬‭± 0.‬‭4‬ ‭90‬‭±‬‭15‬

‭Peak Amp. (nA)‬ ‭0.011‬‭±‬‭0.001‬ ‭0.008‬‭±‬‭0.001‬ ‭78‬‭±‬‭14‬

‭Arrival Time (ms)‬ ‭45.8‬‭±‬‭0.1‬ ‭47.6‬‭±‬‭0.3‬ ‭104.0‬‭±‬‭0.7‬
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‭b)‬
‭500 μs Injection‬

‭Analyte‬ ‭Metric‬ ‭MIPS‬ ‭MFT‬ ‭Agreement (%)‬

‭Morphine‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭7.9‬‭± 0.‬‭8‬ ‭7.7‬‭± 0.‬‭5‬ ‭97‬‭±‬‭12‬

‭Peak Amp. (nA)‬ ‭0.048‬‭± 0.005‬ ‭0.044‬‭±‬‭0.003‬ ‭93‬‭±‬‭10‬

‭Arrival Time (ms)‬ ‭9.66‬‭± 0.0‬‭6‬ ‭10.25‬‭±‬‭0.05‬ ‭106.1‬‭±‬‭0.8‬

‭T8‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭20.8‬‭± 0.‬‭8‬ ‭19.9‬‭± 0.‬‭8‬ ‭96‬‭±‬‭5‬

‭Peak Amp. (nA)‬ ‭0.070‬‭±‬‭0.003‬ ‭0.064‬‭±‬‭0.002‬ ‭91‬‭±‬‭5‬

‭Arrival Time (ms)‬ ‭27.3‬‭±‬‭0.1‬ ‭28.57‬‭± 0.0‬‭8‬ ‭104.7‬‭±‬‭0.6‬

‭T12‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭47.1‬‭± 0.‬‭6‬ ‭45‬‭±‬‭1‬ ‭94‬‭±‬‭3‬

‭Peak Amp. (nA)‬ ‭0.091‬‭±‬‭0.002‬ ‭0.080‬‭±‬‭0.002‬ ‭88‬‭±‬‭2‬

‭Arrival Time (ms)‬ ‭44.3‬‭±‬‭0.2‬ ‭46.4‬‭±‬‭0.0001‬ ‭104.7‬‭±‬‭0.6‬

‭c)‬
‭1000 μs Injection‬

‭Analyte‬ ‭Metric‬ ‭MIPS‬ ‭MFT‬ ‭Agreement (%)‬

‭Morphine‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭10‬‭± 1‬ ‭9.3‬‭± 0.‬‭4‬ ‭93‬‭±‬‭9‬

‭Peak Amp. (nA)‬ ‭0.054‬‭±‬‭0.005‬ ‭0.049‬‭±‬‭0.003‬ ‭90‬‭±‬‭10‬

‭Arrival Time (ms)‬ ‭9.78‬‭± 0.0‬‭6‬ ‭10.39‬‭± 0.0‬‭7‬ ‭106‬‭±‬‭1‬

‭T8‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭25‬‭±‬‭1‬ ‭25.5‬‭± 0.‬‭7‬ ‭100‬‭±‬‭6‬

‭Peak Amp. (nA)‬ ‭0.078‬‭±‬‭0.004‬ ‭0.073‬‭±‬‭0.001‬ ‭93‬‭±‬‭5‬

‭Arrival Time (ms)‬ ‭27.3‬‭±‬‭0.2‬ ‭28.68‬‭± 0.0‬‭9‬ ‭104.9‬‭±‬‭0.7‬

‭T12‬

‭Peak Area (C*10‬‭-14‬‭)‬ ‭71‬‭±‬‭1‬ ‭67‬‭±‬‭3‬ ‭94‬‭±‬‭4‬

‭Peak Amp. (nA)‬ ‭0.126‬‭±‬‭0.003‬ ‭0.111‬‭±‬‭0.003‬ ‭88‬‭±‬‭3‬

‭Arrival Time (ms)‬ ‭44.2‬‭±‬‭0.2‬ ‭46.2‬‭±‬‭0.2‬ ‭104.7‬‭±‬‭0.7‬

‭41‬



‭Figure 2.S3. T12 peak when no halt is implemented (left) and after a 1 s post-injection‬

‭halt (right) using the MFT. The position of the T12 peak does not align with spectra‬

‭shown elsewhere as this data was collected while prototyping a different SLIM‬

‭configuration.‬

‭Figure 2.S4. (a) T12 peak when no halt is implemented (left) and after a 1 s‬

‭pre-injection halt (right). (b) T12 peak when no halt is implemented (left) and after a 1 s‬

‭post-injection halt (right). Spectra shown was collected when using the MIPS for TW‬

‭modulation.‬
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‭2.4 Broader Impact‬

‭The acquisition and utilization of funding is a major factor in determining the‬

‭success of a project. With that in mind, approaches which reduce the cost of‬

‭implementation may be the deciding factor on whether or not a particular research‬

‭endeavor is pursued. Offering a cost-effective alternative to traditional TW electronics,‬

‭the MFT reduces the financial commitment of beginning TW-SLIM research and may‬

‭assuage concerns associated with committing to an emerging technology. It is our hope‬

‭that groups interested in developing their own TW-SLIM platforms will incorporate MFTs‬

‭into their prototyping efforts and that this technology will ultimately lead to the increased‬

‭adoption of TW-SLIM. Since this work was published, more sophisticated versions of‬

‭the MFT have been developed and are currently in use at WSU. While the more‬

‭sophisticated ARBs remain in use for the more complex TW-SLIM systems, the MFTs‬

‭have seen repeated use when prototyping and evaluating new platforms.‬
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‭CHAPTER THREE: PRACTICAL CONSIDERATIONS FOR TW-SLIM DEVELOPMENT‬

‭Adapted with permission from Greer, C.; Kinlein, Z.; Clowers, B. H. SLIM Tricks: Tools,‬
‭Concepts, and Strategies for the Development of Planar Ion Guides. J. Am. Soc. Mass‬
‭Spectrom. 2023, 34 (8), 1715–1723. Copyright 2023 American Chemical Society.‬

‭3.1 Preface‬

‭This chapter will reference work published by Greer et al. titled:‬‭SLIM Tricks:‬

‭Tools, Concepts, and Strategies for the Development of Planar Ion Guides‬‭.‬‭79‬ ‭Given that‬

‭substantial contributions were made by all authors, it would be unreasonable to insert‬

‭the full manuscript into this dissertation. Instead, I will briefly summarize the work as a‬

‭whole and then focus on my contributions to the manuscript. Readers are strongly‬

‭encouraged to read the manuscript in its entirety.‬

‭Similar to Chapter 1, this work represents the culmination of years of‬

‭experimentation, namely the trial and error that comes along with building a TW-SLIM‬

‭platform from the ground up. While not apparent in many of the TW-SLIM publications‬

‭out of WSU, the way in which we’ve designed and assembled our instruments has‬

‭varied significantly over the years as we’ve gained insight into the world of TW-SLIM.‬

‭Some innovations have stemmed from a need to streamline our implementation and‬

‭others from unforeseen challenges that come with scaling a TW-SLIM system to face‬

‭increasingly challenging analyses. Regardless of what prompted the evolution of our‬

‭research, this work outlines our development in a way that may ease the journey of‬

‭those beginning upon a similar path and hopefully will increase TW-SLIM adaptation.‬
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‭3.2 Contributions to‬‭SLIM Tricks‬‭Manuscript‬

‭SLIM Tricks: Tools, Concepts, and Strategies for the Development of Planar Ion‬

‭Guides‬‭by Greer et al‬‭79‬ ‭outlines a series of tools‬‭which aid in all phases of TW-SLIM‬

‭development from conceptualization to assembly. Beginning with conceptualization,‬

‭SIMION is the most commonly used software for the modeling of ion optics and has‬

‭proven a valuable tool for TW-SLIM development.‬‭28,71,80,81‬ ‭Though popular, fully‬

‭leveraging the capabilities of SIMION often involves a higher degree of training and‬

‭preparation than many are interested in committing to. Recognizing the need to make‬

‭TW-SLIM modeling in SIMION more accessible, Brian Clowers and Cullen Greer outline‬

‭and provide tools which aid in these endeavors. Assuming modeling efforts suggest that‬

‭a TW-SLIM design is feasible, the next step is to design the TW-SLIM boards using‬

‭computer aided design software (CAD), a skillset which is very limited amongst‬

‭chemists. In order to make CAD more palatable, Brian Clowers developed‬‭SLIM‬

‭Pickins‬‭, a Python-based tool which automates much‬‭of the board layout process.‬

‭Additionally, individual board components such as TW-SLIM monomers and wiring‬

‭templates were released to further simplify the process of designing TW-SLIM boards.‬

‭Up until this point, we’ve exclusively discussed the preparatory elements of‬

‭TW-SLIM development. However, as the TW-SLIM transforms from an idea to a tangible‬

‭object, numerous practical considerations come into play which can heavily influence‬

‭the success of a TW-SLIM platform. Seeing as my work was at the forefront of‬

‭TW-SLIM development at WSU, I was directly involved in many of the practical‬

‭improvements to our TW-SLIM systems and will discuss those elements of‬‭SLIM Tricks‬
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‭in greater detail. Select portions will be excluded from this discussion as they are‬

‭covered more thoroughly elsewhere in this dissertation (e.g., the MFT in Chapter 2).‬

‭One of the major differences between the original TW-SLIM boards we used and‬

‭the later generations is board thickness. When operating with smaller TW-SLIM paths‬

‭(<2 m), the 1.6 mm thick boards provided no cause for concern. However, as we scaled‬

‭to larger boards (>8 m), the boards began to sag in regions which lacked sufficient‬

‭support. We attribute this sagging to two main factors: a lack of board rigidity and‬

‭insufficient support towards the center of the boards. To address the board rigidity, we‬

‭shifted from board thicknesses of 1.6 mm to 2.4 mm. Fortunately, this shift was not only‬

‭effective, but also inexpensive. In order to both support the TW-SLIM boards and‬

‭maintain a consistent gap between them (i.e., avoid board sagging/bowing) holes are‬

‭placed throughout the boards to allow nylon spacers (McMaster-Carr) to be secured‬

‭between them (Figure 1.3). For smaller TW-SLIM boards, spacer placement was limited‬

‭to the board perimeter to simplify the layout of the TW-SLIM path. When scaling to‬

‭larger boards, this perimeter-only approach proved insufficient and boards were‬

‭modified to allow for centrally located spacers to be installed (Figure 3.1).‬
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‭Figure 3.1. Photographs of the first large (>2 m pathlength) TW-SLIM board developed‬

‭at WSU (a) and a later version which was utilized for the work discussed in Chapters 5‬

‭& 6. The board shown in (a) only had holes for spacers around the perimeter (blue‬

‭arrows) and sagged towards the board center, reducing the quality of analysis. In later‬

‭versions of our big boards (b), we added spacer holes in the center to remedy this issue‬

‭in addition to increasing the board thickness.‬

‭Another issue we encountered as we scaled to larger TW-SLIM systems was‬

‭crosstalk between the TW and RF signals. Put simply, crosstalk is the unintentional‬

‭coupling of traces within a PCB.‬‭82‬ ‭To be clear, the‬‭TW and RF traces are not in physical‬

‭contact with one another, but are instead capacitively coupled throughout the PCB.‬
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‭Where crosstalk becomes an issue is when it becomes so excessive that it causes‬

‭electronics to fail, namely the TW generators. Recognizing that crosstalk increases with‬

‭TW-SLIM pathlength (longer path, more overlapped traces), TW amplitude, TW speed,‬

‭RF amplitude, and RF frequency, those working with TW-SLIM can quickly find‬

‭themselves unable to access certain experimental conditions which may limit the quality‬

‭of their analysis. From a design standpoint, there are two primary solutions to limiting‬

‭crosstalk: increasing the spacing between RF and TW layers in the TW-SLIM boards,‬

‭and careful consideration for the layout of traces within the PCB. Fortunately, the use of‬

‭thicker boards not only helps with sagging, but also allows for a greater distance‬

‭between RF and TW traces. With regards to trace layout, minimizing trace overlap and‬

‭avoiding parallel trace placement are great ways to limit crosstalk (Figure 3.2).‬
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‭Figure 3.2. Screenshots from KiCAD (CAD software we use to design our SLIM boards)‬

‭show TW traces (orange and green lines) which run parallel (a) and non-parallel (b) to‬

‭the RF traces. Boards that are laid out like (a) will have greater crosstalk and are at an‬

‭increased risk of electronics failure.‬

‭One of the fundamental principles of TW-SLIM research of WSU has been an‬

‭emphasis on designs which lend to flexibility and rapid prototyping. Perhaps the‬

‭greatest reflection of this has been our commitment to multi-board systems. Multi-board‬

‭systems consist of multiple TW-SLIM board sets which are joined together to create‬

‭increasingly complex TW-SLIM configurations. To be clear, a board set refers to the‬

‭mirrored top and bottom boards which are joined together. In the case of a multi-board‬
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‭setup with 2 board sets, the total number of PCB used to assemble the system would‬

‭be 4. While the multi-board setup does require extra effort to join and align the boards,‬

‭we have found that simple Delrin cutouts are more than capable of solving this issue‬

‭(Figure 3.3). One of the primary benefits of the multi-board approach is that it allows for‬

‭various TW-SLIM configurations to be rapidly evaluated. One can theorize a situation‬

‭where, having designed numerous boards capable of performing different functions, a‬

‭user can “mix and match” these boards in ways that would enable complex experiments‬

‭without having to create a singular, costly board set. The benefits of the multi-board‬

‭systems also extends to troubleshooting, wherein problematic board sets can be‬

‭identified and removed without having to redo an entire TW-SLIM setup.‬
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‭Figure 3.3. Photographs showing how our TW-SLIM boards are mounted onto‬

‭MakerBeam (Utrecht, Netherlands) structures which enable them to be secured in the‬

‭TW-SLIM chamber. The view from beneath the boards (a) shows the Delrin cutouts‬

‭(white) which secure the TW-SLIM boards to the MakerBeams. A side view of the‬

‭structure (b) shows how the boards are oriented when placed into the TW-SLIM‬

‭chamber. The portions of the Delrin cutouts which extend beyond the TW-SLIM boards‬

‭serve as a platform for other board sets to be mounted, enabling for multi-board‬

‭systems to be easily assembled.‬

‭Though not unique to TW-SLIM, a discussion about the reduced pressure‬

‭environment (2-4 Torr) in which experiments are conducted warrants a brief discussion.‬

‭Beginning with the simplest configuration (no mass spectrometer) which was used for‬

‭the work shown in Chapters 2&4, it’s possible to operate a TW-SLIM system using only‬

‭two vacuum pumps: one for the inlet chamber and one for the SLIM chamber. Using this‬

‭configuration, the only gas entering the system is that which travels through the inlet‬
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‭(i.e., ambient air), greatly simplifying the instrument at the cost of greater control over‬

‭the environment within the SLIM chamber. Using this setup, the only condition which‬

‭requires fine adjustments is the pressure differential between the SLIM and inlet‬

‭chambers which is offset by approximately 50 mTorr to discourage the transmission of‬

‭neutral molecules into the SLIM chamber. Though not appropriate for complex chemical‬

‭analyses which require controlled environments, this configuration is great for simple‬

‭prototyping experiments and has seen continued use at WSU when testing out new‬

‭TW-SLIM platforms.‬

‭Upon pairing a TW-SLIM system with a mass spectrometer (MS), the simplistic‬

‭nature of the prototyping setup quickly dissolves and is replaced with a far more‬

‭complex environment. The pressure range at which MS operate (<10‬‭-3‬ ‭Torr) means that‬

‭the SLIM chamber now exists as a middle ground between high pressure (ambient‬

‭conditions where ESI occurs) and low pressure (MS) regions. Depending upon factors‬

‭such as orifice sizes, pumping speeds, and pressure gradients, the setup for this type of‬

‭system (i.e., number of pumps, additional gas leaks, etc.) will vary greatly. While‬

‭variability in instrument design is acceptable and expected, it’s vital that conditions‬

‭within the SLIM chamber remain static. Recalling that TW-SLIM is capable of enabling‬

‭ion manipulation over extended pathlengths and timescales, minor fluctuations in‬

‭pressure can result in significant shifts in arrival time which decreases the reproducibility‬

‭of measurements.‬

‭A significant advantage of TW-SLIM technology is the relatively low cost of‬

‭TW-SLIM board production. While tempting to promote TW-SLIM as a low-cost‬
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‭technique, it would be disingenuous to ignore the significant cost of the auxiliary‬

‭components of TW-SLIM experiments, namely the power supplies (discussed in‬

‭Chapter 2) and vacuum equipment such as pumps and housing. The traditional‬

‭approach to vacuum housing is to design custom chambers which are made to fit a‬

‭particular instrument. The benefit of this approach is that the design of the instrument is‬

‭not dictated by the housing, alleviating the need to compromise on experimental‬

‭capabilities. Recalling that TW-SLIM research at WSU emphasizes flexibility and rapid‬

‭development, the use of traditional vacuum chambers is problematic as it isn't feasible‬

‭to frequently design and pay for custom housing on a regular basis. Recognizing a need‬

‭for vacuum housing which can match the flexibility of our TW-SLIM platforms, we have‬

‭opted to assemble all of our housing using modular vacuum chambers purchased from‬

‭Ideal Vacuum Products LLC (Albuquerque, New Mexico). While perhaps more‬

‭expensive to purchase up-front, these modular chambers represent a cost-effective‬

‭alternative to traditional housing as they can be repurposed for any number of‬

‭experimental configurations in the future. Furthermore, the use of these modular‬

‭chambers eliminates the wait times associated with manufacturing custom housing,‬

‭enabling more rapid prototyping. The primary drawback of using these modular‬

‭chambers is that they will ultimately dictate the dimensions of the TW-SLIM boards they‬

‭house. While this restraint is unfortunate, we have found this issue easy to work around‬

‭and have provided tools (SLIM Pickens) which can help others do the same.‬
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‭3.3 Broader Impact‬

‭In many ways, this work represents a major stepping stone for TW-SLIM‬

‭research at WSU. While other entities may showcase more complex instruments, none‬

‭of them have provided our community with the degree of insight into TW-SLIM‬

‭development that we have. Recognizing that instrumentation experience is uncommon‬

‭amongst analytical chemists, the work outlined in this chapter extends a much needed‬

‭invitation to those without the prerequisite skill sets to engage with TW-SLIM research.‬

‭When paired with some of the cost-saving approaches outlined in this dissertation, a‬

‭path to widespread TW-SLIM adaptation quickly takes form.‬

‭Aside from aiding in the adoption of TW-SLIM, it’s also worth acknowledging the‬

‭underlying story that is being told in this chapter with regards to our journey with‬

‭TW-SLIM development. Each of the recommendations and considerations we‬

‭discussed stem directly from issues and pitfalls that we endured as we got our TW-SLIM‬

‭systems up and running. Had these issues been reported in the literature by those who‬

‭have cleared such hurdles already, far more time could have been spent on improving‬

‭and expanding TW-SLIM instead of solving problems whose solutions were already‬

‭known. It is our hope that those who develop their own TW-SLIM systems in the future‬

‭will use‬‭SLIM Tricks‬‭as a guide for navigating the‬‭early stages of the process wherein‬

‭many well intentioned individuals may otherwise fall short.‬
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‭CHAPTER FOUR: EVALUATING DYNAMIC TRAVELING WAVE PROFILES FOR THE‬

‭ENHANCEMENT OF SEPARATION AND SENSITIVITY IN TRAVELING WAVE‬

‭STRUCTURES FOR LOSSLESS ION MANIPULATIONS‬

‭Reprinted (adapted) with permission from Kinlein, Z.; Clowers, B. H. Evaluating‬
‭Dynamic Traveling Wave Profiles for the Enhancement of Separation and Sensitivity in‬
‭Traveling Wave Structures for Lossless Ion Manipulations.‬‭J. Chromatogr. A‬‭2023,‬
‭1706‬‭, 464207. Doi: 10.1016/j.chroma.2023.464207. Copyright‬‭2023 Journal of‬
‭Chromatography A‬

‭4.1 Attributions‬

‭The authors whose work contributed to the following manuscript include Zackary‬

‭R. Kinlein and Brian H. Clowers. Zackary R. Kinlein is credited with method‬

‭development, conducting the investigation, and was the primary author of this work.‬

‭Brian H. Clowers is credited with conceptualization, supervision, method development,‬

‭funding acquisition, and contributions to writing.‬

‭4.2 Preface‬

‭Shortly following the work discussed in Chapter 2, we designed and tested our‬

‭first serpentine board with the ability to perform cyclic separations. Something that‬

‭became apparent upon utilizing extended TW-SLIM pathlengths was that TW conditions‬

‭which enabled for the separation of closely related species did not effectively transmit‬

‭disparate species present in the sample. Put differently, TW settings optimized for the‬

‭analysis of species within a select mobility window resulted in poor transmission (i.e.,‬

‭loss of sensitivity and resolving power) of species outside of that window. Though not‬
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‭surprising that a one-size-fits-all approach was unachievable considering that RF‬

‭confinement will always impose a bias on ion transmission,‬‭32,66‬ ‭the observation that‬

‭certain TW conditions were problematic warranted further investigation.‬

‭Utilizing a unique capability of the arbitrary TW generator developed by GAA‬

‭Custom Electronics (Kennewick, WA) to “ramp” through TW speeds and amplitudes, we‬

‭envisioned a solution to disparate analysis akin to gradient elutions in chromatography.‬

‭As I began working up the data which would eventually turn into in the manuscript‬

‭adapted for this chapter, I quickly came to two major conclusions: the ramp was not the‬

‭perfect solution that we had envisioned and that I had been greatly underestimating the‬

‭complexity of TW analysis. Nonetheless, the work outlined in this chapter will provide‬

‭insight into how an individual can tune their analysis to improve particular experimental‬

‭metrics for select species and also provides a broader commentary on TW-SLIM‬

‭analysis as a whole‬
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‭4.3 Manuscript‬

‭Abstract‬

‭The amenability of traveling wave ion mobility spectrometry (TWIMS) to extended‬

‭separation pathlengths has prompted a recent surge of interest concerning the‬

‭technique. While promising, the optimization of ion transmission, particularly when‬

‭analyzing increasingly disparate species, remains an obstacle in TWIMS. To address‬

‭this issue, we evaluated a suite of dynamic TW profiles using an original TW structures‬

‭for lossless ion manipulations (TW-SLIM) platform developed at Washington State‬

‭University. Inspired by the range of gradient elution profiles used in traditional‬

‭chromatography, three distinct square TW profiles were evaluated: a static approach‬

‭which represents a traditional waveform, a dual approach which consists of two distinct‬

‭TW profiles within a given separation event; and a ramp approach which varies TW‬

‭speed and amplitude at a fixed rate during separation. The three waveform profiles‬

‭were evaluated in terms of their impact on separation (quantified as resolution) and‬

‭sensitivity (quantified using signal-to-noise ratio (SNR), and ion abundance).‬

‭Concerning separation, the highest resolution (R) was observed when operating with‬

‭the static waveform (R=7.92); however, the ramp waveform performed comparably‬

‭(R=7.70) under similar conditions. Regarding SNR, optimum waveform profiles were‬

‭species dependent. Bradykinin‬‭2+‬ ‭displayed the largest‬‭gains in SNR (36.6% increase)‬

‭when ramping TW speed, while the gains were greatest (33.5% increase) for‬

‭tetraoctylammonium when modulating TW amplitude with the static waveform. Lastly,‬

‭significant (>10%) increases in the abundance of tetraoctylammonium ions were‬

‭observed exclusively when utilizing a ramped waveform. The present set of experiments‬
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‭outline the results and challenges related to optimizing separations using alternative TW‬

‭profiles and provides insight concerning TW-SLIM method development which may be‬

‭tailored to enhance select analytical metrics.‬

‭Introduction‬

‭Ion mobility spectrometry (IMS) is a gas-phase analytical technique that‬

‭separates analytes based on their ionic mobilities as they are propelled through a gas‬

‭under the influence of an externally applied electric field.‬‭1,2‬ ‭Lending to relatively simple‬

‭construction and rapid analysis, much of the early implementations of IMS concerned‬

‭matters of threat detection and field deployment.‬‭4,5,83‬ ‭However, developments in the field‬

‭of IMS, particularly those concerning its coupling with mass spectrometry, have led to an‬

‭expansion of IMS applications to include the investigation of biomolecules and even the‬

‭separation of isomers.‬‭17,84,85‬

‭While the most commonly deployed IMS approach is drift tube IMS (DTIMS)‬

‭which separates ions using linear, homogeneous fields, other iterations of IMS‬

‭instrumentation exist, such as field asymmetric IMS (FAIMS),‬‭86‬ ‭trapped IMS (TIMS),‬‭87,88‬

‭and traveling wave IMS (TWIMS).‬‭3,23‬ ‭TWIMS in particular‬‭has seen a recent spike in‬

‭interest in part due to the development of traveling wave structures for lossless ion‬

‭manipulations (TW-SLIM), which utilizes planar printed circuit boards (PCB) to‬

‭effectively confine and separate ions.‬‭28‬ ‭While TW-SLIM‬‭differs from other TWIMS‬

‭approaches in terms of construction, the nature of ion separation via traveling waves‬

‭remains relatively consistent across the techniques. In-depth explanations of ion‬

‭behavior in response to traveling waves are outlined elsewhere.‬‭22,24,25‬ ‭Briefly, ions‬
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‭exposed to dynamic electric fields, which are in essence transient potential wells,‬

‭attempt to “keep up” with the wells which are moving at a user-defined rate. This rate is‬

‭often referred to as TW speed (s). The ability of ions to remain within a given well and‬

‭not fall to a preceding well is dependent upon their velocity (v), which is a function of the‬

‭ions’ mobilities and the depth of the well. Well-depth is defined by the user and is often‬

‭referred to as TW amplitude. The ratio of ion velocity to traveling wave speed is often‬

‭expressed as c (eq. 4.1):‬

‭(4.1)‬‭𝑐‬ = ‭𝑣‬
‭𝑠‬

‭Ions whose velocities approach the TW speed will fall over to preceding wells less‬

‭frequently than those with lower velocities (i.e., lower mobility species), which leads to‬

‭mobility-based separations that are related to the rate of ion rollover.‬

‭A profound benefit of TWIMS is its use of electric fields which are defined by‬

‭localized minima and maxima, as opposed to the absolute maximum and minimum field‬

‭strengths found in DTIMS systems, which ultimately limit their length and subsequent‬

‭separation power. Recent work has seen this unique flexibility with regard to field‬

‭strengths leveraged to achieve separation pathlengths in excess of 10 m, far exceeding‬

‭the length of a typical DTIMS system.‬‭40,89‬ ‭Additionally,‬‭TWIMS experiments using cyclic‬

‭separations continue to grow in popularity, with both the Waters Cyclic-IMS and‬

‭TW-SLIM platforms enabling theoretically infinite pathlengths for separation.‬‭41,45‬ ‭While‬

‭the unique nature of TWIMS may appeal to those interested in performing mobility‬

‭separations, it is important to note that the technique is by no means a solution to all‬
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‭IMS shortcomings and presents its own inherent issues. Concerning issues inherent to‬

‭TWIMS, the concurrent transmission of increasingly disparate species remains an‬

‭obstacle. This issue stems from the use of RF confinement‬‭32,66‬ ‭and the dependence of‬

‭ion motion (i.e., bobbing or riding wavefronts) on mobility (eq 4.1). In the greater context‬

‭of IMS, an issue analogous to the general elution problem often associated with‬

‭chromatography exists as static conditions which enable the separation of early “eluting”‬

‭species do not necessarily provide for optimum transmission of later “eluting” species.‬

‭Recognizing the aforementioned issues concerning TWIMS, we sought to‬

‭evaluate a suite of TW profiles that seek to simultaneously remedy issues of ion‬

‭transmission as well as address the general elution problem. Taking inspiration from the‬

‭gradient elutions employed in chromatography, we implemented a ramped waveform in‬

‭which TW speed and amplitude were varied at a fixed rate during separation in hopes of‬

‭providing optimum conditions for transmission and separation of both early and later‬

‭arriving (i.e., higher and lower mobility) species. In order to evaluate the performance of‬

‭the ramped waveform against a more traditional waveform, we performed similar‬

‭experiments with a static waveform analogous to isocratic approaches in‬

‭chromatography. Lastly, a third waveform was implemented in which a sudden change‬

‭in conditions was implemented immediately following the arrival of the first species. This‬

‭was theorized as an approach that would enable the optimum transmission of one‬

‭species before modulating to conditions that provide ideal transmission of another‬

‭species.‬
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‭The following discussion provides insight into the impact of the various‬

‭waveforms on matters of both separation and sensitivity. Acknowledging issues‬

‭associated with resolving power as a metric for evaluating TWIMS separations,‬‭28,90‬

‭resolution was used instead (eq. 4.2):‬

‭(4.2)‬‭𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛‬ = ‭ ‬‭1‬. ‭18‬ *
‭𝑡‬

‭2‬
−‭𝑡‬

‭1‬

(‭𝑤‬
‭2‬
+‭𝑤‬

‭1‬
)

‭where t‬‭2‬ ‭and t‬‭1‬ ‭correspond to the arrival times of‬‭two species, and w‬‭2‬ ‭and w‬‭1‬ ‭are the‬

‭species’ full widths at half maximum (FWHM). The optimum resolution was obtained by‬

‭operating with the static waveform and modulating TW amplitude, though it is worth‬

‭noting that the ramped waveform did not perform significantly (>10%) worse than its‬

‭static counterpart. With regard to sensitivity, signal-to-noise ratio (SNR) and ion‬

‭abundance (which relates to peak area) were used to characterize the performance of‬

‭the waveforms. For the two compounds used throughout the presented analyses,‬

‭bradykinin‬‭2+‬ ‭and tetraoctylammonium (T8), a combination‬‭of a ramped waveform and‬

‭TW speed modulation provided optimal SNR for T8, whereas static TW amplitude‬

‭modulation performed best for bradykinin‬‭2+‬‭. Akin to‬‭observations made regarding SNR,‬

‭ideal conditions for ion abundance were not consistent amongst the analytes, with T8‬

‭benefiting most from the use of the ramped waveform and bradykinin‬‭2+‬ ‭reporting the‬

‭lowest ion abundance when using the ramp.‬

‭Experimental‬

‭Tetraoctyl ammonium bromide and bradykinin acetate salt were purchased from‬

‭Sigma-Aldrich (St. Louis, MO). All data presented were collected using a solution of 1‬
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‭µM each T8 and bradykinin prepared in methanol (HPLC grade, Fisher Chemical, Fair‬

‭Lawn, NJ) with 0.1% formic acid (Honeywell-Fluka, Muskegon, MI). T8 was selected in‬

‭order to gauge how the various experimental conditions would impact simpler analytes‬

‭(singly charged, lack of conformers), which are popular within the field of ion mobility‬

‭(e.g., explosives and narcotics).‬‭4,83,91‬ ‭Bradykinin‬‭was chosen as a representative‬

‭biomolecule, though it is important to note that the peptide is neither particularly large‬

‭nor complex and that further experiments would be necessary to explore how the‬

‭presented methods impact increasingly complex species.‬

‭A schematic of the instrument used throughout the presented work is shown in‬

‭Figure 4.1. The instrument used throughout the presented analyses is analogous to one‬

‭reported in detail elsewhere.‬‭54‬ ‭Briefly, ions were‬‭generated via electrospray ionization‬

‭(ESI) using a 75 µm ID glass capillary emitter biased 2.2 kV relative to an adjacent‬

‭heated (160‬‭o‬‭C) stainless-steel inlet capillary (560‬‭µm i.d., 1600 µm o.d.) purchased‬

‭from McMaster-Carr (Elmhurst, IL). The sample flow rate used throughout the analyses‬

‭was 3 µL/min, controlled by a Model 11 Syringe Pump from Harvard Apparatus‬

‭(Holliston, MA). After traversing the inlet capillary, ions were focused by an ion funnel‬

‭(897 kHz, 240 V‬‭p-p‬‭)‬‭housed in a low-pressure (2.45‬‭torr, ambient air) chamber before‬

‭being transported to a second, smaller ion funnel (1.1 MHz, 140 V‬‭p-p‬‭) housed in a‬

‭slightly higher pressure (2.50 torr, ambient air) chamber. The pressure in each chamber‬

‭was monitored using Setra Model 730 capacitance manometers (Boxborough, MA).‬

‭After traveling through the second ion funnel, ions arrived at the first TW-SLIM‬

‭segment, referred to as the “drag” board, which was used for ion packet injection. The‬
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‭injection of stored ion packets was achieved utilizing a series of electrodes capable of‬

‭switching between a blocking state, in which they were biased above the adjacent‬

‭electrodes using a static DC potential, and a TW state which enabled ion transmission‬

‭(i.e., injection). Throughout all experiments, the injection width was 1 ms. Immediately‬

‭following the drag board was a second, distinct SLIM board dubbed the “separation‬

‭board.” An investigation concerning the impact of two distinct sets of SLIM boards, as‬

‭opposed to the traditional single set, will be expounded upon in future publications.‬

‭While capable of enabling more advanced separation techniques, such as multi-pass‬

‭and compression ratio ion mobility programming (CRIMP),‬‭70,81‬ ‭the secondary track of‬

‭the separation board was not used in the presented analyses. The total path length‬

‭used for separation was approximately 1.5 m. A custom Faraday plate served as the‬

‭primary detector.‬

‭Figure 4.1‬‭.‬‭Schematic of the instrument used throughout‬‭the presented work. A photo of‬

‭the instrument is shown in Figure 4.S1.‬
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‭Current detected at the Faraday plate was first amplified using a Keithley Model‬

‭427 current amplifier (10‬‭9‬ ‭Gain, Rise time: 1 ms, Cleveland, OH) and then subsequently‬

‭recorded as a function of time using an Analog Discovery 2 (Digilent Inc., U.S). Data‬

‭were processed using Python notebooks similar to those released in a previous‬

‭publication.‬‭54‬ ‭Arrival time distributions (ATD) were‬‭averaged 75 times, and each‬

‭presented data point represents an average of 5 ATD replicates. The standard deviation‬

‭of the 5 replicates is representative of the measurement’s uncertainty. “Noise,” as it‬

‭pertains to SNR calculations, was defined as the baseline immediately preceding and‬

‭following each peak. “Ion abundance" refers to the total number of charges associated‬

‭with each species and was calculated via integration of the ion signal detected at the‬

‭Faraday plate. Peak identities were assigned by analyzing the individual standards of‬

‭each analyte.‬

‭TW-SLIM conditions were controlled using a modular intelligent power source‬

‭(MIPS) from GAA Custom Electronics (Kennewick, WA). Ions were confined laterally by‬

‭guard electrodes biased to the TW at half its amplitude. Radial confinement was‬

‭achieved using RF electrodes operating at 1.07 MHz, 300 V‬‭p-p‬‭. The square TW was‬

‭generated using a 4 high, 4 low electrode configuration. Control conditions for the TW‬

‭were defined as 23 V‬‭p-p‬‭, 183 m/s. Further details‬‭regarding the configuration of the SLIM‬

‭boards are reported elsewhere.‬‭54‬

‭Three waveform profiles were evaluated as a means of optimizing peak profiles‬

‭within TW-SLIM: a static waveform (static), a waveform with two distinct segments‬

‭(dual), and a ramped waveform (ramp). A visual representation of the three waveform‬
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‭profiles is provided in Figure 4.2. The static waveform represents the simplest TW‬

‭profile in which all species reach the detector under identical conditions (analogous to‬

‭isocratic elutions in LC). The dual waveform consists of two distinct profiles: control‬

‭conditions (maintained until after the first species (bradykinin‬‭2+‬‭) reaches the detector)‬

‭and conditions in which either the TW amplitude was increased or the TW speed was‬

‭decreased. The transition between the conditions in the dual profile occurred as rapidly‬

‭as the MIPS would allow (~300 µs). Regarding the ramp, 5 ms after injection, TW‬

‭conditions were ramped to either higher amplitudes or lower speeds over the course of‬

‭120 ms. Information regarding ramp rates can be found in Table 4.S1. Across all‬

‭waveform profiles, the TW was operated at conditions that enhanced ion accumulation‬

‭(TW amplitude was reduced to 16 Vp-p) for 60 ms prior to injection.‬

‭Regardless of the waveform profile implemented, the TW-SLIM operated under‬

‭control conditions for the first 5 ms from the point of injection. This was done to avoid‬

‭any confounding effects stemming from the impact of TW parameters on ion injection,‬

‭which have been reported elsewhere.‬‭54‬ ‭Additionally,‬‭despite preliminary modeling efforts‬

‭suggesting that varied TW parameters do not significantly impact ions traversing the‬

‭gap between board sets, the 5 ms control period enabled ions to traverse this gap prior‬

‭to any waveform modulation, once again avoiding any potential confounding effects.‬
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‭Figure 4.2‬‭.‬‭Visualization of the waveform profiles‬‭evaluated. The orange portion of each‬

‭waveform represents control conditions. The “static” approach is representative of a‬

‭typical TW in which all species arrive at the detector under identical conditions. The‬

‭“dual” waveform was theorized as an approach that could enable the optimum‬

‭transmission of one species before switching to the conditions that provide the idealized‬

‭transmission of another species. Lastly, the “ramp” waveform modulates TW speed or‬

‭amplitude at a fixed rate during separation and was hypothesized as a middle-ground‬

‭for the transmission of disparate species.‬

‭Results and Discussion‬

‭Prior to evaluating the dual and ramp waveforms, preliminary experiments were‬

‭conducted to validate results reported elsewhere‬‭28‬ ‭concerning the relationship between‬

‭resolution and TW conditions. In agreement with Hamid et al.,‬‭28‬ ‭over a given range of‬

‭values, decreasing TW speed and increasing TW amplitude coincide with gains in‬

‭resolution between T8 and bradykinin‬‭2+‬ ‭(Figure 4.3).‬‭Having established that the‬

‭presented TW-SLIM platform performed as expected when operating with the static‬
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‭waveform, the previous analysis was repeated, this time with the dual and ramp‬

‭waveforms (Figure 4.3). For both the amplitude and speed experiments, similar trends‬

‭were observed for the static and ramp waveforms which demonstrated gains in‬

‭resolution associated with decreases in TW speed and increases in TW amplitude,‬

‭while the dual waveform behaved inversely. Interestingly, the experiments varying‬

‭amplitude provided greater gains in resolution for the static and ramp waveforms and‬

‭mitigated the decrease in resolution associated with the dual approach. While a direct‬

‭comparison cannot be made between the presented results and those published by‬

‭Hamid et al.,‬‭28‬ ‭it is interesting to note that in‬‭both cases, modulating TW amplitude‬

‭appears to have a more profound impact on separation than TW speed. With exception‬

‭to the TW speed experiments concerning the static and ramp waveforms, the data‬

‭presented in Figure 4.3 show distinct trends associated with resolution as a function of‬

‭waveform profiles (static, dual, and ramp). It is worth noting, however, that aside from‬

‭select conditions (TW speed: 110 m/s, TW amplitude: 29-31 V‬‭p-p‬‭), no significant (>10%)‬

‭variation between resolution values was observed.‬
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‭Figure 4.3.‬‭Variations in resolution between T8 and‬‭bradykinin‬‭2+‬ ‭as a function of TW‬

‭speed (left) and amplitude (right). Values on the x-axis represent conditions that‬

‭followed the control period of the static and dual waveforms, and the value that was‬

‭ramped to in the ramp waveform.‬

‭Despite the comparable resolutions observed across various conditions, a more‬

‭in-depth analysis of the data associated with Figure 4.3 reveals substantial differences‬

‭between the ATDs collected using the different waveform profiles (Figure 4.4). A‬

‭qualitative assessment of the ATDs presented in Figures 4.4b and 4.4c suggests that‬

‭each of the three waveform profiles has a distinct impact on factors concerning both‬

‭separation and sensitivity. Regarding separation, a quantitative evaluation of peak‬

‭widths and the temporal separation between T8 and bradikinin‬‭2+‬ ‭is presented in Figure‬

‭4.5. Recalling that gains in resolution were observed when increasing TW amplitude‬

‭and decreasing TW speed, it is interesting to note that these gains in resolution coincide‬

‭with decreases in temporal separation (i.e., more tightly spaced peaks). Ultimately, so‬
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‭long as the reduction in peak width is more significant than the loss of temporal‬

‭separation (eq. 4.2), the quality of separation will improve. While similar results and‬

‭discussions have been published elsewhere,‬‭28,92‬ ‭it‬‭is important to acknowledge this‬

‭behavior as it provides insight regarding TW method development, suggesting that‬

‭optimal separation is achieved within some range of rollover events in which ions are‬

‭sufficiently separated but not subject to excessive diffusion. Regardless of whether TW‬

‭speed or amplitude is being modulated, the rates of peak width reduction and loss of‬

‭temporal separation are‬‭more profound when operating‬‭in static mode relative to ramp‬

‭mode (values associated with the lines of best fit are provided in Table 4.S2), as ion‬

‭populations are exposed to conditions which discourage ion rollover, for longer periods.‬

‭Interestingly, despite comparable behavior between the speed and amplitude data‬

‭(Figure 4.5), a clear disparity in the nature of these trends (linear for speed, quadratic‬

‭for amplitude) is apparent. We attribute the linear nature of the speed data to a‬

‭steady-state separation mechanism proposed by May and Mclean,‬‭92‬ ‭which occurs as a‬

‭result of ions undergoing numerous rollover events and thus experience a range of field‬

‭strengths. Regarding the amplitude data, we ascribe this nonlinear behavior to the‬

‭quadratic relationship between drift time and KE proposed by Shvartsburg and Smith,‬‭24‬

‭where K is an ion’s mobility and E is the field intensity (which relates to TW amplitude)‬

‭experienced by the ion.‬
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‭Figure 4.4‬‭.‬‭Baseline corrected ATD of bradykinin‬‭2+‬ ‭(first peak) and T8 (second peak)‬

‭under control conditions (a) and conditions in which TW speed (b) and amplitude (c)‬

‭were modulated. The TW speed was modulated to 110 m/s for all ATD shown in (b).‬

‭The TW amplitude was modulated to 31 V‬‭p-p‬ ‭for all‬‭ATD shown in (c).‬

‭In the context of method development, the data presented in Figures 4.3 and 4.5‬

‭illustrate the tradeoffs when choosing different TW profiles. Beginning with a simple‬

‭comparison between the modulation of TW speed and amplitude, the presented data‬

‭suggest that modulating TW amplitude has a greater impact on resolution. It is‬

‭important to note that the full range of TW amplitudes evaluated represented a 35%‬

‭deviation from the control value (Control: 23 V‬‭p-p‬‭,‬‭highest amplitude evaluated: 31 V‬‭p-p‬‭)‬

‭compared to a 40% deviation for the TW speed experiments (Control: 183 m/s, lowest‬

‭speed evaluated: 110 m/s), which further emphasizes the impact that TW amplitude has‬

‭on resolution relative to TW speed. Regarding the three waveform profiles, should a‬
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‭user opt to modulate TW amplitude, the static elution method provides the greatest‬

‭gains in resolution, though it is worth noting that no significant (>10%) differences were‬

‭observed between the static and ramp waveforms. Lastly, the dual waveform expectedly‬

‭performed the worst as the arrival time of bradykinin‬‭2+‬ ‭remains stagnant, while that of T8‬

‭decreases as a function of TW speed and amplitude.‬

‭Figure 4.5. The average FWHM of bradykinin‬‭2+‬ ‭and T8‬‭and temporal separation‬

‭between the two species as a function of TW speed (left) and amplitude (right). Values‬

‭on the x-axis represent conditions that followed the control period of the static and dual‬

‭waveforms, and the value that was ramped to in the ramp waveform.‬

‭While the information provided in Figure 4.5 enhances our understanding of how‬

‭each waveform impacts separation, further investigation into how these waveforms‬

‭impact sensitivity is required to fully understand their analytical impact. A key distinction‬
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‭between the ATD presented in Figures 4.4b and 4.4c are apparent variations in peak‬

‭height. While a quantitative overview of peak height variation is provided in the‬

‭supplementary material (Figure 4.S2), this discussion will instead focus on SNR, which,‬

‭while related to peak height, is more relevant to matters of sensitivity. Fluctuations in‬

‭SNR as a function of TW speed and amplitude are presented in Figure 4.6.‬

‭Unsurprisingly, the SNR of bradyikinin‬‭2+‬ ‭does not‬‭vary significantly (>10%) for any‬

‭conditions in which either the dual or ramp waveforms were used. While the cause of‬

‭this minimal variation is straightforward for the dual waveform (conditions are only‬

‭varied after bradykinin‬‭2+‬‭exits the TW-SLIM), it is‬‭important to recognize that the ramped‬

‭approach does not affect all species equally, instead having a more profound impact on‬

‭later arriving species. We attribute this greater impact in part to the disparity in‬

‭conditions during which ions reach the detector, leading to some degree of temporal‬

‭compression as ions exit the TW-SLIM faster as the ramp progresses. To be clear,‬

‭unlike the gains in peak intensity and SNR observed by Williamson and Nagy,‬‭93‬

‭contributions from temporal compression may contribute to, but do not fully explain, the‬

‭observed behavior which is also impacted by variations in c throughout the separation‬

‭process.‬

‭Unlike the ramp and dual waveforms, the static approach has a greater impact‬

‭on the SNR of bradykinin‬‭2+‬‭, particularly when modulating‬‭TW amplitude. Interestingly,‬

‭the rate at which the SNR of bradykinin‬‭2+‬ ‭increases‬‭is similar to that of T8 when‬

‭modulating TW amplitude, but shows a far greater disparity when modulating TW‬

‭speed. The drastic deviations associated with the SNR of bradykinin‬‭2+‬ ‭when modulating‬
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‭to 110 and 119 m/s are attributed to bradykinin‬‭3+‬‭. Bradykinin‬‭3+‬ ‭increases the noise‬

‭preceding bradykinin‬‭2+‬ ‭for the 119 m/s data (lower‬‭SNR) and increases the signal‬

‭attributed to bradykinin‬‭2+‬ ‭as the two species reach‬‭the detector simultaneously (greater‬

‭SNR) at 110 m/s.‬

‭In contrast to bradykinin‬‭2+‬‭, the behavior displayed‬‭by T8 in Figure 4.6 shows less‬

‭disparity between the performance of the three waveform profiles, though variations in‬

‭trends between the TW speed and amplitude experiments persist. Regarding TW speed‬

‭modulation, the ramp waveform consistently outperforms the other two, particularly at‬

‭lower speeds, with the highest disparity observed at 174 m/s between the static (1.0 ±‬

‭0.1 relative SNR) and ramp (1.2 ± 0.1 relative SNR) waveforms. In contrast, when‬

‭modulating TW amplitude, the ramp waveform outperforms the other two at lower‬

‭amplitudes (<27 V‬‭p-p‬‭) before being overtaken by the‬‭static waveform as TW amplitude is‬

‭increased. It is also worth noting that the amplitude experiments produced the least‬

‭variance between waveforms, with the greatest disparity observed at 25 V‬‭p-p‬ ‭between‬

‭the ramp (1.19 ± 0.09) and dual (1.11 ± 0.09) waveforms.‬
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‭Figure 4.6.‬‭SNR of T8 and bradykinin‬‭2+‬ ‭relative to‬‭control. An offset was added in the‬

‭x-dimension for visual clarity. To be clear, all data for the static, dual, and ramp‬

‭waveforms were collected using identical TW speeds and amplitudes. Values on the‬

‭x-axis represent conditions that followed the control period of the static and dual‬

‭waveforms and the value that was ramped to in the ramp waveform.‬

‭The results presented in Figures 4.6 and 4.S2‬‭provide‬‭valuable guidance for‬

‭those interested in optimizing the sensitivity of their TW-SLIM methods. Recalling the‬

‭earlier discussion regarding separation, the modulation of TW amplitude and‬

‭implementation of a‬‭static waveform proved the most‬‭effective means of increasing‬

‭resolution. In contrast, when optimizing for SNR, there is no single approach that‬

‭provides superior gains in SNR for both species. For T8, the ramped TW speed‬

‭approach provided the greatest gains in SNR over the same range of parameters that‬

‭saw this method fall short regarding separation. It is important to note however, that the‬

‭performance of the ramped waveform did not differ significantly from that of the other‬

‭two. When evaluating the data associated with T8, a simplistic argument could be made‬

‭that the ramped TW speed approach should be used when gains in sensitivity are‬

‭required, and the static TW amplitude approach could be implemented when greater‬
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‭resolution is desired. However, this argument ultimately falls short as it neglects the‬

‭SNR of bradykinin‬‭2+‬‭, whose greatest gains did not‬‭coincide with those of T8, instead‬

‭benefiting from the static TW amplitude approach. A more complete interpretation of the‬

‭data presented thus far suggests that a user must consider whether earlier or later‬

‭arriving species are in greater need of SNR enhancement and then select a method‬

‭accordingly while ensuring adequate separation is maintained.‬

‭While metrics such as SNR are often at the forefront of discussions pertaining to‬

‭sensitivity, it is important to note that SNR alone inadequately describes a method's‬

‭sensitivity.‬‭94‬ ‭Figure 4.7 presents the ion abundance‬‭of both T8 (Figures 4.7‬‭and 4.7b)‬

‭and bradykinin‬‭2+‬ ‭(Figures 4.7c and 4.7d) across various‬‭conditions, normalized to those‬

‭observed under control conditions. Beginning with bradykinin‬‭2+‬‭, no significant (>10%)‬

‭variation in ion abundance was observed, with the exception of data associated with‬

‭static TW speed modulation at 110 m/s and ramped TW amplitude modulation at 27‬

‭V‬‭p-p‬‭. We attribute the spike in ion abundance observed‬‭at 110 m/s to the simultaneous‬

‭arrival of bradykinin‬‭3+‬ ‭(see earlier discussion regarding‬‭SNR) and the “loss” of ion‬

‭abundance at 27 V‬‭p-p‬ ‭to issues of peak fitting, which‬‭arise from abnormalities in peak‬

‭shape under those conditions. It is interesting to note that across all conditions, the‬

‭ramp waveform performed the worst with regard to the ion abundance of bradykinin‬‭2+‬‭,‬

‭but provided optimal performance for T8. Aside from the performance of the ramp‬

‭waveform, differences between the behavior of T8 and bradykinin‬‭2+‬ ‭displayed in Figure‬

‭4.7 persist for all waveform profiles, as the trends for bradykinin‬‭2+‬ ‭are relatively static in‬

‭comparison to those of T8. While the exact cause of this behavior requires further‬
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‭investigation, we attribute the observed disparities between T8 and bradykinin‬‭2+‬ ‭to the‬

‭fact that T8 spends a greater amount of time within the TW-SLIM during separation and‬

‭is thus more sensitive to perturbations to experimental conditions.‬

‭Figure 4.7‬‭.‬‭Relative (to control) ion abundances of‬‭T8 when modulating TW speed (a)‬

‭and amplitude (b). Relative (to control) ion abundances of bradykinin‬‭2+‬ ‭when modulating‬

‭TW speed (c) and amplitude (d). Values on the x-axis represent conditions that followed‬

‭the control period of the static and dual waveforms, and the value that was ramped to in‬

‭the ramp waveform. An offset was added in the x-dimension for visual clarity.‬
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‭One last point of emphasis for the data presented in Figure 4.7 is the disparate‬

‭performances of the three waveforms with regard to T8. As mentioned previously, the‬

‭ramp waveform provided the optimal transmission of T8 ions through the SLIM (i.e.,‬

‭enabled the greatest number of charges to reach the detector). Not only did the ramp‬

‭outperform both the dual and static waveforms in this regard, but it also increased the‬

‭observed T8 ion population relative to the control, particularly when implementing more‬

‭gradual ramps wherein the value being ramped to is closer in value to control‬

‭conditions. In alignment with results associated with the ramp, the static and dual‬

‭waveforms provided optimal transmission of T8 ions under conditions that were closer‬

‭to those of the control (TW speed: 174-146, TW amplitude: 24-27 V‬‭p-p‬‭) with greater ion‬

‭losses observed as conditions deviated more profoundly from the control. A possible‬

‭explanation for the loss of ions when implementing the static and dual waveforms is ion‬

‭activation and or collisions with SLIM surfaces during the rapid transition from control‬

‭conditions (Figure 4.2). While these two events cannot be ruled out entirely at this time,‬

‭the authors would like to suggest that if these events were truly the singular cause of‬

‭the observed ion loss, the relative T8 ion abundances for the static and dual waveforms‬

‭would be near indistinguishable across all conditions evaluated. In actuality, barring the‬

‭modulation of TW amplitude at 24 and 25 V‬‭p-p‬‭, the‬‭observed ion abundance of T8 is‬

‭consistently less when operating with the static waveform as opposed to the dual‬

‭waveform. An alternative explanation for the behavior of T8 in Figure 4.7 is that higher‬

‭speed/lower amplitude conditions simply provide more optimal transmission of T8 ions‬

‭based on their motion relative to the passing waves. While ion activation is not‬
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‭considered a significant factor in the presented work, future investigations utilizing more‬

‭labile analytes should be completed prior to expanding the presented methods to a‬

‭wider range of analytes.‬

‭Aside from an enhanced perspective on the three waveforms presented, the‬

‭results shown in Figure 4.7 give rise to a greater discussion of how best to‬

‭simultaneously transmit ions of disparate size within TW-SLIM. Given that “ideal”‬

‭confinement (namely radial confinement via RF)‬‭32,66‬ ‭and ion motion with regards to‬

‭separation (eq. 4.1) are dependent upon mobility, it is unsurprising that a singular set of‬

‭experimental parameters utilized throughout the presented work was unable to provide‬

‭optimum analytical performance across all metrics and analytes. Though an absolute‬

‭solution to optimizing separation and sensitivity for all ions present in a system is most‬

‭likely unattainable, the waveform profiles implemented here, namely the dual and ramp‬

‭waveforms, offer compromises that may mitigate the negative consequences of‬

‭performance optimization. While not explored in this preliminary work, one could‬

‭theorize a dual waveform profile which, having determined optimum transmission‬

‭conditions for each analyte within a mixture, can be used to achieve optimum‬

‭transmission of one species before transitioning to optimum conditions for another‬

‭species. While this would inevitably limit the transmission of later arriving species, it‬

‭would allow a user to enhance the performance of a particular species which may prove‬

‭difficult to observe. Interestingly, the ramp waveform, which was originally hypothesized‬

‭to be a middle ground for disparate ion transmission, proved to provide optimal‬

‭transmission for one species (T8) and relatively poor transmission for another‬
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‭(bradykinin‬‭2+‬‭). Future work will evaluate more flexible implementations of the ramp‬

‭waveform in which both the start of the ramp is varied (e.g., after the arrival of higher‬

‭mobility species) as well as the steepness of the ramp. Additionally, the simultaneous‬

‭ramping of TW speed and amplitude will be evaluated as well.‬

‭Conclusion‬

‭The presented analysis of three distinct TW waveform profiles provides insight‬

‭regarding approaches to TW-SLIM method development which may be tailored to‬

‭enhance select analytical metrics concerning matters of separation (resolution) and‬

‭sensitivity (SNR and ion abundance). Concerning separation, the static waveform‬

‭demonstrated the greatest impact on peak width and temporal separation and ultimately‬

‭provided the greatest gains in resolution across all conditions analyzed when‬

‭modulating TW amplitude. It is worth noting that while static TW amplitude modulation‬

‭provided the greatest increase in resolution, these gains were not significantly (>10%)‬

‭greater than those provided by the ramp waveform. Analyses of results pertaining to‬

‭sensitivity were unable to provide a singular “optimal” approach and suggest a more‬

‭nuanced approach to method development is required to achieve the desired result.‬

‭Beginning with SNR, TW speed modulation utilizing the ramp waveform provided the‬

‭greatest gains in SNR for T8 (though the other waveforms did perform comparably), but‬

‭fell short for bradykinin‬‭2+,‬ ‭which benefited most‬‭from the static TW amplitude approach.‬

‭Leveraging the use of a Faraday plate as a detector, measurements of ion abundance‬

‭were conducted‬‭which provided insight into how various‬‭conditions impacted ion‬
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‭transmission through the TW-SLIM. Similar to observations made concerning SNR, no‬

‭singular set of parameters provided optimal ion transmission for both T8 and‬

‭bradykinin‬‭2+‬‭, with the former benefiting most from‬‭the ramp waveform and the latter‬

‭suffering the greatest ion loss when operating with the ramp.‬

‭While not explored in this work, it is important to note that dynamic waveform‬

‭profiles may complicate TW-SLIM experiments which incorporate time-sensitive events‬

‭such as multi-pass separations or the targeted manipulation of select ion species.‬‭41,51,95‬

‭Time-sensitive events are often defined by ion velocities which allow a user to predict‬

‭the location of ions at a particular moment. The use of dynamic waveform profiles limits‬

‭this predictive ability as ion velocity is no longer constant throughout a given separation.‬

‭It’s important to note that the use of dynamic waveform profiles may also complicate‬

‭efforts to determine ion-neutral collisional cross sections (CCS), particularly when ion‬

‭velocity is used for calibration.‬‭96‬‭Given the nature‬‭of TW-SLIM separations, it is‬

‭unsurprising that a one size fits all approach is unable to provide ideal conditions for‬

‭separation and ion transmission when analyzing ions of disparate size. That being said,‬

‭given the unique capabilities of TW-SLIM,‬‭41,70,97‬ ‭much of the work concerning the‬

‭technique has thus far focused on hard-to-separate isomers (i.e., ions of similar size).‬

‭However, as TW-SLIM continues to grow as a technique and becomes more widely‬

‭available,‬‭34,54‬ ‭the scope of TW-SLIM analyses will‬‭inevitably expand and approaches‬

‭that address the issue of disparate ion analysis must expand in turn. Arguably, the‬

‭results associated with our analysis of species with only modest differences in reduced‬
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‭mobility (i.e., T8 = 0.816 cm‬‭2‬‭/Vs vs. bradykinin‬‭2+‬ ‭= 1.189 cm‬‭2‬‭/Vs)‬‭98,99‬ ‭suggest that‬

‭addressing this issue is of more immediate relevance.‬

‭With that in mind, the presented waveforms provide alternatives to traditional‬

‭TW-SLIM methodologies and establish a point of comparison for future TW profiles that‬

‭adopt a widening degree of profiles (e.g., square vs. sinusoidal vs. sawtooth).‬‭25‬ ‭Most‬

‭importantly, these concepts will aid those implementing the technique with added‬

‭flexibility which will be necessary as the technique adapts to meet an ever-increasing‬

‭number of analytical demands.‬
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‭Supplementary Material‬

‭Table 4.S1‬‭.‬‭Details regarding the ramped waveforms‬‭implemented during TW amplitude‬

‭(a) and speed (b) experiments‬
‭a‬

‭Amplitude Ramping‬
‭Control Value (V‬‭p-p‬‭)‬ ‭Final Value (V‬‭p-p‬‭)‬ ‭Ramp Duration (ms)‬ ‭Ramp rate (V‬‭p-p‬‭/ms)‬

‭23‬ ‭24‬ ‭120‬ ‭0.008‬
‭23‬ ‭25‬ ‭120‬ ‭0.017‬
‭23‬ ‭26‬ ‭120‬ ‭0.025‬
‭23‬ ‭27‬ ‭120‬ ‭0.033‬
‭23‬ ‭28‬ ‭120‬ ‭0.042‬
‭23‬ ‭29‬ ‭120‬ ‭0.050‬
‭23‬ ‭30‬ ‭120‬ ‭0.058‬
‭23‬ ‭31‬ ‭120‬ ‭0.067‬

‭81‬

https://paperpile.com/c/PppNvF/UNzYO+Y8IuY
https://paperpile.com/c/PppNvF/YJEKP


‭b‬
‭Speed Ramping‬

‭Control Value (m/s)‬ ‭Final Value (m/s)‬ ‭Ramp Duration (ms)‬ ‭Ramp rate ((m/s)/ms)‬
‭183‬ ‭174‬ ‭120‬ ‭0.076‬
‭183‬ ‭165‬ ‭120‬ ‭0.152‬
‭183‬ ‭155‬ ‭120‬ ‭0.229‬
‭183‬ ‭146‬ ‭120‬ ‭0.305‬
‭183‬ ‭137‬ ‭120‬ ‭0.381‬
‭183‬ ‭128‬ ‭120‬ ‭0.457‬
‭183‬ ‭119‬ ‭120‬ ‭0.533‬
‭183‬ ‭110‬ ‭120‬ ‭0.610‬

‭Table 4.S2. (a) Slope values associated with the linear regressions fitted to the data‬

‭presented in Figure 4.5 for the TW speed experiments. (b) Coefficients of the x‬‭2‬ ‭term‬

‭associated with the quadratic fits presented in Figure 4.5 for the TW amplitude‬

‭experiments.‬

‭a‬ ‭FWHM (ms)‬ ‭Temporal Separation (ms)‬

‭Static‬ ‭0.0259‬ ‭0.328‬

‭Dual‬ ‭0.0195‬ ‭0.294‬

‭Ramp‬ ‭0.0150‬ ‭0.176‬

‭b‬ ‭FWHM (ms)‬ ‭Temporal Separation (ms)‬

‭Static‬ ‭0.0189‬ ‭0.181‬

‭Dual‬ ‭0.00844‬ ‭0.137‬

‭Ramp‬ ‭0.00973‬ ‭0.0871‬
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‭Figure 4.S1‬‭.‬‭Picture of the instrument used throughout‬‭the presented analyses.‬

‭Figure 4.S2‬‭.‬‭Relative (to control) peak height of‬‭T8 and bradykinin2+. An offset was‬

‭added in the x-dimension for visual clarity.‬
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‭4.4 Broader Impact‬

‭Many chemical applications involve the analysis of complex matrices (e.g.,‬

‭environmental and biological samples) which contain numerous analytes at varying‬

‭concentrations. Regardless of the technique used, a complete survey (qualitative and‬

‭quantitative) of such samples will always elude the analyst due to limitations and biases‬

‭inherent to the technique. In the case of TW-SLIM, the known biases imposed via the‬

‭use of RF confining fields‬‭32,66‬ ‭as well as the TW‬‭conditions used to separate ions appear‬

‭to limit the range of mobilities which can be concurrently analyzed. Though the work‬

‭outlined in this chapter does not offer solutions which eliminate these limitations, it‬

‭nonetheless informs strategies for those seeking to optimize their analyses to achieve‬

‭particular analytical goals. In the grand scheme of things, we hope that these strategies‬

‭may enable those interested in tackling complex samples to consider TW-SLIM as a tool‬

‭for their analyses, increasing the techniques adaptation and consequently its growth.‬
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‭CHAPTER FIVE: ALTERING CONFORMATIONAL STATES OF DYNAMIC ION‬

‭POPULATIONS USING TRAVELING WAVE STRUCTURES FOR LOSSLESS ION‬

‭MANIPULATIONS‬

‭Reprinted (adapted) with permission from Kinlein, Z.; Clowers, B. H. Altering‬
‭Conformational States of Dynamic Ion Populations Using Traveling Wave Structures for‬
‭Lossless Ion Manipulations. Anal. Chem. 2024, 96 (16), 6450–6458. Copyright 2024‬
‭American Chemical Society.‬

‭5.1 Attributions‬

‭The authors whose work contributed to the following manuscript include Zackary‬

‭R. Kinlein and Brian H. Clowers. Zackary R. Kinlein is credited with conceptualization,‬

‭method development, conducting the investigation, and was the primary author of this‬

‭work. Brian H. Clowers is credited with conceptualization, supervision, method‬

‭development, funding acquisition, and contributions to writing.‬

‭5.2 Preface‬

‭The work discussed in the previous chapters outlines much of the foundational‬

‭TW-SLIM work performed at WSU. While important, the analytical power of the‬

‭platforms developed during this early period were ultimately lacking in the absence of a‬

‭mass spectrometer to augment our analyses. In the summer of 2022, we acquired a‬

‭time-of-flight mass spectrometer (ToF) from Ionicon (Innsbruck, Austria) which was‬

‭eventually paired with one of our custom TW-SLIM platforms. While much of the work‬

‭that went into developing our TW-SLIM-ToF platform remains unreported in the‬
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‭literature, the manuscript from which this chapter is adapted provides insights into some‬

‭of the key components which enabled us to effectively pair the two systems.‬

‭One of the primary benefits of the TW-SLIM-ToF system is the ability to analyze‬

‭increasingly complex analytes and samples without encountering the ambiguity‬

‭associated with Faraday plate measurements. Put differently, the ability to assign‬

‭mass-to-charge (m/z) values to peaks in the mobility domain enables for more complex‬

‭mobility spectra to be deciphered (i.e., assign identities to peaks) and more information‬

‭to be gleaned from the analysis. Leveraging our recently developed TW-SLIM-ToF‬

‭system, we sought to analyze complex biomolecules such as substance P and‬

‭bradykinin which exhibit numerous charge states and conformers. Upon analyzing data‬

‭associated with these complex species, it became apparent that numerous phenomena‬

‭such as interconversion between conformers and charge transfer were occurring‬

‭throughout TW-SLIM analysis and that further investigation into this matter was‬

‭warranted.‬
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‭5.3 Manuscript‬

‭Abstract‬

‭With its capacity to store and translate ions across considerable distances and times,‬

‭traveling wave structures for lossless ion manipulations (TW-SLIM) provides the‬

‭foundation to expand the scope of ion mobility spectrometry (IMS) experiments. While‬

‭promising, the dynamic electric fields and consequential ion-neutral collisions used to‬

‭realize extensive degrees of separation have a considerable impact on the empirical‬

‭result and the fundamental interpretation of observed arrival time distributions. Using a‬

‭custom-designed set of TW-SLIM boards (~9 meters) coupled with a time-of-flight mass‬

‭spectrometer (SLIM-ToF), we detail the capacity to systematically alter the gas-phase‬

‭distribution of select peptide conformers. In addition to discussing the role‬

‭charge-transfer may play in TW-SLIM experiments that occur at extended time scales,‬

‭the ability of the SLIM-ToF to perform tandem IMS was leveraged to confirm that both‬

‭the compact and elongated conformers of bradykinin‬‭2+‬ ‭undergo interconversion within‬

‭the SLIM. Storage experiments in which ions are confined within SLIM using static‬

‭potential wells suggest that factors aside from TW-induced ion motion contribute to‬

‭interconversion. Further investigation into this matter suggests that the use of radio‬

‭frequency (RF) fields to confine ions within SLIM may play a role in ion heating. Aside‬

‭from interconversion, storage experiments also provide insight into charge transfer‬

‭behavior over the course of extended periods. The results of the presented experiments‬

‭suggest that considerations should be taken when analyzing labile species and inform‬

‭strategies for TW-SLIM design and method development.‬
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‭Introduction‬

‭The drive toward high-resolution, broadband ion mobility (IM) separations is‬

‭prompted largely by the recognition that there are a host of critical molecular descriptors‬

‭that transcend‬‭m/z‬‭measurements. Though exceptional‬‭levels of separating power have‬

‭been realized for select drift cell systems,‬‭100,101‬ ‭the practical limits imposed by‬

‭high-voltage power supplies when scaling drift cell systems is a considerable hindrance‬

‭toward their continued expansion. More recently, the capacity to separate gas-phase‬

‭ions with a high degree of resolution is enabled by the use of systems that employ‬

‭time-varying electric fields for ion confinement, such as trapped ion mobility‬

‭spectrometry (TIMS)‬‭20‬ ‭and traveling wave ion mobility‬‭spectrometry (TWIMS).‬‭23‬

‭Unsurprisingly, these non-linear electric fields establish conditions where external‬

‭calibration of the apparatus is required to approximate the coefficient of gas-phase ion‬

‭mobility (i.e., K) for a given ion population. To further complicate the interpretation of the‬

‭experimental features attributed to a suite of ion populations, the use of dynamic fields‬

‭in moderate-pressure environments (e.g., 1-10 Torr) is known to alter gas-phase‬

‭conformations for select species. For experiments that rely upon variations in relative‬

‭conformer abundances to infer chemical or molecular properties, an understanding of‬

‭the experimental factors that may alter gas-phase structures is essential.‬

‭Precisely because IM provides information that complements‬‭m/z‬

‭measurements, the opportunity exists to capture subtle differences in ion conformation‬

‭that transcend mass measurements. However, because IM approaches exploit the‬

‭orientationally averaged momentum-transfer cross section for separation, only‬
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‭conformations with lifetimes that approach the timescale of the experimental are‬

‭captured as distinct arrival time distributions (ATDs).‬‭102‬ ‭Conversely, for ion populations‬

‭where where the interconversion between conformational states is rapid,‬

‭time-dispersive IM techniques will yield an ATD with a singular distribution that‬

‭represents average between the states.‬‭103‬ ‭In the case‬‭of drift cell IM systems where‬

‭internal ion energy may be manipulated or controlled (e.g., variable temperature‬

‭systems), the ability to record the interconversion between states provides an‬

‭opportunity to derive fundamental thermodynamic parameters.‬‭102,104,105‬ ‭Using these‬

‭historical approaches as inspiration, similar considerations for the growing class of IM‬

‭separation techniques that exploit time-varying electric fields are necessary.‬

‭Amongst the suite of ion mobility techniques that utilize dynamic fields, traveling‬

‭wave structures for lossless ion manipulations (TW-SLIM) has proven an effective tool‬

‭for tackling challenging chemical analyses.‬‭42,68,97‬ ‭Owing to its unique geometry and‬

‭assembly, TW-SLIM possesses a degree of flexibility that has enabled the technique to‬

‭not only push the limits of IMS resolving power‬‭76,106‬ ‭but also perform unique‬

‭experiments‬‭70,81,95‬ ‭that deviate from traditional‬‭separations. Though broad access to the‬

‭technique remains comparatively limited,‬‭28,43,51,54‬ ‭the extended pathlengths, low-voltage‬

‭requirements, and capacity to sustain ion populations at appreciable pressures (i.e., 2-4‬

‭Torr) present new opportunities for gas-phase ion chemistry experiments in addition to‬

‭separations.‬

‭While the potential for ion heating, which relates to the aforementioned altering of‬

‭gas-phase conformations, has been explored for traditional TWIMS systems‬‭24,107,108‬‭,‬
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‭similar efforts with regard to TW-SLIM have been limited.‬‭25,109‬ ‭Arguably, the treatment of‬

‭ion motion in these prior efforts is an extremely rough approximation as the velocity‬

‭vector used for interpretation ignores the complex motion induced by the traveling wave‬

‭and the considerable degree of ion micromotion induced by the confining‬

‭radiofrequency fields. More specifically, separate works by Allen and Bush‬‭110‬ ‭and Allen‬

‭et al.‬‭111‬ ‭illustrate a strategy to estimate effective‬‭temperatures using RF-confining drift‬

‭cells and electrostatic SLIM configurations. However, these works do not account for the‬

‭substantially differing electrode configurations present in TW-SLIM electrode design,‬

‭though it should be noted that the underlying approach could be extended to account for‬

‭more complex electrodes and dynamic electric fields. Continued, cross-validated efforts‬

‭to evaluate the complex ion motion in TW-SLIM platforms are needed to advance the‬

‭collective understanding of these experimental variables on arrival time distributions.‬

‭While some of the broader conclusions regarding the relationship between TW‬

‭conditions and ion heating in traditional TWIMS systems may translate to planar‬

‭TW-SLIM, such as the significance of “gentle” conditions that dampen ion velocities,‬

‭direct comparisons between the two should be avoided due to the vastly different‬

‭electrode geometries. Nevertheless, concerns related to ion energy deposition are of‬

‭primary concern as such variables can influence gas-phase conformer identities.‬

‭Recent works by Zercher et al.‬‭112‬ ‭using a SLIM system‬‭with electrostatic fields as‬

‭opposed to traveling waves demonstrated the capacity to monitor the dynamics of‬

‭different protein charge states in the gas phase. This effort builds upon prior work by‬

‭Allen et al.,‬‭111‬ ‭who first explored structural dynamics‬‭in electrostatic SLIM systems‬
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‭through both time- and energy-dependent experiments. Similarly, recent efforts by Eldrid‬

‭et al.‬‭113‬ ‭using the cyclic-TW system developed by‬‭Waters (Milford, MA) evaluated the‬

‭structural dynamics of protein ions. These efforts remain notable and relevant, however,‬

‭these endeavors focused almost exclusively on protein charge states. While similarities‬

‭exist between electrostatic SLIM, cyclic-TW systems, and TW-SLIM, direct comparisons‬

‭between those techniques must be tempered due to either differing electric field profiles‬

‭or geometries.‬

‭Recognizing the need to explore the impact that TW-SLIM analysis may have on‬

‭labile species further, the work outlined in this manuscript utilizes an independently‬

‭developed TW-SLIM platform coupled with a time-of-flight mass spectrometer. Notable‬

‭observations presented in this report include the observation of bradykinin‬‭2+‬

‭interconversion and the subtle but differential behavior of sodiated vs. protonated‬

‭species. Interestingly, the use of on-board storage revealed that interconversion occurs‬

‭even when ions are not moving in response to the TW. While further investigations‬

‭regarding the precise origin(s) of interconversion are required, preliminary data‬

‭suggests that the RF fields in SLIM may play a role in the observed phenomena.‬

‭Though it was not determined which species was/were responsible for inducing charge‬

‭transfer with substance P, data regarding how charge transfer may impact species‬

‭within SLIM over time was collected and may inform strategies to attenuate this‬

‭behavior through altering experimental methodologies. Most importantly, however, this‬

‭report highlights key experimental factors that may impact the observed distribution of‬

‭conformationally flexible gas-phase ions using TW-SLIM.‬
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‭Experimental‬

‭Tetrabutyl- (T4), tetrapentyl- (T5), and tetraheptylammonium bromide (T7) were‬

‭purchased from Sigma-Aldrich (St. Louis, MO). Bradykinin acetate salt and substance P‬

‭acetate salt hydrate were also purchased from Sigma-Aldrich. The sample used‬

‭throughout the presented analyses consisted of 200 nM each T4, T5, and T7 as well as‬

‭500 nM each bradykinin and substance P in 80:20 methanol:water (HPLC grade, Fisher‬

‭Chemical, Fair Lawn, NJ) with 0.1% formic acid (Honeywell-Fluka, Muskegon, MI).‬

‭Using the strategies outlined by Greer et al.‬‭79‬‭, a‬‭multi-board SLIM system was‬

‭interfaced to a compact time-of-flight (ToF) mass spectrometer (ioniToF 4000, Ionicon‬

‭Analytik, Innsbruck, Austria) equipped with an analog-to-digital converter from Teledyne‬

‭(Thousand Oaks, CA ). A schematic of the instrument used throughout the presented‬

‭work is shown in Figure 5.1. Though not shown in Figure 5.1, the vacuum chamber and‬

‭mechanical construction are based upon the standard and customized versions of a‬

‭modular vacuum cube chamber system (Ideal Vacuum Products, LLC, Albuquerque,‬

‭New Mexico). Ions were generated via electrospray ionization (ESI) and were‬

‭transmitted into the instrument via a stainless-steel inlet capillary (560 µm i.d., 1600 µm‬

‭o.d.) purchased from McMaster-Carr (Elmhurst, IL). Further details regarding this‬

‭process are reported elsewhere.‬‭52,54‬ ‭After traversing‬‭the inlet, ions were focused by an‬

‭ion funnel (0.9 MHz, 100 V‬‭p-p‬‭) housed in a chamber‬‭at 2.45 Torr before being‬

‭transmitted to a second ion funnel (1.1 MHz, 75 V‬‭p-p‬‭)‬‭in an adjacent chamber (2.50 Torr).‬

‭The second ion funnel was responsible for transmitting ions into the SLIM, which was‬

‭held in the same chamber. The SLIM chamber was filled with high-purity N‬‭2‬ ‭supplied at‬
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‭a flow rate of 110 mL/min using a mass flow controller from Alicat Scientific (Tucson,‬

‭AZ). The pressure in each of the two chambers was monitored using Setra Model 730‬

‭capacitance manometers (Boxborough, MA).‬

‭The SLIM consists of 3 distinct board sets, which are joined and aligned‬

‭mechanically.‬‭79‬ ‭The spacing between the two planar‬‭board surfaces was 2.75 mm. The‬

‭first board, dubbed the “loader” board, provides approximately 1 m of SLIM track, which,‬

‭in the context of the presented work, was utilized for ion accumulation prior to injection.‬

‭Injection was performed by switching a series of electrodes between a static DC‬

‭potential, which blocks ion progression, and a TW, which enables ion transmission (i.e.,‬

‭injection). The injection width used throughout the presented work was 1 ms. The‬

‭second board contains approximately 8 m of SLIM track along with the ability to cycle‬

‭ions and is referred to as the “separation” board. The utilization and extent of the cycling‬

‭is controlled via switching electrodes located near the exit of the board, which behave‬

‭similarly to those used for ion injection. In the context of the presented work, this cycling‬

‭mechanism was used to perform tandem IMS experiments in which portions of‬

‭separated ion populations were selected for an additional cycle through the separation‬

‭board. The third and final board, known as the “stager” board, was designed to enable‬

‭the SLIM to maneuver through the vacuum chamber and accommodate a Faraday plate‬

‭detector for troubleshooting purposes. Though not utilized in this work, this SLIM‬

‭system is capable of operating in “bypass” mode in which ions avoid the serpentine‬

‭regions of the board and are quickly transmitted through the system. The housing for all‬

‭components discussed thus far was constructed using modular vacuum chambers from‬
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‭Ideal Vacuum Products LLC (Albuquerque, New Mexico). Conditions within the SLIM‬

‭were controlled using a modular intelligent power source (MIPS) and RFgenerator from‬

‭GAA Custom Electronics (Kennewick, WA). Unless otherwise stated, the following‬

‭conditions were implemented throughout all SLIM analyses. Lateral confinement of ions‬

‭was achieved by biasing guard electrodes 12 V relative to the center of the TW.‬

‭Confinement orthogonal to the board surfaces was maintained via RF electrodes‬

‭operating at 0.97 MHz, 200 V‬‭p-p‬‭. The TW was generated‬‭as a square wave using a 4‬

‭high, 4 low configuration.‬‭28‬ ‭The TW was operated at‬‭142 m/s, 18 V‬‭p-p‬‭. Further details‬

‭regarding the configuration of the SLIM boards are reported elsewhere.‬‭54‬ ‭While not the‬

‭focus of this work, we acknowledge that the conditions utilized throughout this work‬

‭proved capable of yielding CCS values, which are in agreement with those found in the‬

‭literature within 2%.‬‭61,98‬

‭Upon exiting the SLIM, ions traverse a custom gate-valve inspired by Esser et‬

‭al.‬‭114‬ ‭which enables the SLIM to be vented while maintaining‬‭the rest of the instrument,‬

‭namely the mass spectrometer (MS), at vacuum. Directly adjacent to the gate valve is a‬

‭third ion funnel (0.94 MHz, 110 V‬‭p-p‬‭), which transmits‬‭ions out of the SLIM chamber and‬

‭into a custom stacked ring ion guide (SRIG) constructed from printed circuit boards‬

‭(PCB) The RF applied to the SRIG was coupled with that of the third funnel (0.94 MHz,‬

‭110 V‬‭p-p‬‭). The SRIG chamber was maintained at 0.36‬‭Torr and acted as a buffer‬

‭between the higher-pressure SLIM chamber and the MS. After traversing the SRIG,‬

‭ions entered yet another chamber housing a custom PCB hexapole (1.1 MHz, 230 V‬‭p-p‬‭),‬

‭and subsequently entered the lens system of the MS. A more in-depth discussion and‬
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‭photos detailing the components of the instrument can be found in the supporting‬

‭information. Arrival time distributions (ATD) were averaged 200 times, and the resulting‬

‭HDF5 file was processed using python notebooks developed in-house. The ATD‬

‭displayed herein were smoothed using a Savitzky-Golay smoothing algorithm to‬

‭attenuate noise stemming from the sampling frequency of the ToF (20 kHz). A‬

‭comparison of smoothed and unsmoothed ATD can be found in the supporting‬

‭information (Figure 5.S5). Data shown throughout this work represent the average of‬

‭five replicates, the standard deviation of which is reflective of the measurement‬

‭uncertainty. The term “peak area” used throughout to quantify ion abundance was‬

‭calculated via the integration of ATD windows which correspond to select species.‬
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‭Figure 5.1. Photograph of the SLIM boards used throughout the presented work. A‬

‭schematic of the system and its components can be found in the Supporting‬

‭information.‬

‭Figure 5.2. m/z-specific ATDs associated with substance P‬‭2+‬ ‭(Sub P‬‭2+‬‭), substance P‬‭3+‬

‭(Sub P‬‭3+‬‭), bradykinin‬‭2+‬‭, T4, and T7. The subtle but‬‭small increase ion +2 ion current of‬

‭Sub P coincides with the +3 arrival times. These observations suggest the potential for‬

‭charge reduction that occurs between the +3 and +2 charge states of substance P. A‬

‭zoomed view of these data is provided in the supporting information (Figure 5.S6).‬

‭Results and Discussion‬

‭The ATD of substance P‬‭2+‬‭, substance P‬‭3+‬‭, and bradykinin‬‭2+‬ ‭shown in Figure 5.2‬

‭reveal that each species exists in multiple conformers within the gas-phase. While the‬

‭existence of these conformers is well documented,‬‭15,115,116‬ ‭the presence of the apparent‬

‭“bridging” between conformers is interesting as it suggests that interconversion occurs‬

‭96‬

https://paperpile.com/c/PppNvF/xJzIX+sgXvu+hh8tt


‭continuously throughout the separation. Using a combination of tandem ion mobility and‬

‭mass spectrometry efforts, it is well-established that select ion populations can‬

‭interconvert between states.‬‭102,105,117,118‬ ‭In the‬‭context of Figure 5.2, ions having spent‬

‭some time in different conformational states will have arrival times that fall between the‬

‭two peak maxima, which is then observed as bridging. It is important to recognize that if‬

‭the bridging were the result of gate leakage, a raised baseline would be present‬

‭throughout the entire ATD, as opposed to select time windows. In order to determine‬

‭whether or not the observed bridging is due to the interconversion of conformers or‬

‭simply poor resolving power, the ability of the presented SLIM platform to perform‬

‭tandem IMS experiments was leveraged to further investigate the conformers of‬

‭bradykinin‬‭2+‬‭.‬

‭Figure 5.3 showcases ATD in which portions of the compact and elongated‬

‭conformers of bradykinin‬‭2+‬ ‭were sliced (i.e., selected‬‭for an additional lap in the SLIM) to‬

‭further investigate their potential for interconversion. In the case of the compact‬

‭conformer, the sliced bradykinin‬‭2+‬ ‭population broadens‬‭asymmetrically, extending‬

‭disproportionately to the right (Figure 5.3a). Similarly, the sliced portion of the elongated‬

‭species also broadens asymmetrically but in the opposite direction (Figure 5.3b). To be‬

‭clear, the “sliced” ions are rerouted for an additional dimension of IMS and arrive later‬

‭than the parent population from which they originated. The ATD shown in Figure 5.3‬

‭strongly suggests that a significant degree of interconversion between the two primary‬

‭conformers of bradykinin‬‭2+‬ ‭is occurring as the species‬‭navigate the SLIM. While further‬

‭investigation would be required to quantify the rates and magnitude of interconversion,‬
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‭the data presented in Figure 5.3 suggest that the conversion of the elongated species to‬

‭that of its compact counterpart occurs more rapidly than its inverse. Further discussions‬

‭on this matter will be presented in subsequent sections of the manuscript.‬
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‭Figure 5.3. ATD of tandem IMS experiments performed on (a) the compact and (b)‬

‭elongated conformers of bradykinin‬‭2+‬‭. The ions which were chosen for an additional‬

‭dimension of IMS analysis (i.e., an additional cycle through the SLIM) are referred to as‬

‭“Sliced Ions” and arrive later due their extended separation period. Unlike experiments‬

‭shown elsewhere, the following conditions were implemented during the collection of‬

‭the presented data: TW speed 128 m/s, guard bias 15 V, ToF sampling frequency 25‬

‭kHz, number of averages 250. Additional data are presented in the supporting‬

‭information.‬

‭Given that Figure 5.3 strongly suggests that interconversion is occurring within‬

‭the SLIM, further investigation into the cause of the interconversion is warranted. One‬

‭possible explanation for the observed interconversion is the heating of ion populations‬

‭as they traverse the SLIM. Although the complexity of the fields experienced by ions‬

‭traversing the SLIM cannot be ignored,‬‭25,26‬ ‭one can‬‭certainly theorize specific‬

‭components that may expose ions to fluctuations in energy: the TW‬‭24,107,108‬ ‭and the RF‬

‭fields.‬‭119‬ ‭In order to determine whether or not ion‬‭heating is related to velocity imparted‬

‭by the TW, experiments were performed in which ions were stored in static potential‬

‭wells after being injected into the separation region of the SLIM. This “storage” was‬

‭accomplished by halting the forward advance of the TW. Under these conditions, the‬

‭voltages applied to the TW electrodes are held static for as long as the storage period‬

‭was implemented. If variations in interconversion are observed between experiments‬

‭with and without storage, it would suggest that energy imparted in response to TW‬

‭motion is not the only factor responsible for the interconversion. It is worth noting that‬

‭the storage conditions used in this effort were conducted in an attempt to retain the‬
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‭spatial position of the separated ion populations. Recent works by Huntley et al.‬

‭demonstrated a considerable capacity to store ion populations with minimal loss.‬‭95‬

‭However, the SLIM-based ion traps used in that effort were considerably longer and did‬

‭not contain a static TW for trapping. While different from the present evaluation, the two‬

‭works are not necessarily contradictory. Rather, the combined works illustrate that a‬

‭choice to maximize storage efficiency may require different experimental parameters‬

‭that may not always be compatible with the retention of the target conformations of‬

‭flexible species.‬

‭Figure 5.4a shows a series of overlaid bradykinin‬‭2+‬ ‭ATD collected using various‬

‭storage times. From these ATD, it can be concluded that interconversion occurs even‬

‭when the ions are not being exposed to the motion of the TW, as the ratio of the two‬

‭bradykinin‬‭2+‬ ‭conformers shifts as a function of storage‬‭time. Interestingly, the data‬

‭shown in Figures 5.4a and 5.4b suggest that, given sufficient storage time, the compact‬

‭species will become the more predominant of the two, supporting the aforementioned‬

‭notion that this bidirectional interconversion seems to favor the compact state. A more‬

‭expanded view of the data contributing to Figure 5.4 is shown in Figure 5.S9. Included‬

‭in this latter figure are the results of fitting the data to a simple kinetic model that‬

‭accounts for the observed ion loss. While the choice of fitting constraints can impact the‬

‭absolute value of the rates returned by the fitting model (See the SI for details of the‬

‭model), all of the numerical conditions considered further support the notion that the‬

‭compact state is favored under the experimental conditions probed, even when‬

‭accounting for ion loss (Figure 5.4b). It should be recognized that a variety of plausible‬
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‭explanations exist that account for the observed shifts in conformer ratios, such as ion‬

‭chemistry‬‭118,120–122‬ ‭and confinement issues, which‬‭can be conformer-specific. While‬

‭these factors may influence the results shown in Figure 5.4, the drastic shift in‬

‭conformer ratio observed between storage times of 5 and 100 ms (Figure 5.4b, purple‬

‭trace) does not coincide with significant ion loss (Figure 5.4b, green trace) which‬

‭suggests that depletion is not the primary cause of conformer ratio variation.‬
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‭Figure 5.4. (a) Overlaid ATD of bradykinin‬‭2+‬‭collected‬‭with varying storage periods.‬

‭Arrival times for stored ion populations were adjusted to align spectra. (b) Variations in‬

‭the ratio between the peak heights (assigned based on arrival time) of the compact and‬

‭elongated conformers of bradykinin‬‭2+‬‭as a function‬‭of storage time (purple trace). A ratio‬

‭of >1 would mean that the compact conformer has a greater intensity than the‬

‭elongated conformer. Additional data regarding the peak heights of the compact and‬
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‭elongated conformers is shown in Figure 5.S9. The peak area of bradykinin‬‭2+‬ ‭as a‬

‭function of storage time relative to data collected without a storage period (green trace).‬

‭The storage data presented in Figure 5.4 suggests that ions are undergoing‬

‭interconversion while “stationary” within the SLIM. This simultaneously diminishes the‬

‭role of TW-induced motion as a possible cause of interconversion and points towards‬

‭factors that impact the ions as they dwell within the SLIM, such as RF. The data‬

‭contributing to Figure 5.4b are shown in Figure 5.S9 and illustrate that the continued‬

‭evolution of TW-SLIM experiment may provide insights into the kinetics of these‬

‭transitions. However, due to the numerous factors that define TW-SLIM analyses (e.g.,‬

‭TW voltage, TW speed, guard voltage, and RF freq and potential), the extension of‬

‭kinetic measurements from a single set of conditions may be misleading. Ideally, the‬

‭capacity to change the temperature of the apparatus and associated neutral collision‬

‭partners would provide a more accurate accounting of the thermodynamics of these‬

‭transitions.‬‭102‬‭. This subtle but key point aside,‬‭Figure 5.5 shows a series of ATD for‬

‭bradykinin‬‭2+‬ ‭collected when operating the SLIM with‬‭various RF frequencies and‬

‭amplitudes. Regardless of RF frequency, the data shown in Figure 5.5 suggests that‬

‭there exists a clear relationship between RF conditions and the observation of multiple‬

‭conformers for‬‭bradykinin‬‭2+‬‭. Interestingly, the observance‬‭of the compact conformer of‬

‭bradykinin‬‭2+‬ ‭is most pronounced near the middle of‬‭the RF V‬‭pp‬ ‭explored. Erosion of the‬

‭compact conformer occurs at the higher and lower ends of the range of RF amplitudes‬

‭investigated. While comparisons between the data collected at high and low RF‬

‭amplitudes may prove fruitful, the role of ion loss impacting the observed conformer‬
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‭ratios cannot be discounted entirely. In many ways, these data illustrate that changing‬

‭RF parameters can impact the rates of conformer interconversion. Interestingly, recent‬

‭works by Porter et al.‬‭123‬ ‭using the CRAFTI‬‭124‬ ‭technique‬‭illustrate that bradykinin‬‭+2‬ ‭can‬

‭adopt a compact conformation following higher energy collisions. While direct mapping‬

‭between IM techniques and CRAFTI requires great care, the general trends observed‬

‭using this complementary technique appear to mirror the present observations for‬

‭bradykinin in the TW-SLIM platform. The data presented in Figures 5.4 and 5.5 suggest‬

‭that under select circumstances, the kinetics of interconversion from the extended to‬

‭compact conformer are sufficiently long to be experimentally captured. However, at the‬

‭extremes of the RF amplitudes, the kinetics and energy landscape between the two‬

‭conformations prevent facile observation. Ideally, a variable temperature experiment‬

‭could be deployed toward disentangling the complexities of data interpretation for this‬

‭system.‬

‭Extending these observations to different multiply charged systems, similar‬

‭trends for substance P‬‭2+‬ ‭were also observed (Figure‬‭5.S10), suggesting that the‬

‭observed interconversion behavior is not solely a result of the chemical and or physical‬

‭properties of bradykinin‬‭2+‬‭. Though not thoroughly‬‭explored in this work, it is worth noting‬

‭that similar behaviors can be observed through the modulation of the SLIM guard bias.‬

‭Such behavior is not entirely surprising, as altering the guard potential changes the‬

‭physical location of the electric field contours used for ion confinement. In other words,‬

‭by adjusting the guard bias, it is possible to alter the effective RF and TW voltages‬

‭experienced by the ion populations. Nonetheless, it is worth considering the relationship‬
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‭between an ion’s position relative to board surfaces and the energies it experiences as‬

‭it traverses the SLIM. While outside of the scope of this work, these observations raise‬

‭a number of questions regarding the kinetics at play when transmitting dynamic ion‬

‭populations throughout SLIM and perhaps suggest that SLIM may serve as a powerful‬

‭tool for the probing of gas-phase ion kinetics. Additionally, as the applications of SLIM‬

‭expand, these data suggest that considerations must be made regarding conditions for‬

‭the analysis of conformationally flexible and labile species.‬
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‭Figure 5.5. ATD of bradykinin2+ collected under various RF conditions. “A” refers to the‬

‭peak area of the presented spectra relative to the spectra with the greatest area (0.97‬

‭MHz, 260 Vp-p). “H” refers to the peak height of the presented spectra relative to the‬

‭spectra with the greatest height (0.76 MHz, 260 Vp-p).‬
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‭Matters of interconversion aside, the ATD of substance P in Figure 5.2 also‬

‭suggests that charge transfer is occurring throughout the presented analyses. The‬

‭fronting of the substance P‬‭2+‬ ‭peak coincides with‬‭the arrival of the substance P‬‭3+‬

‭population, which not only suggests that charge transfer is occurring but also that these‬

‭events happen throughout SLIM analysis. Unlike observations made regarding‬

‭interconversion, the presence of charge transfer does not seem "tunable” via the‬

‭modulation of parameters such as RF, suggesting that perhaps it is the result of‬

‭contaminants within the SLIM chamber. Prior to further discussion, it’s important to note‬

‭that contaminants are not limited to those introduced during the assembly and handling‬

‭process but include residual solvents from the electrospray process despite a pressure‬

‭differential and contributions from sources such as outgassing. While precautions may‬

‭be taken when selecting materials for use in SLIM instrumentation, some degree of‬

‭outgassing may remain present, especially when utilizing materials that lower the cost‬

‭of implementation.‬‭125‬ ‭Furthermore, given that most‬‭academic research institutions are‬

‭not equipped with clean rooms for the assembly of instrumentation, it would benefit‬

‭those interested in non-commercial SLIM implementation to envision additional stages‬

‭of differential pumping prior to SLIM separation.‬

‭As mentioned previously, the peak shape of substance P‬‭2+‬ ‭in Figure 5.2 suggests‬

‭that charge reduction is occurring continuously throughout the SLIM separation. In order‬

‭to investigate the relationship between charge reduction and time spent within the SLIM,‬

‭a series of storage experiments were performed wherein variations in ion population‬

‭(estimated via the integration of ATD) could be observed as a function of storage time‬
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‭(Figure 5.6). Although the total time an ion spends within the SLIM system cannot be‬

‭accurately determined due to uncertainty regarding the time an ion spends on the‬

‭accumulation board, the use of storage experiments is nonetheless informative in the‬

‭given context. While used originally as internal calibrants, a closer evaluation of the‬

‭species in Figure 5.2 illustrates that the substance P‬‭3+‬ ‭conformers have ion velocities‬

‭that are, in some cases, faster than singly charged T4 at‬‭m/z‬‭242. Using a rough‬

‭approximation, the ion-neutral collision cross-section of substance P‬‭3+‬ ‭is considerably‬

‭higher than T4 when scaled for charge. However, the magnitude of the force exerted‬

‭upon these ions is considerably different, and the‬‭efficient‬‭confinement of such ions for‬

‭extended time periods may require entirely different TW and RF conditions.‬
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‭Figure 5.6. Plots of ion population (estimated via the integration of ATD) vs storage time‬

‭for a number of compounds. The reported ion populations of T4 and T7 were offset by‬

‭1.8E6 AU to increase the readability of the figure.‬

‭As reported elsewhere,‬‭54‬ ‭the data shown in Figure‬‭5.6 suggests that in the case‬

‭of natively charged singly charged species such as tetraalkylammonium ions, SLIM‬

‭storage across several orders of magnitude does not significantly impact ion‬

‭populations. However, when storing more dynamic species, clear variations in ion‬

‭populations can be observed. In the case of substance P, degradation in the substance‬

‭P‬‭3+‬ ‭population coincides with gains in the substance‬‭P‬‭2+‬ ‭population. While it could be‬

‭argued that the loss of substance P‬‭3+‬ ‭may be related‬‭to poor confinement, this alone‬

‭would not explain the gains in substance P‬‭2+‬‭, suggesting‬‭that charge reduction is, in‬
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‭fact, occurring as the ATD suggests. Despite being similar to substance P‬‭2+‬ ‭and‬

‭substance P‬‭3+‬‭, their singly sodiated counterparts‬‭behave more statically, perhaps due to‬

‭the charge-carrying species being less mobile. These observations suggest that‬

‭experimental conditions that may alter an ion's susceptibility to charge loss‬‭126‬ ‭may be‬

‭worth considering for those interested in the analysis of complex species in SLIM.‬

‭Another influence on the data presented in Figure 5.6 are issues associated with‬

‭transmitting increasingly disparate species through SLIM. Upon converting from charge‬

‭states of 3+ to 2+ and 2+ to 1+, an ion's response to the confining RF fields and TW will‬

‭vary. In the context of the data shown in Figure 5.6, this means that observed‬

‭losses/gains between species will not necessarily be at a 1:1 ratio as some charge‬

‭states will not be as effectively confined and or transmitted as others.‬‭52‬ ‭This is‬

‭particularly true for the conversion of substance P‬‭2+‬ ‭to substance P‬‭1+‬‭, which was‬

‭observed, but only to a slight degree (Figure 5.S11).‬

‭While previous discussions of charge reduction have focused on its relationship‬

‭to contamination, it is important to recognize that a second factor, experimental‬

‭timescale, is also significant. The unique geometry of TW-SLIM has enabled the‬

‭accumulation of considerably dense ion populations, separation over expansive‬

‭pathlengths, and the implementation of unique and insightful experiments.‬‭33,41,97‬

‭However, it is important to recognize that many of these advancements have coincided‬

‭with pushing the timescale of SLIM experiments well beyond what is typical for‬

‭geometries that use stacked-ring ion guides. Stated differently, SLIM experiments occur‬

‭at pressures (2-4 Torr) and for time periods (hundreds, thousands of ms), which have‬
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‭yet to be thoroughly explored by the IMS and MS communities. With that in mind, it is‬

‭unsurprising that charge transfer is being observed and that further investigation into‬

‭this matter is necessary.‬

‭Conclusion‬

‭Combined with its capacity for tandem-IM experiments, TW-SLIM offers new and‬

‭innovative approaches to control ion populations under conditions and timescales‬

‭previously unrealized. This capability also introduces an entirely new set of‬

‭technological and chemical challenges. As with many emerging technologies, further‬

‭implementation of TW-SLIM will inevitably raise important questions as the community‬

‭deviates further from what defines traditional IMS experiments. In the context of the‬

‭presented work, a major question that must be answered is how the unique geometry‬

‭and extended experimental timeframes of TW-SLIM may contribute to behaviors such‬

‭as interconversion and charge transfer. These latter questions remain imminently‬

‭important as the TW-SLIM expands to include ion chemistry experiments and as a‬

‭preparatory tool for spectroscopy.‬‭50‬ ‭Additionally,‬‭given that IMS techniques such as‬

‭linear-filed SLIM‬‭112,127‬ ‭and the cyclic system from‬‭Waters‬‭45‬ ‭are exploring similar‬

‭geometries and timescales, these questions are not limited to those engaging in‬

‭TW-SLIM research.‬

‭With regards to interconversion, the observation that bradykinin‬‭2+‬ ‭converts‬

‭between its compact and elongated states while being stored raises questions and‬

‭experimental opportunities regarding the energies ions experience within SLIM. Recent‬

‭work by Kwantwi-Barima et al.‬‭128‬ ‭has also acknowledged‬‭evidence of ion heating in‬
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‭SLIM, though it should be noted that their investigation focused primarily on ions‬

‭undergoing accumulation. While further investigation is required to deduce precisely‬

‭which aspect(s) of the SLIM experiment are responsible for these phenomena, data‬

‭presented herein suggest that the confining RF fields, and perhaps more broadly the‬

‭position of the ions with regards to board surfaces, impact the observed interconversion‬

‭of bradykinin‬‭2+‬‭. Unlike interconversion, the presence‬‭of charge transfer throughout the‬

‭presented analyses does not appear tunable via parameters such as RF, suggesting‬

‭that mitigating this behavior may rely on limiting the time spent by an ion within SLIM.‬

‭Future efforts that seek to explore the kinetics of interconversion and charge‬

‭transfer in TW-SLIM will include variable temperature TW-SLIM to disentangle‬

‭environmental contributions to internal energy from the complex energy deposition‬

‭mechanism at play using the applied electric fields. Tandem IMS will continue to play‬

‭prominently in quests to map conformational changes in similar systems, and the broad‬

‭tunability of the TW-SLIM platform promises to enable an entirely new class of IM and‬

‭ion chemistry experiments. Furthermore, assuming the implementation of proper‬

‭experimental controls and the development of a more rigorous theory, the capacity to‬

‭dynamically alter isomerization rates using TW-SLIM may prove useful in characterizing‬

‭the behavior of conformationally flexible gas-phase ions.‬

‭When considering strategies to limit the time ions spend in SLIM, it’s important to‬

‭recall that ions often spend significant time within SLIM undergoing on-board‬

‭accumulation as a means of boosting sensitivity. Though the benefits of this approach‬

‭are well-documented,‬‭33,70,95‬ ‭those analyzing labile‬‭or highly dynamic species may‬
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‭consider alternative approaches such as the use of ion “dumps”‬‭71‬ ‭or multiplexing‬

‭techniques. Approaches that can inject ions via the redirection of a continuous ion beam‬

‭as opposed to a more traditional gating would not only reduce the time ions spend on‬

‭the board but would also remove some ambiguity regarding the total time an ion spends‬

‭within SLIM.‬‭127‬

‭With regards to separation efficiency, optimizing SLIM conditions that enable‬

‭adequate separation of select compounds of interest while achieving the shortest‬

‭possible arrival times would alleviate deleterious impacts on ion populations that arise‬

‭from excessive time within the SLIM. Though counter to much of the development‬

‭surrounding SLIM, it may also be worth considering limiting the pathlength of a SLIM‬

‭system to that which provides sufficient separation for particular compounds at the cost‬

‭of ultra-high resolving powers. Finally, it’s important to recognize that each of the‬

‭aforementioned strategies sacrifices the flexibility of a SLIM system in exchange for the‬

‭ability to analyze a select group of analytes more efficiently. Despite these challenges,‬

‭the exceptional separation power of the TW-SLIM platform offers a new degree of‬

‭flexibility to simultaneously achieve high-resolution separations and exceptional insights‬

‭afforded by tandem-IM experiments.‬
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‭Supporting Information‬

‭Figure 5.S1. Schematic of the instrument used throughout the presented work. The‬
‭arrows on the “Separation Board” indicate the possible paths undertaken by ions when‬
‭they reach this specialized region. Ions exiting the board (path indicated by the‬
‭horizontal arrow) will travel to the mass spectrometer. Ions that are selected for an‬
‭additional lap through the board, such as those undergoing tandem-IMS, will follow the‬
‭path indicated by the vertical arrow.‬

‭Overview of Select Instrumental Components‬

‭Figure 5.S2 shows photographs of the gate-valve which was implemented to‬

‭allow for the SLIM chamber to be at atmospheric pressure while the ToF remains at‬

‭vacuum. The gate-valve allows for rapid SLIM modifications to be made without‬

‭exposing the ToF to potential contaminants. The design was adapted from work by Tim‬

‭Esser, PhD.‬‭114‬
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‭Figure 5.S2. Photographs of the gate-valve and its components. The gate-valve is‬

‭assembled by first mounting a plate to an ion funnel (a and b) and then encasing the‬

‭funnel in Delrin housing (c) which is equipped with brass brackets. A blade is then‬

‭lowered through the brackets and, depending on its position, either allows for ion‬

‭transmission (d) or creates a seal (e) which allows for the SLIM chamber to be brought‬

‭up to atmospheric pressure. The position of the blade is controlled using a translator (f)‬

‭purchased from Ideal Vacuum Products LLC (Albuquerque, New Mexico).‬

‭The custom PCB SRIG used to balance the pressure between the SLIM and MS‬

‭is shown in Figure 5.S3. The DC bias across the SRIG was 10 V (~ 1.3 V/cm). The‬

‭SRIG is mounted to a PCB flange (Figure 5.S3b) which is pressed between two‬

‭chambers to create a seal . All electrical connections for the SRIG run through the‬

‭flange, a portion of which extends beyond the chamber, simplifying the system’s‬

‭electronics.‬
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‭Figure 5.S3. (a) Photograph of the PCB SRIG. (b) Photograph of the custom flange that‬

‭the SRIG mounts to. The white line on the flange separates the region of the board‬

‭which extends beyond the instrument (left of the line) from that which is within the‬

‭chamber (right of the line). (c) Photograph of the SRIG sitting inside the SRIG chamber.‬

‭The PCB hexapole, which was designed in-house, transmits ions exiting the‬

‭SRIG into the lens system of the MS (Figure 5.S4). In order to limit peak broadening in‬

‭the hexapole, a segmented design was implemented, which enabled for the application‬

‭of a DC gradient across the hexapole. Prior to the implementation of this segmented‬

‭hexapole, significant peak broadening occurred due to excessive diffusion in a hexapole‬

‭which lacked a DC gradient.‬

‭Figure 5.S4. (a) Custom PCB electrodes which are used to assemble the hexapole (b).‬
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‭Figure 5.S5. ATD of T5 prior to smoothing (red) and after smoothing (blue) using a‬

‭Savitzky-Golay smoothing algorithm.‬

‭Figure 5.S6. A subsection of the spectra shown in Figure 2 which highlights a noticeable‬
‭increase in +2 ion current that directly coincides with the +3 ion populations of‬
‭substance P.‬

‭117‬



‭Figure 5.S7. ATD of tandem IMS experiments performed on (a) the compact (earlier‬

‭arriving) and (b) elongated (later arriving) conformers of bradykinin‬‭2+‬‭. The apex of the‬

‭sliced peaks do not align as a result of differences in the start of the slicing as well as‬

‭the duration of the slice. Unlike experiments shown elsewhere, the following conditions‬

‭were implemented during the collection of the presented data: TW speed 128 m/s,‬

‭guard bias 15 V, ToF sampling frequency 25 kHz, number of averages 250.‬
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‭Table 5.S1. Deviations between the bradykinin‬‭2+‬ ‭ion population before (parent) and after‬

‭(product) being rerouted for tandem IMS analysis via an additional lap through the‬

‭SLIM. Positive values indicate that the product population was greater than the parent‬

‭population. The minimal deviation between the two populations suggests that no‬

‭significant ion loss was experienced by ions traversing the SLIM for an additional lap.‬

‭The equation used to quantify “deviation” is shown below (eq. 5.1). The data associated‬

‭with a 3 ms slice of the elongated conformer was excluded due to unusual peak shape,‬

‭which was attributed to random error.‬

‭Compact Conformer‬ ‭Elongated Conformer‬

‭Slice Width‬
‭(ms)‬

‭Deviation between sliced and‬
‭product populations (%)‬

‭Deviation between sliced‬
‭and product populations (%)‬

‭0.5‬ ‭1.35‬ ‭2.05‬

‭1‬ ‭-‬‭1.09‬ ‭4.46‬

‭1.5‬ ‭2.35‬ ‭6.48‬

‭2‬ ‭2.48‬ ‭5.54‬

‭2.5‬ ‭2.51‬ ‭6.74‬

‭3‬ ‭2.70‬ ‭NA‬

‭3.5‬ ‭4.00‬ ‭5.23‬

‭4‬ ‭3.47‬ ‭6.20‬

‭4.5‬ ‭0.97‬ ‭4.05‬

‭5‬ ‭-‬‭2.23‬ ‭4.48‬

‭(eq. 5.1)‬‭𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛‬ = ‭ ‬ (‭𝑙𝑜𝑠𝑠‬‭ ‬‭𝑖𝑛‬‭ ‬‭𝑝𝑎𝑟𝑒𝑛𝑡‬‭ ‬‭𝑝𝑒𝑎𝑘‬‭ ‬‭𝑎𝑟𝑒𝑎‬)‭ ‬−‭ ‬(‭𝑔𝑎𝑖𝑛‬‭ ‬‭𝑖𝑛‬‭ ‬‭𝑝𝑟𝑜𝑑𝑢𝑐𝑡‬‭ ‬‭𝑝𝑒𝑎𝑘‬‭ ‬‭𝑎𝑟𝑒𝑎‬)‭ ‬
(‭𝑝𝑎𝑟𝑒𝑛𝑡‬‭ ‬‭𝑝𝑒𝑎𝑘‬‭ ‬‭𝑎𝑟𝑒𝑎‬) * ‭100%‬
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‭Figure 5.S8. Overlaid ATD of bradykinin‬‭2+‬‭collected‬‭with varying storage periods.‬
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‭Figure S9. Variations in peak height (assigned based on arrival time) of the compact‬

‭and elongated conformers of bradykinin2+ as a function of storage time. These data‬

‭were used to calculate the "conformer ratio” displayed in Figure 4b. The dotted lines‬

‭represent the fit of the data to the simple interconversion model that accounts for signal‬

‭depletion as a function of storage time. The precise script used for these fits is shown at‬

‭the end of the Supporting Information.‬
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‭Figure 5.S10. ATD of substance P‬‭2+‬‭collected under‬‭various RF conditions. “A” refers to‬

‭the peak area of the presented spectra normalized to the spectra with the greatest area‬

‭(0.64 MHz, 260 Vp-p). “H” refers to the peak height of the presented spectra normalized‬

‭to the spectra with the greatest height (0.64 MHz, 260 Vp-p).‬
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‭Figure 5.S11. Gains and losses associated with 1000 ms of storage. The spectra shown‬

‭were generated by subtracting spectra collected when no storage was implemented‬

‭from spectra where 1000 ms of storage was implemented.‬

‭5.4 Broader Impact‬
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‭The major takeaways from this chapter concern both the development of‬

‭TW-SLIM platforms as well as insights into the complexities of TW-SLIM analysis. While‬

‭it would be unreasonable to suggest that this chapter provides a comprehensive‬

‭blueprint for the development of a TW-SLIM-ToF platform, we nonetheless provide‬

‭insight into tools and techniques which may simplify similar efforts at other institutions.‬

‭Building upon work presented in previous chapters, it should be recognized that our‬

‭work has informed strategies for the development of TW-SLIM instruments which range‬

‭from simple prototypes to multifaceted platforms capable of tackling complex‬

‭challenges. Regarding TW-SLIM analysis, the data presented in this chapter suggest‬

‭that a great deal of consideration is warranted when utilizing this technique for the‬

‭analysis of labile species. Additionally, it is clear that further investigation into the‬

‭energies experienced by ions in TW-SLIM is necessary, especially if the technique is to‬

‭ever see use in a clinical setting wherein it would be used to analyze various‬

‭biomolecules.‬

‭Building upon the work presented in this chapter, future experiments which both‬

‭quantify the energies experienced by ions in TW-SLIM and deepen our understanding‬

‭of how each aspect of the experiment contributes to ion heating would be beneficial.‬

‭Regarding quantification, the use of thermometer ions whose dissociation energies are‬

‭well studied could provide us with rough estimations of just how “hot” ions in TW-SLIM‬

‭are.‬‭129,130‬ ‭While singling out the contributions towards‬‭ion heating made by particular‬

‭aspects of the TW-SLIM experiment (e.g., guard bias, RF conditions, etc.) is a daunting‬
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‭task, robust data collection and modeling efforts may reveal if any one particular aspect‬

‭can be tuned to limit ion heating.‬
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‭CHAPTER SIX: TW-SLIM AS A PLATFORM FOR GAS-PHASE ION CHEMISTRY‬

‭EXPERIMENTS‬

‭6.1 Acknowledgements‬

‭The author would like to acknowledge Brain H. Clowers‬‭for designing and‬

‭implementing the reactant gas introduction system and for sharing their knowledge of‬

‭HDX. The author would also like to acknowledge Haley M. Schramm for aiding in the‬

‭experimental design process and for sharing their knowledge of HDX.‬

‭6.2 Building Towards Gas-phase Ion Chemistry Experiments‬

‭For those considering TW-SLIM as a tool for performing gas-phase ion chemistry‬

‭(GPIC), there are a number of factors which must be taken into account. To begin, the‬

‭desired functionality of the TW-SLIM must be determined. Recognizing the capacity of‬

‭TW-SLIM to effectively store ions,‬‭54,95‬ ‭it is entirely‬‭reasonable to design a simple,‬

‭compact TW-SLIM board whose primary function is to hold the ions as they interact with‬

‭a desired reactant gas. While this approach may simplify the experiment from a‬

‭practical standpoint, it ultimately limits the phenomena that can be probed with the‬

‭system. Numerous reports have shown that shifts in mobility may provide insight into‬

‭the underlying energetics of GPIC.‬‭131,132‬ ‭Without‬‭sufficient separation in the TW-SLIM,‬

‭such information may be clouded by ambiguity in the mobility domain. Fortunately, the‬

‭tools outlined in Chapter 3 can aid in the development of TW-SLIM systems of varying‬

‭complexity, perhaps even enabling a system to be designed which can operate as either‬

‭a simple reaction chamber or‬‭a system capable of high-powered‬‭separations.‬
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‭Regardless of the desired complexity with regards TW-SLIM, those interested in utilizing‬

‭the platform for GPIC must also be mindful of potential interaction between dopant‬

‭gasses and the TW-SLIM boards. Though less expensive than traditional materials such‬

‭as stainless steel, it should be recognized that PCB are not as inert and may be‬

‭susceptible to outgassing or undesired chemistry.‬‭125‬ ‭Given the range of GPIC reactants‬

‭and PCB materials, the only true solution to this problem is diligent preparation and‬

‭monitoring for abnormal features during data collection/analysis.‬

‭Aside from the TW-SLIM itself, other experimental components must be‬

‭considered when developing a platform for GPIC. As discussed in Chapter 3, obtaining‬

‭and maintaining desired pressures throughout a TW-SLIM platform may present issues‬

‭as the complexity of the system increases. Given that GPIC experiments will almost‬

‭certainly require a mass spectrometer and additional gas inlets, these issues will be‬

‭exacerbated. To make matters worse, fluctuations in pressure are particularly damaging‬

‭to GPIC experiments. Should the concentration of the reactant gas in the TW-SLIM‬

‭chamber vary significantly over the course of an experiment, the reproducibility of the‬

‭data will suffer. Additionally, depending on the amount of reactant gas introduced into‬

‭the system, variations in the total pressure of the TW-SLIM system may induce‬

‭significant shifts in arrival time. Recalling that information from the mobility domain may‬

‭be used to deduce GPIC energetics information, considerations must be made to‬

‭ensure that these deductions are not convoluted by pressure changes.‬

‭Moving on from the practical side of instrumentation, the ways in which TW-SLIM‬

‭can be used to aid in GPIC can be quite powerful, albeit with some drawbacks which‬
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‭must be considered. Perhaps the biggest advantage of using TW-SLIM for these‬

‭endeavors is its ability to store ions for user-defined periods, enabling for relatively‬

‭precise time-based GPIC experiments.‬‭54,95‬ ‭Given that‬‭storage periods in TW-SLIM can‬

‭be varied by sub-millisecond increments, this approach enables a user to “zoom-in” on‬

‭a particular time window and analyze the region with a high sampling frequency if‬

‭desired. Alternatively, given that the duration of storage periods can vary across several‬

‭orders of magnitude,‬‭54,95‬ ‭a user could instead observe‬‭GPIC taking place over‬

‭substantially different timescales. It should be noted that aside from TW-SLIM,‬

‭techniques such as trapping mass spectrometry have enabled time-based GPIC‬

‭experiments to be conducted. However, these system suffer from limited reactant‬

‭introduction due to their need for high vacuum conditions which complicates the‬

‭analysis.‬‭133–135‬

‭Though promising, TW-SLIM storage is not without its drawbacks. As shown in‬

‭Chapter 5, not all analytes will be effectively stored for extensive periods. In the case of‬

‭multiply charged species, charge transfer may occur which not only limits the sensitivity‬

‭of the parent species, but also convolutes the data associated with the product species.‬

‭Furthermore, conditions (RF frequency, guard bias, etc.) which enable select species to‬

‭be stored effectively, may not work as well for disparate species. Lastly, while varying‬

‭ion reaction times is useful, it should be noted that the total exposure time in a TW-SLIM‬

‭system may be somewhat ambiguous depending on the experimental workflow. Given‬

‭that on-board accumulation has proven an effective tool for boosting sensitivity,‬‭70,95‬ ‭it‬

‭may be tempting to incorporate that approach into a GPIC experiment. That being said,‬
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‭doing so will make it difficult to ascertain how long ions are exposed to reactants prior to‬

‭injection, and ultimately their total exposure time. To solve this issue, we developed a‬

‭fill-inject-sink approach. During the fill period (initiated at “time 0”, t‬‭0‬‭), ions are allowed‬

‭into the TW-SLIM chamber which contains the reactant gas. Eventually, ions which have‬

‭been allowed into the TW-SLIM chamber will enter the TW-SLIM and arrive at the‬

‭injection point within the system. Rather than allow ions to accumulate in this region, the‬

‭injection is synchronized with the arrival of the ions (t‬‭inj‬‭) so that they pass through with‬

‭little to no accumulation occurring. To ensure that all ion species reach the injection‬

‭point at the same time (i.e., no separation takes place) the TW in this region is operated‬

‭at surfing conditions (low TW speed, high TW amplitude). After the injection period has‬

‭ended, the injection electrodes are grounded which results in the termination of all ions‬

‭that did not arrive in time to be injected. Given that we know the time spent by the ions‬

‭before injection (t‬‭inj‬‭), are able to measure their‬‭arrival time (t‬‭d‬‭), and are certain that there‬

‭are no “leftover” ions due to the sink, we can accurately estimate their exposure time (t‬‭e‬‭)‬

‭to be equivalent to t‬‭inj‬ ‭+ t‬‭d‬‭. For the sake of continuity,‬‭t‬‭inj‬ ‭was held constant throughout all‬

‭analyses (40 ms).. To be clear, this solution to exposure time ambiguity requires a‬

‭potential trade-off in sensitivity, which may or may not be feasible for a given analysis.‬
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‭6.3 Preliminary Results: Hydrogen-Deuterium Exchange in TW-SLIM‬

‭Having acquired the prerequisite hardware and familiarity with TW-SLIM, the next‬

‭step was to perform GPIC experiments. Given our familiarity with gas-phase‬

‭hydrogen-deuterium exchange (HDX) in DTIMS,‬‭132,136‬ ‭these experiments represented a‬

‭logical choice for evaluating our system. Briefly, HDX is a chemical reaction in which‬

‭bonded hydrogen atoms are replaced by deuterium atoms.‬‭134,137‬ ‭In the context of IMS,‬

‭non-deuterated gas-phase ions are exposed to deuterium through interaction with a‬

‭deuterated dopant gas such as methanol-OD (MeOD). Given that HDX causes shifts in‬

‭an ion’s m/z profile, the magnitude of HDX which occurs throughout a given analysis‬

‭can be quantified using relative intensities observed in the m/z domain (Figure 6.1).‬

‭Figure 6.1. Mass spectra of bis-tris propane (BTP) without MeOD in the TW-SLIM‬

‭chamber (blue) compared to spectra where MeOD vapor was doped into the TW-SLIM‬

‭chamber (orange, green). The shift in m/z to higher values occurs as a result of HDX‬
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‭between BTP and MeOD. Increasing the residence time of BTP within the TW-SLIM via‬

‭storage (green) enables greater deuterium incorporation. Intensities were normalized to‬

‭increase the readability of the plot. That being said, it should be recognized that HDX‬

‭reduces intensities as ion populations are dispersed over a wider range of m/z values.‬

‭Utilizing the SLIM-ToF platform discussed in Chapter 5, preliminary HDX‬

‭experiments were performed using MeOD as the dopant gas. After confirming that we‬

‭could both observe HDX and tune the extent of the deuterium incorporation using our‬

‭TW-SLIM system (Figure 6.1), our focus then turned to more robust analyses. While‬

‭storage experiments are unique in that they enable for arbitrary increases in arrival time,‬

‭other approaches exist to increase the time spent by ions in TW-SLIM. Disregarding‬

‭surfing conditions, lowering the TW amplitude or increasing TW speed will increase the‬

‭time it takes for ions to exit TW-SLIM. While modulating these parameters does not‬

‭provide the same degree of control as storage experiments, there is certainly merit in‬

‭exploring these approaches for tuning HDX.‬

‭Building upon the discussions in Chapter 5 regarding ion heating in TW-SLIM, we‬

‭were interested in determining whether or not time spent in TW-SLIM is the primary‬

‭factor in determining the extent of HDX, or if the manner in which ions are delayed is‬

‭also a factor. Put differently, if an ion population were to spend an equal amount of time‬

‭in TW-SLIM through either the use of storage or TW modulation, would there be any‬

‭observable differences between the two with regards to HDX? Could ion heating‬

‭imparted by the TW impact HDX? Figure 6.2 shows 3 mass spectra for bis-tris propane‬

‭(BTP, nominal mass: 282 Da) undergoing HDX. Despite varied approaches to‬
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‭increasing the ions’ t‬‭e‬ ‭to approximately 150 ms, no significant differences are present‬

‭with regards to the degree of HDX which occurred throughout the analyses. While the‬

‭data shown in Figure 6.2 may suggest that storage and TW modulation are‬

‭interchangeable with regards to increasing HDX, it must be recognized that BTP is a‬

‭rather “simple” compound (limited size, singular charge state) and that further‬

‭investigations involving more complex species are warranted.‬

‭Figure 6.2. Mass spectra of BTP undergoing HDX wherein the exposure time (t‬‭e‬‭) was‬

‭approximately 150 ms. To increase the clarity of the plot, slight offsets were applied to‬

‭the m/z values of the fuschia and blue spectra. Despite dwelling longer due to a 20 ms‬

‭storage period (fuschia) as opposed to increasing the TW speed from 174 m/s to 191‬

‭m/s (black) and 198 m/s (blue), there does not appear to be any significant differences‬

‭in the degree of HDX occurring across the three spectra.‬
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‭Figure 6.3 shows two mass spectra corresponding to the +2 charge state of a‬

‭custom peptide (N-PGGGGKGGGGKGGGGKGGGGK, nominal mass = 1582 Da) from‬

‭GenScript Biotech (Piscataway, NJ) undergoing HDX. For the sake of brevity, this‬

‭peptide will be referred to as PGK. Despite having equivalent t‬‭e‬‭, the spectra which‬

‭corresponds to the use of higher TW speeds (purple) exhibits less HDX than the spectra‬

‭collected using the storage approach (blue). While at odds with what is shown in Figure‬

‭6.2, it should be recognized that numerous factors are at play when evaluating the‬

‭spectra shown in Figure 6.3 which may explain the observed differences. Unlike BTP‬

‭which is observed primarily in the +1 charge state, PGK also appears in the +4 and +3‬

‭charge states at comparable intensities. Similar to observations reported in Chapter 5,‬

‭these higher charge states undergo charge transfer, meaning that portions of the +2‬

‭population were at one point other species. In the context of HDX, this means that what‬

‭we denote as the HDX kinetics of the +2 charge state is actually a summation of kinetics‬

‭between multiple species which convert to the +2 species over the course of the‬

‭analysis. Recalling discussions from Chapter 5, we know that the extent of charge‬

‭transfer varies as a function of time spent in TW-SLIM. Given that TW modulation and‬

‭storage approaches do not impact t‬‭e‬ ‭in the same way‬‭(storage delays all ions equally,‬

‭TW modulation does not), it’s possible that the variations in HDX shown in Figure 6.3‬

‭result from different degrees of charge transfer and subsequent contributions from‬

‭species of higher charge states. While further analysis is required in order to decipher‬

‭these issues and provide insight into potential the role of ion heating in TW-SLIM HDX,‬

‭these preliminary experiments are nonetheless significant. For starters, they showcase‬

‭the ability of TW-SLIM to not only serve as a vessel in which GPIC may occur, but also‬
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‭play a part in influencing the outcomes of the experiments. Furthermore, they show that‬

‭while TW-SLIM should be considered as a tool for probing GPIC, there remains gaps in‬

‭our understanding which must be addressed prior to the full-scale adoption of TW-SLIM‬

‭for these endeavors.‬

‭Figure 6.3. Mass spectra of a doubly charged peptide undergoing HDX with t‬‭e‬ ‭of 304‬

‭ms. The spectra shown in blue was collected with a 40 ms storage period in place‬

‭whereas the purple spectra was collected by increasing the TW speed to 198 m/s.‬

‭Despite having identical exposure times to MeOD, there is a clear difference in the‬

‭degree of HDX between the two spectra.‬
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‭6.4 Future Efforts‬

‭The immediate goal with regards to TW-SLIM and GPIC is to perform robust‬

‭analyses based on information gleaned from the preliminary efforts discussed in the‬

‭previous section. These analyses will include a more in-depth investigation of the‬

‭storage vs TW modulation phenomena and most importantly incorporate replicates‬

‭which enable more quantitative conclusions to be drawn. Additionally, approaches‬

‭which may deconvolute the effects of multiple charge states on HDX will be explored.‬

‭The results of these more robust experiments and the evaluation of our approaches will‬

‭be the subject of a future publication.‬

‭Beyond our immediate goals with regards to TW-SLIM and GPIC, future‬

‭endeavors which utilize more advanced instrumentation will be outlined and prepared‬

‭for. Recognizing that contaminates and pressure fluctuations in the TW-SLIM chamber‬

‭may limit the reproducibility of HDX and contribute to charge transfer, an ideal system‬

‭would account for and mitigate these issues. In order to limit the introduction of‬

‭contaminates through the inlet capillary, housing which encloses the inlet and is‬

‭supplied with N‬‭2‬ ‭gas will be implemented. Furthermore,‬‭an additional chamber will be‬

‭added between the inlet and TW-SLIM chambers, further limiting the transmission of‬

‭ESI solvent downstream. As an added bonus, the author believes that this additional‬

‭chamber may also limit pressure fluctuations in the TW-SLIM chamber which may arise‬

‭from gas dynamics in the inlet chamber. A more in-depth discussion regarding future‬

‭iterations of our TW-SLIM platforms as well as some schematics of these hypothetical‬

‭instruments can be found in Chapter 7. Lastly, performing other GPIC variants such as‬
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‭ozonolysis‬‭138,139‬ ‭will further showcase the utility and flexibility of TW-SLIM as a tool for‬

‭complex analyses.‬
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‭CHAPTER 7: CONCLUDING REMARKS AND FUTURE DIRECTIONS‬

‭Analytical chemistry offers us unique insights into the world around us. From‬

‭quantifying pollutants in soil to identifying disease biomarkers in plasma,‬‭140–142‬ ‭the ability‬

‭of analytical techniques to reveal what our senses cannot is of profound importance.‬

‭Owing to an unprecedented degree of flexibility and separation power, TW-SLIM stands‬

‭out amongst the ever growing suite of analytical techniques and appears poised to‬

‭redefine the limits ion mobility spectrometry. Key to the continued evolution of TW-SLIM‬

‭is increased adoption by individuals with varying skill sets and experimental goals who‬

‭can further mold and develop the technique. With that in mind, a significant portion of‬

‭my research at WSU was aimed at developing TW-SLIM platforms which can be more‬

‭easily adopted, providing insights into how best to analyze various species with‬

‭TW-SLIM, and showcasing the capacity for TW-SLIM to aid in experiments aside from‬

‭traditional separations.‬

‭While TW-SLIM adoption remains limited, it should be noted that numerous R1‬

‭institutions have begun experimenting with TW-SLIM as a result of our work. In some‬

‭instances, research is being performed which utilizes TW-SLIM boards developed at‬

‭WSU. In other cases, groups are using the tools outlined in‬‭SLIM Tricks‬‭to develop their‬

‭own TW-SLIM platforms. Regardless of our degree of involvement or the ultimate‬

‭outcome of the experiments conducted at these institutions, the significance of this‬

‭development cannot be understated. For the first time since the technique's inception, a‬

‭foundation upon which independent TW-SLIM research can be built upon has been‬

‭established.‬
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‭Aside from making TW-SLIM more accessible, we felt it was important to‬

‭showcase what we feel to be an underappreciated aspect of TW-SLIM: its ability to aid‬

‭in gas-phase ion chemistry (GPIC) experiments. Armed with the ability to effectively‬

‭manipulate and store ions for extended periods at high pressures (2-4 Torr), TW-SLIM is‬

‭uniquely capable of augmenting and improving GPIC experiments. While the scope of‬

‭GPIC discussed in this work is limited, it should be recognized that it covers much of the‬

‭preliminary work upon which future endeavors will be built upon.‬

‭In order to tackle increasingly complex challenges, further improvements to our‬

‭TW-SLIM platform are necessary (Figure 7.1). Beginning with the modifications‬

‭discussed at the end of Chapter 6, the addition of housing around the inlet capillary and‬

‭the implementation of a buffer chamber between the inlet and TW-SLIM should reduce‬

‭contaminants within the system and limit pressure fluctuations. Aside from improving‬

‭our GPIC experiments, we are also hoping that this will reduce the amount of charge‬

‭transfer that occurs within our system which we suspect is related to introduction of‬

‭solvent molecules into the TW-SLIM chamber. The simplest approach to transporting‬

‭ions through the buffer chamber would be a stacked ring ion guide similar to the one‬

‭that precedes the ToF (Figure 7.1). That being said, there would certainly be merit in‬

‭introducing some sort of ion filter prior to TW-SLIM analysis. Similar to the cyclic-IMS‬

‭system developed by Waters‬‭45‬ ‭the installation of a‬‭quadrupole mass filter prior to the‬

‭TW-SLIM could greatly enhance the system’s capabilities. Though not possible using‬

‭the chamber layout shown in Figure 7.1, it is nonetheless worth considering how such‬

‭an approach could enhance TW-SLIM analysis given the inevitable expansion of WSU’s‬

‭138‬

https://paperpile.com/c/PppNvF/50w9i


‭TW-SLIM research. With regards to charge transfer, the ability to exclude higher charge‬

‭states from analysis would remove the need to deconvolute data associated with the‬

‭products of charge transfer. Additionally, preventing unwanted species from entering the‬

‭TW-SLIM and contributing to ion activation during on-board accumulation‬‭128‬ ‭would be‬

‭beneficial when analyzing labile species.‬

‭Figure 7.1. Schematic of a hypothetical SLIM-ToF platform which may be implemented‬

‭at WSU in the future. Major improvements from the original design (Figure 5.S1) are‬

‭labeled. The ESI and buffer chambers should both decrease the amount of‬

‭contaminants entering the system and also limit pressure fluctuations in the TW-SLIM‬

‭chamber. The Faraday plate will make troubleshooting post-SLIM issues easier. The‬

‭implementation of the return board and optical window will enable this platform to‬

‭engage in more complex investigations.‬

‭Aside from improvements that precede the TW-SLIM, there remains room for‬

‭further evolution of the TW-SLIM itself as well as the scope of its use. During the‬

‭process of mating the TW-SLIM with the ToF, it became apparent that procedures for‬

‭diagnosing issues post-TW-SLIM separation (e.g., diffusion in the hexapole) were‬

‭necessary. While at first the solution seemed obvious; place a Faraday plate near the‬
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‭exit of the TW-SLIM, we quickly found that we lacked the space within the vacuum‬

‭chamber to mount the detector. With that in mind, we began experimenting with the idea‬

‭of designing TW-SLIM boards that have cutouts in which Faraday plates can be‬

‭mounted. Fortunately, preliminary testing of this approach has suggested this is a‬

‭feasible solution and as a result future iterations of our TW-SLIM systems will have‬

‭Faraday plates near their exits (Figure 7.1).‬

‭In addition to modifying the final TW-SLIM board in our system to include a‬

‭simple detector, we also acknowledge that there’s room to enhance the complexity of‬

‭our system by expanding its functionality. As it stands, the current SLIM-ToF system‬

‭employs a “stager board” (Figure 5.1) which simply guides ions out of the TW-SLIM as‬

‭they head towards the ToF. Future versions of the SLIM-ToF will replace the stager‬

‭board with more complex designs (“Return Board”, Figure 7.1) such as those that allow‬

‭for targeted ion storage and or collision induced dissociation. Additionally, given that the‬

‭current iteration of the separation board has the capacity to receive ions (Figure 5.1)‬

‭from the return board, it would be possible to modulate select ion populations and then‬

‭send them for additional separation. Lastly, specialized plates have been prepared‬

‭which enable for an optical window to be installed and aligned with the cycling path of‬

‭the separation board. The aim is to one day augment our SLIM-ToF experiments with‬

‭the ability to expose ion populations to laser pulses, further showcasing the ability of‬

‭TW-SLIM to aid in complex analyses.‬
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