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Abstract

lon mobility spectrometry (IMS) is an analytical technique that separatesniting gasgphasebased on
differences in theimobility under the influence of an electric fieldéh traditionaldrift-tubeIMS systems,

an axial DC electric field pushes ions through a skattbgas,and thedifferent ion subpopulations achieve
averaged steadstate drift velocities that are dependent on their shape and size. Mobility separation is
achieved due to multiple collisions between the molecular ions and gas rasl8oudller, more compact

ions will collide less frequently with the buffer gas in comparison to larger, more elongated ions.
Consequently, the smaller ions have higher mobilities and therefore reach the detectddii@stérthe

most recent develomens in IMS, which is referred to asapped ion mobility spectrometffIMS) was
reported first in 2011 by Park and coworkénscontrast to the conventionadift tubeapproach described
above, in the TIMS configuration, ions are trapped axially by balgrasirapplied DC electric field gradient
against a parallel flow oheutral carrier gas flowing towards the detectdrradidrequencyinduced
guadrupolar fieldradially confine ions in the center of th&IMS separation regianTrapped ions are
focused firstand then elutetbwards the mass analyZeom the separation region baseddiffierences in

their mobility by gradually reducing thelectric field strength

The research described in this thesis covers the development and characterization of a prototype ion
mobility spectrometedesigned tamprove uporthe existingTIMS platform. This instrument, referred to
as a variable flow trapped ion mobility spectrometer (VfTIMS), has a segmented mobility separation region
comprised of four sectors with decreasing inner diameter. A gas flow velocity gradient that is generated
through the deeasing sectors of the mobility region can be harnessed forrdsghution sepations.
Another improvement compared to the conventional TIMS is instead of a quadrupolar radially confining
field, the vfTIMS employs a hexapolar field for improved ion focusing mnttleasedion capacity.
Additionally, the DC electric field gradient that traps the ions is completely customizghlélizing

individually addressable electrodes, so the profile is not limited to a simplefieldagradient.



The main research objectives of this thesis are as follows:

1. Construct a prototype ion mobility spectrometer, combining multiple commercial amouge

components.

2. Implement an improved electrical layout to drive the instrument, with the added ability to define all

the electric fields within the analyzer.

3. Fully characterize the performance of the prototype instrument for ion trapping and ion mobility

separation.

In summary, this thesis aims to address the above objectives described in the chapters that make up its
content. Chapter 2 and Chaptefo8us onthe design and construction of the vfTIMS. More specifically,
Chapter 2 outlines the various hardware components of the vfTIMS that were either designed and built in
house or purchased commercially and modified. Chapter 3 details the design and telsérejexttronics
that power the system, along with the development of the user interface to control thesinist@hmapted
presents the extensive experimental optimization that was completed to get the instrument operational.
Additionally, Chapter 4 also covers the experimental results that establish a baseline set of instrumental
conditions that should be used for more ctammexperiments. Chapter 5 describes the first two proof of
concept studiethat demonstrate the feasibility of ion mobility separation experiments on the viTIMS,
building on the knowledge gleaned from the experiments in Chapter 4. Lastlgte€lBaserves as a
roadmap for what must be done next to advance the project, in both the short term as well as the longer

term.



Acknowledgements

| would like to take this opportunity to express my immense gratitude and appreciation to all who have

supported and helped me throughout my PhD.

Firstly, I would like to thank my supervisors, Professor Janusz Pawliszyn and Professor Scott Hopkins.
Professor Pawliszynyou gave me the resources and opportunity to work on a unique project, and always
pushed me to think criticallgnd systematicallyThank you for your constructive feedbaatd support
throughout my PhD. Scoityou have been an amazing mentor, role madel supervisor. Thank you for
all of your guidance and patience. Yaieadfassupport when | was struggling throutite tough times
with this projectwas so vital for me to reach this poin¥ou have played a crucial role ghaping the

scientist | am today.

Next, |would like to thank the members of my PhD advisory commifeef. Terry McMahon, Prof.
Germén Sciaini, Dr. Larry Campbell, and Prof. Jim Martifour time, energy, and valuable advice over
the past five years have been instrumemtapecial thanks to my external examiner, Prof. Brian Clowers,

for accepting the invitation to evaluate my work and review my thesis.

To myfriends and colleaguéss the Pawliszyn and Hopkins research groups, your support has meant the
world to me. Dr. Neville Coughlan, Dr. Victor Galievsky, Dr. AdexierHaack, Dr. Christian leritano, Dr.
Khaled Murtada, Dr. Emir Nazdrajic, Dr. Nando Rosal&wis RyanDr. Varoon Singh, Cailum Steinstra,

Patrick Thomasand other$ thank youso much.

| am especially grateful thiruy Haile and Krunomir Dvorski from the University of Waterloo Science
Technical Services Electronics Shop and Machine Shop for their invaluable helpsésidnce throughout
my degreeThanks also to Gordon Anderson and the GAA Custom Electre@ios without youguidance

andthemanyFriday update meetingghis project would not have been possible.

vi



My deepest appreciation goes to mmazingparents Andrewand Jennifer; my brothers, Stephen and
Brian; my dearest friends, Mack, Shayan, JereangAaron; and my idaws, Mary and Paulour love

andunwaveringsupporthave been my anchor throughout this journey, and | am truly grateful.

Finally, a special thank you to my wife, Magg#our encouragementeassurancend belief in mare
just some othe reasoswhy | was able to persevere and make it to the finish Redélecting on our journey
from the tinyl-bedroomapartmenbn Albert Street at the start of my PhD to where we are isatnuly

remarkable. | am so excited about the next chapter in our lives. | love you more than words can express.

And of course, | can't forget abomty dog Marvini equalparts menace and marviarvin sat in my
office every dayand kept me comparwhile | wrote this dissertation. Going to the park to play fetih
his favourite orange balbr out for a walk inour neighbourhood watching him try to hunt squirr@lgved

to be the best way to clear my miadd come up with new ide&s my thesis.

Thank you everyoneof playingyour part in my PhD it truly does take a village.

Vii



Dedication

This thesis is dedicated to rfgmily, my friends, and my wifeMaggie. Thank you for everything you have

done for me. Without all of you, this thesis would not have been possible.

ifMade weak by time and fate, but stror

To strive, to seek, to find, and not

T Alfred, Lord Tennyson

viii



Table of Contents

Examining Committee MemBDEISNID.........uuiiiiiiiiii e ii
AUt hor 0SS Dl @l dd do D e iii
Y 011 1 =T od PP PPPPPPR \Y
ACKNOWIEAGEIMENLS. ...ttt ettt e oo e e bbb ettt e e e e e s s bbb e nes bbb s e et e e e e e e e e ansnbsnannnsed Vi
[DT=To [Tor=1 1 o] o F U OO PO PP PPPPPPPRPPPPRIR i |
[l o] o [N T ST PP P PP PRPRRPPPPPP Xiii
LISt Of TADIES ...ttt rmeee e e e e e e e s nnee e XXi
LiSt Of ADDIEVIATIONS. ... et e e e e e e e e e e e XXii
Chapter 1 : IntroducCtion/LItErature REVIEW...........coiiiiuiiiiiieeeiiiieee e e eeese e e e e iebaee e e eas 1
1.0 PrEAMIDIE ...t amne s 1
1.2 Introduction tdon Mobility SPECITOMETIY..........uviiiiiiiiiiiiiieeei e eresr e e 2
1.3 Fundamentals of Trapped lon Mobility SPectrometry..............cooo i recci e 5
1.3.1 General OVErvieW Of TIMS ... ..o eeernnes) 6
1.3.2 Stages of a Typical TIMS EXPEIMENL..........uuiiiiiiiiiiiieee it eeee e 9
1.3.3 Analytical and Numerical Modelling of the TIMS............uuiiii e 11

1.4 TIMS Calibration Srat@gieS. ........cocuvrriiiiiieeeeeee e ettt e s amme e e e e e e e e e s smmne e e e 12
1.5 Overview of Different TIMS INSIUMENLS............uviiiiiiiiiiiie e 14
1.6 lon Activation/Dissociation Strategies Coupled t0 TIMS..........ooooiiiiiiiiimneee e 17
1.7 Summary of Applications Utilizing TIMS..........coiiiiiiiiiieeer e 19
1.8 RESEAICH ODJECHIVES. ....cc ittt aeene e e e e e e e e e e e e aeaeeens 21



Chapter 2 : Hardware Design/DeVelOPMENL.........cccuvuiiuiiiiieceiee s eeeeeeeiis s e e s s eeees e e s e s eentnnseeeeeeene 23

2.1 Preamble ... ...t r e e e e e e e e e 23
2.2 INETOTUCTION. ...ttt ettt e et e e et e e 4 et e emmme et e e e et e e e e e e s eene s 23
2.3 INSTTUMENT OVEIVIEW. ....ciiiiiiiiiiiie ettt e ettt e e e et e e e e e e e e e e e e e s ammme e e e e et e e s 24
2.3.1 VaCUUM CRAMDEL......ciiiiiiiiii ettt ettt e s e e amee e e annes 25
2.3.2 lon Source & Sample INtrodUCHION............couiiiiiiccceer e erre e e e 27
2.3.3 ENtrance 10N FUNNEL..........uuiiiiiii oo mn e 28
2.3.4 MODIIItY REQION......coiiiiiiiiieiieeee ettt ettt eeee e mmnr e e e e e e e e e e e eeaeeees 30
2.3.5 Detector/Data ACQUISITION ........uuriiiieeeiaieees sttt e e e e e e e e e e e e e e e e s snnneneenenes 37

2.4 CONCIUSIONS. ...ttt ettt e et ea et e e e kbbbt e o4 a et e emmme et e e e et e et e e e e s eene s 39
Chapter 3 : Electronics Overview and Software Development.............iiiiiieeeiiin e e e 40
3. L Preamble. ..o e eees e ee e e e e s e s nnnneeennnne s B0
3.2 ElECIIONICS OVEIVIEW......cciiiiiiiiiieit ettt e e e s et e e e e e e et e e e e e ammme e e e e e s 40
3.2.1 Modular Intelligent Power Sources (MIRS).........cooiiiiiiiiiieeeieeee e 41
3.2.2Custom RF Power Supply with Variable Voltage and Frequency Capalhilities............. 43
3.2.3 COMSOL Modelling Characterizing the Hexapolar RF Wavefarm.............ccccoooooeeeen. 47

3.3 Instrument Control w/ GAA Custom Electronics & MIRS...............ccciiiieeeiiiiiienee e 49
3.3.1 MIPS Timing Generator and Event EdIOr..............ouviiiiiieeeeiieee e 52
3.3.2 Data Acquisition and Pe&CqUISItioN ProCESSING.......ccuiieiiiiiiiiiiiieeeiiiieieee e e e e ssiiinneeeens 54

3.4 CONCIUSIONS. ...ceeeteeeeeieit ettt e ettt eerr e et e e e e e e e e e et e e e emme e e e e e e e e et n e e e et e e e s smmme e s 56
Chapter 4 Prototype Instrument CharacCteriZation...............ueueuerrirreeeieeeeeeeeeeee e e e e e e e e eeeeeereeeneeennne 58



L R = (<= 1 ] o] = 58

v [ o (0T 8T i o KOO PU PRSPPI 58
4.3 General EXperimental OVEIVIEW.............oooii e mmmr e e e e e e e e e e e e e e e e e e eaaeaas 60
4.3.1 Sample PreparatiQol...........cooieieeeeieeeiieeeeeeeeeesseiiseesseeessseereeeessssssnnnneeessnensereeeeeeesens 60
4.3.2 NaNOESI 10N SOUIce CONAILIONS. ......cuvriiiiiiiiit et eesr e 62
4.3.3 10N CUITeNnt MEASUIEIMENTS.......cciiii e e eeeee e rrre e e e e e e e e e e e e e e e e eeeeeeeemnnrnnned 62
4.4 Results and DiSCUSSION: PRASE OME........uuiiiiiiiiiieees ittt e e e 63
4.4.1 nan&SI Optimizatiori Achieving Stable [on Spray.............cccoee oo 63
4.4.2 Transmission Mode OPtiMIZATION..........uueiiiieeeriiiceen e e e e e eeees s nnrrerreeeeee e 65
4.4.3 Modulating lon Transmission using the Entrance Funnel Conductance.Limit............. 72
4.5 Results and DiSCUSSION: PRASE TWO........uuiiiiiiiiieemr et e e e e 74
4.5.1 Modification to the DC EFG to Facilitate 1on Trapping..........ccccvvveeeiiieeneeeeeeenniiiieeee 74
4.5.2 Preliminary Experiments to Establish Optimal Gas Flow and Pressure Differential.....76
4.5.3 Achieving Complete lon Trapping FUNCHONAUILY.........ccoeeiiiiiiiiimemiiiiie e iieeeas 81
4.6 Results and DisScusSion: Phase ThIEe...........ooiiiiiiiieeee e 91
4.6.1 Sequential TWO Sector [0N TrapPiNg........ceeeeeeeieeiiimreeir e e e e e eeerr s eerrrar e e e e e e eeerennnns 92
A ©7o] g [od U (o] TSP PP PP PP SPOPRRPON 94
Chapter 5 : lon Mobility Separation: Two PremffConcept StUdIES...........coeeveiiiiiiiiimmmniiiiiieeeeeeenn 96
TR I =T o] o] = 96
S0 [ [ oo (8 Tox 1 o] o NPT PP 96
5.3 Proofof-Concept 1: Continuous Flow Mobility Separation.............cccooooiuimmmniiiiiiiieeeeennnnns 100

Xi



5.3.1 Experimental DetallS............uuiiiiiiiiiiiieeee st rr e e e e e s ane e e e e e e e aene 100

5.3.2 RESUIS @Nd DiSCUSSIQMN.....cciiiiiiiiiiiiiiiieeeiiiei et e e e e e st eeeese et e e e e e e e e s s e e e eeenseeeeeeas 100

5.4 Proofof-Concept 2: MultiSector Trapping Mobility Separation......................ooerieeeivinnns 104
5.4. 1EXperimental DEeLalS..........ccciiiiiiiiiiieeee et 104
5.4.2 ReSUItS and DISCUSSIQN.......ccciiuriiieiiiieeetiiee et e e sttt e e rmeea e e s aab e e e s asne s eeeme e e 105

5.5 CONCIUSIONS. ...ttt ettt ettt eeer et e e e e e e e e et e s emrn e et e e e e e e e nnn e e e e e e emmmes 107
Chapter 6 : Summary, Future Perspectives, and CONCIUSIONS. .........ccoiiiiiiiccceeeiiiiiiiiiieieee e ee e 108
LT R [ 10 1= T Y RPN 108
6.2 FULUIE PEISPECTIVES ....cci ittt ettt ettt e e emamt et e e e e e e et e e e e s ammme e e e e e e e nnnneee e 108
6.2.1 Short Term (B 12 MONtNS).......cooi i eeens 108
6.2.2 Medium Term (12 36 MONNS).......coiiiiiiiiii e eeree e e e e e e eeee 110
6.2.3LoNng Term (36 72 MONTNS)......coiiiiiiiiiiieee et e e e e enes 111

6.3 CONCIUSIONS. ... eeeeeeeeiieit ettt e e e e et eeer e et e e e e e e e e e et e e emrn e et e e e e e e e e e e e e e e emmmes 112
=] (=] €= o] =3 114
Y o] 01T Lo Lo =T P 130
Appendix A : Summary of Additional Research Contributions............ccccoooeviiee i, 130
Appendix B: Sample .CfQ File.........uiiiieeee et 137
Appendix C : Standard Operating Procedure for MIPS Ramp Script............cccvvvieeciiiieeeeeennnne 140
Appendix D : COMSOL Modelling Details Gas DYNamICS..........ccouiiuuviiiiiiieeeeieeee e ea 143
Appendix E : COMSOL Modelling Details Electric Fields...........ccovveeiiiiiiiiceceii e eeeeeeees 144
Appendix F : Detailed EIECroNiCS SUMMIALY.........uutiiiiiiieieiiaee et e e rmmme e 145

Xii



List of Figures

Figure 11. Simplified schematic of a DTIMS instrument. The drift force applied to the ions by the electric
field propels them through thetatic bath gas with a drift velocity proportional to the ion mobility. A drift
tube operates at a constant electric field strerigghThe friction Ericiion) fOrces exerted by collisions with

the gas molecules result in separation of different ions based on differences in their mQbility. (...3
Figure 2. Visualization of the ion trappingiechanism utilized in a TIMS instrument. lons are pushed
through the analyzer by the friction forde-{ion) exerted by the flowing gas, while the force exerted by
the electric field opposes the ionés forward moven
when the drift velocity\(z) is equal and opposite to the gas velooitys(. The force exerted by the RF field
(Frr) confines the ions radially in the TIMS tunnel and minimizes diffusion of the ion cloud.......... 7
Figure 3. RF Confinement in the TIMS mobility region. The force exerted by the RF induced
pseudopotentialHgzF) confines ions along the central axis of the TIMS tunnel. When too many ions are
injected into the analyzer, Coulombic repulsi®aq(iomy forces cause the ions to diffuse axially....... 8

Figure 14. Stages of a typical TIMS experimeBtrepresents the electric field, andorresponds to the
axial position across the TIMS INSTIUMEIL. .........oiiiiiiiiiii et eeer e e eas 9
Figure 15. Various TIMS hardware configurations. TIMSTrapped lon Mobility Spectrometry; QTOF

T Quadrupole Time of Flight Mass Spectrometry; [ITinear lon Trap; FTICR Fourier Transform lon
Cyclotron Resonance Mass Spectrometry; DTIMDrift tube lon Mobility Spectrometry; QITi

(@ TUE=To [T o Lo [N [0 o N I = 1« T 14

Figure 21. Schematic diagram of variable flow ion mobility spectrometer (Diagram not shown to scale).
Figure 22. Exterior view of VITIMS in the Hopkinsaboratory.............ccccooiiiiiiiieeeiiiieecce e 26

Figure 23. (Left) Continuous flow nanoESI source interfaced with heated transfer capillary. (Right) Heated

transfer capillary assembly with thermocouple and barrel heaters installed...........c..ccccceeeeeeenn. 28

Xiii



Figure 24. (Left) Printed circuit board electrodynamic ion funnel. (Center) Custom entrance funnel
assembled on mounting rods inside vacuum chamber. (Right) Schematic of an ion funnel PCB lens
(MEASUremMENtS IN INCRES).....cooiiiiieeeeeeeeee e e a e e e e e e e 30

Figure 25. (Left) viTIMS mobility region schematics (measurements in millimet€Right) Z-axis cross

section Of VITIMS MODIlItY FEQI0ON...........uiiiieiiii e e e 30

Figure 26. (Left) Cross section view of mobility region showing increasing diameter inner sectors. (Right)

Figure 27. Mobility region wiring overview. (Left) Alternating pin electrodes for DC and RF components.

(Right) Zoomeein view of the pin electrodes and custom designed PCBS............ccccvvvieeeeeeeeenn. 32
Figure 28. Entrance funnel mated to mobility region in front half@uum chamber....................... 33
Figure 29. vfTIMS mobility region COMSOL model dimensions. All dimensions in mm.............. 34
Figure 210. COMSOL simulation for the axial gas velocity through the mobility region.............. 35
Figure 211. COMSOL simulation for the radial gas velocity through the mobility region............. 35

Figure 212. viTIMS entrance funnel and mobility region COMSOL simulation dimensions. All dimensions

Figure 213. COMSOL simulation for the axial gas velocity through the entrance funnel and mobility
(=10 [0 o TR PSP STT PO PPPPPRI 37

Figure 214. COMSOL simulation for the radial gas velocity through the entrance funnel and mobility
=10 [0 o TR ST TP TP PPPPPRI 37

Figure 215. Custom built Faraday detector with DC biased grid. The active detection area of the Faraday
AELECION IS ~5.0 CRL....iiuiitiiiieeieee et eeee ettt ettt eeeseseete et et e st eseese et e semnse st et esseresteesessensarenns 38

Figure 216. (Left) Custom built hardware mount for the Faraday detector in the back half of the vacuum
chamber with pressure divider. (Right) Back side of pressure divider with tube lens exposed....39

Figure 31. VITIMS €leCtrONICS OVEIVIEWia . ..uuiiieeiiee i ees s e eemee e eeee et eeee et reee e s e e e e e e eaaeeaaaaaaaaeeeaan 41

Figure 32. Comparison of different RF confinement schenfesft) The radial electric potential as a

function of distance from the flow axis for quadrupolar, hexapolar, octopolar, decapolar, and dodecapolar

Xiv



electrode arrangemen{Right) A zoom of the region near the radius ascribed by the confining electrodes.

Figure 33. Evaluation of the effective RF amplifier frequency/voltage response for the ehstbrRF

[STO NI S0 o] o] YOO PPPPPRRPPPR 46

Figure 34. Simulation of the normalized RF electric field (V/m) inside each sector of the vfTIMS mobility
region. The simulation used 100 Vpp and 750 kHz as inputs. (Upper Left) Sector 1. (Lower Left) Sector 2.
(Upper Right) Sector 3. (Lower Right). SECHD........cccoooiiiii i errr e e e 48

Figure 35. MIPS hardware GUI control panel. The white Im@xt to parameter is the input field and the
green box is the redgime readback. (AD) DC voltage inputs for mobility region. (E) Entrance funnel
voltage inputs. (F) Entrance funnel RF inputs. (G) lon transfer capillary voltage input. (H) ESI voltage
input. (1) MIPS DC offsets. (J) Faraday detector ion current output. (K) DC gradient fast fill function inputs.
(L) DC voltage sweep function inputs. (M) DC ramp function inputs. (N) MIPS digital input/output
controls. (O) MIPS timing generator controls. (Paster MIPS control functions...........cccccceeeeeee. 50

Figure 36. Example of MIPS timing generator event page for a single electrode trap experimeri3

Figure 37. Raw data collected from the DPO5054 oscilloscope. Channel 1 (C1, yellow trace) displays the
trigger pulses sent from the MIPS. Channel 2 (C2, blue) displays the ion current data for a single electrode
=T o] oL aTo l =D o[ 111 g T=] o PP PP POPPPPPRPTRRN 55

Figure 38. Example of ion current data following data processing using the 25 uM TAA8 working solution
as a representative example. The pink trace is the total ion current, and the black trace is the trigger signal.
(Left) The average ion current from three accumulations (first accumulation removed) for a single electrode
trapping experimeniRight) The full ion current measurements collected throughout the full duration of
the experiment (foUr aCCUMUIALIONS)..........uvuiiiiiiiiiiiiieeee e eeee e e 56

Figure 41. (Top Left) Chemical structure for TAASN/z298.6 and drift tube CCS = 190.2.R&* (Top

Right) Chemical structure of TAA8m/z 466.6 and drift tube CCS = 256.6.&' (Bottom) Chemical

structure of TAA12m/z691.3 and drift tube CCS = 310.G. 8% ... 61

XV



Figure 42. nanoESI voltage optimization using Agilent TuneMix. Measurements were taken in triplicate
with multimeter connected to F1In and F10ut Breakout. nanoESI sprayer was placed 3 mm back from the
transfer Capillary INIEL...........ooooriiiiieeee e 64

Figure 43. nanoESI sprayer distance optimization using Agilent TuneMix at +2.0 kV. Measurements were
taken in triplicate with multimeter connected to the F1In and F1Out Breakout...................oeee.... 65

Figure 44. Summary of Transmission Mode DC voltage gradient optimization. 10 uM TAA mix was used
for all trials. The ion signal was averaged across ag@@jgisition with a measurement recorded every 1 s.
Details on voltages used for each trial are listed in Tahle 2...............co oo, 67

Figure 45. Visualization of the Transmission Mode DC EFG profile (Trial.8).........c.occcvviiiiieeneee. 67

Figure 46. Transmission Mode RF frequency optimization. RF amplitude held constant at 250 Vpp for all
measurements. Trial 5 EFG profile was applied through the viTIMS. 25 uM individual TAA analyte
solutions were infused. The ion signal was averaged aat83s acquisition with a measurement recorded

LS Y= 1Y/ TS 69

Figure 47. Transmission Mode RF voltage optimization. The RF frequency was held constant at 700 kHz
for all measurements. Trial 5 EFG profile was applied through the viTIMS. 25 uM individual TAA analyte
solutions were infused. The ion signal was averaged across ac8isition with a measurement recorded
oY= YA R PP PP O PP P UPPPPTPPTPPPPTPPPRRRPRY 4 O

Figure 48. Tube lens voltage optimization. 10 uWMAA mixture was infused. The ion current
measurements were collected in triplicate to calculate the average and standard deviation.......71

Figure 49. Entrance funnel conductance limit optimization. 25 fIMA8 working solutionwas infused.

The ion current measurements were collected in triplicate to calculate the average and standard deviation.

Figure 410. Optimized DC EFG for trapping in different sectors of the viThuility region........... 76
Figure 411. Example data for quantifying ion trapping. The black data trace is the smoothed MIPS trigger
signals, and the red data trace is the ion current. 25 JM\AB solutionwas infused.(Left) Example of

negligible trapping when applying the Transmission Mode EFG through the mobility réRiomnt)

XVi



Example of significant trapping when applying the Trap Mode EFG through the mobility regioA The

region shows the ion current prior to the repulsive potential on CH22 in sector 3 being applRdedibe

shows the spike in ion current when the repulsive potential is dropped, which released the trapped TAA8

ions. The intensity average of the B region versus the average of the A region is used to calculate the relative

ion intensity during the trapPl EVENL...........ooiiiiiiii e 78

Figure 412. Evaluation of varied pressure in source region (front vacuum chamber) on ion trapping.
Pressure in detection region (rear section of chamber) locked at 950 mTorr. The average maximum intensity

of the three ftrueod asustheraveragetintemsity®f the misal trarsmigsianriond Vv e |
current. 25 pMTAA8 working solutionwas infused and trapped in sector 3 (CH22)...................... 79

Figure 413. Evaluation of varied pressure in detection region (rear vacuum chamber) on ion trapping.
Pressure in source region (front section of chamber) locked at 1.25 mTorr. The average maximum intensity

of the three fAtrueod accuamerdgaintéensitya theandtial tranmsmimgoaiore d Vv e |
current. 25 UMTAA8 working solutionwas infused and trapped in sector 3 (CH22)..................... 80

Figure 414. Effect of N gas flow on ion trapping. Previously optimized pressure settings used: Source
regioni 1.25 Torr; Detection regioh 950 mTor r . The average maxi mum i1
accumulations was compared versus the average intensity of the initialigsiosnion current. 25 uM

TAAS8 working solutionwas infused and trapped in sector 3 (CH22).............occuuvirieeniiiiieeeeeeeenns 81

Figure 415.MIPS tming sequence for single sector ion trapping with entrance funnel pulsing. Black trace
corresponds to the potential on the entrance funnel conductance limit. Light grey trace corresponds to the
potential applied to the selected set of electrodes. Dayktgree on the far left of the plot corresponds to

the two triggers signals (MIRSA MIPS-1, MIPS2 A OSCilloSCOPE).......ccvvvevieeiiiieiiiiiiiieesiaaeeeeeeend 83

Figure 416. Optimization of RF frequency for ion trapping (Sector 3). Constant RF amplitude of 250 Vpp.

25 UM TAA8 and TAA12 working solutionsvere infused and trapped in sector 3 (CH22). Optimized gas

flow conNditioNS AN DC EFG USEBO......iieniieeeiie ettt e et e e et et e e e e e e e e et e e er e e s s e sennes 85

XVii



Figure 417.Optimization of RF voltage for ion trapping (Sector 3) with locked frequency at 550 kHz. 25
MM TAA8 and TAA12 working solutiongrere infused and trapped in sector 3 (CH22). Optimized gas flow
coNditionNs and DC EFG USE..........ooiiiiiiiiiiiiieeei ettt eesr e 86

Figure 418. Injection time profile for 25 uM TAA8 and TAA12. lons were trapped in sector 2 (CH14) for

50 ms. The average and standard deviation of the trapped peak area was plotted as a fimjetitarof

time from the entrance funnel conductanCe lIMIL.............oooiimiiieeii e 87

Figure 419. Injection time profile for 25 uM TAA8 and TAA12. lons were trapped in sector 3 (CH22) for

50 ms. The average and standard deviation of the trapped peak area was plotted as a function of injection
time from the entrance funnel coNdUCIANCE LIMUL...........cooiiiiiiiiimee e 88

Figure 420. Sector 2 (CH14)rap time profile for 25 uM TAA8 and TAA12. 20 ms injection time for all
experiments. Thaverage and standard deviation of the trapped peak area was plotted as a function of
injection time from the entrance funnel conductance HMit..............ccccoiiieeci e 90

Figure 421. Sector 3 (CH22)rap time profile for 25 uM TAA8 and TAA12. 20 ms injection time for all
experiments. The average and standard deviation of the trapped peak area was plditedtas af

injection time from the entrance funnel conductance lIMit..............cccoie 91

Figure 422.MIPS timing sequence for double sector ion trapping with entrance funnel pulsing. Black trace
corresponds to the potential on the entrance funnel conductance limit. First light grey trace corresponds to
the potential applied to the selected set of electrodesdtor 2(2007 220 ms) while second grey trace
corresponds to the potential applied to the selected electrodes in s@6n 320 ms) Dark grey trace

on the far left of the plot corresponds to the two triggers signals (@IRS MIPS-1, MIPS2 A

(O oi] | [o1-Tolo] o1 TR PP P PP PPPPRP 92

Figure 423. Sequential twesector trapping injection time profile for 25 uM TAA8 and TAA12. First trap
event in the middle odector 2, and second trap event in sector 3. The injection time was varied, and ions
were trapped for 50 ms in sector 2 and 100 ms in sector 3. The average and standard deviation of the trapped

peak area was plotted as a function of injection time fronefr@nce funnel conductance limit...... 93

XViii



Figure 424. Percentrapping efficiencyi two-sector trapping versus singgector trapping.A) Percent
difference of the peak area of 25 uM TAA8 and TAA12 from the sequential double trapping experiment
compared to the single trapping experiment as a function of injection time. The light grey box corresponds
to the zoomed in plot from 50% to 150%08M in the INSEtR). ...........ccccvriiiiiiiie i 94

Figure 51. Visual schematic of the sequential double trapping experimental scheme with variable trapping
in sector 4. A, B, and C correspond to the three expected outcomes detailed.abave.................. 99

Figure 52. Continuous flow mobility separatiofLeft) Raw experimental data showing ion current
dependence on the potential applied to one set of electrodes in the mobility (Bgibt). Negative first
derivative plot for ion current as a function of DC potential (V). Example data from TIA8&ndard
Pressure + High Gas dataSel..........uuuuuuuiiiiiiiiiee e e e e s s e e e e e e e eeeeeees 101

Figure 53. Continuous flow mobility separation under Standard Gas/Pressure condifi@n3 Tort The
negative first derivative of the fitted ion current is plotted as a function of the voltage (V) applied to the
middle set of DC electrodes in the specified sector of the mobility region. The shadow on each line

represents the uncertaintys(2(A) Sector 2 (Channel 14B) Sector 3 (Channel 22)C) Sector 4 (Channel

Figure 54. Continuous flow mobility separation under Increased Gas/Pressure corid@iOts Torr. The
negative first derivative of the fitted ion current is plotted as a function of the voltage (V) applied to the
middle set of DC electrodes in the specified sector of the mobility region. The shadow on each line

represents the uncertaintys(2(A) Sector 2 (Channel 14B) Sector 3 (Channel 22)C) Sector 4 (Channel

Figure 55. Continuous flow mobility separation under Maximum Gas/Pressure conditiDrs7 Torr.
The negative first derivative of the fitted ion current is plotted as a function of the voltage (V) applied to
the middle set of DC electrodes in the specified sector of the mobility region. The shadow on each line

represents the uncertaintys(2(A) Sector 2 (Channel 14B) Sector 3 (Channel 22)C) Sector 4 (Channel

XiX



Figure 56. Continuous flow mobility separation under standard pressure differedt@B(Torr) and
increased gas flow (0.3 SLPM)\conditions. The negative first derivative of the fitted ion current is plotted

as a function of the voltage (V) applied to the middle set of DC electrodes in the specified sector of the
mobility region. The shadow on each line represents the uncerfag)jty(A) Sector 2 (Channel 14{B)

Sector 3 (Channel 22)C) Sector 4 (Channel 30)..........uueiiiiiiiiiiiireeii e 104

Figure 57. MIPS timing sequence for mobility selective tvector ion trapping..........ccccceevvveeeeee. 105

Figure 58. Mobility selective twesector ion trappinglA) Relative intensity of 25 pM TAAS8 trapped in
sector 4(B) Relative intensity of 25 uM TAA12 trapped in sector(@) Relative intensity of the 25 uM

TAA mixture trapped in sector 4D) Fitted first derivative of data traces frofi C...............cceeeee 106

Figure 61. (A) Existing MIPS DC EFG scanning functionality. (B) Suggested improved MIPS DC EFG

SCANNING fUNCHONAIITY.......coiiiiiiiiieee et re e s s s e e e e e e e e s e e e e aaaaaeens 109

XX



List of Tables

Table 1. Summary of features on the ViTIMS ontrol panel.............ccccoviiieee e 50
Table 2. Summary of DC voltages tested for Transmission Mode optimizatian....................c..... 66
Table 3.Experimental conditions employed during continuous flow mobility separation experini€ts.
Table 4.Summary of COMSOL Multiphysics input parameters for gas dynamics simulations...143

Table 5.Summary of COMSOL Multiphysics input parameters for electric Bafdulations............. 144

XXi



ADC

APPI

CCS

CID

Clu

DTIMS

EFG

ESI

FFT

FTICR

GUI

IMS

LC

LIT

MALDI

MeOH

MIPS

MS

List of Abbreviations

analog to digital converter

atmospheric pressuphotoionization
collision cross section

collision induced dissociation

collision induced unfolding

drift tube ion mobility spectrometry
electric field gradient

electrospray ionization

fast Fourier transform

Fourier transform ion cyclotron resonance mass spectrometry
graphical user interface

inner diameter

ion mobility spectrometry

liquid chromatography

linear ion trap

matrix assisted laser desorption ionization
methanol

modular intelligent power source

mass spectrometry

XXii



nanc&Sl

O.D.

PCB

QIT

QTOF

RF

SID

SLPM

TAA

TAA12

TAAS

TAAS8

TIMS

uv

UVvPD

viTIMS

nanoelectrospray ionization
outer diameter

printed circuit board
guadrupole ion trap
guadrupolé time of flight
radio frequency

surface induced dissociation
standard litres per minute
tetraalkylammonium
tetradodecyl ammonium
tetrapentyl ammonium
tetraoctyl ammonium
trapped ion mobility spectrometry
ultraviolet

ultraviolet photodissociation

variable flow trapped ion mobility spectrometry

XXiii



Chapter 1. |l ntroduction/ Literature

1.1 Preamble

This thesis describes tdesigndevelopmentand characterizatioof a prototype ion mobilitgpectrometer
designed tamprove uporthe existing trapped ion mobility spectrometry (TIMS) platformconventional
ion mobility spectrometry (IMS) instrumentsuch aslrift tubes, ions argropelledthrough a static buffer
gas by an electric field, witthe iors velocity dependentn itsorientationally averageprojectioncross
section(e.qg.,collision crosssection).TIMS on the other hand, inverts this approa&tilowing buffer gas
pushes the ions throughinearly inceasing electrical fieldradient and the ionaretrappedaxially when
the force of the gasalanceshe equal and opposite forappliedby the electricfieldT o A el ut e o
ions, thefield strengthis incrementally decreaseduch thatthe force exerted by the buffer gasn

eventuallyovercomehe trapping forcexertedby the field.

A PhD research projedoncentratecn instrument development somewhat unconventionai the
sense that thiastrument must bdesigned anduilt before experiments can be performekiis dissertation
is structuredn such a way that the examining committee can follow the journeytfrenmitial conception
of the ideabehind the instrumento building the physical prototype in the lghe extensivetesting
troubleshootingand experimental optimizatiphefore finallyclosingwith a perspective othe steps that
need to be taken to continteeadvance the projecthe thesis is organized as follov@@éhapterl begins by
delving into thehistorical background and tliendamentaprinciples that und@in IMS. This isfollowed
by a comprehensive examination of #t@e fundamentals of TIMSlifferent calibration strategiefor
experimentally determiningpobilities anccollision crosssectionsyariousinstrumental configuratiorthat
have been morted and acurated review of recent literatuiaturingdifferent applications that utilize the
TIMS technologyChapter 2 provides a detailed account of the commercial amolise hardware useal
construct the instrument accompanied byiragilico assessment dhe gas dynamics and flow profiles.

Chapter 3 outlines the electrical components driving the system and includes a igesitiod study

t

he
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focusing on the electric fields generated within the instrum€ntapter 4presentsthe results of
experimentabptimization andhecharacterization ofthe r o t o gefoprar@c@vhile Chapter 5 outlines
two proofof-concept studieghat provide initial evidence dbn mobility separationThe final chapter
begins with the shoterm andmediumtermfi n e x t that are gssertial for advancing the projeefore
concluding withabroaddiscussion of th&uture perspectiveand possibilitie®nce the istrument has been

fully developed

1.2 Introduction to lon Mobility Spectrometry

The earliesteport describinghe motion of ions through gas wasblishedoy Rutherford and Thomson in

1896 Several years lateThomsonpublisheda mathematicatreatmentleailing how ionsmovethrough

a gas> Following this breakthroughin 1905, the French physicisPaul Langevinpublisheda more
comprehensivetudyof the motion of ions in an electric fiefth. His early researcHaid the groundwork
forLangevi nds kibecameithe fountationf IMS asinisiknown toda§ Nearly 70 years

after Langevin first considered the problem of diffusion and applied it to the mobility of ions, Cohen and
Karasek introduced the first commercial IMS instrument in 1970, under the name plasma chromatography.
Their technology which waspartly developed at the University of Waterloo in the Department of
Chemistrydemonstrated that gas phase ions could be mobilized, and ultimately separated, through a neutral
buffer gas, via an applied electric fie8ince thenand particularlyoverthe last 20 year$MS hasbecome

one of thepreeminenttechnique, behind only mass spectrometigr, analyzingions in the gas phase

In atraditionalIMS instrumentreferred toas a drift tube, ions argosed to dinear and constanteak
electric field thatdrives themaxially through astatic bath gas (Figure 1-1).2° The differention
sulpopulationsachieve averagesteadystatedrift velocities that are dependent on theshape and size
Separations achieved due tmultiple collisions betweethe molecularions and gas moleculeSmaller,
more compact ions will collide less frequentind also less energetically)th thebuffer gas than larger,
more elongated ion$€:** Consequentlythe smaller ionaremore mobile andeach the detector fastém a

drift tubeIMS (DTIMS) instrumentions argulsedinto the drift region using an electrostatic gateseries



of gates) and the duration of timi@r ions to reach the detectdfgraday plate, mass spectrometée,) is
measuredThei on & s dr wfas ittravedthooagh thg buffer gais the drift cellis the producof

theweakelectric field €, V cm®) and theproportionality facto K, cn?s* V1) which is the ion mobility

om L F (1-1)
Alternatively, K canalsobe considered ake measurement of the friction force exerfeam collisions
between thdath gasand the ion thais linked by anobservableguantity. the time needed for an ion to

traverse the length of the drift regidriven by the electric field?

A first approximatiorof theion mobility isachieved by normalizing to the reduced mobiliti{o, where
T (K) is the absolutéemperatureandP (Torr) is pressureThe mobility of an ion is directly linked to the
rate at which it collides with thieathgas,so it isnecessary tintegratethe standardemperature (273.15
K) and pressurér60 Torr)into thereduced mobilityexpression sincthe rate of collisionscales linearly
with the bath gas number densiBy normalizingK to Ko, comparisons can be made between mobility

measurements taken on different instruméhts.
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Figure 1-1. Simplified schematic of BTIMS instrumentThedrift forceapplied tathe ions by the electric
field propels then through the statibathgas with a drift velocity proportional to the ion mobili#y.drift
tube operatgat a constant electric field strengi). The friction Eicion) forcesexertedoy collisions with
the gas molecules result in separatiodifferentionsbased on differences in their mobilitg)(

The mobility can also be derived from the momentum transfer collision integia (, which is more

commonly referred to as the collisienoss section (CCS¥:'® The collision integralconsidersthe



momentum transfer between the ion and the gas molecules averaged overiall rgdative thermal
velocities!®'?® The MasorSchamp equationlefineshow K can be calculated using the momentum

transfer collision integran§ "Yhv  for atomic species

L _'w_2 _ N
Sl (+3)

3

Wherezis the number of elementary charges on theeaasthe electronic chargslis the number density
of the bath gas, is the reduced mass of the ion and the gas (——; mis the mass of the bath ga4js

the mass oftheionQ i s Bo | t z ma n n Distemperatuset Ifathe mobility of tthe molecular ion

is known, then the Maseichamp equation can be rearranged to solve for the CCS. The CCS can be
considered the physical encoding of the thateeensional shape of the ion and is dependent on the
molecuhbr structure and the composition of trathgas® ** This is a unique descriptor of an ion and can be
used tadifferentiatetwo isobaric €.g.,same mass to charge rafin/?) species that cannot be resolved by

a mass spectrometric measurement alone. An important caveat to the 3¢asomp equation is that the
relationship only holds true when the field induced kinetic energy is thowar than the thermal energy

of the ionsln other words, théhermalvelocities of the ions follow a MaxweBoltzmann distribution set

by the temperature of the bath §&&.This is referred to as the lefield limit. However, as the idh drift
velocity increases, eithday increasing the magnitude of the electric field@ducingthe pressure in the
analyzer ¢.g.,decreasinghe number of gas molecules whibdcreasethe number of collisionsjhe field
induced kinetic energy increases and becomes more signifitentowfield limit means that the reduced
electric field E/N), represented in Townsends Tis low enough thathe reduced mobilityKo, is
independent oE/N. Generally, the lowield limit is < 10 Td.** A discussion regarding the impact of the
low-field limit on calibratinglMS measurements for different instruments such as the TIMS will be covered

in Sectionl.4.



1.3 Fundamentals of Trapped lonMobility Spectrometry

As the IMS technologpecame moraidespread throughotit h e 1 9 9 @odnplexIM&iostriements

were developed that hybridized the IMS analyzer with conventionalspasgrometers (MSBY coupling

an IMS analyzefi n seri eso bef or e /igoheecioM$at damrtotebe distingyisheds o b a r
solely by m/z will be initially separatedbased ondifferences in thei mobility (K), prior to mass
spectrometric detectiofror example, this hybridized approach is can be very useful in situations where a
background interference ion has the sanieas an analyte of interest. Using the MS on its own, there is
no way to discriminate between the two species. However, if the IMS cell can separate the two ions first
the mobility dimensionthe analyte of interest can be accurately detected by th#&§.of thesehybrid
instrumentsegan tancorporae radio-frequency (RF) confinement in tlen optics {.e.,ion funnel)that

guide iongthrough the differential vacuum pumpistages of the instrumerdand to minimizehe effects

of radial diffusion on the ionloud'®?2 Not long after RF-confiningDTIMS instrumentsmore commonly
referred to as electrodynamiXlTIMS, began to utilize thimew technology to radially focus ions during
mobility analysis® However limitations still existedsince the diffusion coefficient is inversely
proportional to the pressyrandsimultaneously, the pressure directly affagtether the instrumerman
operatebelow the low field limi*>2*In 2011, Park and eworkers introducedhe TIMS, which built on

many of these instrumental advances over the preceding 207y&arke operatingprinciplein TIMS is
thations are pushed through thmbility regionby a flowing column of gas and are trapped when the force
exerted by the gas matches thmposingforce applied by the electric field. lons with differing mobilities

are trapped axially at different locatioria the analyzerand as themagnitudeof the electric field is
decreased, the i ons #el?uSomaewhadsnplisticatlydi $IMS cart e t h e
considerechs aninvertedDTIMS.? In both instruments, separation is achieved due to collisions between
the carrier gas and the ions. This is denoteBigure 1-1 and Figure 1-2 as the friction force Kiiction)-
However, in the case of the TIMS, the ions are trapped by the electricHiplahile being pushed by the

gas, as opposed to the drift tube which uses the electriddigiipel the ions through tlstaticbath gas.



Interestingly, the idea of using opposing forteseparate ionsas first described in 1838/ John Zeleny®
Zelenybuilt an apparatus to hold ions with different mobilities stationary against a cdiomenf gas,
however, his work was abandoned and forgotten for nearly a celtoirg.recentlythroughout the990s,
severalcapillary electrophoresiée.g., liquid-phase IMS)techniqueswvere reported thatised a similar
fiopposi napprdachndoas andseparate ions ithe solutionphase.For example, a capillary
electrophoresis experiment usia¢apered channel with whole column imaging detection was reported in
literature. This system was ableitwestigatethe focusing and separation process of proteynssing pH

and electric field gradients created in the Tris buffer solution contaireeddnical capillary’®3! Another
capillary electrophoresis method that applied electric fields gradients dioniliMS, referred to as electric
field gradient focusing, employexdsimilarconcept by using an electric field to hold charged protein ions
stationary against a flowing buffeolution®? However these approaches were not very practical as the
electric field gradients generated temperature gradients in the system which led to convectiortltatrrents

broaden the separaih zone resulting in poor resolution and reproducibility.

1.3.1General Overview of TIMS

The TIMS analyzer is comprised of a series of segmented ring electrodes that form three thgions:
entrance funnel, the TIMS tunnel, and the exit funaAktlthree regions arenclosed in a vacuum chamber
interfacedn thefirst pumping stage of BS, andfor most applicationthe TIMS analyzeis operatedt a
pressure of -3 mbar?”*3 |ons are generatedat atmospheric pressutierough a variety of mechanisms,
including electrospray ionizationESI),3* nanoelectrospray ionizatiomgnoES), matrix assisted laser
desorption ionization (MLDI),* or atmospheric pressure photoionizatighPP1),*® however, most
applications employ nanoE&!.Following ionization,molecular ionsexiting the transfer capillarare
pulsedby an electrostatic deflector plateo the entrance funnel thatdially focuss the ion beamrior to
enty intothe TIMS tunnelTheflow of gasexitingtheend of theransfer capillarys alsodirected throgh

the TIMS tunnelvhere it is pumped awdyy a vacuum porinstalledin the exit funnel regiorBy varying

the degree of pumping between the porthe exit funnekegion and an additiongbumpingport in the



entrance funnel region, the velocity oétgas and the pressutiferentialareaccuratelycontrolled Since

the reduced electric fieltelies on the gas number densitiye E/N can betunedwith a high degree of
accuracywithin the TIMS analyzer It has been reported in literature that it is possible to operate the TIMS
at similar gas velocities angressures to produce identidaN valuesto those inDTIMS instruments
Howeveroptimal performance ischievedwvhen operating at higher gas velocities v values in the

range of 450 150 Tdo**8
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Figure 1-2. Visualization of the ion trapping mechanism utilized in a TIMS instrumens are pushed
through the analyzer by the friction forffericion) exerted by the flowing gas, while the force exerted by
the electric field opplomsarstrappadalorigthaaXial eldctacfieldgradientmo v e n
when the drift velocity{vg) is equal and opposite to the gas velobityy). The force exerted by the RF field
(Fre) confines the ions radially in the TIMS tunnel and minimizes diffusion of the ion cloud.
As the flow of gas anthenegative pressure different@ddive the ionghrough therIMS tunnel,an axial
electric field gradient (EFG} producedby theapplying DC potentials to théng electrodegFigurel1-2).
The DC potentials that define tiieF-G are set via a resistive divideks the EFGslowst he i onds dr

velocity, the ion eventuallyreactes an equilibriumposition when the drift velocity (0 ) is equal and

opposite to thgas velocity(v ).



om oty (1-4)
Simultaneously, @ RF voltage is superimposed onto the ring electradgsoduce a radially confining
guadrupolar pseudopotentigfigure 1-3). In theory, he RF field only confingthe ions in the radial
dimensiorand has essentialhyo axial componenhat ouldinterfere withion trappingn the tunnelThere
hasbeen considerable discourse in the literailreutthe effects ofthe RF field on the overall performance
of the TIMS analyzet®232437% Theundeniabldact is he radial confinement proceissery complex and
severalfactorsmust becarefully considered tmbtainoptimal resultsFirstly, sufficient ion confinement
from theRF fieldis needed tanaximize ion transmission and minimize losses of the total ion popufation.
Next, if the force exerted by the RF field is too strgne., large RF amplitude and/or high RF frequency)
the ion cloud will begin to exhibit space charging effects. THads to iordiffusion in the axial dimension
caused bydng range iofion repulsionthatlimit the extent that the ions can be confined in the center of
the TIMS tunnef’ Finally, the total number of ionisjectedinto theanalyzemust be carefullgontrolled
Overfilling the TIMS tunnelwith too many ionswill also contribute to long range ieon repulsion and
limit resolution. This can beegulatedby decreasinghe injectionpulsetime or reducing the electrospray

voltage®’

o/ = o)
F pe B

: & 4V -

FIOWIHg Gas ,V F({)lll{)"l}
Molecules v

>3 ‘:

“' Ffrxctmn

s
Vgas @)

Figure 1-3. RF Confinement inthe TIMS mobility region. The force exerted by the RF induced
pseudopotentiglFre) confines ions along the central axis of the TIMS tunnel. When too many ions are
injected into the analyzer, Coulombic repuls{B@o.uomy) forces cause the ions to diffuse axially.



1.3.2Stages of a Typical TIMS Experiment

A TIMS experimentconsists of three distindghstrumentalphases(Figure 1-4): 1) Accumulation; 2)
Trapping; and 3) Elubn.?’ In the accumulation phase, a repulsive potential is applied to the deflector plate
to push ions into the entrance funnel. The duration of time that the deflector pushes ionsantratiee
funnel can be varied to increase or decrease the number th&eseanalyzed. The ions atbenfocused
through the entrance funnel and enter the TIMS tunnel.

Electric Field
—

Accumulation

Trapping

Elution

Figure 1-4. Stages of a typical TIMS experimegt represents the electric field, amdorresponds to the
axial position across the TIMS instrument.

As ions are pushed through the TIMS tunnel by the gas, they eventually reach an equilibrium position along
theEFGwhere thanagnitude of théield strength idargeenough lhat the ions become trappégrge ions

(low K/large CC$ are trapped higher along tB&Gramp since it takes a larger magnitude of the electric
field to fully oppose the driving force of the gas alow mobility ion. Smaller ions (highk/small CC$S

will be trapped lower along the EFG ramvpere the magnitude of the electric fieldrisich smallef’ The

profile of theEFG across the TIMS tunnel has two distinct segments, a linearly increasing voltage ramp



followed by a plateau. The DC potentadross the plateau to the end of ThIS tunnel is kept constant,

while the DC potential at the entrance is variable. The resistive diamess the electrodedtimately
determineghe step size of the gradient betwaeigcessivelectrodeswhile the DC potentias applied to

the front and end of the TIMS tunrd#fine the slopeSince the overafishap@oftheEFGd o e s ndt chang
the DC potentialacross the tunnel ionsidered directlproportional to theslectric field strength on the

plateau segment:*?

In the trap phase, the potential on the deflectovikked to an attractive potential. This causes the ions
exiting the transfer capillary to strike the deflector plate and neutralize. Since the electrospray ionization
source is continuous, it is much more effective to use the deflector as an ion gaidutatenthe total
number of ions entering the analyzer as opposed to switching on and off the electrosprayNuitages
that have already transitdtroughthe entrance funnelquilibrate along thEFGandare trapped inside the
TIMS tunnel for several millisecond®epending on the characteristics of the analyte andyfe of
experiment €.g.,kinetic studies, protein folding/unfolding, ion activation/dissociation, dtwe)rap time

can be extended

In the last phase, ioraf increasing mobilityare eluted from the TIMS analyztrough the exit ion
funnel towards the detectas the magnitude of tHe=Gis decreased.argeror more elongated ions with
large CCS swill elute first, andsmaller or more compact iongi t h s mal | er CCSb6s wi l
Experimentally, he electricfield strength is decreaség scanning th®C potentialapplied at the start of
the TIMS tunnel from an initiaDC potential(e.g.,i 170V) to asmaller magnitudéinal potential(e.qg.,
+20V) ata userdefinedscanrate®® Different voltage ramg step sizesand scan ratesan beémplemented
depending on the experimental nedesr example, to trap a wide range of ions with sizeable differences
in mobility (e.g.,untargetedomics applications)a large potential difference between the front and end of
the TIMS analyzer is needed. On the other handlfierentiation & two analytes with very similar
mobilities is desired, a shallower potential differeiccased o def i ne t HEEGpfoflehamgh e 0 o f

the voltages scanned with a much slower scan ratsdparate the analytddsing the latterapproach, the

1C



resolvingpower 0j 30 of the TIMScan reach abigh as 400 The scanning event which elutes the
trapped ions i®ne of themaindifference between TIMS and other IMS instrumestsch as drift tube or
travelling wave'®? In a drift tube or travelling wave IMS, all ions pulsed into the drift region will be
observed under the same experimental conditions. In a TIMS instrument, the main variable parameter, the
EFG must be changetb detectall the ions pulsed into the analyzer. Fortunatéhe flexibility this

approach affords what makes TIMS so selective and enables-hegblution separations.

1.3.3Analytical and Numerical Modelling of the TIMS

Significanteffort hasbeenspentdevelopinganalyticaland numerical modetbatlink the dependence of
analyzer performancg.e., resolving power, time oélution, etc.)on experimental parameters, analyzer
properties, and characteristics of the ions being std8éd>*"*14°To summarizea quantitative theory
was derived from ion mobility first principlébatprovesthatthefi anal y t i wakbdoye ouas rf u |
as itis trapped and elutikoverthe electric field gradient platealtimatelydeterminstheresolving power
To maximizetheanalyticalwork done on the ioaxperimentallythe pressuréor pressurealifferential)can
be increasedicross the tunnelThis will increase the gas velocjtand converselylecrease thé o n 6 s
mobility. Additionally, slow scan ratesr a narrow potential differenceangeacross the electric field
gradientwill also boost theesolving powerFinally, controllingthe magnitude of the RF field that radially
confines the ionsand not overfilling theTIMS analyzer are other parameters thaed to becarefully

controlledto achieve optimal performance

Numerical moded developed with computational software such as COMSOL Multiphysics have also
provided insight into the underlyingas dynamics in the TIMS. Most of these models have focused on
understandindgnow thebath gas flow profile and pressure differentiiect performance and operation of
the instrument. These numerical modelsend@monstratedhat the gas velocity flow profile through the
central region of the analyzer is near homogenous, and only decreases towards the walls of the TIMS tunnel.
This decrease na the resulting parabolic flow profile, has been attributed to friction of the gas molecules

with the inner walf**! To further understandhe ion dynamics inside the TIMS geHdditionalion

11



trajectory modelling has beendoneusing SIMION. As expected, hese simulationsconfirmedthat RF
confinement iessentiafor stabilizing the ion cloud in the center of the flow &xig the axial dimension

of the TIMS tunnelthe ions are relatively well confined along the flow axis by the electric field and drag
forces from the bath gaghe RF field is critical for minimizing diffusion of the ions towards the wailfgi

if an insufficient RFpseudopotentidk appliedover timethe ion population will decrease as iatiuse
andneutralize during collisions with the wallsiterestingly the modehlsodemonstratethat too large of

an RF pseudopotentialvill leadto axial diffusion as the ions compensdta the Coulombicrepulsion
imparted by the ion cloutl:* Therefore, the overall size of tien cloud is determined by both the radial

and axial fieldsas wellas thenumber of charges.¢.,ions) that are confined within the TIMS c#f*

1.4 TIMS Calibration Strategies

IMS instruments are primarilysed in the laboratoty rapidly separate ions in the gas phassvever they
also provide the meansnweasur@ani on 6 s mo b i | iitaCCS. BTIMS insteuments ¢amwedsare

the reducedmobility (Ko) and by extensigncalculatethe CCSdirectly from first principles using the
MasonSchamp equatioassuminghe drift tube isoperated under the low field linfit **23Unfortunately,

the TIMScannotl i r ect | yv me&aseaethedonsaare seipasatedtls adynamic electric fieldhat
operates above the low field limAdditionally, the temperature of the system must be known to calculate
the Ko, and while the temperature sssumed to be approximately room temperatutbe TIMS cellthis

has not been accuratekgrified*® Therefore,the TIMS instrument must bexternally calibratedusing

standards with knowHK, values that have been published in the literature.

Three different external calibration strategies have been proposed for accurately calibrating TIMS
instruments. In the firsinethoda calibration curve is constructed by plottitige experimental elution
voltage relative the voltage applied at the end of TIMSueT Vou) againstthe inverse reduced mobility
(pj U ) for a series of calibrant$ The yinterceptin the externatalibrationplot correspondto the voltage
applied to the end of the TIMS tunraeid the slopés referred to as thealibration constant (Aerm).** The

second methods more straightforwardand directly link the literatureko with theinverse of theelution
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voltage. A calibration curvis producedor a series of calibranend wsing standard linear regression, the

line of best fit equation deterngathe Ko for other analytesf interest’ In bothapproacheghe velocity

of an ion through the bath gas is directly proportional to the product of the strength of the electric field and
the mobility? Consequently, the field strength required to trap the ion must be inversely proportional to the
mobility. Since the field strength is also proportional to the potential applied across the tunnel, the mobility
will be inversely proportional to the elutiomoltage'® The third method applied a more complex
methodology bymodelling the TIMS calibration usinga Taylor expansion series derived frdire
Boltzmann transport equatiéfhOut of the three calibration methods, the third method is the only one that
is sample independent, however it still requires refer&gealues.Themain limitationto thesemethods

and alarge source of errofor any Ko measurementtaken on the TIMSs the relianceon literature K

values. The challenge to reducing tkeisor is finding suitablé{, valuesthat most closely match the
conditions found in the TIMSespecially since the temperature inside the TIMS is mereiyard uc at ed 0
assumpt i on praaselymeasuredThis limigation is even more apparewhen calibrating the

TIMS to measure thi, of high mobility ions. Most literatur, measurement®r thesetypes ofionsare
measuredon DTIMS instruments that operate at higher temperatures and pressugasing the

instrumental conditions are much different than those used for the If1S.

Mostrecently, asignificantlydifferent approackor calibrating a TIMShas been publisheth this work,
acustombuilt drift tube IMSis interfaceddirectly with the entrance funnel ¢fie TIMSto experimentally
measure the mobilities of the calibrafit$’ TheDTIMS is operated at ambient temperaturentore closely
match theinstrumentakonditionsfoundinside the TIMS cellTo calibrate the TIMSa similar approach
to the first calibration method discussed ab@vased. Acalibration curveds prepared for the selected
calibrantions that plos the TIMS elution voltags relative to(pj U ) values measuredy thedrift tube.
This approach is advantageous since the measurearertékendirectly on the system being calibrated

which minimizes instrument specifibiases aneéliminates the need for literaturo values.
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1.5 Overview of Different TIMS Instruments

Arguably the biggest advantage of the TIM&&sides the high resolving powés its versatility and
modularity. The smélnstrumentafootprintcombined witithe ability to interface the TIMS with different
MS instruments, along with thé&ardware capabilities required to perform a wide variety ofion
activation/dissociation experimentsake the instrument extremely rohusfistorically, the TIMShas
functioned as a singlenalyzercoupled to aquadrupolei time of flight (QTOF) MS instrument(Figure
1-5, A).%26*8The fast scan spe€d200 ps)of theQTOF compared to a tripiguadrupoleMS or Orbitrap
MS is the main reason why the TIMS analyiehybridizedwith the QTOF.***° The average peak width
as an ion elutes from the TIMS is on the ordet ¢d 2 ms Therefore, ® obtainenoughMS scans across

the peakanMS instrument with a fastcan ratesuch as the QOF is required

A TIMS QTOF D BYER!
B BRULYER! TIMS 2 QTOF F TIMS

(o TIMS | D TIMS ' DTIMS TIMS QTOF
p)

QTOF

Figure 1-5. Various TIMS hardware configurations TIMS i Trapped lon Mobility Spectrometry;
QTOF i Quadrupole Time of Flight Mass SpectrometkyT i Linear lon Trap;FTICR i Fourier
Transform lon Cyclotron Resonance Mass Spectrometry; DTIND8ft tube lon Mobility Spectrometry;
QIT i Quadrupole lon Trap.

Building on the success of the first generagiohTIMS andothertandemlMS systems*52a prototype

research instrumerntonsisting of twoanalyzerscoupledin paralleland hybridized with a QTOM&as
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reportedin literature(Figure 1-5, B).>***In this configuration, both TIMS cellaredifferentially pumped
in different vacuum chambers amdlividually controlled.Sequentially coupling two TIM®pens the door
for various modes of operation. The most widely used mogmriallel accumulatiof® In a parallel
accumulatiorexperiment, onsaretrapped and stored in the first TIMSII prior to being mobility separated
in the secondell. Theparallel accumulation modmnalsobeusedin the upgraded commercial version of
the instrumenthat has asingle TIMS analyzer with aextendedseparationtunnel region Instead of
splitting the two analyzers into different chambers like the protype tandem instruheetMS tunnelin
the upgraded commercial instruménexended to be twice as long but still housed inghme vacuum
chamber? Using the samparallel accumulation operatiqinciple, ons are accumulated in the first half
of theTIMS tunnelbefore beingeparated in the second haffboth caseshe parallel accumulatiomode
vastly increases the duty cycle of the TIM#)ce ions are continuously collected in the first TIMS while
mobility analysis simultaneously occurs in the second TikBurthermore, enfiguring the firstTIMS
cell (or first half of the TIMS tunneljo accumulate low intensity ions prior tejection into the second

analyzer(or second half of the TIMS tunndignificantly increases the sensitivity.

A uniqueadvantage to thprototypetandem TIMS instrumensif s e n s i t i requitedandithe n 6 t
experimenihecessitateligh resolutiontandem mobilityseparatiormode can be used. In this mode, ions
are mobility sepatedunder one set of instrumental conditions in the i8S cell, before being eluted
into the secondIMS cell where they aréurther separatednder a different set of conditiorfsAnother
usefulfeature of the tandem TIMS instrument is #reangement aseveralannularelectrodesnstalledat
the interfacebetween the two analyzerons can becollisionally activate at this interfaceleading to
fragmentation through thieaditional collision induced dissociation (CID) proc&ss Asions dute from
thefirst TIMS, alargeDC potential is appliedcross the interfacglectrodes, resulting iastrongelectric
field of up to 800 V/cnthatinducesfragmenation ofthe mobility selectedons™ The second TIMShen

mobility analyzeshe CID fragment ions prior to MS detection.

15



A slightly different iteration of the tandem TIMS configuration has also been reported. Instead of
connecting the two analyzers coaxiallye two cellsareinterfaced orthogonallwith a customlinear ion
trap (LIT) in betweert’**%"The same modes of operation described above for the coaxial tandem TIMS
are alsoemployed on the orthogonal tandem TIMS configuratidme TIT is constructedrom printed
circuit boards and tsafused silica window at the far emchereanultraviolet(UV) laserand optical setup
areinstalled(Figure1-5, C). After trappingionseluting from the first TIMSn the LIT, ion activationcan
be inducedthroughtraditional CID by changing théC potentials on electrodes at the end of the fap.
Alternatively, ionscan beirradiated withthe UV laser causing ion activatiomia UV-photodissociation
(UVPD).>"*%%1 The resultant CID or UVPD@ragments arghenmobility separated in the second TIMS

before transiting towards the QT@d MS detection.

There has also been considerabkearch focused mouplingthe TIMS analyzetto a Fouriertransform
ion cyclotronresonanc¢FTICR) MS instrumen{Figure1-5, D).*®2%5 This configuration is very effective
when ultrahigh resolution MS measurements are desifedybridizethe TIMS with an FTICR MSthe
collision cell of the FTICRwvasconverted into an ion trap to synchronize the TIig the slow scan
speeds (~1 s) of tHETICR-MS. Thetrapis configured to accumulate ior$utingwith the same mobility
from the analyzeover the course of several TIMS cyclefore injecting théatchof ionsinto the FTICR.
Then, as the FTICK massanalying that specifichatchof ions, the trajis accumulatinghe nextgroup

of ions thatweremobility analyzedn the TIMS

Thebiggestdisadvantage to tt@ TOF MS, and especially tH€lICR MS are the high costs associated
with purchasing and maintaining the instruments, as well as the large instrumental footprint. To address
these limitations, a technical repavas recently published thdescribed the hybridization of a TIMS
analyzer with a Paul quadrupole ion trap (QMFigure 15,F).%Whilethe bencht op QI T doe s
samenvz resolving power as th® TOF orFTICR, the price andease of operatiomake it aneffective
alternative Like the orthogonal tandem TIMS instrument described above, the purpose of this instrument

is to first mobility separate iongsing the TIMScell, thenirradiatetheionstrapped inthe QIT using a UV
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laser to form UVPD fragment$he main differencéetween the instrumenisthat in this configuration,
UVPD isinduced directly in the mass analyzer, whereas in the orthogonal tandem TIMS, i&ivENzed

in anion trap that has no mass filtering capabilities.

As discussed in Section 1.4, a mareonventional TIMS instrument has been reported in the literature
that couple a DTIMS operating at atmospheric presstoghe front end of the TIM®TOF instrument
(Figure 1-5, E).*®* Unlike other TIMS configurations described herein, the DTIM®0t operatedas a
mobility analyzer operating in tandem with the TIMS. Instead, the DTIMS sasvan onboard calibration
system to measure the mobilities of calibrant ions thathaeused togenerate the reduced mobility
calibration curves for the TIMS. Bgirectly measuring thenobilities of the ions on the same platform,
many of the iaccuraciestemmingfrom comparisons with literature mobility values are eliminated, and

there are no limitations on the series of calibrants that can be used.

1.6lon Activation/DissociationStrategies Coupled to TIMS

Alternative ion activatiofdissociation (e.g., UVPD) strategies coupled to TIMS provide more
comprehensive datasets for structural characterization and/or identification of proteins/peptides when
compared to collisional activation on its own. The advantage to these approaches is that setdutityl

ions eluting from the TIMS analyser can be probed individually, followed by eighlution mass analysis

of the resultant fragment8he most ubiquitous ion activation technique, CID, is employed on every tandem
mass spectrometer in the collision ¢&fi’*®lons are energetically activated throughiltiple low energy
collisions with a gas, and the CID fragments are mass filtered in the third quadrupole before being

detected®67:68

A similar approach isnplementedn the TIMS. A strong electric fieldenerated between adjactmes
at the exit orificeof the TIMS tunnel combined with the relatively high pressure insidanhé/zer(1-3
mbar) readilygenerate<ID fragment<®>* Similarly, collision induced unfolding (CIU) is also possible

with this configuratiorr®®® Unlike CID where the ion is fragmented, CIU measures how the @GS
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protein or peptidehanges when the ion is vibrationally activated by collisions with thélgase collisions
ultimately lead to cleavage of naovalent bondsthat hold the protein in itshreedimensional
conformation.CIU is usefully for studying the tertiary structures of proteins, however, for large protein
systems, the CIU process often results in the loss of the higher order structure of the Subuindth
cases,iemainadvantage is that then activation evemccurs prior to the ions reaching the mass analyzer,
so the full tandemmass filtering capabilities of the MSinstrument can be utilized for further

characterization and analysis.

The drawback to CIECIU for top-down proteomic studiesr structural characterization experimeigts
that CID is a low energy, mulitep proces&:’™ In most cases, onlyhe peptide bondN-C) in the
protein/peptide imccessibldor cleavage byCID and there is no cleavage of disulfide/thioether bdhds.
This leads to limited sequence coverage andreases th@otential for misidentificatiorof the protein
Alternative ion-activation techniquesoupled to the TIMSuch as UVPDnmitigate these drawbacks by
targeting specific linkages in the protein sequenttet readily absorb UV lightinducing unique
fragmenation patternshat cannot be generated through the CID proesslVPD has been implemented
in a variety of different TIMS platformfor various applicationand described in several comprehensive
reviews>*°*""*In summarythe overarching theme is thatlizing the TIMS first tomobility selectspecies
of interest prior to UVPDfollowed by a second mobility separation priorM& analysissignificantly
improves the quality of the data and increases the number of unique fragments that can aid in protein
identification.An alternative to CIU is surface induced dissociation (SID). Sleprocess hybridizetb
the TIMS operates in much different manneto other ion activation techniqudg.obility selected ions
eluting from the TIMS are accelerated irgdighly chargedurfaceat the interfackéetween the end of the
TIMS tunnel and the entrance ion optics of M®.”%"*The result of this collision is a rapid increase in the
internal energy of thenacromoleculacomplex, leading to cleavage of nroavalent bonds while still
retaining the native structure of the protein subunits. This high energy process occurs incredibly quickly,

and unlike CU, generates low charge state productsritain their native conformation.
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1.7 Summary of Applications utilizing TIMS

TIMS hasdemonstrablyproven to be a valuable tool for a range of analytical applications due to its high
sensitivity, modular design, high resolving power, and separation speed. Due to these advantages, TIMS
has had a major impact on the broader scientific community. IHeasdxtensively used as a{separation

step in targeted and untargeted metabolomic, lipidomic, and proteomic workflows. #tisldseen
instrumental in the characterization of higher order structure of peptides, intact proteins, and

macromolecules.

For targeted and untargetsahall moleculeomicsexperimentge.g.,lipidomics and metabolomicshe
TIMS-QTOF instrumenis often hybridized with standard liquid chromatography (LC) systenfhis
configuration provideswo orthogonal separation stages in the analytical workfldampounds are first
separated based dreir interaction with the stationary phase in the column, followeghisyphasenobility
separation in the TIM3:zor example, this approagras usedo separate celuting lipid isomers that have
the same interaction witthe stationary phase in the LC dimension digthtly different mobilitiesin the
IMS dimension. Due to the ¢iih resolving power of the TIMS, ¢hisomers werable to be baseline
separated®">7® Alternatively, in traditional metabolomics siad focused on identifying trace levels of
biologically relevant metaboliteghe parallel accumulation mode can be used to first accumulate low
abundance analyteis the gas phaseithout the reliance on extensive and tioensuming sample
preparation, followed by mobility separation and MS anal/§i$Furthermore, the ability to calculate the
CCS of an unknown metabolite using the TIMS provides an additional level of confitenbe

fragmentation pattern and higbsolutionfor accurateanalyte identification.

The parallel accumulation mode of the TIN(H OF instrument haalsobeenbeneficialfor increasing
the sequencing speed and sensitivitystootgunproteomics studie¥:®* In these applications, the TIMS is
synchronized with the QTOF to sequentially release precursor ions of the same mobility to be fragmented
in the collision cell prior to highesolution TOFMS analysis. All the peptide ions sharing the same

mobility are ®mpressed into a narrow peak, vastly increasing the number of peptide fragmenttispectra
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areobtainedby the MS Simultaneously the overall sensitivityis increased since interfering background

ions or other matrix interferences are separétma target compoundsy ion mobility. This technology

has seen immense success in rapid proteome profiling, which is a key attribute in clinical proteomics, and
the sensitivity makeit well suited for chemical analysis of single céfig\s discussedn Section 1.5 and
Section 1.6, TIMSan incorporatalternative ion activation methods such as UVPQeaerateunique

peptide fragments for protein identification and sequendimgtop-down proteomics While the
UVPD-TIMS shows immense potential,i# not as widespread and have been mostly limited to research

labs aiming to demonstrate the feasibility and poteafithe techniqué®

Studying the higher order structure of proteins and protein complexedifiécalt task that requires
specialized MS instrumentation and a large degree of biochemical intuition. Under most conventional
i nstrument al conditions, i ntact proteins Aunr av e
structuré®*® Only under very specifibuffer and instrumentajonditions do the ions retain their native
conformation which is vital for characterizing thareedimensionastructure of the molecufé Besides
this, most instrumentsvith TOF MSbeing the exceptigrdo not have the upper mass range required to
detect the low charge states of the molecule that are characteristic of the intact full form of the molecule.
Several IMS techniquesave been successfullyagsto characterize the structure of proteins and other
biomolecule$® More specifically, TIMS has been very effective for thiballengingapplicationsince the
duration of trapping in the TIMS analyzer can be vaaied precisely controlledhe rate at which a protein
unfolds and its stabilityin the gas phase can be studi®dcomparing the mobilities and charge state
distributions of the native versus denatured ion populafifi€® Improvementshavealsobeen madéo
the electrode geometry of the TBVto aid in retaining the higher order protein strucfordarge intact
proteins and macromolecular complex€ge conventional concave electrodes were modified to a convex
shape, which increases the penetration of RF field for adequate radial confinement of large proteins and

protein complexes at lower RF amplitud&&.-*Furthermore, incorporating ion activation technigsiesh
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as SIDwith TIMS provides biologically useful information about the highemderstructure of a protein

or peptideby retaining the native conformation oetsubunitsafterdissociation of the largeomplex®* 7%

1.8 Research Objectives

Since its release almosb years agpthe TIMS technology has become increasingly popular due to its
versatility and highresolving powerMost of thesignificanttechnical advances habeenaccomplished

by modifying the auxiliary hardware surrounding the TIM&halyzer hybridizing multiple analyzeraps

into one combined instrumeats well asmprovementso theelectronics and softwafer additionalmodes

of operationHowever, here has been minimedsearciHocusedon characterizinglternativedesignsto

the tunnelsection {.e., mobility region)where the ions are separatedhow changeso the way the gas
flow profile is establishedhrough theunnelcan improve performanc#linimal emphasifiasalsobeen
placed ortheelectricaldesign thatlefinesthe trapping EFGRedesigimg theelectronicdor completeuser
definition of the shapandoperabilityof the trapping EF@roughindividualizedcontrol ofeachelectrode

that comprisethemobility regionis arequisitenextstep.Summarily, there are two research questions that
underpin the entirety of the research contained in this thesis: 1) Does introducing higher multipolar radial
RF confinement enhance trapping capacity and improve resolution; 2) Does introducing a gatofiiw
gradient through the mobility region improve resolution of a TE&lyzerThus, the singular underlying

motivationfor this thesis can be distlllinto the following hypothesis:

Can a multisector IMS instrument, referred to as the variable flow trapped ion mobility spectrometer

(VfTIMS) be designed, and built, as a new tool for high resolidiomobilityseparations?

The goal of theprototypevfTIMS is to combineenhancedon focusing andon accumulatiorwith the
uniquecapabilty to separate ions in multiple sections of the instrumathtan entirelycustomizable&EFG.
Thesegmentednobility region of the viTIMSwith four sectors of decreasing inner diamereatesa gas
flow profile where the velocity of the gas increasssformly through each sectorgsulting in ons

experiencing driving force that increaseproportionallyas they transit through the system. By fine tuning
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the electric field strength through tlvarious sectors of thenobility region it is expected that high
resolution separations will be achievable on the viTIMIg threeresearch objectivaseeded to achieve

this goalare as follows:

1. Constructa prototype ion mobility spectrometer, combining multiple commercial aftuse

components.

2. Implement an improved electrical laydotdrive the instrumentyith the addedability to defineall

theelectricfields within the analyzer.

3. Fully characterize the performance of the prototype instrument for ion trappinigranabbility

separation.

This thesisaims toaddrestheseobjectives through the chapters that magéts content. Chapter @1d
Chapter 3 cover the design and construction of the viTIM&e specifically Chapter 2 outlines the
varioushardwarecomponentf the vfTIMS that were eithedesigned and buiih-house ompurchased
commerciallyand modified.Chapter 3detailsthe designand testing of the electroni¢ckat power the
system along with thedevelopment of theserinterfaceto control the instrumentChapter 4oresentshe
extensiveexperimental optimization that wasmpletedto get the instrumendperatioml. Additionally,
Chapter 4 alsgoversthe experimera results thaestablisha baseline set of instrumental conditichgt
should be used fanore complex experiment€hapter Slescribes the first two proof of concept studies to
demonstrate the feasibility of ion mobility separation experimemntsthe vfTIMS, building on the
knowledge gleaned from the experiments in Chapter 4. L&dtpter 6 serves as a roadn@apvhatmust

be done nextio advance the project, in both the short term as well as the longer term.
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Chapter2 Har dwlagsi gn/ Devel opment

2.1 Preamble

This chapter has not yet been publishétce a viTIMS ion trajectory model that is currently in
developmentas wel | as additional experiments that d e mc
capabilities are fialized a manuscript that incorporates most of the information described in Chapter 2
through Chapter @ill be prepared for submission tiee Review of Scientific Instrumenfeurnalin 2024

Daniel Rickert and Hiruy Haile from the University of Waterloo Science Technical Services Machine
Shop built the vacuum chamber aafl associatethardwarecomponentsDaniel Rickertredesigned and
improvedan existingelectrosprayonization source/thredimensionabpositionerthat was originallybuilt

by Daniel Rickertand Hiruy Haileduring his MSc inthe Pawliszyn Lab. Thentire entrance funnel
assemblyvas designedndbuilt by Gordon Andersoat GAA Custom Electronics. Thmounting hardware
inside the vacuum chambérat holdsthe entrance funnel and conreitto the mobility region \as
designed and built by Daniel Rickert and Hiruy HaiBaniel Rickert,along with Hiruy Haile, and
Krunomir Dvorski in the University of Waterloo Science Technical Services Electronics sodpthe
mobility regionand designed the wiring layouthe Faraday detector and transimpedance amplifier were
designed and buikpecifically for this projecby Gordon Andersorilhe axial and radiagas flow profile
modellingusing COMSOL Multiphysicsas done by Daniel Rickert and Emiazdraji . Janusz Pawliszyn

and Scott Hopkins were responsible for conceptualization of the prpjefct supervision, and funding

aqquisition.

2.2 Introduction

Over the past two decades, commercial ion mobility spectrometers have soared in popularity, prompting
major mass spectrometry companies to develop their own specialized instréh@mesof the newest
iterations, the trapped ion mobility spectrometer, has bessmtlycommercializedy BrukerDaltonics

As is the case witlall high-performancecommercial instrumentshé Bruker TIMScomes at a high cost
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and lacks certain featurtfzat were implementeidr the prototypelMS instrumenidescribedn this thesis.
Therefore, thigprojectlargelyfocuses on the design, constructiodevelopmentand characterization of a

custombuilt variable flow trapped ion mobility spectrometer (VTIMS).

The main difference between the vfTIMS and the commercial TIiBSin themobility regionwhere
ions are separated based on differences in their molility. mobility region in the commercial TIMS
instrument is comprised of a single tunnel of uniform inner dianfei2). In contrast, thenobility region
of the vfTIMS is comprised of fou discretesedions with progressivelydecreasing.D. As thel.D.
decreases from one sector to the next, the gas velocity will have a correspomdingiform increas.
This configuration ultimately produces the gas flow velocity gradient through the instrument while also
adding the capability fofour separateaegions where the ions can be trappatd ultimately separated.
Furthermore, due to the design of the electrodes within the mobility region, ticerapseteflexibility in
the application otheDC electric fieldused to trap the ion$his chapter encompasses both the instrument's
designas well agdescriptions of the various commercial and hdmédt componats that weréntegrated
to build the instrumentAdditionally, anin-silico evaluation of the gas dynamics within the systeas

performedto better characterize the system.

2.3 Instrument Overview

Theprototypeinstrumentdepictedn Figure2-1 works as followslons are generated by a continuous flow
nandeSIsource and pass through a heated transfer cagiddioyeaccumulating in the first ion funnelé€.,

entrance funnel). The last lens of the entrance funekered toas the conductance limfyynctionsas an
electrostatic gate that periodically injects ion packets into the mobility region. Once in the mobility region,
the ions traverse through the four sectors, where they can be trapped and eluted by varying the DC electric
field gradient generated by@é embeddedtainlesssteelelectrodes. Akr passing through the mobility

region, the ions proceed through the copper tube lens attachedlastthieg of electrodes in the fourth
(e.g.,smallest ID.) sectorof the mobility region. The tube lens ensures ions pass through the PEEK pressure

divider that splits the vacuum chamber into tsvoaller subchambersA Faraday plate detector with an
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integrated DC grid enclosed by a ground planaffixed to the backside of the pressure divider. A

transimpedance amplifier (nA V) amplifies the current produced by ions discharging onto the Faraday

plate The voltage is measured and recorded by connecting the amplifier to an oscilbstimpehe buikt

in analog to digital converter (ADC) installed in the modular intelligent power supply unit.

Vacuum Chamber
Enclosure

N, inlet

—>
nESI ion
source

N, inlet

Heated lon
Transfer Capillary

Source Region (Front
Vacuum Chamber)

Detection Region (Rear
Vacuum Chamber)

[

I |

L Faraday
Entrance viTIMS / Detector
Funnel (Mobility Region)
Sector 1 = Electrometer
L Sector 3 Sector 4 (PA = V)
i
Gas Flow =
/ MIPS ADC
Tube lens Tektronix Digital
(DC Only) Oscilloscope
Variable Source/Detection Variable

Vacuum Inlet 1

Pressure Divider

Vacuum Inlet 2

Figure 2-1. Schematic diagram of variable flow ion mobility spectromégagram noshownto scal¢.

2.3.1Vacuum Chamber

As depictedin Figure2-1 andFigure2-2, the entrance funnel, mobility region, and detector are contained

in a repurposed vacuum chamhkat was modified with the assistance of the University of Waterloo

Science Technical Services Machine Shobe cylindrical body of the vacuum chamber égsnstructed

from 3.175mmthick stainless steel, with internal dimensions of lengfy&mm, anddiameter=267mm.

Aluminum capson either end of the chamber can be removed and are sealed withren Kost of the

electrical wiring feeds through another removable alumiplatein the center of the vacuum chambeat

is also sealed with an-@ng.
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Figure 2-2. Exterior view of vfTIMS inthe Hopkins Laboratory.
The chamber is pumped by t#2M3030 m3/hr dualvane rotary pumps (Edwardgassachusetts, USA)
connected via an aluminum tee, before splitting off and connecting to the flange on eptdteswicthe
vacuum chambeinstalled inside the vacuum chamber isugtombuilt PEEK pressure dividepparatus
that sealsagainst the inner surface of thvalls of thevacuum chamber and isolates fhant sectionfrom
theback.The pressure divider essentially splits the vacuum chamber into two smaller chanebsoartle
regionchamberand the detection regiahamberMountedthrough thecenter of theoressuraivider is a
DC-only coppertube lenswith an inner diameter of 7.9 mrthe tube lens iattachedo thelast set of
electrodes at thend of the mobility region and transmits ions exiting the mobility regiorartdsthe
detector which is mountedto the backside of the dividemThe magnitude of the negativpressure
differential (e.g., slightly higher pressure in th@urce regionif., front chamber)eras the detection
region {.e.,rear chamber)js controlled by a combination of varying tlegree opumping on either side
of the vacuum chamber using angle val@urt J Leskey Pennsylvania, USAconnected to the end caps
and adjusting the flow rate of tidy carriergas.The pressure inside the vacuum chamber ¢@dltorr
(mTorr) to 3 Torr) is continuously monitored by a convection enhanced Pirani vacuum gauge (Kurt J

Lesker Pennsylvania, USAthat is installed on each end plate.
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2.3.2lon Source & Sample Introduction

The ion source for the vfTIMS is andESI unit® The entire ancESI assembly is shown Figure2-3.

The analytes are dissolved in MS grade Methanol (MeOH) and delivered to theagidsSIrcapillaryby
aFusion 100 syringe pump (Chemyx; Texas, US&)aflow rate 0f0.5to 2 nlL./min. QuartzTipnancESI
emitters (1.0 mm outer diame(.D.), 0.58 mmi.D.) with tip sizeof 2 +1 mm areused for all experiments
(New Objective;Massachusetts, USAAN in-house ionization sourds used to accurately position the
nancES| emitter in front of the transfer capillatd’® To generate thelectrospray, a potential afLl200V

to +2500V is applied by an alligator clip connected to either the conductive coating on énesodacef

the glass capillary or the metal union tf@hs the emitter to thePEEK tubingfrom the syringe(Figure

2-3, Left). Both approaches do not require the insertion of a platinum electrode inside the capillary which
can introduce carryover between sampfesrecommended ifiterature, mncESI emitters with tip sizes

of < 5nm arespecifically chosen to ensure that ions are sufficiently desolvated before transiting through

the transfer capillary into the entrance funfiel.

Thetip of thenandESI emitteris aimeddirectly at the opening of a 15 cm longs mm O.D., 0.762 mm
I.D. stainless steel transfer capillafhe transfer capillary is inserted into a stainksgsel inlet block and
secured with a Swagelok fittinghe capillaryis heated to 16@ with two cartridge heateisstalled on
either side of the inlet blodkatfurther aid in ion desolvatiorAn outer heastable thermoplastic sleeve
electrically isolate the capillary from the rest of the chamlfErgure 2-3, Right) The entireassemblyis
sealed into the vacuum chamhweith a 19.05 mml.D. stainlesssteelQuick Connect CouplingKurt J
Lesker Pennsylvania, USpand can be easily removed when the chamber is not under vémutleaning
or other required maintenancEhetemperature of theansfer capillarys controlled with a proportional
integral derivative controller thatonitorsthe inletblock temperature with a type K thermocougiéodel
CN142 Omega Engineering; Connecticut, USAatis securedn a small hole drilled int¢éhefront of the

block. A second alligtor clip connected to the transfer capillary is used to apply a DC poteatjat 50
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to + 60 V) to improve transmission of ions into the entrance funnel and further reduce neutral solvent

molecules from entering theystem

Figure 2-3. (Left) Continuousflow nandESI source interfaced with heated transfer capill@Rjght)
Heatedransfer capillary assembly with thermocougtel barrel heateisstalled.

Two coaxial gas lines are also installed in the inlet block and introduceaidier gas into the front
section of the vacuum chambem Altra-high purity N (Linde; Ontario, CA)gas cylinder with a needle
valve installed after the regulator controls the flow efd\the vacuum chamber. The gas flow is monitored
with an inline flowmeter (ColeParmer Quebec, CA with the flow rate typicallybetween0.1 to 0.5

standard liters per minute (SLPM).

2.3.3Entrance lon Funnel

The electrodynamicentrance funnewas designed and manufactured IAA Custom Electronics
(WashingtorState USA) ands constructed usingtacked=R-4 printed circuit boardsRCB). The entrance
funnelfocusesthe ionsas theyexit the transfer capillary artdansmitthem towards theentralmobility
region?>" This funnel is comprised of two main sectiong,4aamm longiunnel with a uniform 1.Dof 25.4
mm, followed by a 27 mm long funnel section with a decreasing I.D. from 25.4 mm to 9Bigure2-4
T Left). A schematic of one of the PABnseds shown inFigure2-41 Right The boardand spacerthat
make upthe funnelare held together bipur PEEK rods that run the length of the funnel aocew into
place In the VvfTIMS, an additional modification was made to the standard ion fushmabn in

Figure2-41 Center Largerexternalspaceiplateswere added at the front abdckto allow foraluminum
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mounting rods tdhold the funnel inside the vacuum chamber. These mountingsooe@onto the inner

surface of theoveron the front othe chamber and connet the PEEK pressure divider.

EachPCBlens is fabricated by depositing a thin layer of gobdited copper aathe dielectric material.
This forms a thin2 mmring on the inner surfagensuringons are only exposed to conductive surfaées.
Mounted on the outer left and right séd& the ion funnel are theouplingboardscontaining the resistors
and capacitors neededgopply the DC voltage and RF wavefotonthe lenes Theseboards along with
two additionalboardswith no electrical componensgal thefour sides of théunnel so ions cannot escape
through gaps in thiadividual PCBs.As shown inFigure2-4, the DC and RIEouplingboards are connected
to the individual PCB lenses with conductitads that extend outwards from tpald-coatednneredgeto
theouteredge ofthe PCB. A DC potential is applied to eaténsto producea linear DC gradient thé set
by a voltage divider running along the entire length of the entrance funnel on the DC coupling board. The
RF potential is superimposed oritee PCBlensesvia the RF couplinghoard ands configured such that
opposite phases are applied to alternatingeleaeating a dipolar Rinducedpseudopaintial. The DC
potential gradient drives the iot@wvards the mobility regiorwhile thedipolar RF field confines them to
the centeof the funnelaway from thewalls. The last lens of the entrance funnelg(,the conductance
limit) is not connected to the voltage divider, and the DC potential can be switched indepenoi@rttie
rest of the funnelThis allows it to act asnaelectrostatigate,transmitting ions when s# a certain DC
potential,butaccumulating ions in the funnel when helcapnificantly higher or loweDC potential A

detailed explanation of the power supplies that drive the entrance funnel can be found in Chapter 3
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Figure 2-4. (Left) Printed circuit board electrodynamic ion funn@enter) Custom entrance funnel
assembled on mounting rods inside vacuum cham{Béght) Schematic of an ion funnel PCB lens
(measurements in inches)

2.3.4Mobility Region

The body of themobility region (Figure 2-5) is constructed froma high-grade polyoxymethylene
thermoplastiqDelrin, Dupont; Delaware, USAgnd secures the stqeh electrodeshat protrude into the
inner cavity The inner cavity has been precision machiwét four sectors of decreasing I.Blong the
direction ofgas flow 14 mm 12 mm, 10 mm, an8lmm §igure2-6i Left). The total length of the mobility
region is 120 mmEach sectois 28 mm long, with a 2 mp27 inwardtaper as theD. decreases between

adjacent sections.
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Figure 2-5. (Left) viTIMS mobility region schematics (measurements in millimetéRiyht) Z-axis cross
section of viTIMS mobility region.

Introducing a taper rather thar®9@ stepchange reduces gas flawrbulence ands expected to improve

performance of the vfTIMS instrumeriEvenly spaced holes were drilled along the entire length of the
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mobility region on all twelve sides to accommodate 1.58%b stainless steel pins. The pins serve as
electrodes and are embedded into the lwddiye mobility cell protruding 1 mm into the inner cavitifter

inserting the pinsAgilent TorrSeal(California, USA)was applied in a recessed gro@areund the outer

surface of the pin hol® immobilize theelectrodesit the correct depth. This also ensuresahle carrier

gas must pass through this section and cdeafithrough théholeswhere the pinare insertedAs shown

in Figure2-61 Right, the pin electrodes are arrangadially such that in eachcrosse ct i onaix fis| i
electrodes are dedicated to supplying the DC potentiaile the othersix electrodes supply the RF
waveform. The RF electrodes are also wired such that alternating RF elegtredekradialfisliced have

opposite phaseSectors one and four ham@ne setsof radial electrodes, while sectors two and three have

eight

RF (+)

Figure 2-6. (Left) Cross section view of mobility region showing increasing diameter inner s¢&igist)
Schematic of mobility regioelectrode arrangement.

A crucial feature of the mobility region is thring of theelectrodes that supply the DC potential. Thin
rectangular PCBs were custom built and designed with pogo pin connectors that are soldered to the bottom
side of the rectangular boarthe boards run the entire length of the mobility region, &eaddnnectors
are press fitnto holes drilled in the top of the electrod@sigure2-7). Contrasting to the entrance funnel
which uses ainglevoltage divideyeach radial set ¢fix DC electrodes anadividually addressable as one

group and have a dedicated channel in the DC power suplply allowsindependenpotentials to be
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appliedto theelectrodes acrosal four sectors, meaning nedimear DC field gradients can be generated.
This alsoaddsthe capability of sequentially trappingnsin a particularsector followed by elution and
subsequentrapping further downstream. The RF waveform is also suppiig¢tle electrodessing the
same concept, with the three Rfy and three RIfi) sets ofradial electrodes connected in parallel to ensure
uniform ion confinement witin the hexapolar fieldTo simplify the wiring complexity an@liminate the
need forindependenRF power suppliekr each sectoiit wasdecidedthat the same RF waveform would
be consisterly appliedthroughout the mobility regiofhe electrical components and theargdiscussed

in more detail in Chapter 3.

Figure 2-7. Mobility region wiring overview(Left) Alternating pin electrodes for DC and RF components.
(Right) Zoomedin view of the pin electrodes and custom desigiBs.

The mobility region is mounted inside the vacuum chamber using the same set of guide rods that secure
the entrance funnéb thefront coverof the chamberHigure2-8). An aluminum chassis with PEEK screws
was machined to hold the mobility region in the vacuum chamber and ensure proper alignment with the
funnel and transfer capillary. A recessed groove is cut into the back face of the mobility region and a FKM
O-ring seals the two componenisdjustable PEEK bushings are installed to secure the entrance funnel and

mobility region chassis onto the guide roessuring sufficient pressure on theri@g for a tight seal
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Figure 2-8. Entrance funnel mated to mobility region in front half of vacuum chamber.

2.3.4.1COMSOL Modelling 7 Understanding Gas Dynamicsin the Mobility Region

To better understand the gas dynaraied flow profilein the viTIMS, COMSOL Multiphysicgv.5.6)was

used tomodel the axial and radial gas flgwofilesthrough the instrument. Two models were evaluated:
1) The mobility region onlyFigure2-9); and 2) The entrance funmannected ifline before the mobility
region (Figure 2-12). The simulations used th&me-dependent singlphase laminar flow module
COMSOL Multiphysics that utilized the Navi&tokes equationdEquations2-1 to 23) for conservation

of momentum andhe continuity equation for conservation of mass for a weakly compressible flow. The

system was isothermal at 293 K&ndtheviTIMS tunnel walls were given slip conditions.

22,2000 O mk L 4 (2-1)
z 7
% 070 (2-2)
L Ho of -H L (23)

Where” is fluid density(kg m?), 6 is fluid velocity (m s), * is fluid dynamic viscositfPas), t is time

(s), pis pressurgPa) “Os the identity matrixand Orepresents body forcéd m). Fluid properties values

of " and‘ were taken fronthe COMSOL Multiphysics LibraryPressure constraints at the inlet/entrance

of the tunnel regiorareset to 30 Torr and pressure at the outlet/exitthe tunnel was set to 1.50 Torr,

which were chosen based on a combination of reports from literature and pressure measurements taken

from the vacuum chambétInitial conditions (t = G) considered a pressure of 3.0 Torr in the whole system
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and fluid flow velocity of Om s?, after which a time dependent study was conducted. Once the solution of
the timedependent study stabilized, those results are considered as thessteadyonditions of the
vITIMS systemSee Appendix D for a complete summary of the input parameters used for the COMSOL

Multiphysics model builder wizard.

The COMSOL simulation for the first moddtigure2-9) demonstrate that the axial and radial gas flow
profiles throughout the mobility region is consistent and symmetric through each of the four sectors. As
expected, the gas velocity increases as the I.D. of the sector decreases. It is worthwhile tbimsectba
four, there are some inconsistencies in the axial gas flow profile closer to the walls of the Rigurel (

2-10). However, in the region of the cylindrical volume that the ions are expected to be confined, the flow
profile remains highly consistefitinspection of the radial gas velocity profiligure2-11) also suggests

that velocity in the central region (x4 mm) of each sector is near homogenous, while the gas velocity
decreases in magnitude near the walls. This results in a panradditflow profile because of the increased
friction of the gas molecules near the walls. Ultimately, the basis of the mobility separation lies in
compensating the drag force (which is proportional to the gas velocity) with the opposing force exerted by
the eletric field. To ensure the best resolution and minimize the spread of ions in the analyzer, axially, the
gas flow should be near constant through each of the four sectors. Radially, the gas velocity in the central

region of each sector is expectedwuniform.

Figure 2-9. viTIMS mobility regionCOMSOL model dimension&ll dimensions in mm
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Figure 2-10. COMSOL simulation for the aal gasvelocity through the mobility regian
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Figure 2-11. COMSOL simulation for the radial gas velocity through the mobility region.

The COMSOL simulation for the second modeilglire2-12) incorporaéesthe entrance funnel prior to

the mobility regionand provides more information about the compléy of the gas velocity profile

generated inside the instrumeBpecifically,the mainchallenge to generating the same uniform flow

profile as depicted in the fir&lOMSOLmodelis theslight offset between tHeD. of thelastring electrode

atend of the entrance funnel, and thB. of thefirst sector of thenobility region This offsetleads to a

perturbation of the axiajas flowat the front of thenobility analyzercaused by thgas velocityinitially

increasng before significantly decreasirtfyie togasexpasionthrough theexit of the entrance funnel into

the firsttwo sectors bthe mobility regionFigure2-13). Due tothisturbulenceeffect, the first sector is not
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used for ionmobility separationsince the inhomogeneity of the gas flowill impact ion focusing
Improvements that have been suggested for future prototypes to mitigate this are to match the orifice
dimensions of the last lens of the funnel with the mobility region or install a straigHenhdietween the

two components to ensure the axial flow profile is well defined and consistent throughout.
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Figure 2-12. vfTIMS entrance funnel andnobility region COMSOL simulation dimensions.All
dimensions in mm.

The radial gas velocity profile of the second COMSOL md@Biure 2-14) more closelymatcheghe
results obtained from thirst model However, there is slightly smaller volume £ 3 mm) that the ions
can occupy where the gas velocity is neamogenousn each of the four sectorhis is especially
apparent in sectaet where the I.D. is the smalle§the effect of the I.D. mismatch between the entrance
funnel and firsttwo sectos of the mobility region is also observed in the magnitude ofrélakal gas
velocity. Inspecton of the radial gas velocity plahowsthe magnitude of the gas velocity is essentially
equalin sector 1 and 2ven though the I.D. has decreased by 2 mm.firfdghg serves as further evidence
that the first sector cannot be used for sequential mobility separations because the drift force exerted by the
gas does not increase uniformly between adjacent sectors at thesrfcbot the mobility region.As
mentioned above, futuréerations of the instrument would focus on redesigning the entrance fiannel
mobility region interface. By matching the I.D. of the conductance liem$ with the entrance of the
mobility region, a much smoother flow profile would be bithed in both the axial and radial dimension.
This would limit the gas turbulence obseniedilico as the gas expands into the larger orifice and ensure
homogenous gas velocity in each sector of the mobility region. Consequently, this improvement would

improve the overall performance thie instrument.
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Figure 2-13. COMSOL simulation for the aal gas velocity through the entrance funnel and mobility
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Figure 2-14. COMSOL simulation for the radiajas velocity through the entrance funnel and mobility
region

2.3.5Detector/Data Acquisition

Once ions have transited through the transfer capillary, entrance fomoidlity region, ad tube lens, the
totalion current is measured using a Faraday detector (GAA Custom Electidaistington StatdJSA)
basectloselyon the design by Reinecke and Clow#&Ehe Faraday detector directly measures the current
produced by ions striking the surface, am@¢onnected to ransimpedance amplifiee (g.,electrometer)

thatconverts théon current(nA) into voltage(V) (Figure2-15). Thetrangsmpedance amplifier used in the
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vfTIMS instrument hashegain set to 19 In this configuration where the detector functions as a positive
ion collector, the loss of secondary electrons appears to the electrometer as an addittdahedC
biased grid installed in front of the surface of Faraday detector ensures that secondary electrons cannot

escapeandaffectthe measured currefthe gridis biased to +3\or all experiments reported in the thesis.

P b s

Figure 2-15. Custom built Faraday detector with DC biased dFiie active detection area of the Faraday
detector is ~5.0 cfn

The detector is mounted directly to the backside of the PEEK pressure divider with screws that connect
to the aluminum guide rods in the front half of the chambigufe 2-16). A FKM O-ring in a recessed
grooveensures that a gdight seal is created is between the outer body of the detectahanessure
divider. An SMA cable connects to the backside of the detector, runs through a vacuum feedthrough on the
back cap of the chamber, and connects to the electrometer. The output from the electrometer is then split
off with a BNC tee, and ion current data ¢enacquired two ways. The first method uses the-uDC
installed in themodular intelligenpower @urceand provides an easy raahe visualizatiorof the total
ion current. The refresh rate on the ADC is relatively low (~ 9.50 it is best suited for simple
measurements and assessmentofiaS| spray stability. The second method uses ahégblutionDPO
5054Boscilloscopg Tektronix, Ontario, CAYo acquire data from the electrometer. This is a much more

suitable choice for data acquisition because the refresh rate is orders of magnitude faster, the oscilloscope
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can be triggered from the power supply digital outputs, and data .txt files with oscilloscope traces can be
exported for further data processing. More details about the data acquisititre aneint generator will be

describedn Chapter 3.

Figure 2-16. (Left) Custom builthardwaremount forthe Faraday detector ithe backhalf of thevacuum
chamber with pressure dividéRight) Back side of pressure divider with tube lexposed

2.4 Conclusions

In conclusionthemain objectiveof the first phase of the project was to constthetvfTIMS prototypein

the laboratoryThe instrument incorporaenultiple commercially available and custeouilt components

into a singleunified system Simulations were performed using COMSOL Multiphysics to characterize the
gas dynamics and flow profile through the entrance funnel and mobility régim® construction and

silico testing verecomplete, the next stage of the project foduse assemlig the electrical components

and power supplies that drive the instrumdritis will be covered in considerable detail in Chapter 3.
Overall, the main research objective was achieved, however, this was only the first step towards the ultimate

goal of developing a robust, functioning instrument.
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Chapter3:El ectroni cs SOV & wairew Dawvel op men

3.1 Preamble

This chapter hanot yet been published. The majority of the technical information related to the electronics
describedin this chapter will be useduring preparation oh manuscript for submissiao Review of
Scientific Instrumentén 2024. The two MIPS units wereustomdesigned andnanufacturedy Gordon
Andersonbased on the technical specifications required for the vfTIM®.MIPS units were installed in

the lab and testedy Daniel Rickert with technical assistarftem Gordon AndersonThe variabé RF
power supply apparatus was gged and built by Krunomir Dvorski and assisted by Daniel Rickert. All
testing and troubleshooting of the variable RF power supply was done by Daniel Riock&E modelling

using COMSOL Multiphysics was done by Daniel Rickert and Baizdraji . The MIPS control software

was designed by Gordon Anderson. Modificationprovements to thevlIPS control software and
implementation of custom MIPS scriptere done by Daniel Rickert and Gordon Anderddre Python

code usedo processfTIMS data was written by Cailum Steinstra wigithnicalinput andassistancéom

Daniel Rickert Janusz Pawliszyn and Scott Hopkins were responsible for conceptualization of the project,

project supervision, and funding acquisition.

3.2 Electronics Overview

After building the instrument and installing it ithe laloratory, the next phase of the projdotusel on
integratingthe electronicswith the vfTIMS hardwareand the development of a user interface to run the
instrument Multiple commercial and custotouilt pieces ofequipmentareintegrated to forrma unified

electrical apparatus that runs the viTINEHgure 3-1). See Appendix F for a detailed description of the
electrical configurationThe electronics that drive the instrument are configured as follows: The function
generator generates a sinusoidal waveform that is routed to the phasesplithsplits the positive and
negative phases of the sine wave into separate waveforms. After the splitter, both phases are amplified by

the highvoltage highfrequency power amplifier that outputs the RF waveform in the mobility region. The
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dipolarRF waveform applied to the entrance funnel is generated independently by a high Q head with a RF
driver board installed in one of the modular intelligent power source (MIPS) Aliitthe DC potentials

used throughout the instrument agpliedby multiple €.g.,five) 8-channel DC bias modules that are
installed across twMIPS systemsThe highvoltage DC potential used to generate the electrospray is also
deliveredby acompacthigh-voltage power supplthat is also installed and controlled through MiPS.

As described in detail in Chapter 2, the ion current detected by the Faraday plate is converted to voltage by
a transimpedance amplifier that is connected directly to the oscilloscope. The oscilloscope can be operated
in run modewhere it is continuously displaying the ion currentrotrigger modewhere it isprogrammed

to accept a trigger signtd startdata acquisition.

]

—_—y

MIPS 1 MIPS 2

g: D o | g: D O Oscilloscope Trigger

o

Function Generator Phase Splitter  —

Lw.wi[e) + o o
\YA'A 3 7 Electro-
oo RF Amplifiers (50X) viTIMS el
1*] - ~

Oscilloscope

Figure 3-1. vfTIMS electronicsoverview

3.2.1Modular Intelligent Power Sources(MIPS)

Two MIPS units serve as the central hub that integrate most of the electtbiaicdrivethe instrument

(GAA Custom ElectronigaNashingtorState USA). The MIPS systems produce DC and RF voltages that
are designed for custom ion mobility applications. Within each MIPS masla@gowerful embedded
controller running at a clock frequency of 84 MHz. This processor controls the output voltages while

simultaneously monitoring the outputadbacksto ensure signal stability and proper operation.
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Additionally, one of the MIPS supplies power to the barrel heatersrtamtainthe temperature of the
transfer capillary in the inlet block. The two MIRSd.,MIPS-1 and MIPS2) are configured with different
internal components to balance the electrical load across both sgsteral aconsideringphysicalspace

constraints that limit the number ofc®annel DC power supplies that can be installed in a single MIPS.

MIPS-1 isexclusively usetb deliverprogrammabl®C potentialgo the pin electrodes embedded within
the body of the mobility region. These pin electrogieserate thaxial electric field used to trap ions within
the inner cavity of the analyzer. Each MIPS casehmdd a maximum offour 8-channel subunitghat
output a +60V potential. If required,a DC power suppl subunit can be biased to go as low
asi 120V oras high+120V. MIPS-2 housesa wider range oélectrical subomponents. Specificallyna
additional8-channel DC power supply60V) is routedfrom MIPS2 to MIPS-1 because therare two
additional DC channels in the mobility region that cannot be supplied by-M&k&he Thewiring for the
34 DC channelss grouped together andonnect to thezacuum chambewith a single 35pin D-sub
connector(Digikey, Minnesota USA). MIPS-2 also houses secondd-channel DC power supply subunit
that generates the potentials for the entrance fyergelVoltage In, Voltage Out, Conductance Lirat)d
ion transfercapillary. The wiring for the entrance funnebnnects tahe vacuum chamber using a smaller,
15 pin D'sub connectoDigikey, Minnesota, USA)while the DC potentiaapplied orthe transfer capillary
connectvia asingleBNC connector on the back of MIPS MIPS 2 alsocontrolsa custordbuilt RF high
Q headpower supplythatdeliverstwo equal amplitude, 18®ut of phase signathatradially confireions
in the entrance funnelheQ factorin the RF highQ headrepresents the efficy of a givencapacitor to
efficiently charge and dischargk theoreticalyii per f ect 6 c¢ ap a c i (e.@,voltageodrop) d
and completely charge/dischargduring every RF cycle®!! For IMS applications thatitilize RF
confinementwith high frequencies and large peak to peak voltaggsimizing the voltage drop is
crucial.*®? Besides the various DC and RF componeM$PS-2 drives thebarrel heates, typeK
thermocouple and PID controller for then transfer capillaryas well aghe variablehigh-voltage ESI

power supplyunit outputting between &dx4kV to generate the electrospragstly,anADC is installed
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in MIPS-2 thatis connected to the electrometea a standard BNC to SMA te®nnector anghrovides a
secondary means tecordthetotalion currenton the Faraday detectaithout relying on the oscilloscope

for data acquisition

Presentlythe electrical infrastructufee.,RF and DC wiring and power supplies, vacuum feedthroughs,
internal mountingcomponentsMIPS control panel functionalilyis availableto connect a second ion
funnel at the end of the viTIMS mobilityegion When installed.His funnel would beprimarily usedto
focusions as they transit towards the detector. Howevemuld also be used as an ion funnel trap to
accumulate ions eluting from the mobility region which wouldtrease the sensitivity of the
measuremesf®'*While this ideawasconsidered during the eartyagef the projecttechnicalissues
with sealingthe exit funnel to the back side of the pressure divider in the vacuum chamferoncerns
about synchronizing the different MIPS events needed to make the ion funnel trapping work pedperly
to the idea being abandoneButure iterations of the instrument wiitlevitably incorporate a secornidn
funnel and otherion opticsto interface thevfTIMS with a high-performancanass analyzefe.g., TOF

MS).

3.2.2Custom RF Power Supply with Variable Voltage and Frequencyapabilities

One of the unique features of thErIMS is the hexapolar RF confining field generated throughout the
mobility region. Tke hexapolar fieldliffers from the conventional TIMS analyzer which usgsiadrupolar
RFfield to confine the ion the center of theunnel?”** As shown inFigure3-2, as the RF field increases
from quadrupolato dodecapolathe confining RF field remains flatter and closer to zero further from the
trap axis. In other words, by increasitng number of electrodes that generate the,fielts can occupy a
larger neazero field region near the flow axis of the deVitE'® The hexapolarconfinement field
configuration was chosen for tfiest prototype toincrease théotal number of ions which can be loaded
into the analyzerthus increasing the sensitivity, while simultaneousdgreamg spacecharging effects
which canlimit mobility resolution®’ As discussed in Chapter 2, care must be taken to not allow the ions

to diffuse too far radially from the center because ofldt@easedas velocity near the walls of the mobility
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region.If the plateau portion of the parabolic radial flow profile is too narrow, issues may arise with peak

spreading since the gas velocity is not uniform further from the center of the flo# axis.
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Figure 3-2. Comparison of different RF confinement schen{eeft) The radial electric potential as a

function of distance from the flow axis for quadrupolar, hexapolar, octopolar, decapolar, and dodecapolar

electrode arrangemen{Right) A zoom of the region near the radius ascribed by the confining electrodes.
To produce the hexapolar RF field in the mobility region of the vfTIMS, a custom instrumertal set

capable of variable frequency and pdalpeak voltage outputsas constructed with the assistance of the

University of Waterloo Science Technical Services Electronics Shop. The initial sinusoidal waveform is

generated byreAFG1022arbitraryfunction generatorTektronix,Ontario, CA with 0+5V variable output

and adjustable frequency. @IRFsignal is then splitwitknin-h ous e desi gnetdpréddpchkase sp

two 180 out of phasesignals To increasehe RF voltage to the requireanplitude each phase is routed

to a dedicated REK 2100 HFhigh-frequency50x amplifier (Advanced Energy, ColoraddSA) with an

output voltage range between &hd 300 Vpp. A portable, touch screeADS1013D oscilloscope

(YEAPOOK, Shenzen, CNwith 10x oscilloscopeprobes is connectedvia BNC tees at the vacuum

feedthrougiplateto continuously monitoboth RF phasedeingsupplied to théoardsthatconnecto the

electrodes in thenobility region An example of the voltages needed to output a final voltage o¥/pp0

are as follows: the function generator outpussngle 1.5 Vpp pure sinewvave signal to the phase splitter
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the phase splitter outputs two 18fut of phase sine wavdsythwith a magnitude of ¥pp; each phase is

then amplified 58 by the TREK amplifier for a final output of 150pp.

The advantage to the-houseadesignedrF amplifier arrangement is the adjustable frequency and voltage
that is applied through the mobility region of the vfTIMS. It has been extensively reported in the literature
that the frequency/voltage combination applied to the drift/mobility regiondtaplae transmission of ions
with different masses. Thus, it is critical that the vfTIMS has this functionality to achieve optimal
transmission for a widen/zrange of analyte€:'° This configuration differs from the RF high head
utilized by the entrance funnel. The hi§hhead is tuned to a specific resonant frequency to achieve a
balanced output at the optimized voltdffelf the frequency is adjusted, then the output voltage will
decrease since the RF coil inside the H@head is not resonating at the optimal frequency. One
complication to the variable frequency RF amplifiers is the voltage drop when the system is under load as
the frequencyncreasesln Figure3-3, five different output voltages between 50 and ¥pf, with a range
of frequencies between 100 and 1%&B{z, were measured to calibrate the effective voltage being applied
to the mobility region at a corresponding frequency. As expected, at low frequéecj@8@ to 50kHz),
there is a marginal decrease in the effective pgegkeak voltage. As the frequency increases beyond
500kHz the reactance in the circ(ite., the opposition presented to alternating currenndyctance and
capacitancealso increases proportionally, and since the resistance is constant, a more significant voltage
drop is observedf* To ensure measurement consistency, during routine operation of the instrument the

effective RF voltage is continuously monitored using the portable tscrefen oscilloscope.
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Figure 3-3. Evaluation of the effective RF amplifier frequency/voltage respomsthé custorrbuilt RF
power supply.

While benchmarkinghe performance of tha-housedesigneRF power supplies technicalssuewas
identified that limits the maximum voltage/frequency thenbe applied to the mobility region. Despite
purchasing identical TREK amplifiers and using the same lendttenficalshielded BNC cables, a minor
phase shift between the outputs at high frequeneéssobservedAt 300 kHz, the observed phase shift
between the two amplifieiis ~1.5% for each of the voltages measureBigure3-3. At 500kHz, the shift
becomes more pronounced, with a ~3% shift observed. The shift continues to increase at higher frequencies,
with a ~7.5% phase shift observed at 1RBI2. To mitigate this issue and guarantee a balanced output, one
of the amplifiers could be calibrated with an offsghfortunately this calibration would not be dynamic,
and would only bepplicableat a specific frequency. It may be feasible to construtibee advanced
calibration modulsvith predetermined offsets for differefrequencieshoweverthis has not been explored

in detail at this juncture Another alternative to mitigate this issue could include adding amaped
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capacitorunit between each of the RF amplifiers and the instrument to ensurbainRF signals are

balanced.

3.2.3COMSOL Modelling T Characterizing the Hexapolar RF Waveform

To better understand the confining effects of the RF waveémmptied throughout the mobility regipa
model was built using COMSOL Multiphysi¢gigure 3-4). This modelwasadapted from the COMSOL
Application Library andvasused to perform the simulations of the electric field using the Electrostatics
package from the AC/DC modul?.See Appendix E for a complete summary of the input parameters used
for the COMSOL Multiphysics model builder wizarin electrostatic voltagis applied to the electrodes

at each crossectional view of each segment of the vfTIMSdis defined as a function of time and

represented with the following equations (Equatiah&hd 32):

13 TV e« (31)

{ TVie« (32)
where FE (+) and RF(T) represent electrostatic voltage applied to electrodes, V represents the alternating
current voltage (V), represents the frequency'($z), and t represents time (s). There are 12 electrodes
in each crossectional view in each segment of vfTIMS, for whiRk (+) and RFi() were applied in
alternating fashion to 3 electrodes (6 total). Alternating curedexdtric fields were solved using the

following equation:

oa

@, T (3-3)
where- represents permittivity of free space rf) and- represents the relative permittivity of the
medium, which is taken as 1 for this application. lu&epn 33, , represents the electrical conductivity

taken a9 in this application.
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Figure 3-4. Simulation of the normalized RF electric field (V/m) inside each sector of the vfTIMS mobility
region.The smulation used 10&pp and 750kHz as inputs(Upper Left) Sector 1(Lower Left) Sector
2. (Upper Right) Sector 3(Lower Right). Sector 4.

The results of the COMSOL modeleach of four sectors of the mobility regisrshown inFigure3-4.
The field free regior{i.e., the area where the ions are confined by the RF falaf)g the central axis
decreaseproportionallyas the 1.D. decreases in the inner cafim Sector 1 to Sector, dut more
importantly, the field freeegionin each sectds smallerthan the plateasegmenbf the radial gas velocity
profile computedn Chapter 2Figure2-14). In other words, ionseed tdbe confinedoy thehexapolaRF
electric fieldin aregioninside the analyzervhere theradialgas velocity imearlyhomogenousions are
trappedaxially within the mobility regionwhen the forceappliedby the carrier gas matches the opposing
force exertedby theDC electric fiel. In anideal experimental scenarieach subpopulation ehobility
separatedbnswill experience aniformdriving forcefrom the gashroughout each sectof the mobility

region with no deviation in theradially gasvelocity. If significant radial diffusiondoes occurdue to

insufficient RF confinementheion cloudwill spread further from theenter of the flow axidons closer

48



to the wallswill experience a weakeriving force from the gasomparedo ions near the centdduring
theelutionstage otthe TIMS experiment when the electric field gradient is decredead near the walls

of the analyzer Wl eluteafterions with the same mobilitthat wereconfinedcloser to the centefhis
leadsto a wide distribution of ion&ith the same mobilityeaching the detector, appearing experimentally
as a broad peakMinimizing the effects of radial diffusion is one of the most imgat factors for

maximizing the resolution of the instrument.

3.3Instrument Control w/ GAA Custom Electronics& MIPS

Both MIPS systems are connected to a laptop computer using standard USB 2.0 coniibéetiefidMS

is operatedvith a customized control panel that integrates the diffenaniware modulegstalled in both
MIPS and provides redime feedback to the user of all the voltages being applied throughout the.system
The control panel acts asusesfriendly graphical user interface (GUhat reads aonfiguration(.cfg) file
located in the maiMIPS directoryof the PCAll of the electrical channe(®C andRF) are defined in the

.cfg as independent variablasth uniqueidentifiers and the .cfg file alstinks other secondargcript
(.scrpt) filesthat definethe functions otlickable buttons or fillable fieldRReadbacks of the voltages being
applied throughout the systeamne displayed on the control panahd the reatime ion current from the
Faraday detector is also display@den the electrometer is powered @he control panel can be easily
modified for different applicationsnstrumental configutgons, or user preferred visual layouiyg editing

the .cfg file.See Appendix B fothe.cfq file used for the viTIMS.

In Figure3-5, the custom viTIMSnterfaceis labelled (A to O) to highlight the various features that have
been implemented:he DC voltages have a fillablield to input the desired voltage, and the corresponding
readback is displayed in the green box to the right of the itfghee voltage goeabovethe definedsafe
input limit, the box will turn redThe refresh ratior the readbacksan bemodified inthe preferencesmenu
of the MIPS software, howevedecreasinghe refresh ratbelow0.5sleads tantermittentissues with the
MIPS application crashing or becomingmporarilynonresponsive. To mitigate this, the retiezmte is

usuallyset to 1s. The control panel features are summarized in Table 1
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Figure 3-5. MIPS hardwareGUI control panelThe white box next to parameter is the infietd andthe

green box is the regime readback(A-D) DC voltage inputs for mobility region. (E) Entrance funnel
voltage inputs. (F) Entrance funnel RF inputs. (G) lon transfer capillary voltage (RQUESI voltage
input. (I) MIPS DC offsets. (J) Faraday detector ion current output. (K) DC gradient fast fill function inputs.
(L) DC voltage sweep function inputs. (M) DC ramp function inputs. (N) MIPS digital input/output
controls. (O) MIPS timing generator controls. (P) Master MIPS control functions.
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3.3.1MIPS Timing Generator and Event Editor

One of the most useful features of the MIPS systems, andtherglagont i s referred
power s 0 urograninabigising generatorA small processonstalled in eacMIPS unitrunsa
dedicated timing generator where individual events are defined and linked. Shown bElgur@8-6 is
an example of the timing generator editoterface window running withithe MIPS application. The
timing generatoeditor allows the user tadd modify or deleteevenst by clicking thedrop-downmenu at
the topof the window. After adding a new evetite parametggroup of parameterhat will be used is

defined, as well as the tinvehen the event starthow long it will run,andwhat will happen wheit ends.
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All this information isread by the MIP$ the form ofa textbased tablel-or most experiments, the first
event is the master trigger signahis eventuses thérigger Sourceset toSoftware, and pressingrigger

on the MIPS control panel stathe experiment.

In the example given below Figure3-6, the timing generatan MIPS-1 is running an)gerimentto
changethe voltage on onef the electrods to trap ions inside the mobility regighat have been pulsed
into the mobility region from the entrance ion funbefore releasing them to the detectWhen the Trigger
button is pressed on the control padIPS-2 sends a +5V triggesutputsignal to MIPS1, where the
trigger sourceas set to accept a positive trigger pulBeg, initiating an event called Trap. The total time
for all the events to occur within one triggrriseis defined in the frame parameters section. For the Trap
event shown irFigure 3-6, electrode 22 (Ck22) is held from 0 to 200ns (Start) at+80V (Value,off)
before switching the voltage tl0V (Value) for 20ms (Width). After 20 ms, the voltage returns to the
initial +80V for the remaining 270 ms of the fran@nce all the evenis a sequencbave been defined in
the timing generator, the experiment can be savedsagjfile. Different sedfiles can be loaded back into
the timing generatoeditor after beingsaved andare easily modifiedwhen changes to instrumental

parameters are required.

® 0 TG MIPS-1 editor
Select event Trap [T Clear all events Time mode, in mS
Event editor Ext Clock Freq 135
Frame parameters
Name Trap Clock source 56250 [
. Start 0
Signal CH 22 52 T Pos B
rigger source
Start 200| Width 490 9
; Mux order None
Width 20 Accumulations 1 -
Value 10 Generate
Enabl
Value,off 80 navle -
Load Save

Table STBLDAT;0:[A:1,131250:13:10,144375:13:80,321562:];

Figure 3-6. Example of MIPS timing generator event page for a single electrodexpapiment.
Multiple trigger pulses can be set by changing the number of accumulations in the Frame parameters

section. For most experiments, MHR2Sstarts the event cascade with the initrestertrigger, so the
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MIPS-2 timing generator defines the total number of accumulations. The number of accumulations
corresponds to the number of trigger pulses sent to MIRBce the trigger pulse is received, it initiate

the events that have been defined in the table, starting with the event with the earliest Start time. There are
few limitations to the experiments that can be run using the MIPS timing generators. For example, several
events can run simultaneously, muiiDC voltage channels can be grouped/controlled ingingle
parameter such as the Ramp functidale 1), or an output trigger pulse (or pulses) can be sent to the

oscilloscope to start external data acquisition.

3.3.2Data Acquisition and PostAcquisition Processing

High-resolution ion current measurements from the Faraday detector are adoyiseddP0O5054
oscilloscope (Tektronix, Ontario, CAget to record a data point every 20 [iso independent channel
inputs on the oscilloscope are used to collect datajvemdorrespondingtxt files aregenerated for each
experimentThe Channel 1txt file containsthe trigger pulselataand theChannel 2txt file containsthe
ion currentdata(1V = 1nA). Data acquisition for an experimebégins when the MIPS sendke first
trigger pulseto the oscilloscope. Eachmspulseis recordedn Channel las a +5Vsignal The duration
of the pulse and the total number milses i(e., accumulationsis definedby an event labelled Scope
Triggerin the MIPS2 timing generatoiT he triggempulsesdefine thebeginning and enaf an accumulation
(e.g, the start of the evesequencelefined in the MIPSor one experimentsoit is critical that this signal
is consistentForthe majority of the experiments run on tH&IMS, the oscilloscope is configured to run
in Trigger modeusinga long record lengthto collectthe data for all accumulations the same frame

(Figure3-7).
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Figure 3-7. Raw data collected from the DPO5054 oscilloscope. Channel 1 (C1, yellow trace) displays the
trigggr pulses sent from the MIPS. Channel 2 ({@2¢) displays the ion current data for a single electrode
trapping experiment.

Once the data has been acquired, iprigcessedusing a Python script (Python v.3.10%ince the
oscilloscope collects the ionurrent completely independently from the trigger pmilse different
oscilloscopechannels, the Python script masicuratelyseparateéhe ion current intandividual bins that
match thedurationof time betweertriggers The script starts by reading tNEPS trigger signal data in the
Channel 1 .txt file and applying &@rder polynomial Savitzkgolay smoothing functiar his smoothing
is usedo average out and minimizke electrical noise in therfiswide +5V plateau portion of the trigger
ensuringthatthe width of each bin is consisteithe centerof the first trigger pulselefinesthet = 0 ms
timepoint for the entire experimen®nce the trigger areprocessedthe ion current datim the Channel 2
.Ixt file is read andplit into binsthat aredefined bythe indices othe trigger pulsesThe timebetween
pulsesmatches the widtframeparameter set in the MIPS timing generadtile the total number of bins
matches the number of accumulatioibe Python script is set to discard the first bas the MIPSs
configured tause the first accumulation to equilibrate the power supplies and ensure all the voltages defined
by the events in the MIPS timing generators are set to the cpotetttiab. After binning the ion current

data, a lowpassfast Fourietransform (FFT) filter is applied tthe ian currentto remove high frequency

noise. The default setting for the FFT filiesetto pasghe 100 lowest frequencidsollowing data filtering
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a peak detection algorithm idemgi$the peaks in each bin. The peak height is calculated, and every peak
is integrated numerically to determine the peak area. The average peak height and deatk atkethe
accumulations (excluding the first) is then calculated. Once the data processintplste the averaged

ion current spectrum as well as il multi-accumulation spectrum are outputted as .png and .csv files

(Figure3-8).
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Figure 3-8. Example of ion current data following data processisiggthe 25 uM TAA8 working solution

as a representative examplée pnk trace is the total ionurrent,and the black trace is the trigger signal.
(Left) The average ion current from three accumulations (first accumulation removed) for a single electrode
trapping experimen{Right) The full ion current measurements collectetbughout the full duration of
theexperiment (four accumulations).

3.4 Conclusions

The main objective for this phase of the project was to integrate the power supplies wfifie and

test the electronics to ensure they were working corraatijdentify any technical issueébkat may affect
instrument performanc®esides this, am-silico model was built to characterize the hexapolar RF fields
generated within the four sectors of the mobility region. This model gave considerable insight into the level
of ion confinement needed to ensure optimal performance of the prototype imgtréomehermore, the

user interfacevas designed to control both MIPS devices, andAtRS timing generata wereconfigured

so comprehensive testing and characterization of the viTIMS could Hexgtly, apython script vas
developedo batchprocess raw daffdes that were acquired using the oscilloscoffgs script was used to

normalize the datapply a FFTto reducenoise,detect andhtegratethe peaks andcalculateaveraged peak
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heights and peak areas for each experimfdtitough one technical issue was observed with a minor phase

shift between the output signal of the two RF amplifiers, the overall research objective was achieved.
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Chapter4:Pr ot ot ype Qhnasrtarcutneernitzat i on

4.1 Preamble

This chapter has not yet been publishddst of the data presented in Chapter 4 will feported ina
manuscriptin preparationfor submission to the Review of Scientific Instruments journal in 2084,
experiments were performed by Daniel Rickert. Data processingrapdration of all figuresas done by

Daniel Rickert. Data analysis and interpretation was done by Daniel Rickert, Gordon Anderson, Scott
Hopkins, and Janusz Pawliszyn. Scott Hopkirend Janusz Pawliszyrwere responsible for

conceptualization of the project, project supervision, and funding acquisition.

4.2 Introduction

Once the prototype viTIMS was built and the electronics were configured, the next phase of the project
focused on running experiments in the laboratory. Before experirhegts) the system was carefully
inspected. Thenechanical components and hardwiastalled inside the vacuum chamber were examined

to ensure all the componentergsecured and properly aligned. The power supplies and other electronics
were also tested after installation to ensure a@paropriateslectrical contact was being mabetwea all

the wiring connecting the power supplies to the feedthrowgitgthe wiring from the feedthroughs to the
electrical boards on the instrumemesting was alsdone to ensure that all the electronics were properly
groundedthere waso visual evidence of short circuitss well a®ffline verificationto confirm the power
supplies were outputting the correct voltage defined by a specified MIPS channel to the correct glectrode
on the instrument. Following the extensive quality control testing ohaitvare and electronics, the time

had come tdifly 0ions and begin experimentally characterizing the viTIMS.

Despite the widespread use of IMS instruments @ednsiderable amount of literatuos different
custombuilt systems, there is minimal technical information available describing how the instruments were
initially tested and optimized to achiesempleteoperability. Many of the published repostdelydescribe

the different mechanical hardware and electrical components of the instrumeribipéhienentalSection,
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with little emphasis in th®esultsDiscussiornSection detailing the experimental process of developing the
instrument. In the case qfublished literature reporting the development of mawmmercial IMS
instruments, most of the technical information is malblicly shared due to intellectual property concerns

On the other hanamostacademiaesearch groups that build prototype instruments have a large amount of
in-house experience arftribal knowledge that israrely sharedoutside of the research gratipThus,

much of the initial testing and optimization of the vfTIMS was done via trial andterdetermine suitable

operating conditionsSince the vfTIMS was the first prototype built at the University of Waterloo, there
were few (i f any) ex pewouldepplyttathis infstaumeritased am djitergbucei nt s 0

reportsdescribingsimilar systems

The main objective of Chapter 4 was teystematicallyinvestigate and identify the optimal set of
instrumental parametefer the viTIMS that would eventually bemployedduring IMS experiments. To
achieve this objective, experimental testives split into three phasé3hase Oné Acquirecongstention
current through the instrumenhendetermineoptimal hardwareparameter&and instrumental conditions
for maximumion transmission to the Faraday deted®irase Twd Implement a multevent MIPS method
and optimizanstrumental conditionor trappingdreleasing ions in one sector of the mobility regi®hase
Threei Develop a more robust workflow for trapping ions in one sector of the mobility region before
eluting the ions into a second downstream sector where the ions are trapped again prior to the final release

to the detector.

In Phase Onef experimental testing, theain objectivavas to determine thidealsettinggo maximize
ion transmission through thearious components of thastrument to the detector. These experiments
included optimizing the andESI sourcesetings, the DC voltages that define the Ep@file through the
instrument, and the RF field applied inside the mobility region. Additionally, since the underlying TIMS
functionality relies on pulsing ions into the mobility region, the feasibilitytidizing the aperture at the
end of the entrance funnélg,, conductance limit) to control the flow of ions into the mobility region was

also evaluated. Building on the results fréthase Onethe goal of Phase Twowas to optimize the
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instrumental conditions for trapping ions individual sectors of the vfTIMSnobility region. The
conditions that were tested included thebiith gas flow ratehepressure differentidhroughthe chamber,

as well aghe RF fequency angeak to peakmplitude Furthermore, the ion injection pulse time from the
entrance funnel conductance linandthe duration of ion trapping in the mobility region were evaluated.
Lastly, the objective of Phase Three weastered aroundevelopingan instrumentamettod where ions

would accumulate in one sectwoirthe mobility regiorfor a userdefined period, before beirgjutedand

trapped ina subsequent sector prior to detectidftimately, all three phases of the instrumental
development were critical for determining the baseline set of conditions that would permit more advanced

experiments to be run on the viTIMS.

For the majority of the experiments described in Chapter 4, several tetraalkylammonium (TAA)
compoundsvere selectedsmodelanalytes These compounds have beeidely reported initerature as
suitablecalibrant molecules foiMS instrument development due to their high ionization efficiezueg
stability (i.e., permanent positive charge from the quaternary amine), uniiinincrease as the alkyl
chains are extendednd well characterized mobilities a@CSs*>9°1%8111 Agilent TuneMix was also
utilized for some of the preliminary experiments due to the witkgange of analytes in the mixturghich
providedvaluable insight into the optimal ionization conditions and transmission efficiency of analytes at

the atmosphere/vacuum interface of the instrurhént.

4.3 General Experimental Overview

4.3.1Sample Preparation

Three TAA salts were used fonost ofthe prototype characterizati@xperiments and wengurchased
directly from Millipore Sigma(Missouri, USA): tetrapentyl ammonium (TAA5) bromide (CAS: 8566
7), tetraoctyl ammonium (TAA8) bromide (CAS: 14888-2), tetradodecyl ammonium (TAA12) bromide
(CAS: 1486634-3). The TAA analyteswere prepared as individual stock solutions in MS grdeé®©H

purchased fromMillipore Sigma (Missouri, USA) and were stored at80°C. Working solutiondor
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individual TAA analyteswere prepared at a final concentration ofy@ in MS grade MeOH and were
stored at+4°C. A working solution forthe TAA mixture (TAA5, TAA8, and TAA12)was preparedith a

final concentration of 10 uNbr each analyten MS grade MeOH and stored at 4°C

CHz
Hﬁ /rr CHa HsC CHa
CH

HaC CHy

HsC 3 HsC CHa

Figure 4-1. (Top Left) Chemical structure fofAA5; m/z298.6 anddrift tube CCS= 190.1A%* (Top
Right) Chemical structure of TAA8m/z 466.6 and drift tube CCS= 256.6 A2 (Bottom) Chemical
structure ofTAA12; m/z6913 anddrift tube CCS=319.0A21%

Agilent TuneMix (Product No: G2421160001; California, USA) was used for preliminary experiments
that optimizedthe experimental condition®quiredto produce astableion currentfrom the nancESl|
source The TuneMix consised of a mixture of calibrants including: betaine (CAS: M¥7),
trifluoroacetic acid ammonium salt (CAS: 3338-1) hexamethoxyphosphazene (CAS: 95371), hexakis
(2,2difluoroethoxy) phosphazene (CAS: 186&7%2), hexakis (1H,1H,3Hetrafluoropropoxy)
phosphazene (CAS: 58948-9), hexakis (1H,1H,5kbctafluoropentoxy) phosphazene (CAS: 160%9
8), hexakis (1H,1H,7Hdodecafluoroheptoxy)phosphazenq CAS: 383074-8), hexakis (1H,1H,9H
perfluorononyloxy phosphazenéCAS: 18604367-4), and tis-heptafluoropropyS-triazine (CAS: 915

76-4). The mixture of calibrantsasdiluted in a 95:5 (v/v) mixture of HPLC grade acetonitrile and water.
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Per the Agilent product information sheet, the solution was storetCatntl no additionainodifications

were made.

Morphine (CAS57-27-2) analytical standard was purchased fiditlipore Sigma(Missouri, USA)and
used during one of the preof-concept experiments in Chapter 5. Bb@ckmorphinestandardvas stored
ati80°C. A 25 uM working solution was prepared in MS grade MeOH with 0.1% formic @#id that

waspurchasedrom Millipore Sigma(Missouri, USA)and stored at°€.

4.3.2nanoESI lon Source Conditions

Thevariousanalyte solutiongveredelivered to the glassandESI capillary via a Fusion 100 syringe pump
(Chemyx; Texas, USA) at a flow rate of 0.2 niL/min. QuartzTip mncESI emitters lew Objective;
Massachusetts, USA) with dimensions of 1.0 mm O.D., 0.58 mmaidatip size of 2 +Imm were used

for all experiments. An Hhouse ionization source was used to accurately positiorathegE=8I emitter in

front of the transfer capillar$®®® To generate the electrosprayD& potential of+2.0kV wasapplied by

an alligator clip connected to either the conductive coating on the outer surface of thargiaSs emitter

or the metal union that joins the emitter to the PEEK tubing from the syringe. The ion transfer capillary was

heated to 16TC. Forcompletehardware details, refer to Chapter 2.

4.3.31lon Current Measurements

The ion current was measured two different ways depending on the expefiimeidn current from the
earliest experiments optimizing the ion spray conditions from #meESI| source w&s measured using
custombuilt breakout modules thatereconnected to the transimpedance amplifier. The output from the
amplifier was then monitored by the MIPSandigital multimeter. The breakout boxes hodigither a 37

pin D-sub breakout board (CZHABS: ElectronicsSalon; Shenzen, CHN) that wagred to all the DC
chanrels in the mobility region of the vfTIMS, or a 15 pirddb breakout board (CZHABS: Electronics
Salon; Shenzen, CHN) that wasred to all the DC channels on the entrance ion funnel and ion transfer

capillary. The advantag® the breakout modules for preliminary instrument optimization experiments was
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that the ion currentauld be easily measured at specific points through the instrument without requiring the
ions to transit through the entsgstento reach the detector. For all the experiments in Chapter 4 following
the rancESI optimization, the ion current was directly measured by the Faraday plate detector connected
to the transimpedance amplifier. The output from the amplifier was then split with a BNC tee so the current

would be recorded by the MIPS and tektronixoscilloscope.

4.4 Results and Discussion: Phase One

4.4.1nancESI Optimization i Achieving Stable lon Spray

ThenandESI source generates ions by applyinguaeDC potential(ca., 2.0 kV) to the tip of a platinum

coated glass capillary while analyte solution is slowly pumipedugh thecapillary using astandard
syringe pump?® To optimize the stability of the ion spray from the tip of the capillary, several conditions
related to the andESI source were evaluated using the Agilent TuneMix solufible. multimeter was
connected to the 1pin DC breakout modul@ndthe total current from ions transiting through the transfer
capillary and discharging inside the entrance funnel was measured by connecting both the Funnel In (F1In)
and Funnel Out (F10ut) channels to the breakout module output. To block ions from gasesigh the
entrance funnel and ensure the full ion current from all ions entering the fuasaheasuredhe dipolar

RF fieldin the entrance funnelas set to pp, and the conductance limit electrode at the end of the funnel
was biased to +60V. Thaim of these experiments was to solely identify the besidaSI settings, so
measuring the current in the funnel was the logical choice since no other optimizations to the instrument

settings were required.

As expected, the total ion current was directly correlated to the voltage that was appliecatu#& n
capillary Figure4-2).'3The ion current increased as higher voltages were applied, before plateauing
around a voltage of ~2.5 kV and eventually decreasing. Besides the magnitude of the ion current, the other
important factor to characterize was the reproducibility of the spitasrefore, a trade off had to be made

between the absolute ion signal, and the reproducibiléy $tandard deviation) of the spray.
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Figure 4-2. nancESI voltageoptimizationusingAgilent TuneMix.Measuementsweretaken in triplicate
with multimeter connected to F1In and F10ut Breakoahd=S| sprayer was placed 3 mm back from the
transfer capillary inlet.

Once the voltage had been optimized,gbsitionof thenandESI sprayerelative to the inlet athetransfer
capillary (Figure4-3) was optimizedThe tip of thenand=SI capillary waplaceddirectly in line with the
inlet of the transfer capillaryunlike other conventional ESlssemblies thaiositionthe ESI capillaryat a
45° to 90° off-axis angle from thentrance inleto reduce the likelihood ofieutral solvent molecules
entering the vacuum chamb@ihis was a noffiactor on the vfTIMS sinca smallnancESI capillary tip
size (2 = 1mm) would inherentlyreduce the number of neutral solvent molecules entering the instrument,
and combined with the heated transfer capilltirg,ionswereassumedo be sufficiently desolvatei As
shown inFigure4-3, asthe sprayewasmoved closer tdheinlet of thetransfer capillarytheion current
exhibited a corresponding increastowever,when the andESI emitterwas placed closer than 2 mm,
arcingoccurredbetween the emitter and the transfer capillahjch disrupéd the electrospray process.

Theseexperimers demonstrated that the main source of instability in the ion cusrastihe high voltage

applied to the and=SlI capillary, andhatthe distance from the transfer capillarydmainimal impact.
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Figure 4-3. nancESI sprayerdistanceoptimizationusingAgilent TuneMixat+2.0 kV. Measuementsvere
taken in triplicate withmultimeter connected tine F1In and F1Out Breakout.

4.4.2Transmission Mode Optimization

After optimizing theionization source conditions, th®C EFG applied througlthe instrument was
evaluated to determine the optimal voltaggpuired fomaximum transmission @fAA ions to theFaraday
detector.Theseparametersvould be usedo builda Transmission Mod@strumental methadrhe10 uM
working solutionmix of TAA analytes (TAA5, TAA8, TAAl12)was infused through thend=SI capillary

(2 mm from transfer capillary:2.0 kV spray voltageand thetotalion current was measurég theFaraday
detector Analyte solution was infused for 30 s for eaufithe tentrials, and an ion current measurement
was taken every 1 s. The average and standard deviation of the ion current were then catrats¢lde
30 data pointsTheion transfer capillary was biased to +60V, and the temperature was held &t. Té@
dipolar RF field throughthe entrance funnel was set to 760 kHz 460 Vpp (15% drive) while the
hexapolaRF field throughthe mobility regionwas set t&/00 kHz and250 Vpp. The Mgas flow was set
at0.1 SLPM,the pressure in the front half of the chamber se&ido 165 Torr, and the pressure in the back

half of the chamber was throttled960mTorr. Table 2containsall the DC EFG profiles that were tested.
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Table 2. Summary of DGroltagestested for Transmission Modgtimization

Trid F1I(nW) |F10@0V] F1GIV) ChLV|] CH3@V) TubeL(ew
1 55 30 26 25 5 cl 0
2 55 25 21 20 5 cl 0
3 55 20 16 15 5 cl 0
4 55 15 11 10 5 cl 0
5 55 15 6 0 5 cl 0
6 55 15 5 0 5 cl 0
7 55 15 11 5 cl 0 cl5
8 55 15 11 5 cl5 2 0
9 55 15 11 5 2 0 25
10 55 15 11 5 25 3 0

F1In, F1Out and F1CI are the three DC channels that setdtigic fieldthrough the entrance ion funnel.
Chlis the first electrode in the mobility region (sector 1), and CH33 is the last electrode in the mobility
region (Sector 4)Thetube lens TubelLen$ spans the pressure divider and transmits ions to the detector.
As shown in Table 2endifferent trials were conducted with varying DC EFG profiles to establish the
best conditions fatransmission of ththreeTAA analyteghrough the instrument to the deteciine MIPS
DC gradient fast fill script was used to defthelinearEFG across the mobility region based on the inputs
from CH1 and CH33Figure 4-4 contains the results from the Transmission Mode optimization study.
Trials 57 8 were the most optimal fadransmissiorof the TAA mix while excellentsignal stability(i.e.,
low standard deviationyvas observedacrossall ten trials. These resultdlemonstrated that optimal
transmissiorof severalTAA analytes with an/zrange o0f299to 691 required ssteadydecrease itheDC
potentials applied in each region of the viTIMSargeDC potentialdifference across the entrance funnel,
combined with a much shallow®C potential difference through the mobility region resulted in the best
performancdFigure4-5). For subsequent experiments, € potentials fronTrial 5 were used to define

the Transmission Mod®C EFG profile
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Figure 4-4. Summary of Transmission Mode D@ltagegradientoptimization.10 uM TAA mix wasused
for all trials Theion signal wasveraged across a 30 s acquisititih a measurement recorded every 1 s.
Details on voltages used for each trial are listed in Table 2.
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Figure 4-5. Visualization ofthe Transmission Mode DC EF@ofile (Trial 5).
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The RF frequency and peak to peak amplitude, (Vpp) that defined the waveforrapplied to the
electrodesn the mobility region to generate thexapolacconfiningfield were also evaluated tietermine
the best conditions for ion transmissiéiundamentally,hte effectiveness of thedial confinement, and
thus the transmissiothrough the mobility regiondepend orseveralfactors Theseinclude: (i) the
dampening of the iomotionby collisions with neutral gas moleculé$), the RF frequency and amplitude,
and (i) space charging effectsd., ion-ion coulombic repulsion):* Instead ofinfusingthe 10 uM TAA
mix, 25 uM individual standards of the three TAA analytes veexayzed The rationale behind this choice
was that since the Faraday detector has no mass selection capability, the most straightforward way to assess
the mass dependency of tR€ induced pseudopotentifair sufficient ionfocusingand transmission was
to analyze the compounds individually. The DC potentials to generate the EFG profile were set using the
values from Trial 5. The effect of the RF frequencyowerall ion transmission was investigated from
100kHz to 900 kHz. During the RF frequency optimization experiment, as the frequency was increased,
the RF amplitude was also adjusted to ensure the voltage was kept corzi@nmi. For the RF voltage
optimization experiments, the frequency was held constar®@kHz, and amplitude was varied from
50 Vpp to 270 Vpp. Analyte solution was continuously infused throughout the experiment, and ion current
data was collected for 30 s with a measurement takery d s.The total ion currentfor eachanalyte
solutionwas plotted Prior to data acquisition at each frequeacy amplitude test pointhe RF power

supplies were allowed to stabilize and equilibrate for 30 s to ensure consistent measurements.

For each of théendividual TAA solutionsthat were infused, a similar trend was observed when the RF
frequency was varied-{gure4-6). As the frequency of the hexapolar fR#d was increased from 100 kHz
to 500 kHz, a sharp rise in the ion current was observed for the three analytes. From 500 kHz to 700 kHz,
the signal was consistent, and only at 900 kHz did the ion current for the largest @afie) slightly
decrease, while the signal for the smallest analy#A5) slightly increasd. Unfortunately, due to
hardware limitation®f the RF power supplies, it was nfgasibleto apply a frequency900 kHz while

still maintaining a consistent output d#@Vpp. However, these results magctother reports in literature
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that describe the sanrend especially with respect to the smaller TAX5**Gjven the results reported

in the literature, and our own observations, it is likely thaten smaller TAA analytes were infusex,

the frequency was increased beyond 900 kHe trend would have been even more pronoundéis
approach could batilized as an effective lovor high passn/zfilter for the viTIMS When a lowRF
frequencyis appliedthrough the mobility regiodarger molecules would be effective transmitted through
the instrument. Conversely, if a higher RF frequeikyapplied, small molecules would be easily
transmitted through the instrument, while transmission of larger molecules would be significantly

diminished.
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Figure 4-6. Transmission Mode Rifequencyoptimization RFamplitudeheld constant &250Vpp for all
measurementslrial 5 EFG profile wasappliedthrough the viTIMS. 25uM individual TAA analyte
solutions were infused. The ion signal was averaged across a 30 s acquisition with a measurement recorded
every 1s.

A similar trend was also observed when the RF amplitude through the mobility region was optimized
(Figure4-7). Theoretically, as the RF amplitude is increased, the magnitude of the hexapolar RF electric
field will also increasegonsequentlymproving ion transmissiofi* Experimentally, as the RF amplitude

was increased from 50 Vpp to 250 Vpp, a significant rise in the ion current was obfegreadh TAA

species From 250 Vpp to 270 Vppi.é., the maximum output for the RF amplifier), ti@n current
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plateaued, then began to decrease. This behaamthought to bprimarily due to instability of the TAA

ion cloud at high RF amplitudes, an attribute that has also been described in published reports detailing the
development of early electrodynamic ion funnels as well as the first articles describing the TIMS
analyze.?>?%%’In conclusion, the results from the RF optimization experiments verified that the optimal

frequency to transmit the three TAA analytes was between 500 kHz to 700 kHz, while the optimal RF

amplitude was 250 Vpp.
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Figure 4-7. Transmission Mode R¥oltageoptimization The RF frequency was held constant@d kHz
for all measurementslrial 5 EFG profile was applied through the viTIMS. 28 individual TAA analyte

solutions were infused. The ion signal was averaged across a 30 s acquisition with a measurement recorded
every 1s.

The final hardware componenf the viTIMS that was optimized during the Transmission Mode
development process was the tube I@figure 4-8). The tube lens is the cylindrical copper tube that is
biased with a DC potential to transmit ions exiting from the last sector of the mobility regiorFaraiday
detector. Since the detector is mounted to the back side of the pressureindithdezenter of the vacuum
chambey the tube lens isssentiafor transmitting ions through the pressure divider smthe detector.

The 10 uMTAA working solutionmixture (TAA5, TAA8, TAA12) was infused through theandESI
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capillary (2 mm from transfer capillary; +2.0 kV spray voltage) and the total ion current was measured by
the Faraday detectdfhe DC potentials to generate the EFG profile were set using the values from Trial 5
the dipolar RF field through the entrance funnel was set to 760 kHz and 100 Vpp (15% drive) while the
hexapolar RF field through the mobility region was set to 700 kHz and 250 Vpp. The gas flow and pressure
settings were unchanged from previous experimé&his DC potential applied to the tubedamas scanned

fromi 60V to +60V, with 3V/s measurement incremenide ion current was recorded from three replicate
measurements to calculate the average and standard deviatiirown inFigure4-8, the optimal voltage

to transmit the mixture of TAA ions wdetween 30V to +10V. When a DC potential above +10V was
applied to the tube lens, the ion current rapidigidished, and above +30V, the measured ion current was
negligible This result demonstrates that as the magnitude afgbiedDC voltage isncreaseda potential

energy barrier is formed. This barr@focuseshe ions leading to radial ejectioand ultimately results in

neutralization as the ions collide with the inner walls of the tube'téh¥.
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Figure 4-8. Tube lens voltage optimization 10 pM TAA mixture was infusedThe ion current
measuements were collected in triplicate to calculate the average and staded&tion.
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4.4.3Modulating lon Transmissionusing the Entrance Funnel Conductance Limit

Thelastexperiment irPhase Onef viTIMS instrument testingenteredn understanding how the flow of
ionsthrough the entrance funnel intaobility region ould be precisely controlledd key componeh of
the conventional IMS instrument ighe electrostatic deflector thappliesa repulsiveDC potentialto a
metal plate in the source regitmpulse ions into thentrance funneds they exit the transfer capillafy.
Since the vfTIMS does nattilize a deflector plate and th@andESI sourcevascontinuously produag
ionswhen the high voltageasapplied a different approaclwasneededThe terminal lensf the entrance
funnel {.e., conductance limjtcan becontrolledseparatelyfrom the rest of the electrodésat comprise
the funnel Thus an independenpotential can be appligd the conductance limliéns to block the flow of
ionswithoutdisruptingthe EFGapplied throughherest of the entrandeinnel. This approach is analogous
to the Bradbury Nielsen or Tyndall ion gates usethostDTIMS instruments to pulse ions into the drift
regiont¥12°The main difference is that both the Bradbury Nielsen and Tyndall gates are constructed using
thin wire meshes where a potential is applied to create an orthagpuddiveelectric field that prevents

ions from m@ssing through

In the VfTIMS, the entrance funnel conductance limit does not have a mesh grid, sméosasaryo
testif the singularapplication of a DC potential to the conductance lmpierturewas sufficient to block
the flow of ions into the mobility regiofFigure 4-9). To evaluatethis hypothesisas a initial proof of
concept 25 uM TAA8 working solution was continuously infused through thad&SI capillary (2 mm
from transfer capillary; +2.0 kV spray voltage) and the total ion current was measured by the Faraday
detector. As the solution was infused, the DC potential applied to the conductance limit was scanned from
160V to +60V, with 2 V/s measurement incremefiise DC potentials to generate the EFG profile were
set using the values from Trial the dipolar RF field through the entrance funnel was set to 760 kHz and
100 Vmp (15% drive) while the hexapolar RF field through the mobility region was set to 700 kHz and 250

Vpp. The gas flow and pressure settings were unchanged from previous experiments.
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The total ion current for the TAA8 solution as a function of the conductance limit voltage is shown in
Figure 4-9. At a lowest DC potentiale(g.,i 60V), the ion currentt the detector was essentially zero,
meaning the conductance limit wafectively functioning as an iogate. As the potential increased, the
ion current also increased until it reached a maxinfmom +5V to +20V before beginning to decrease.
Somewhatinexpectedlyat the largest positive potent{al.g.,+60V) applied the conductance limit could
not completely prevent ions frofeaking through thapertureto the detectorThis wasassumed to be
caused bya combination of theositive charge on the TARions and the driving force exerted by the
flowing N2 bath gas Whenthe large negative DC potential ipplied, the ionsare attracted to the
conductance limit and neutralize upon contact with the lens. Conversely tweiarge positive potential
is applied the ionsarerepelled from the lendut the flowing bath gas is still able to push a small number
of ions through the apertut®. Therefore, fithe voltage applied to the conductance limitapidly pulsed
betweeri 60V (i.e.,gateclosed)and+5V (i.e.,gateopen) the number of ions entering the mobility region

canprecisely controlled.

As evidenced byrigure4-9, the repulsiveslectric fieldis not as effective as thatractiveelectric field
for controlling the flow of ions through the entrance funeehductance limiinto the mobility region
Because of this, the entrance funnel as it is currently constraoatetbtbe used taccumulate in the
entrance funnel prior to injectidf® For applications requiring high sensitivity or a high duty cycle, this is
aweaknesshat not only affects thefTIMS but alsothe majority of IMS instruments that operate via ion
pulsing*® Only a small percentage of ions passing through the conductance limit apeetanalyzed,
while the majorityof the ionseventually neutralizand are not sampled. potentialavenue foa hardware
improvemen in afuture vfTIMS prototype would be to install a wire mesh to the conductance limit so it
could function as ail p s e Brhdbdry NeilsofTyndall ion gate.The mesh grid would significantly
increase the strength of the repulsive electric field at the end of the funnel. This would ensure that ions
would be accumulated for a defined period prior to injection into the mobility region without being

neutralized.
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Figure 4-9. Entrancgunnelconductancdimit optimization 25 uM TAAS8 working solutionwas infused.
The ion current masuements were collected in triplicate to calculate the average and standard deviation.

4 5 Results and Discussion: Phase Two

Throughout Phase One of testing, thettings on thevfTIMS were configured to maximize ion
transmission. While these settings wergtablefor transmission, they were unlikely to be optimal for
trapping ions, muchmore sensitive process. Fundamentally, trapping and mobility separation in any TIMS
instrument depend on the balance between the force exerted by the flowing bath gas through the analyzer
and the opposing force of the electric fieldherefore, careful adjustment of gas flow, pressure, and axial

and radial electric fields @reessentiafor creatingthe ideal conditions for ion trapping. As discussed in

the introduction to Chapter 4, the primary objective in Phase Two of vfTIMS development was to establish

a second instrumental method, known as the Trap Modgafiggingions in different sectors of the mobility

region.

4.5.1Modification to the DC EFG to Facilitate lon Trapping

The first modification made for the Trap Mode invohiatroducinga smallchang tothe shape of the

axial DCEFGthrough the mobility region. Early experiments revealed that transitioning from a negative
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slope of the EFG (DC potential range of OV &V) to a slightly positive slope with a DC potential range

from OV to +15V significantly improved the ability to trap iofseeFigure4-10 andFigure4-11).%" In the
preliminary experiments conducted during Phase Two, the EFG through the mobility region teas set
linear gradient from OV to +15V across the mobility region, and a single set of electrodes in the middle of
a particular sector was used to trap ions. These selsetetelectrodes werbiasedo alargepositive DC

potential (+80V)which createda repulsive electric field barrier. Tiaduceion trapping, a short MIPS
sequence was developed using the MIPS timing generator. This sequence involved applying the repulsive
DC potential in the mobility region for a defined period to trap ions, rapidlicking to a lower potential

to release the ions, and then returning to the initial trapping $taitestraightforward experimental setup
allowed for the optimization of key experimental variables, such as the pressure differentialgaxd N

flow. Notably, during these preliminary experiments, the entrance fuwomeluctance limigate was not

used, resulting in ions continuously flowing into the mobility region, where they were trapped. While this
was not thedeal setup for the instrument anavould limit overall performance, the purpose of these
experiments was not to achieve optimal performance. Instead, the aim was to optimize the parameters

required for baseline operability before attempting more complex experiments.
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Figure 4-10. Optimized DC EFG for trapping in different sectors of the vfTIMS mobility region.
4.5.2Preliminary Experiments to Establish Optimal Gas Flowand Pressure Differential
The first parameters optimized during Phase Two of the viTIMS instrument development process were the
N> bathgasflow and pressurdifferentialacross the divider that separates the source region (front vacuum
chamber) and the detection region (rear vacuum chanitefer toFigure2-1in Chapter 2 for a schematic
of the vacuum chamber assembly. evaluate the effect of theparametersthe 25 uM TAA8 working
solution was continuously infused through ttedeSI capillary (2 mm from transfer capillary; +2.0 kV
spray voltage) while the total ion current was acquired using the Faraday detector and oscilldszope.
dipolar RF field through the entrance funnel was set to 760 kHz and 100 Vpp (15%ddire hexapolar

RF field through the mobility region was set to #z and 250 Vpp.

TheMIPS sequencéle was configured to statihe experimeniby sending a trigger signal from MIFS
to the oscilloscope timitiate data acquisitionSimultaneouslythe DC potential on the set of electrodes in
the middle ofsector 3 (CH22)vas raisedat +80V to trap ions foB0 ms droppedto +9.84V for2 ms,
before reverting to +80V for the remainder of #uguisitionwindow. The total timdor each experiment

(i.e., accumulationvas 100 ms, antbur accumulationsdne fiequilibratiord accumulationthreefitrueo
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accumulations) were collected ansingleoscilloscopadata file An example of this experiment is shown

in Figure 4-11. The MIPS systes) were designed to utilize the first accumulation, known as the
"equilibration" accumulation, to verify that all voltages were correcthosehe instrument control panel
according to the initial values specified in the MIPS sequenceSiiee the experiment begins with the

DC potential on CH22 set according to the 0V to +15V EFG, the MIPS must switch the voltage on CH22
to +80V 32 ms after the triggein the first accumulationo match the potentialefined by the MIPS
sequence file for the subsequantumulationsTo assess the degree of trapping occurring udifferent
experimentalconditions, the magnitude.€., height) of the ion current during tHest 30 ms of the
"equilibration” accumulation was compared to the average magnitude of the subsequent three "true"
accumulationsln Figure4-11 (right panel) fiAd denotes the ion current when ions are being transmitted
through the analyzer with no trapping duringthe qui | i br at i ,evhiléiB@ademtasnthégdnat i o n

current during théhreefi t r acaiulations when the trapping potential was applied.

An examination ofigure4-11also highlights the benefits of adjusting the DC EFG through the mobility
region.In Figure4-11 (left panel) the DC EFGin the mobility regiorwas set to the optimal Transmission
Mode (0V to i 5V) settings. Negligible ion trapping occurred under these conditions since the ion current
during the initial equilibration accumulation was essentially the same as during each of the three trapping
accumulationsThis behavioris in contrastvith the right panel oFigure4-11, where the DC EFG through
the mobility region was changed to the Trap M@0 to +15V) settingsanda significant spike in ion
currentis observedafter the potential drop. This sharp spike in ion curiemissociated witkthe trapped

ions being released from sector 3 of the mobility region towards the detector.
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Figure 4-11. Exampledatafor quantifying ion trappingThe black data trace is the smoothed MIPS trigger
signals, and the red data trace is the ion curreriM25f TAA8 solutionwas infused.(Left) Example of
negligible trapping when applying the Transmission Mode EFG through the mobility réRigint)
Example of significant trapping when applying the Trap Mode EFG through the mobility regioA The
regionshowsthe ion current prior to the repulsive potential on CH22 in sector 3 being applie8 régien
showsthe spike in ion current when the repulsive potential is dropped, which released the trapped TAA8
ions. The intensity averagethie B regionversus the average thfe A regionis used to calculate the relative

ion intensity during the trapping event.

Optimizationof the pressure differential within the vacuum chamber revealed that achieving ion trapping
requiredprecise pressure and gas flow conditions. To assess the influesaeroéchamber pressure, a
controlled variation was applied, ranging fromd3Torr to 165 Torr, while the pressure in tltetection
regionremained constant 860 mTorr The flow rate of Mgas was maintained at a consistentSLPM
for the duration of the experiment. The pressure differentialoatzsilatedas the differece between the
source (front chambe@nd detection region (rear chambgressuresAs depicted inFigure 4-12, an
evident trend emerged as the pressure differential increased, indicating a significant decrease in ion trapping
efficiency. This observation suggests that as the gas velocity increased due to the larger pressure
differential, the opposing force of threpulsive electric field became notably less effective in retaining

TAAS8 ions within sector 3Furthermore, there was almost 4ol improvement in trapping when the

source pressure was set to 1.25 Torr compared to when the source pressure was set to 1.7 Torr.
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Figure 4-12. Evaluatbn of varied pressure in source region (front vacuum chamber) on ion trapping.
Pressure idetection regionréar section of chambdockedat950mTorr. The average maximum intensity

of the three fitrueo accumul ations was compared vVve.l
current. 25uM TAA8 working solutiorwas infused and trapped in sector 3 (CH22).

The pressure conditions in the detection region of the vacuum chamber were also evaiigatedhe
interdependency of pressure in #wirce and detection vacuum chambadgjstments to theear vacuum
chambemwere constrained relative to the previous optimization experiment. Specifically, the pressure in
thesource vacuum chambemas held constant at 1.25 Torr, while the pressure iddtection regiorfrom
1.05 Torr to 870 mTorr. This led to a pressure differential range between 0.25 and 0.38 illastrated
in Figure4-13. Notably, wherthepressure in thdetection region was varieghinimal changes in the extent
of ion trappingfor TAA8 ions were observed his outcome reinforces the notion that the primary driver

of trappingis the pressure in tledurce region vacuum chambpatogical deduction since both the entrance

funnel and mobility region are in tlient vacuum chambefas depicted ifrigure2-1).
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Figure 4-13. Evaluatbn of varied pressure in detection region (rear vacuum chamber) on ion trapping.
Pressure in source region (front section of chamber) loake@5mTorr. The average maximum intensity
of the three fitrueo accumul ations was compared vVve.l
current. 25uM TAA8 working solutionwas infused and trapped in sector 3 (CH22).

Following the establishment of the optimal pressure differential, attention was directed toward
optimizing the N bath gas flow(Figure 4-14). The influence of varying the Nlow on the trapping of
TAA8 was examined within the range of 0.1 SLPM to5058.PM. Itis important to note that 0.1 SLPM
markedthe lower limit accurately measurable by the flowmetdrile exceeding 0.35 SLPM rendered it
unfeasible to maintain the front pressure at 1.25 Torr and the rear pressure at 950Anmbteworthy
pattern emerged when the, How rate was increasethat wassomewhatlike source region vacuum
pressureoptimization experiment. With increasimy flow, the extent of ion trappingegan to decrease
This declinewas attributed to the increased volume of ghagaming through the Nyas tubes that are
coaxially aligned with the end of the ion transfer capillary inside the vacuum chamber. The increased gas

flow likely induced some degree of turbulence, which impacted ion focusing and trapping downstream in

the mobility region.
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Figure 4-14. Effect of N; gas flow on ion trapping. Previously optimized pressure settings used: Source
regioni 1.25 Torr Detection regiori 950 mTorr,The average maxi mum intensi:t
accumulations was compared versus the average intensity of the initial transmission ion cupiht. 25

TAAS8 working solutionwas infused and trapped in sector 3 (CH22).

4.5.3Achieving Complete lonTrapping Functionality

Sections 4.5.1 and 4.5.2 detailed experiments aimed at optimizing key parameters affecting ion trapping
within the viTIMS mobility region. However,it must beacknowledgd that these experiments had
limitations and did not provide a comprehensive characterization of the instrument's ion trapping capacity.
Notably, one significant aspect absent from these experiments was the precise control of the number of ions
entering thevfTIMS analyzer through the entrance funnel. Furthermore, these experiments exclusively
utilized TAAS8 ions, warranting an expansion of the study to encompass a broader range of ions for a more
complee evaluation.While limited in scope, these initial experiments were critical for establishing a
working baselineset of instrumental parameters tibauld be utilized during more complex experiments

that are described belovio comprehensively assess the viTIMS's ability to focus and trap ions, a more
detailed analysis of the dynamics governing the radially confining RF field digin¢rapping was

required There waslsoa need to explore the entrance funnel's performance in efficiently pulsingtions in
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the mobility region, as the initial proof of concept study solely examined its gating fualittiobastly,
for genuine mobility separatioexperiments in th&IMS, it is critical to retain ions in the analyzer while
gradually reducing the electric field strength. Therefohgracterizinghe duration for which ions could

be held within different sectors of the analywes imperative

To assess the influence of the magnitude and frequency of the radially cohixiagplaRF field on
ion trapping, a morelaborateMIPS sequencéuilt off the previous proof of concept MIPS trapping
sequencenas designed This enhanced MIPS sequence script, utilizing both MiP&hd MIPS2 in
parallel,was configured tariggera sequential series efzents pulsing ionsthroughthe entrance funnel
conductance limjttrapping ions within one of thaobility regioris sectors, and subsequently releasieg th
ions to the detectoHowever, given that the entrance funnel's potenti@ie supplied through MIP&
while thevfTIMS mobility region's potentialgvere controlled by MIPS1, synchronization of the timing
generators in both MIPS units weequired This was achieved by creating an individual sequendet
file on each MIPShatoutlined specific events to occur on each power supply, thighirigger signal sent
from MIPS2 to MIPS1 serving as the link between the systefffse sequence file for MIR3 was
designed as follows: Commencingth the trigger button on the vfTIMS being clickad=(0 ms) MIPS-2
simultaneously sent two trigger signél®one to MIPS1 and another to the oscilloscofaeinitiate data
acquisition. From 0 to 130 ms, the entrance funnel's conductance limit was maintaiB@d &t block the
entry of ions into the mobility region. Between 130 ms and 150 ms, the conductance limit potential was
raised to +6V, enabling ions to enter the mobility regiRast1l50 msuntil the end oftte accumulationthe
conductance limit potential reverteditéOV. The sequence file for MIR$ was configured to accept the
trigger pulse from MIP& and immediately initiate its own sequence of events. From 0 ms to 200 ms, a
repulsive potentiale.g.,+80V) was applied to a set of electrodes within the mobility region (e.g., CH22
sector 3niddle). As the ions were released through the entrance funnel, they were trapped for a predefined

duration. Between 200 ms and 220 ms, the repulsive potential was lowered to allow all accumulated ions
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within the mobility region to reach the detectarvisual schematic of the time sequence is showsgare

4-15.
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Figure 4-15. MIPStiming sequence fosingle sectoriontrappingwith entrancefunnelpulsing Black trace
corresponds to thegotential on the entrance funrainductance limit. Light grey trace correspondth®
potential applied to theelectedset ofelectrods. Dark grey tracen the far left of the platorresponds to
the twotriggerssignals(MIPS-2 A MIPS-1, MIPS-2 A Oscilloscope).

4.5.3.1RF Voltage and Frequency Optimization.

Low-pressure IMS systensich as the viTIMSequire RF confinement to minimize ion diffusiand
ensure ions are effectively focused within the analfz@/hen conducting trapping experimeits the
prototype instrumenthe presence of #@radially confining field is crucial as it prevents ions from diffusing
toward theinnerwalls when they encounter the repulsid€ electric field in the mobility regiorDuring
Phase Onethe RF frequency and magnitudeere specifically tunedor experiments involving the
continuous flow of ions through the mobility region. As explainedétail inthe Introduction, the number

of ions injected into the analyzer directly impacts both radial and axial diffusioRhase Two, the

objectivewasto inject a group of ions into the mobility region, trap them for a certain period, and then
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release them to the detector. Consequently, the instrumental parameters for the Réefield to be

reevaluatedo determine the optimal conditions for ion trapping and focusing.

To evaluate the effect of the RF frequency for trapping watis differentm/zvalues individual 25uM
working solutions for TAA8 and TAA12 were infusethe improved MIPS script with the conductance
limit ion gatewas usedo control thenumberof ions injected into the mobility regiorSince radial
confinement is very sensitive to Coulombic repulsiog. (space charging), precise control of the stream
of ions into the mobility region iseededo truly evaluate theffects of theRF frequency andeakto peak
amplitude® lons were pulsed into the mobility region with a 20 ms pulse width, trapped for 50thes in
center ofSector 3, before being released to the detector. The Trap Mode DC EFG, as well as the optimal
gas and pressure settings were used for all experiments. For RF frequency optimization, the RF magnitude
was maintained at 250 Vppuring data processing, thitial equilibration accumulation was removed.
The subsequent three true accumulations were averaged, and the average and standard deviation of the

integated areaf the trapped peakere r@orted See Section 3.3.2 for more details.

Theeffect of RF frequencyon trapping was evaluated betwe® kHz to 800 kHZFigure4-16). In the
case of both TAA8 and TAA12 analytes, a notable decrease in integrated area was observed as the RF
frequency increasedbove 800 kHz, negligible trapping occurrddhis finding was somewhat unexpected,
asa different trendvas observedduring the Transmission Mode optimizationPhase Oneln general,
higher frequencies in RF fields tend to favor the transmission efriags ions, particularly thoselow
200 amu'®® Thus, the decreasa integrated area could be attributed to varimuependenfactors or,
potentially,the synergistic effect of sever&érom a hardware standpoint, the reduction in integrated area
(i.e., trapping) could be related tahe increasingohase shift between the two RF amplifiers at higher
frequencies, resulting indestabilizingasymmetric radially confinin@®F field within the mobility region.
On the other hand, from an ion dynamics perspective, it could also be linked to a decresadiabaticity
(i.e.,stability) as higher frequenciagereapplied to thdrF electrodes in the mobility region, leading to the

instability of both TAA ions when theyweretrapped®® At this stage it is difficult to determine which of
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these factors was the reason why thehaviourwas observedAnothertechnicalissue arose at lower
frequencies (ranging from 300 kHz to 400 kHz), where some significaimidRieed electrical noise was
detected by the Faraday detector. As a result, a compromise needed to be reached between the optimal trap
conditions and transmissi@onditions. Consequently, 550 kHz was determined to be the best compromise

and was subsequently employed for subsequent experiments.
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Figure 4-16. Optimization of RFrequency fofontrapping (Sector 3Constant RF amplitude @60 Vpp.
25uM TAAS8 and TAA12 working solutiongere infused and trapped in sector 3 (CHZPtimized gas
flow conditionsand DC EFG used

After the RF frequency evaluation, optimization of RF amplitude was performed (as sh&iguria
4-17). The frequency wasaintainedat 550 kHz, and the applied RF voltage was adjubtd/een
175Vpp to 250 Vpp. When thapplied RF amplitude was less thiafb Vpp, the integrated area fell below
the minimum threshold for peak integratitrat wasdefinedin the Python data processing script (refer to
Section 3.3.2)Fundamentallyas the magnitude of the radially confining force increases (by increasing the

RF amplitude), the ion cloud is pushed closer to the center of the mobility reggoiting insufficient

trappingand ion focusing® This trend was observezkperimentallyfor both analytes. Interestingly, there
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was also alegreeof mass dependence on #ygpliedRF amplitude for trapping. At 175 Vpp and 200 Vpp,
roughly the same quantity of TAA8 and TAAl1@ns weretrapped. However, beyond 200 Vpp, the
integrated area for thevo analytesstarted to diverge. This divergeneas likely related to the axial
dispersion induced at high RF field strengths. While the largerIRPAs\adequately confined, the smaller
TAAS8 begins to diffuseway from the center of the analyziere to Coulombic repulsiogffects resulting

in less ions being trapped and a smaller integraited.
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Figure 4-17. Optimization of RFvoltage foriontrapping (Sector 3yith locked frequency at 550 kH25
MM TAA8 and TAA12 working solutionsere infused and trapped in sector 3 (CHEZRtimized gas flow
conditionsand DC EFG used

4.5.3.2Injection Time Evaluation

Once the RF field parameters had been tuned for optimal ion trapping, the variation of the ion packet size
as a function of injection timtirough the entrance funnehs studied. The injection tinrasthe duration

of time when the potential applied to the conductdinté wasset to allow ions to enter the mobility region.
Individual 25uM working solutions for TAA8 and TAA12 were infusetigtoptimized DC EFG and gas

flow settings were kept consistent with previous experiments, and the optimal freduen&s0 kHz),
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and amplitudei(e.,250 Vpp) were applied through the mobility region. For these experiments, the injection
time was varied between 0.5 ms and 100 ms, and the trap time in the mobility region was kept constant at
50 ms. Additionallyjnsteadof only studying the effect of the injection time on trapping in the middle of

Sector 3 (CH22), trapping the middle ofsector 2 (CH14) was alsvaluated

As the injection time through the entrance funnel conductance limit was initially increased from 0.5 ms
to 10 ms, there was a noticeable increase in the number of ions trapped in both sectBigRisé€el8)
and sector 3 (sdeigure4-19). However, the absolute number of ions trapped in these two sectors differed
significantly.Initially, sector 2trappedmoreTAA8 and TAA12 ionsatshorter injection times, but after 20
ms, the integrated ardar both analytedbegan to stabilize. In contrast, sector 3 had fewer ions trapped
during short injection times, but with longer injection times, ions continued to accumulate, and the

integrated ion current didn't plateau until 200 ms.
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Figure 4-18. Injection time profilefor 25uM TAA8 and TAA12. lons were trapped in sector 2 (CH14) for
50 ms The average and standard deviation of the trapped peak area was plotted as a function of injection
time from the entrance funnel conductance limit.
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To rationalizethese resultspne must considerhat occursas theions are released into the mobility
region Sector 2 is closer to the conductance limit at the end of the entrance funnel, meanimguildns
travel a shorter axial distanbefore reaching the trapping zone. Conversalyreionswerelostwhen they
transited further into the mobility region before reaching the trapping zone in seatm8jcated by the
lower integrated areat short injection time®uring longer injection times, much largemumberof ions
werereleased into the mobility region compared to shorter injection tinoeggver, the majority of these
ions wereclearly nottrapped, as indicated by the limited increase in integrated area. This result suggested
that sector 2 of the mobility region reached the maximum charge capacity after the 20 ms pulse width, while

sector 3 reached the maximum trap capacity after 100 ms.
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Figure 4-19. Injection time profilefor 25uM TAA8 and TAA12. lons were trapped in secB(CH22) for
50 ms. The average and standard deviation of the trapped peak area was plotted as a function of injection
time from the entrance funnel conductance limit.

The injection time profiledurther confirmed that thepeakto-peakamplitude of theRF field hal a
differential effect on trapping ions with differemyzvalues in various sectors of the mobility regi®his

phenomenon walsrst observediuring the initial RF amplitude optimization experiments showrigure

88



4-17. An insignificant difference was observed in the absolute number of trapped TAA8 ions compared to
TAA12 in sector AFigure4-18). On the other hand, significantly more TAA12 ions were trapped in sector

3 compared to TAAFigure4-19). This would suggest that the large RF amplitude that was being applied
through the mobility regiowasinducing adestabilizing effect on the trapped TAAS8 ion clo&dhce this

was not observed in sector 2 where the 1.D. is 20% larger, the relative strengtthefadbelar RF field

must be greater

In conclusion, these results confirmed that the entrance funnel was suitable for controlling the flow of
ions into the mobility region, and shorter injection times resulted in more optimal trapping efficiency with
fewer losses. Furthermore, these resultwipled a qualitative measure of the maximum trapping capacity
for two sectors and gave additional insight into the ion dynamics occurring during the trapping iprocess

the vfTIMS.

4.5.3.3Trap Time Evaluation

The last series of experiments in Phase Two of vTIMS instrument testing assessed the duration for which
ions could be trappednd heldin sector 2or sector 3 of the mobility region. In a conventional TIMS
experiment, iong@rerequired to remain trapped throughout the entire electric field ramp when the axial
electric field strengtlis decreaseduringion elution. Therefore, it was crucial to determine how long ions
could be retained in the various sectors of the viTIMS mobility regiigure4-20 andFigure4-21 present

an overview of the results from this experimeht20 ms pulse width was used to inject ions into the
mobility region, withthe trap time ranging from 50 ms to 300 ms, while all other previously described
optimized conditions were maintained. In sector 2, minimal losses were observed for both TAA8 and
TAA12 when the trapping time was extended to 30QFgure4-20). The approximately 10% reduction

in the integrated area of the trapped peakdd suggest that lespace chargingnd diffusiveeffects as

theions were continuously held withgector 2 othe mobility region.
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Figure 4-20. Sector 2 (CH14jraptime profile for 25pM TAA8 and TAA12 20 ms injection time for all
experimentsThe average and standard deviation of the trapped peak area was plotted as a function of
injection time from the entrance funnel conductance limit.
In sector 3(Figure 4-21), a more significant decrease in the integrated area of the trapped peaks was
observedwhen the duration of trapping was increastllis observation matched the same trend seen in
previous trapping experiments in sector 3. Since the magnitude of the confining RF field was stronger in
this region, the ions were compressed more than in sector 2, resulting in more proroonioeabic
repulsion To mitigate this issue for futurEIMS experiments the use of shorter pulse widklit the

conductance limit or a reduction in analyte concentrationld reduce the number of ions trapped within

the analyzer andninimize ion losses
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Figure 4-21. Sector 3 (CH22jrap time profilefor 25puM TAA8 and TAA12 20 ms injection time for all
experimentsThe average and standard deviation of the trapped peak area was plotted as a function of
injection time from the entrance funnel conductance limit.

4.6 Results and Discussion: Phase Three

During Phase Two, the instrument conditions and hardware parameters were optimized to tragniens in
specificsectorof the mobility region. This was achieved by applyéitgpulsive DC potential to a particular

set of electrodes, allowing the ions to accumulate for adefared period before their releaddotably,

the vfTIMS offers a unique capability: it enables independent control over different sectors of the mobility
region, allowing ions to be trapped in one sector, released, and then ag@ped a subsequent sectdt.

is intended thathis approachwill eventually beappliedfor high-resolution IMS experimentsn the

vfTIMS, where ions are initially separated in one sector, eluted, and then separated again in a different
sector. Therefore, Phase Three primarily focused on assessing the vfTIMS's ability to perform multiple trap
and release experiments on a sirgeketof injected ionsTo sequentially trap ions in different sectors,

the MIPS1 sequence script was modified with a seconddxegmt 100 ms after the first trap event. Using

this script, ions would be pulsed into the mobility region through the entrance funnel conductance limit,
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trapped for 50 ms in the middle of sector 2 (CH14), then released into sector 3 (CH22) where they were
trapped for 100 ms. Following the second trap event, the ions were released to the detector. A visualization
of the entire MIPS timing sequence is shawRigure4-22. The same instrumental parameters as previous
experiments where ions were only trapped in one sector before being released to the detector were used to

ensure that accurate comparisons could be made between experiments.
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Figure 4-22. MIPS timing sequence fodouble sectorion trapping withentrancefunnel pulsing. Black
trace corresponds to thgotential on the entrance funnebnductance limit.First light grey trace
corresponds tthe potential applied to tremlectedet ofelectrods in sector 22007 220 ms) while second
grey trace corresponds to the potential applied to the selected electrodes in £&@@dr 0 ms) Dark
grey traceon the far left of the platorresponds tthe twotriggerssignals(MIPS-2 A MIPS-1, MIPS2 A
Oscilloscope).

As with previous injection time optimization experiments, the pulse width of the conductance limit was
varied between 0.5 ms and 166 Individual 25uM working solutions for TAA8 and TAA12 were
infused, the optimized DC EFG and gas flow settings were kept consistent with previous experiments, and
the optimal frequencyi.é.,550 kHz), angeakto-peakamplitude {.e.,250 Vpp) were applied through the

mobility region.Shown inFigure4-23, as the pulse width of the conductance limit was initially increased

from 0.5 ms to 10 ms, the integrated peak area for both TAA ions apalehwidthwas essentially the
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same. Between 20 ms and 100 msdifference between thetegrated areaf the two ions began taccur,
albeit to a lesser degree than when only sector 3 was used to trapvenall, when compared to the
trapping in a single sect@ither sector 2 or sector,3he total amount of TAA8 and TAA12 ions decreased
This waslikely due to inherent losses thatcured as the ions were released into the next sector of the

mobility region for thesecondrap event.
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Figure 4-23. Sequentiatwo-sectortrappinginjectiontime profile for 25 uM TAA8 and TAA12 First trap
event in the middle odector 2, and second trap event in sectdih@. injection time was varied, and ions
were trapped fos0 ms insector 2and100 ms in sector I he average and standard deviation of the trapped
peak area was plotted as a function of injection time from the entrance funnel conductance limit.

The trapping efficiency of the single sector trapping compared to thesdator trapping was also
guantified. The peak area for trapped TAA8 and TAA12 ions in sector 3 was compared to the peak area
from the sequential double tragxperimentsector 2A sector 3). As shown iRigure4-24, at very short
injection times (0.5 ms to 2 ms), more ions weeppedduring the double trapping experiment. As the
injection time was increased, the trapping efficiency began to level off to approximately 80% for TAA8
and 65% for TAA12. This experiment highlights thahile the trapping efficiency was higher at short

injection times, the variation in the peak area was significant since minor fluctuations amte&hspray

had asignificantimpact on thenumberof ions that were injected in such a small timedow. However,
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beyond the 2 ms injectigrulse width the average integrated aseasvery consistent. Furthermore, during
the transfer of ions between trapping sectosaiclear that losses did occligweverthiswasan inherent
limitation of thevfTIMS. Future studieshouldfocus on how these losses can be mitigated to ensure near
100% trapping efficiency for mulgector trap experiments. Overall, implensgian of the sequentialvo-
sector trapping scheme was a success,aasignificant number of ions were abie be trapped in two

different sectors of the instrument prior to detection.
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Figure 4-24. Percentrappingefficiency i two-sector tapping versusinglesectortrapping.(A) Percent
difference of the peak area 25 pM TAA8 and TAA12from the sequential double trapping experiment
compared to the single trapping experiment as a function of injectionTtimadight grey box corresponds
to the zoomed in plot from 50% to 150% shown in the irBkgt (

4.7 Conclusions

In conclusion, the main objective tife research presented@mapter 4 was to systematically investigate
and identify the optimal set of instrumental parameters for the vfTIMS that would eventually be utilized
during ion mobility experiments. To achieve this, the experimental testing was split into three phases. Pha
One focused on obtaining stable ion current through the instrument and maximizingherof ions that

were transmitted through the instrument to the detector. In Phase Two, the ohjetite develop a
method to precisely control the flow of ions entering the mobility region offtfi&S anddetermine the

optimal conditions for trapping ions in different sectors. Lastly, Phase Three focused on demonstrating that
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ions could be trapped in one sectduted and trapped again in another sector, before being released to the
detector.Overall, themain objectivesin Chapter 4vere achievedwe determined thastrument settings

and hardware parameters needed to transmit ions throughotiogypeinstrumentand totrap ionsin the
various sectorslhrough considerable experimental optimization and trial and error, the optimal gas flow,
pressure differential, DC EFG and REttingswere optimized for the vfTIMIransmission Mode and
Trap Mode While full mobility separation was not achieved at this stage of the praltie instrumental

conditionsare in place for those experiments to begin
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Chapter 5: l on Mobi | iTtw® rSoefCaornact@itpain i e s

5.1 Preamble

This chapter has not yet been publishddst of the data presented in ChapBewill be used during the
preparation of a manuscript for submission to the Review of Scientific Instruments journal in early 2024.
All experiments were performed by Daniel Rickert. Data processing and preparation of all figures was done
by Daniel RickertData analysis and interpretation was done by Daniel Rickert, Gordon Anderson, Scott
Hopkins, and Janusz Pawliszyn. Scott Hopkins and Janusz Pawliszyn were responsible for

conceptualization of the project, project supervision, and funding acquisition.

5.2 Introduction

IMS instrumentseparatéonsin the gas phadeasedn differences in therespective mobilitieg¢K). In a
DTIMS, ions collide witha neutrabath gas as they are driven through the drift region by an electric field,
and the frequency of the iareutral collisions induces separatidnin a TIMS instrument ions are
propelledthrough the TIMS tunnel by the flowing column méutral battgas, and the axial electric field
gradienttraps ions where the gas velocity is equal and opposite to thalriftvelocity. Larger ionsi(e.,
smallK) will be pushed deeper into the tunnel, while smaller iams largeK) are trapped closer to the
entrancef the analyzef’ Throughout Chapter 4, a wide range of experiments were presented that described
the initial development of the prototype viTIMS instrumento3éexperiments focused on achieving
operability of the instrument and determining the initial working parameteisrfaransmission ann
trapping However, up to that point, mobility separation experiméaid not yet been attempted. Thus,
Chapter 5 contains two proof-conceptsets ofexperimentsthat attempt toprovide the preliminary

evidenceof the mobiliyy separation capabilities of the viTIMS.

In the first proofof-concept,ndividual working solutions othree TAA analytege.g., TAA5, TAAS,
TAA12) andmorphine were continuously infused into t#H&IMS. While theions werebeinginfused,an

increasingly repulsiv®C potentialwasapplied to the central set of electrodes at the midpoint of sectors 2,
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3, or4in themobility region As the magnitude of the repulsive DC potentvakincreasedn a particular
sector the ion currentemainecdconstant untib specificvoltagewasreachegdat which point the ion current
rapidly diminished Thisvoltagewasreferred to as the critical trap voltagesimilar experimental saip

was described by Baykut and coworkers in 2009, wheraukigorsdescribed an experiment wheaa
increasing DC voltagevasappliedto the last lensf a dual ion funnel to form a pantial barrier which
ultimately acedasa mobility filter *** Using a variety oémall positively chargeaholecules with increasing
m/zvalues (and decreasing mobilities) test analytesheir work demonstrated that by tuning the critical
trap voltagethey couldvariablyfilter ions with differing ion mobilities. Oufirst proof-of-concept airad

to replicate this approach by utilizing thenablegas fow velocity gradienthat isproducedhroughoutthe

four sectors of thenobility region In this experiment,hte critical trap voltage for a particular iomould
increasavhen it was trapped isector 2 3or 4 due to the increased gas veloci§imilarly, comparson of
thecritical trap voltage fodifferent ionsblockedin the same sectaf the mobility regiorwould show that

a greater critical trap voltageould berequiredto trap a larger (low mobility) ion compared a smaller ion
(higher mobility), ultimatelyproviding a semiquantitative measure of the mobility separation capabilities
of the vfTIMS!?! Considered another wayor a particular sectore(g. sector 3) under one set of
experimental conditions, the force exerted by the gas/pressure differamildilve directly correlated with

the mobility of the ion. Larger ions with lower mobilities will experience a larger driving force compared
to a small ion with a higher mobility. Thus, the potential barrier required to trap larger ions will be greater

than the barrier required to trap a sniais.

In the second proeaff-conceptmobility separatiorwith a mixture ofTAA8 and TAAl12ionsusing the
sequentialdouble trappingconfigurationdescribed in Section 4\Was attempted In this experiment, a
mixture of TAA8 and TAA12 or individual working solutionsof each TAA moleculéo act as negative
controlswere infused into the instrumemtiilsed through the entrance funnel conductance limit aperture
before being trapped wector 2 of the mobility region. To evaluate the mobility separation of TAA8 and

TAA12, the DC potential applied to the electrodes in se¢tduring thesecond trap eventasvaried.
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Whenlow trapping potentialare appliedin sector4, once the TAA8 and TAA12 iorarereleased from
sector 2bothionsare transmittedhrough thesubsequendownstream sectors of the mobility region and
reach the detectavithout being trappe(igure5-1, A). This would appeaxperimentally as a single peak
occurring after the first trap eventith no peak occurring after the second trapping ev@mt hypothesis

was that ashe trapping potentias increased, the smaller TAA8ns would begin to betrapped during the
second trap event in sec(Figure5-1, B), but theDC potential would not be strong enough to trap the
larger TAA12ion. As the magnitude of the voltage applied to sector 4 was increased further, eventually
TAA12 would begin to be trappdéigure5-1, C). If the intensity of the second pe@kg.after the second

trap eventwasrecorded and theplotted relative to the trapping voltage applied in sector 4, the TAA8 ion
peakwould appear at lower voltages than TAA12. To further visualize this, the first derivative of the
sigmoid curves could be plotted a function of the voltage to determine where the inflection point in the data

occurred and provide insight into the separatibthe ions in the mixture.

98



E . T8
B Mobility Region (2)
T8 |
j : e ten T2
"""""""" E} g&
C Mobility Region (2)
T8 |
E T2 |
S ("

Mobility Region (z)

Figure 5-1. Visual schematic of the sequential double trapixqgerimental scheme with variable trapping
in sector 4. A, B, and C correspond to the three expected outdataded above.

In bothsets ofproof-of-conceptexperimentsthe primary objectivewas todemonstratéhe correlation
betweerthe trapping voltagand the io mobility. For example, in thierst demonstratiorthe critical trap
voltage in sector 4 for a small ion dkr'AA5 would beless than a larger ion like TAA1Zhus, the
difference in the critical trap voltage for ions with different mobilitiesuld verify that the magnitude of
the applied axial electric field in the mobility region wasponsible foinducing sepration.In the second
demonstrationthe magnitude of the trap voltage applied in se¢twould correlatewith thedifference in
mobility of the ions. Thisvould substantiatavhy TAA8 wastrapped in secto# while TAA12 would
transmit immediately to the detectarcertairtrapping potential3Vhile neither of these experiments truly
demonstrate a complete working TIMS instrument, they do provide a more complete picture of the
analytical potential of the vfTIMS. As the development of the vfTIMS continues, these resublienudl

asa framework for the instrumental conditiothsit are required teeparate different ions.
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5.3 Proof-of-Concept1: Continuous Flow Mobility Separation

5.3.1Experimental Details

Individual 25 puMworking solutions of the three TAA analyt@AA5, TAA8, TAA12) andmorphine were
infusedat 1pL/min through the ancESI emitterinto the viTIMS. The DC EFG through tharious sectors

of the instrument were set using thgtimal Trap Mode value3.he dipolar RF field through the entrance
funnel was set to 760 kHz and 100 Vpp (15% drive), anchéxapolar confinindRF field through the
mobility region was set to 550 kHz and 250 Vppset of DC electrodes in the center of se@¢CH14),
sector3 (CH22), orsector4d (CH30) were scanned from 0V 4420V in 2V/s measurement intervals. The
ion current was measured on the Faraday detector and acquired usindtedADC in MIPS2. Four
different gas flow/pressure differentiabnditionswere evaluated to characterize how the gas velocity

affected mobility separatioand are summarized in

Table3.

Table 3. Experimental conditions employed during continuous flow mobility separation experiments.

Description l nstrument al Condi t
Press NGas
Di f fe FI ow
(DTorn (SLPN

Source |[Detectio
Pressur| Pressur

Standard Gas/ 1.25 0.950 0. 3 0.1
Il ncreased Gas 1.45 0.950 0.5 0.1
Max Gas/ Pres 1.65 0.950 0.7 0.1
Standar d Pne s sGas 1.25 0.950 0.3 0.3

Pressure measurements taken from gauges on end caps of vacuum chamber. Gas flow measured using flow
meter connected toNank.

5.3.2Resultsand Discussion

Four different gaflow/pressure conditiongrereutilized to investigate the effect of thgas velocity on the
critical trap voltagdor the selected moleculego better visualize the critical trap voltage,th@ e gat i ve 0
of the first derivative otheion current as a function of voltage walstted An example of theaw ion

current, followed by theorrespondingi n e g afitsi derigabive plotis shown inFigure5-2.
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Figure 5-2. Continuousflow mobility separation (Left) Raw experimental data showing ion current
dependence on the potential applied to one set of electrodes in the mobility (Bgibi). Negativefirst
derivative plot for ion current as a function DE potential (V). Example data from TAA8 Standard
Pressure + High Gas dataset.

The same approach was used by Baykut and coworkers to visualize differences in the critical trap voltage
between various analytes more effectivélyComparison of the magnitude of the critical trap voltage and
the sharpness of the fApeakodo for di f f equantitativei on s
measure for the mobility separation, as well as an approximation of the resolution. Tiot &mceariations

in the ion currenti(e. uncertainty), the raw data was fit using a sigmoid decay function, and the derivative

of the fitted data was plotted. The error in the

as a shadow.

Under the standard gas/pressdiféerential conditions (Figure5-3), ashypothesizegthe magnitude of
the critical trap voltage increased from sector 2 to sector 4 for each of the ar@giesing orsector 2,
essentially the same voltage wasededo block TAAS5 and morphinavhile a slightly higher voltage was
required for TAA8 and TAA12In sector 3, the difference between the critical trap voltage became more
apparent for the four analytes, and in sector 4, this trend continued and lm@ameore pronounced.
This result suggests that when using these instrumental conditions, the best resolution is obtained in the
sector with the smallest l.@here the gas velocity was the highdtsshould be noted that thien current
for morphine was significantly lower than ththerthree TAA ions making interpretation ofatse specific

resultsquite challenging and additional optimization of the ionization conditions or concentration are

required
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Figure 5-3. Continuoudslow mobility separatiorunderStandard GaRressur@onditionsi D0.3Torr. The
negativefirst derivative of thditted ion current isplotted as a function of the voltage (V) applied to the
middle set of DC electrodes in the specified sector of the mobility rediom shadow on each line
represents the uncertaintys(2(A) Sector ZChannel 13 (B) Sector 3Channel 22)(C) Sector 4Channel
30).

When the pressure differential was increasdd @b Torr while keeping the Nyas flowinto the source
region constantjmprovedresolution between the four analytes was observed. The best example of this
resolution improvement is seen kigure 5-4, panel C, where TAA5 and TAA12 are nearly baseline
resolved, and TAA8 and TAA12 are now partially resolved. Interestingly, when the pressure differential
between thesubchambersvasat the highest achievable magnitu@e0.7 Torr) poorer separatioand
worse resolutiowas observed between the four analyte@-igure5-5), suggesting that there is a trade
off between the driving force exerted by the gas/pressure differential and the overall separation.
Furthermore, there was a noticeable difference in the peak shape of the negative derivativesisparen in
5-4 and Figure 5-5. This suggests that as the pressure differential was increased, the peaks in the first
derivative plots became considerably wider resulting in a decrease in resolution. Additionally, the increased
pressure differential significantly increased the deviatibthe ion current, suggesting that the stability of

the flow of ions through the instrument was affected by turbulence in the gas flow.
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Figure 5-4. Continuousflow mobility separationunderincreased GaBressureconditionsi D 0.5 Torr.

The negative first derivative of the fitted ion current is plotted as a function of the voltage (V) applied to
the middle set of DC electrodes in the specified sector of the mobility region. The shadow on each line
represents the uncertaintys(2(A) Sector 2 (Channel 14B) Sector 3 (Channel 22)C) Sector 4 (Channel

30).
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Figure 5-5. Continuousflow mobility separationunderMaximum GagPressureonditionsi D 0.7 Torr.

The negative first derivative of the fitted ion current is plotted as a function of the voltage (V) applied to
the middle set of D@lectrodes in the specified sector of the mobility region. The shadow on each line
represents the uncertaintys(2(A) Sector 2 (Channel 14B) Sector 3 (Channel 22)C) Sector 4 (Channel

30).

The best results were obtained when the pressure differential was maintastaddaird trapping
conditions D0.3 Tor) and the Mgas flow was increasdcbm 0.1 SLPM td).3 SLPM Figure5-6). Under
thoseconditions, the narrowest peak shape was observed, and reasonable resolution was obtained between
the critical trap voltages for the four selected analyieslitionally, the deviation in the ion current was
significantly decreased compared to the previous tfldese resultfrom these experimenfwoved that
the magnitude of the blocking potential applied to electrodes in different sectors of the mobility region had
a differential effect on the separation of ions with differing mobiliteesd mathed previously reported

work in the literaturé® Subsequently, once the functionality to smoothly decrease the axial DC EFG
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through the mobility region has been implemented on the viTIMS, the critical trap \wlM#éigeerve as a

reference point for building the complete TIMS method on the prototype instrument.
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Figure 5-6. Continuousflow mobility separationunderstandardpressuredifferential © 0.3 Torr) and
increasedjasflow (0.3 SLPM N) conditions Thenegative first derivative of the fitted ion current is plotted

as a function of the voltage (V) applied to the middle set of DC electrodes in the specified sector of the
mobility region. The shadow on each line represents the uncertag)ty(£2 Sector 2 (Channel 14{B)

Sector 3 (Channel 22)C) Sector 4 (Channel 30)

5.4 Proof-of-Concept 2: Multi-Sector Trapping i Mobility Separation

5.4.1Experimental Details

A 25 uM mixture of TAA8 and TAA12or individual 25uM working solutions of TAA8 and TAAl®%ere

infused at JuL/min through the andeSI emitter into the viTIMS. The DC EFG through the various sectors

of the instrument were set using the optimal Trap Mode values. The dipolar RF field through the entrance
funnel was set to 760 kHz and 100 Vpp (15% drive), and the hexapolar confinirigliRErfough the
mobility region was set to 550 kHz and 250 Vpp. The pressure differential was set to previously optimized
sdtings of 1.25 Torr in the front half of the chamber and 950 mTorr imethof the chamber, while the

N2 flow was maintained at 0.1 SLPM. Using thequential two sector trapping MIPS sciigte Section

4.6), ions were pulsethrough the entrance funnel conductance lintid sector 2 of the mobility region

with a50 ms pulse width and were trapped for 50 ms by applyingé&W potential to the DC electrodes

in the midpoint of the sector (CH14). After the first trap event, the ions were releasdiokeiatdjacent

sector where a variable DC potenti@gtOV to +70V) was applied to the electrodesthe middle of the
sector4 (CH30) to trap ions for 100 msThe on current was measured with the Faraday detector and

collectedusing theTektronix oscilloscopeA visual schematic of the time sequencgiienin Figure5-7.
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Figure 5-7. MIPS timing sequence fomobility selectivetwo-sectorion trapping.

5.4.2Results and Discussion

The main objective of the second prafconceptstudywas to demonstrate that the magnitude of the
trapping potential could be tuned to selectively trap ions with different mobilitieatt@mpt toachieve

this, a modified twetrap experiment was devised where both ions (TAA8 and TAA12) would be trapped

in sector 2 and depending on the magnitude of the trapping potential applied irtsewbility selective
trapping would occur. In this experiment, thoifferentoutcomes were expected. When a low magnitude
potential was applied in sector 3, neither ion would be trapped during the second event, and ions would
appear immediately after beimgleasedrom sector 2.The next outcome would be that veim a larger
potential is applied in sectdr TAA8 would be trapped for a second time, but the trapping potential would
not be strong enough to also trap TAA12. Since TAA12 has a lower mobility, it will have a correspondingly
larger velocity from the force of the flowing gas, thus requiring a larg@ping potential compared to

TAAB8. In thethird outcome, the trapping potential in sectavould be large enough to trap both ions.

The results from the second premffconcept are shown below ngure5-8. Panels A through @epict
the relativeintensitiesof the second peak (ions trapped in sector 4) as a function of the voltage applied. For

each samplewhen the voltage applied in sector 4 was beRBV, the ionswere nottrappedsince the
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intensity of the second peak was.A8 the voltage applied to trap the iovss increased past 35Wapping

beganto occur and the relative intensity increased before plateauing
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Figure 5-8. Mobility selective twesectorion trapping (A) Relative intensity of 25IM TAAS8 trapped in
sector 4(B) Relative intensity of 251M TAA12 trapped in sector 4C) Relative intensity of the 26M
TAA mixture trapped in sector {D) Fitted first derivative of data traces frqranelsA 1 C.

Somewhat unexpectedly, and contrary to our hypothesis, significant separationtrigpflieg voltage
applied in sector #o trap the different ions was not achiewesingthefio pt i mal 60 s et ioof
trappingoptimized previously. When the first derivative of the ion traces shown in panels A throuash C
plotted, it appears that the inflection poin¢ (where completely trapping @ccurredwasessentially the
same. This result does not entirely rule out that separation of different TAfespe a mixture is not

possiblewith the viTIMS however more experimentation égearly required to ascertaithe optimal

experimental conditionthatare required to maximize separation. gk®wnin the first proofof-concept,
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introducing a slighthhigherpressuralifferential,or increasing the flow of Nnto the source region of the
instrument would likelyimprove the overall resolutioreven at thedetrimentof reducing theoverall
intensity of the trapped ion populatiofifis result further underscores the fact thaowerall functionality
of TIMS instruments relies on the dynamic P&tential gradiento trapand separatens, not a single high

potential barrier.

5.5Conclusions

In summary, the primary goal of thheo proof-of-concept experiments described in Chapter 5 was to
demonstrate the feasibility of separating different ions based on their mobility using the prototype viTIMS.
In the first proofof-concept experiment, the critical trap voltage increased wheryiagph blocking
potential in sectors 2, 3, or 4. This finding confirmed that as the gas velocity between sectors increased, a
higher voltage was necessaryapposethe flow of ions. Furthermore, when comparing the critical trap
voltage for ions with varyig mobilities within the same sector, it became evident that larger ions required
higher critical trap voltages for blocking. Collectively, these resoltfirmedthat the prototype instrument

was indeed functioning as a TIMS, relying on the equilibrium between thandiased force and the
counteracting electric field to facilitate mobility separationthe second proedf-concept experimengn

attempt to demonstrate th@erdependence dhe trapping potentialandion mobility wasattempted but

was rot completelysuccessfullt is important to note that these experiments hathgor limitation in that

they relied on a single set of electrodes for blocking ion flow or trapping ions within the mobility region.
Further research is needed to implement the capability of establishing an electric field gradient across the
mobility region anl reducing the potentials on all electrodes, rather than just ordtheugh substantial

work remains to fully validate the instrument, the preliminary evidence preser@apter bspecifically

the first proofof-concept studynderscores the feasibility of mobility separation.



Chapter6: SummakFwt, ur e PeaB@ercdcl weisons

6.1 Summary

The research presented in this thesis focused on the development of a new IMS insttheneatiable
flow trapped ion mobility spectrometer. Over the coursthisfPhD work, the main objective was to reach
operability of the viTIMSI' taking an idea and turning into a functioning instrument in theGabpter2
provided a detailed account of the commercial anchduse hardware used construct the instrument
accompanied by aim-silico assessment dhe gas dynamics and flow profiles. Chapter 3 oetlithe
electrical components driving the system and indualesecondn-silico study focusing on the electric
fields generated within the instrument. Chapter 4 preséiné¢ results of experimental optimization and the
characterization of t he pr oulioetwopmdta-copcept studiesthatn c e , v

aim toprovideevidence of ion mobility separati@tchieved by the constructed device

6.2 Future Perspectives

At this stage the instrument development has reachegtiet where a new set of eyes are needed. While
initial operability of the instrument was accomplished, overall, a significant amount of work is still required
to accomplish complete IMS functionality. Therefore, a roadmap of what comes next for the instsument
outlined below, separated into shtetm, mediurderm, and longerm objectives. The VvfTIMS has
immense potential as a novel analytical tool for rapid ion mobility separations, and ntlelyafundwork

has been laid through my woM/hile this is surely not an exhaustilist, the objectives outlinedelow

summarize most of the items thmtistbe addressed

6.2.1Short Term (61 12 months)

The primary concern that requires immediate attention involves the DC EFG within the mobility region,
responsible for trapping argkparatingons. Specificallythe hardware satp and MIPS ramp script for

scanning down (field strength reduction) of the BB@Ilute ionseed to be reconfiguredCurrently,the
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custom MIPSrampsequence scrigsee Appendix C3ets the DC gradient and scans voltages across the
defined electrode range to a final gradient (Sigare6-11 A). Although this functionality is in place, two
unresolvedssues require investigatiofihe first issue pertains to the voltage range for the DC EFG defined
in the MIPS script. Addressing this involves continuing the work ong®aior trapping experiments,
identifying the differentvoltagesthatselectively trap ions, and expanding thidtagerange for use as the
DC EFG. The second, more significant issisgdnow the MIPS script reduces the field strength. Presently,
the voltage at the bottom of tlC EFGramp remains constant, while potentials agplio the electrodes
ramp down (se&igure6-11 A). My experimentsandpreliminarytesting using thispproach have been
unsuccessfuylsol propose reversing thisinctionality (seeFigure6-17 B): keeping the voltage at the top

of the ramp constant and ramping up the other voltages, akin to attatterThis mirrors the operation

of conventional TIMS.

Electric Field
—

Figure 6-1. (A) Existing MIPS DC EFG scanninfgnctionality. (B) Suggested improved MIPS DC EFG
scanning functionality.

The next critical shosterm objective is completing the development of a SIMION model for viTIMS.
While no computatioal model is perfect an ion trajectorysimulation modelbased on the existing

prototype's specifications would offer valuable insights into the complex ion dynamics within the



instrument. This SIMION modetould be usedo validate experimental results in Chapters 4 and 5 and

help refine thdC EFG scanning functionality.

From a hardware perspective, immediate attention is required for reconfiguring the RF amplifiers
generating the radially confining RF fieldroughthe mobility region. Although having the capability to
define the frequency and amplitude of the RF waveformsisful the observed experimental issues
described in Chapter 4 can likdbe attributed to the phashift between the amplifiers. Running at low
frequencies (~550 kHz) significantly impacts trapping small molecules, preventing the trapgpingllef
molecules likeTAAS in the mobility region. | suggest maintaining a higher frequency and calibrating one
amplifier to eliminatethe phase shift, even if it means using only one frequency and amplitude.
Alternatively,thesecond highQ RF headhat was initially going to be used to drive the exit furowlld
be connected to the BNC inputs for the mobility region and controlled through the MIPS interface. While
this approach would eliminate the ability to dynamically adjust the frequency andopeesk vdtage, it

would ensure perfect balance between the two RF phases.

Once the other shoterm objectivesareaddressed, mor@nalytes especially isobaric moleculeseed
to be analyzed to truly demonstrate the capabilities of the vfTIMS. While the small set of analytes | worked
with was useful for developing the baselinstrumentatonditions needed to run the instrument, more data
needs to be collected to fully characterize the instrument. More specifically, an entire set of TAA molecules

from TAAS to TAA12 should be used, as well as several isobaric TAA molecules.

6.2.2Medium Term (127 36 months)

The mediumterm future objectives involve more intensive modifications and improvements to the
hardware thaencompasshe various components of the viTIMS. As discussed in Chapter 4, the most
straightforward improvement would be to redesign the entrance funnel and the interface between the
entrance funnel and the mobility region. Adding the biased grid to the condutitaitcef the existing
entrance funnelvould add the ability to accumulate ions prior to injection into the mobility region.

Alternatively, a secon® C B i Diannguidewith a uniform I.D. that matches the 1.D. of the first sector
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of the mobility regiorcould be addeth seriesafter theexistingentranceThis would ensure the gas flow
profile would beproperly defined through all four sectors of the mobility regigth minimal turbulence
Furthermore, ifa biasedgrid was added at the end of éhadditionalPCB ion guide ions could be

accumulated thre prior to injection into the analyzeor potentially even collisionally activated.

Modifications to the mobility region have also been proposed, specifically, changing the design from
four sectors with uniform 1.D.s to a single funnel with a smooth taper. This design would result in a smooth
gas velocity gradient through thestrument andvould significantly improve both resolution and ion
focusing.To effectivelyconstruct théapered mobility region, the pin electrode design would have to be
abandoned, and a PCB configuration would be utilized inste@dPTB desigwould also help téacilitate
a smooth gas flow velocity gradient. The development of a SIMION model to evaluate what the optimal
dimensions for the tapered mobility region would be critical for speeding up the develgpowrgs and

could be used to compare with the ion trajectory model built for the exigiilgS prototype.

6.2.3Long Term (361 72months)

Themost significantimitation of thecurrentvfTIMS prototypeis the complete lack of detector selectivity.
While the Faraday detector is useful for preliminary instrument developitentjlity is significantly

limited when compared to more powerful detector like a mass spectrometer. In the long tefiriMBe

needs to be interfaced to a mass spectrometer. More specifically, the viTIMS should be interfaced with a
TOFMS. The TOFMS would have the requisite scan speed to provid&zivdormation that is currently

lacking from thefirst prototype Presently,lhe MIPS power supplies have the binltriggering capabilities

to communicate directly with the TOFMS, so from a hardware perspective, that functionality is in place.
The biggest challenge would be redesigning the vacuum chamber so it could be caorteetddFMS,

as welladditionalion opticsto transferions exiting from the vfTIMS into the TOFM®&\dditionally, an

extra vacuum chamber would need to be added between the viTIMS and the TOFMS to facilitate the

differential vacuum pumping that would bequired.
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Furthermore, the other lortgrm objective is determining the feasibility of utilizing the variable flow
separation approach for an-site/portable instrument. This is a loftigmal sinceconsiderable changes to
the existing instrument would be required. Angite/portable instrument witd not be able to operate
underthe samevacuum conditions currently being usedo the radial RF confinemeemployedto
minimizeion diffusion is not possible. Besides this, the electronics that power the instrumdesineed
to be completely rebuilt anahiniaturized. As PCB technology continues to improve, there is potential for

the portability and orsite capabilities of the vfTIMS.

6.3 Conclusions

In conclusion, this thesis has laid the groundwork to continue building towards answering the hypothesis

that was the motivation for this research:

fiCan a multisector IMS instrument, referred to as the variable flow trapped ion mobility spectrometer

(VfTIMS) be designed, and built, as a new tool for high resolidiomobility separations@

The majority of theresearch objectives were completed, yet there are still several items that need to be
studied further. To summarize, a prototype instrument was built that comprised of different commercial
and inhouse designed components. The electronics that drive the instrument have been designed and
installed, and a custofouilt interface that controlshe system has been developed. All the baseline
conditions needed to operate the instrument have been identified, and a considerable amounthof researc
hasbeen dedicated to characterizihg performance of the instrument. Thest significanbbjective that

has not been achieved is total functionality of the instrungetmly separate and detect mobility selected

ions. The individualcomponentghardware, software, etc.) are all in place to perform full ion mobility
separationshowever, | was not able to reach this stage. Instrument development is an extremely arduous
process, with many trials, tribulations, and challenging moments. In retro$p&ow what | know now,

| believe more could have been accomplished. However, someone had to be the first to lay the foundation
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for the vfTIMS, and | think | have achieved that. Ultimately, there is always another expelitiatecan

be run,or hardware modification that can be made, sontbek never stops.
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Appendices

Appendix A: Summary of Additional Research Contributions

This section serves as a summaryhefother research projects | was invohiadhroughout my PhDhat
have been published to dafiehey are listed in chronological orderith the most recent publication listed
first. Included in each entry is tlogtation, a copy of the abstract as it appears in the published version of

the manuscript, and a summary of my contributions tertheuscript

1. Nazdraji, E.,Rickert, D., & Pawliszyn, J. (2023Rapid Analysis of Fentanyl and Fentanyl Analogues

from Whole Blood using SPME coupled Microfluidic Open InterfaceAnalytical Chemistry96(2),

821-827.

Abstract: Fentanyl and its analogues are potent opioids that pose a significant threat to society. Over
the last several years, considerable focus has been on the disturbing increasing trend of their usage as
street drug. Fentanyl analogues are mainly synthesizedatte analytical detection or increase their
potency; thus, very low concentrations are sufficient to achieve the therapeutic effect. In an effort to
help combat the synthetic opioid epidemic, developing targeted mass spectrometric methods for
guantifying fentanyl and its analogues at ulbay concentrations is incredibly important. Most
methods used to analyze fentanyl and its analogues from whole blood require manual sample
preparation protocols (solid phase extraction or lidigjdid extracton) followed by chromatographic
separation and mass spectrometric detection. The main disadvantages of these methods are the tedious
sample preparation workflows resulting in lengthy analysis times. To mitigate these issues, we present
a targeted methodipable of analyzing 96 samples containing fentanyl, several fentanyl analogues, and

a common fentanyl (analogue) precursor simultaneously in 2.4 min per sample. This is possible by
using a higkthroughput semautomated solid phase microextraction (SPMBjkftow followed by

directto-mass spectrometry determination facilitated by the microfluidic open interface. Our
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gquantitative method is capable of extremely sensitive analysis, with limits of quantification ranging
from 0.002i 0.031 ng mt* and linearity ranging from 0.01025.0 ng mL*. The method shows very
good reproducibility (I 18 %), accuracy (81 100 %) of calibration and validation points and good
inter-day reproducibility (6 15 %).

Contribution: Equal first authorshipEN and | planned and executed the experiments togethér. E

processed the data, and both of us worked equally on data interpréatiamote the first draft of the
manuscript, and both of us were responsible for edits and changes to the final version submitted to the

journal.

Nazdrajl, E., Murtada, K. Rickert, D. A., & Pawliszyn, J. (2023). Coupling of Solkhase

Microextraction Directly to Mass Spectrometry via an Improved Microfluidic Opeearface to
Facilitate HighThroughput Determinationdournal of the American Society for Mass Spectroyetr

34(6), 1006 1014.

Abstract: Mass spectrometry analysis can be performed by introducing samples directly to mass
spectrometry, allowing the increase of the analysis throughput; however, some disadvantages of direct
to-mass spectrometry analysis include susceptibility to matrix effaots risk of instrument
contamination from inadequate sample preparation. blise microextraction is one of the most
suitable sample preparation methods for diteghass spectrometry analysis, as it offers matrix
compatible coatings whichneure analyte enrichment with minimal or no interference from matrix.
One of the ways solighase microextraction can be coupled directly to mass spectrometry is via a
microfluidic open interface. This manuscript reports improvements made to the initialflmdic

open interface design, where the system components have been simplified to mostly commercially
available materials. In addition, the analysis of samples has been automated by implementing software
that fully controls the analysis workflow, whetige washing procedure is optimized to completely

reduce the carryover. Herein, the extraction and desorption time profiles from thin and thick SPME
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devices was studied where the overall workflow consisted ofthigtughput sample preparation of

1.3 min per 96 samples and <1 min per sample instrumental analysis.

Contribution: Assisted ENwith experiments with acetylfentanyl to assesproducibility of the
system. Assisted with data interpretation. Assisted with preparation of the manuscript and provided

edits/input into the finahcceptediersion.

Rickert, D.. G- mez R2 os, G. A. Singh, V., & Pawliszyn,

positioning of coated blade spray devices relative to the mass spectrometry inlet on different instrument
platforms and its application to quantitative analysis entdnyl and related analod&apid

Communications in Mass Spectrome8§(22), e9388.

Abstract: We evaluated the effect that the spatial positioning of cdaltate spray (CBS) devices with
respect to the mass spectrometry (MS) inlet has when coupling to diverse MS platforms (i.e., triple
guadrupole, linear ion trap and time of flight). Furthermagea proof of concept, we evaluated €BS

MS as a tool for quantitation of fentanyl and four analogues on said instrui@estemmade MS
interfaces were made to accurately position the blade in front of the MS inlet. CBS devices, coated with
hydrophilici lipophilic balanced particles, were used for both the optimization of the CBS position and
the quantitation of fentanyl and analogues in urine and plasma samples on all instrliheS8tSIEX

triple quadrupole instrument was the most sensitive to the position of the blade due to the presence of
a curtain gas flowing laminarly out of the MS inlet. After optimization, the analytical capabilities of
CBS on each instrument were assessedithe results obtained on both SCIEX and Waters platforms
matchedthe performance obtained using a more advanced instrument by ThermoFisher Scientific.
Furthermore, excellent figures of merit were attained for the quantitation of fentanyl and analogues on
both triple quadrupole and linear ion trap platforiige demonstrated that optimization of MS
parameters on different instrument vendors and front ends, such as the position of the CBS tip regarding

the MS inlet, is vital to exploit the full quantitative potential of this technology. Application of the

132



technology to screen and quantify fentanyl and analogues showed great potential when considering its
coupling with portable mass spectrometers for therapeutic drug monitoring andofpcéme
applications.

Contribution: First authorResponsible for all experiments and data procesgiogked with GAGR

and VS on data interpretation. Prepared first drafmefhuscript andvas solely responsible for

submission and revision of final accepted manuscript.

Chen, L., Singh, V.Rickert, D., Khaled, A., & Pawliszyn, J. (2021). High throughput determination
of free biogenic monoamines and their metabolites in urine usingfilthinsolid phase

microextractionTalanta,232, 122438.

Abstract: UPLC-MS/MS methods are the gold standard for routine,-thgbughput measurements of
biogenicmonoaminegor the diagnosis of catecholamipeoducing tumors. However, this cannot be
achieved without employing efficient sample pretreatment methods. Ttesré¥eo pretreatment
methods, thidfilm solid phase microextractigfF-SPME) and packed fibesolid phase
extraction(PFSPE), were developed and evaluated for the analysis of biogenic monoamines and their
metabolites in urine. A hydrophiligpophilic balance (HLB) coating was chosen for thefiim blade

format SPME method and compared with a Polycrown ether (PCE) compasdBberused as an
adsorbent for the PFSPE method. Under optimal conditions, the absolute extraction recovery and
relaive matrix effect of the newly developed -BPME method were determined to be 334.8%

and 0.473.63%, respectively. The linearity was 0.380ngmL’ *for norepinephrine, epinephrine,
dopaminenormetanephrin8-methoxytyramine, serotonin, histamine, nda 0.1
500ngmL’ *for metanephrine. The intrand interassay coefficients of variation were 0877%, and

the respective accuracies were calculated to bei 80487% and 89i18.04.5% for TFSPME.
Compared with the PFSPE method, theSIEFME method had a higher extractiofiogééncy, lower

matrix effects and a wider linear range for eight target substances, which ensured higher accuracy of
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simultaneous detection of all compounds of interest. Therefore, the propoSRME method can be
employed for thénigh throughput screenirfgr neuroendocrine tumors in a routine clinical setting and
other relative research by simultaneous quantitatfamrine eight biological monoamines in a single
run.

Contribution: Assisted_C with design and execution of experimertssisted with preparation of the

manuscript and subsequent revisions prior to acceptance by the journal.

leritano, C.,Rickert, D., Featherstone, J., Honek, J. F., Campbell, J. L., Blanc, J. Yachneider,
B.B., & Hopkins, W. S. (2021). The chargtate and structural stability of peptides conferred by
microsolvating environments in differential mobility spectromelogurnal of the American Society for

Mass Spectrometr32(4), 956968.

Abstract. The presence of solvent vapor in a differential mobility spectrometry (DMS) cell creates a
microsolvating environment that can mitigate complications associated withrfilded heating. In

the case of peptides, the microsolvation of protonation sisedtsen a stabilization of charge density
through localized solvent clustering, sheltering the ion from collisional activation. Seeding the DMS
carrier gas (B with a solvent vapor prevented nearly all fighduced fragmentation of the protonated
peptices GGG, AAA, and the Lygch PolybiaMP1l (IDWKKLLDAAKQIL -NH2). Modeling the
microsolvation propensity of protonataepropylamine [PrNH|*, a mimic of the Lys side chain and
N-terminus, with common ggshase modifiers (D, MeOH, EtOHjPrOH, acetone, and MeCN)
confirms that all solvent molecules form stable clusters at the site of protonation. Moreover, modeling
populations of microsolvated clusters indicates that species containing protonated amine moieties exist
as microsolvated spesievith one to sisolvent ligands at all effective ion temperatuisg)(accessible

during a DMS experimenté., 375 600 K). Calculatedes of protonated GGG, AAA, and Polybia

MPI using a modified twdemperature theory approach were up to 86 K cooler in DMS environments

seeded with solvent vapor compared to pusremNironments. Stabilizing effects were largely driven

134



by an increase in the ionbés apparent collision
induced by the dynamic evaporation/condensation cycles incurred in the presence of an oscillating
electric separation field. When the microsolvating partress a/protic solvent, abstraction of a proton

from [MP1 + 3HF* to yield [MP1 + 2Hf" was observed. This result was attributed to the proclivity of

protic solvents to form hydrogdmond networks with enhanced gasase basicity. Collectively,
microsolvationpr ovi des analytes wi t h a sol vent Aair
microsolvationinduced stabilization were shown to shelter peptides from the fragmentation induced

by field heating and may play a role in preserving natkeion configurations.
Contribution: Worked together with CI to colleeind process aéxperimental da. Worked with ClI
to interpretexperimentatesults Assisted Cl with firstiraft of themanuscript antielped with revisions

prior to the final version being accepted by the journal.

Rickert, D. A., Singh, V., Thirukumaran, M., Grandy, J. J., Belinato, J. R., Lashgari, M., & Pawliszyn

J. (2020). Comprehensive analysis of multiresidue pesticides from process water obtained from
wastewater treatment facilities using seghidase microextractiofnvironmental Science &

Technology54(24), 1578915799.

Abstract: A novel magnetic blade spragandem mass spectrometry (MBE&/MS) assay was
developed and optimized, and its performance was characterized for the analysis of 204 pesticides from
wastewater treatment facility (WWTF) process water. These results were ednapdrexperimentally

validated with an untargeted, higbsolution MS (HRMS) approach that employed liquid
chromatography (LGamenable thidilm microextraction (TFME) devices to further elucidate the fate

of pesticides through the WWTF process a result of our optimizations, we report an optimized
workfl ow with an extraction time of 10 mi n, 150

Excellent linearity was obtained for 168 of the 204 pesticides in deionized water, where 8896 of
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quantifiable pesticides had a determination coefficiBit ¢f 0.99 across 3 orders of magnitude and

80% had limits of quantification below 0.5 ng/mL. We subsequently applied our optimized MBS
MS/MS method for the analysis of samples collected during the various stages of wastewater treatment
from two WWTFs in Sathern Ontario. This article presents a new streamlined methodology with a
fast turnaround time for analyzing a large panel of pesticides, ultimately providing us the opportunity

to evaluate the pormance of two WWTFs for their efficacy in removing these toxic chemicals.

Contribution: Equal contributionifst author Responsible for all experiments and data processing

along with VS and MTInterpretation of results along with VS and MT. Wrote first draft of manuscript,
and incorporated edits and revisions by ott@uthors prior to submissioRevised manuscript and

prepared final version that was accepted by the journal.
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Appendix B: Sample .cfg File

# MIPS Control Panel configuration file example.

# ALl the lines that start with # are comments.

#

# The following command sets the size of your control panel in pixels.

# This should be the first command in the config file.

size,1500,900

# Load the background image. I have commented this like out because the path
# will likely be different on your system and you will need an image specific

# to you syste.
image, /Users/pftimsmain/MIPS/PFTIMS. jpg
# Help file for this custom control panel

Help, /Users/GAA/GAACE/Products/MIPS/MIPSapp/MIPS/ExampleHelp. txt

# Text labels

TextLabel,PFTIMS, 24,680,10

# The following command enables the system shutdown button

Shutdown,System shutdown, 20,50
#TCPserver, 9999
# Save and load methods buttons

Saveload, Save method,Load method, 20,90

# Enable MIPS

communication button

MIPScomms,20,170
# Enable Script

Script, 20,210

# Define the RF channels
RFchannel,RF F1,MIPS-2,1,350,650
RFchannel ,RF F2,MIPS-2,2,1280,110

ESIchannel,ESI,MIPS-2,1,10,470

DCBchannel,Inlet,MIPS-2,4,150,315

TextLabel, Funnel #1,14,220,340
DCBchannel,F1in,MIPS-2,9,150, 360
DCBchannel,Flout,MIPS-2,10,150,380
DCBchannel,F1lcl,MIPS-2,11,150,400

TextLabel,Sector #4,14,1100,110

DCBchannel, TubelLens,MIPS-1,1,1030,130

DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH

33,MIPS-1,2,1030,150
32,MIPS-1,3,1030,170
31,MIPS-1,4,1030,190
30,MIPS-1,5,1030,210
29,MIPS-1,6,1030,230
28,MIPS-1,7,1030,250
27,MIPS-1,8,1030,270
26,MIPS-1,9,1030,290

TextLabel,Sector #3,14,800,110

DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH

25,MIPS-1,10,730,130
24,MIPS-1,11,730,150@
23,MIPS-1,12,730,170
22,MIPS-1,13,730,190@
21,MIPS-1,14,730,210
20,MIPS-1,15,730,230
19,MIPS-1,16,730,250
18,MIPS-1,17,730,270



TextLabel,Sector #2,14,950,590

DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH

17,MIPS-1,18,880,610
16,MIPS-1,19,880,630
15,MIPS-1,20,880, 650
14,MIPS-1,21,880,670
13,MIPS-1,22,880,690
12,MIPS-1,23,880,710
11,MIPS-1,24,880,730
10,MIPS-1,25,880,750

TextLabel,Sector #1,14,650,590

DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH
DCBchannel, CH

9,MIPS-1,26,580,610
8,MIPS-1,27,580,630
7,MIPS-1,28,580,650
6,MIPS-1,29,580,670
5,MIPS-1,30,580,690
4,MIPS-1,31,580,710
3,MIPS-1,32,580,730
2,MIPS-2,1,580,750

1,MIPS-2,2,580,770

TextLabel,Funnel #2,14,1250,590

DCBchannel,F2in,MIPS-2,12,1180,610
DCBchannel, F2out,MIPS-2,13,1180,630
DCBchannel, F2c1,MIPS-2,14,1180,650
DCBchannel, Grid,MIPS-2,15,1180,670

TextlLabel,MIPS-1 offsets, 14,120,680
DCBoffset,CH27-TL,MIPS-1,1,50,700
DCBoffset,CH19-26,MIPS-1,9,50,720
DCBoffset,CH11-18,MIPS-1,17,50,740

DCBoffset, CH3-

10,MIPS-1,25,50,760

TextLabel,MIPS-2 offsets,14,120,780
DCBoffset,CH1-8 MIPS2,MIPS-2,1,50,800
DCBoffset,CH9-16_MIPS2,MIPS-2,9,50,820

# ADCchannel,Det,MIPS-2,0,1180,770,1.70,0,pA,%.1f
Ccontrol,Det,Det,LineEdit, ,Ion current,,pA,1180,770
ScriptButton,Plot,Plot.scrpt,1180,800
ScriptButton,lLoad,Load.scrpt,1180,830
ScriptButton,Update,Update.scrpt,1180,1000
CallOnUpdate, TRUE

# Set channel values

GroupBox, Set values,180,135,450,20

Ccontrol,Start CH,Set,LineEdit,,Start channel,,,20,25,5tring
Ccontrol,Stop CH,Set,LineEdit,,Stop channel,,, 20,45
Ccontrol,Start V,Set,LineEdit,,Start voltage,,,20,65
Ccontrol,Stop V,Set,LineEdit,,Stop voltage,,,20,85
ScriptButton,Fill,Fill.scrpt,20,105

GroupBoxEnd
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# Generate ramp

GroupBox, Ramp, 18@,175,450,150

Ccontrol,Start CH,Set,LineEdit,,Start channel,,,20,25,String
Ccontrol,Stop CH,Set,LineEdit,,Stop channel,,, 20,45
Ccontrol,Start V,Set,LineEdit,,Start voltage,,,20,65
Ccontrol,Stop V,Set,LineEdit,,Stop voltage,,,20,85
Ccontrol,Steps,Number,LineEdit, ,of steps,,,20,105
Ccontrol,Dwell,Dwell,LineEdit,,time in mS,,,20,125
ScriptButton,Generate,Generate.scrpt, 20,145

GroupBoxEnd

# Plotting function

GroupBox, Sweep, 180,290,200, 20

Ccontrol,Param, Sweep,LineEdit, ,Parameter name,,,20,25,5tring
Ccontrol,Start, Sweep,LineEdit, ,Start value,,,20,45
Ccontrol,Stop, Sweep,LineEdit, ,Stop value,,,20,65
Ccontrol,Step, Sweep,LineEdit, ,Step size,,,20,85

GroupBox,At each step,160,140,10,105

Ccontrol,Enable,At each step,CheckBox,,,,,10,25
Ccontrol,Param,At each step,LineEdit,,Parameter name,,,10,45,String
Ccontrol,Start,At each step,LineEdit,,Start value,,,10,65
Ccontrol,Stop,At each step,LineEdit,,Stop value,,,10,85
Ccontrol,Step,At each step,LineEdit,,Step size,,,10,105
GroupBoxEnd

ScriptButton,Start,Sweep.scrpt, 15,250

GroupBoxEnd

#Send setup command to MIPS-2 for the ADC averaging
SendCommand ,MIPS-2, ADCABORT
SendCommand ,MIPS-2, SADCSAMPS, 1000
SendCommand,MIPS-2,ADCCHG, 9,100

# Define the DIO channels

DIOchannel,DI0 A-1,MIPS-1,A,20,250

DIOchannel,DIO B-1,MIPS-1,B,20,280

DIOchannel,DI0 A-2,MIPS-2,A,20,310

DIOchannel,DI0 B-2,MIPS-2,B,20,340

# Initial parameters file. This ini file contains a list of MIPS commands that
# you can use to perform startup initialization.

#InitParms, /Users/GAA/GAACE/Products/MIPS/MIPSapp/MIPS/Initalize.ini
TIMING, TG MIPS-1,MIPS-1,20,520

TIMING, TG MIPS-2,MIPS-2,200,520



Appendix C: Standard Operating Procedure for MIPS Ramp Script

On the control panetet valuegat the top) works by simply inputting the channel number for the start and
stop CH. This defines the initial gradient across the mobility region. Example of a 5V to 25V gradient from

channel 18 to 25 (sector 3):
Start CH 18

Stop CH 25

Start V5

StopV 2

Rampneeds to have some values inputted in reverse order to correct for the DC wiring problem that was
been corrected in the .cfge. Example of a 5V to 6V final gradient (after the ramp script has run from

channel 18 to 25 (sector 3)):

Start CH 25

Stop CH 18

Start V 6

Stop V 5

Steps 15

Dwell: 10

Use the TG MIPS1 to specify the timing parameters that are part of the generate.scrpt functionality.
Event editor:

1 The ramp event must be named Ramp.
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)l
)l

No signal channel is defined. All voltages and channels that are part of the ramp event is done using
the Ramp box at the top of the control panel.

Starti this is the delay time after MIPS1 gets the trigger signal from MIPS2 to start ramping down
the voltages across the specified channels.

Widthi This is the time from the start of the trigger signal from MIPS2 to the point when the MIPS
resets the voltages to the original gradient and prepares for the next accumulation event.

Valuel leave this set to 0.

Value, offi leave this set to O.

Frame Parameters:

)l

Starti this should be set to 0 so that it starts as soon as it receives the trigger signal from MIPS2.
Width 1 this must be larger than the width in the event editor, but shorter than the width defined in
MIPS2. MIPSL1 is the slave and MIPS 2 is the master that defines the triggers. MIPS1 is running
specific events with triggers defined by MIPS2.

Accumulations set to 1. Only 1 ramp event occurs per trigger signal from MIPS2.

Time mode needs to be checked, external clock frequency set to 6135, clock source 656250.

MIPS1 (which runs the ramp) will have a trigger source of Pos (accept the trigger from MIPS2), and MIPS2

trigger source will be set to software.

MIPS2 will have two trigger evenisone will trigger the scope to start collecting data, and the other will

trigger MIPS1. These both have the exact same time settings except for the signal channel. The scope trigger

uses DIGAZ2, and the trigger from MIPSto MIPS1 uses DIGB2.

How to run the ramp script:

1.

2.

3.

Define the initial gradient using set values.
Set the ramp values using the provisios mentioned above.

Press generate button. MIPS1 will enter table mode and wait for trigger signal from MIPS2.
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4. Press trigger on MIPS2 to initiate the sequence.
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Appendix D: COMSOL Modelling Details i Gas Dynamics

Table 4. Summary of COMSOL Multiphysics input parametersdas dynamicsimulations.

Model Wizard

2D

Single Phase Flow/Laminar Flow

Time-dependent Study

Parameters
T; Temperature 293.15K

Laminar Flow
Initial condition; bulk pressure* 3.0 Torr
Inlet; pressure controlled 3.0 Torr
Outlet; pressure controlled 1.5Torr

Wall Slip condition
Material
Bulk material Nitrogen
Mesh

Physics controlled

Fine

Density

Material controlled

Dynamic viscosity

Material controlled

The model was built using the COMSOL Multiphysics wizard tool. Table 3 summarizesrd@eters
modified after creating a model using the wizard: 2D, single phase flow > laminar flow; and time dependent
study. Bulk material density and viscosity are taken from default values. *With funnel attached, the inlet
condition is set at the funnehtrance, otherwise and the mobility region entrance boundary.
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Appendix E: COMSOL Modelling Details i Electric Fields

Table 5. Summary of COMSOL Multiphysics input parameters for electric field simulations.

Model Wizard

2D

Electric Fields and Currents/Electric Currents

Time-dependent study

Parameters
V; peakto-peak voltage 100 v
¥ Frequency 750 kHz
Variables
Positive radio frequency RF(+)= V si n (7
Negative radio frequency RF &0=¢q V sin(xt)
Materials
Electrodes Stainless steel
Bulk medium Perfect vacuum
Mesh

Physics controlled

Fine

The modelwas built using the COMSOL Multiphysiagizard tool. Table 4 summarizes thgarameters
that have been modified from COMSOL Wizard tool using 2D geometry; electric fieldsuarahts>
electric currents, and a tinteependent study.
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Appendix F: Detailed Electronics Summary
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